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Abstract

Manipulation of the biochemical composition of the tumor microenvironment (TME) is a thriving research area in cancer
treatment. Adenosine triphosphate (ATP), a key biochemical component, serves as an energy source for cancer cell proliferation.
Notably, ATP can also act as a potent signal transducer to prime anti-tumor immune responses. There is increasing attention given
to both the tumor-promoting and tumor-inhibiting roles of ATP in the context of possible new treatments for cancer. ATP levels
in the TME are known to be significantly greater than in non-tumor tissues. This disparity presents an opportunity to exploit the
ATP response for the delivery of anti-tumor drugs and tumor diagnosis. In this article, we provide a comprehensive overview of the
existing strategies and mechanisms for ATP-based therapy and cancer diagnosis. We also discuss the current challenges in the field
and propose potential areas for future research, to provide researchers with insights to further investigate the potential of ATP in

cancer theranostics.
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1. Introduction

In the tumor microenvironment (TME),
adenosine triphosphate (ATP) serves as one of the
major biochemical constituents, with a concentration
as much as 10,000 times higher than in normal tissues
[1,2]. ATP has been shown to play a pivotal role in the
intricate and precise regulation of the TME [3].
Incessant production of intracellular ATP (iATP)
mainly acts as the energy currency in all biological
processes of tumor that facilitates the survival,
proliferation, and evasion of neoplastic cells [4]. In
addition to the well-established role as the energy
carrier, ATP secreted or generated in the extracellular
milieu can serve as a pivotal extracellular messenger
[2]. Extracellular ATP (eATP) elicits an anti-tumor
immune response by interacting and activating
multiple types of immune cells within the TME,
thereby stimulating the anti-tumor immune response
[5]. However, eATP can be hydrolyzed to
extracellular adenosine (eADO), which plays a
contrary role in that it suppresses anti-tumor

immunity through inhibiting the function of T cells,
NK cells, and antigen-presenting cells [6]. Normally,
the balance of eATP and eADO maintains immune
homeostasis in tissues [7]. However, tumor cells tend
to express high levels of extracellular
ATP-hydrolyzing enzymes, which tips the balance
towards the immune-suppressing function of eADO,
thus fostering tumor progression [8]. Based on the
high concentration and fine-tuning of the regulatory
role of ATP in the TME, developing strategies to
leverage ATP for cancer therapy has long been a
research focus and has recently become a hot topic.

2. The multifaced role of ATP in tumor
microenvironment

ATP, as the intracellular energy currency, is
closely related to the growth and proliferation of
tumor cells, playing a crucial role in cellular processes
such as DNA replication, transcription, and protein
synthesis [9]. Additionally, ATP can be released into
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the extracellular space as a signaling molecule,
significantly influencing the behavior of both tumor
cells and immune cells (Figure 2) [10]. Firstly, ATP can
activate multiple survival signaling pathways in
tumor cells by stimulating P2 receptors including
P2Y1R, P2Y2R, P2Y6R, and P2X7R, which increase
intracellular ~Ca?* concentration and activate
PI3K-AKT and ERK-MAPK pathways, thereby
promoting cancer cell growth [11, 12] [13].
Additionally, the immense energy demand of tumor
cells during proliferation process could also be
regulated by ATP [13, 14]. Specifically, through its
action on P2X7R, ATP regulates intracellular Ca?*
concentration and thereby upregulates glucose
transportation by the transporter GLUT1 and at the
meantime stimulates aerobic glycolysis by activating
the related enzymes, thereby enhancing tumor cell
metabolism [15-18]. In addition to regulating tumor
cells, eATP can also act as a “find-me” signal,
recruiting neutrophils, macrophages, dendritic cells
(DCs), and other immune cells into the TME [19, 20].
Subsequently, eATP regulates immune cells through
various mechanisms [21]. DCs express several P2
receptors, particularly P2X7R, making them a finely
tuned target for ATP regulation [22]. When DCs are
exposed to high concentrations of ATP, sufficient
activation of P2X7R leads to the release of large
amounts of IL-1p3, which supports TH1-type immune
responses and enhances antitumor immunity [23, 24].
For macrophages, high concentrations of eATP can
stimulate the production of cytokines such as IL-1a,
IL-1pB, IL-6, IL-18, CCL-2, and TNF-a through P2X7R
activation [25-27]. Additionally, higher concentrations
of eATP can trigger pyroptosis in macrophages,
leading to the release of pro-inflammatory substances
that activate antitumor immunity [28]. For T cells,
ATP regulates migration, proliferation, and activation
through calcium signaling mediated by both P2Y and
P2X receptors [29, 30]. Specifically, eATP acts as a
potent chemoattractant, recruiting T cells via P2Y
receptor-mediated  signaling  pathways  [31].
Moreover, P2X7R is ubiquitously expressed on the T
cell surface, and activation of P2X7R by eATP not only
induces T cell proliferation but also enhances their
activation [32]. Studies have shown that eATP can
regulate the metabolism of memory CD8* T cell
populations, promoting their survival through P2X7R
activation [33]. Importantly, ATP has been shown to
suppress Treg function by promoting FOXP3
degradation or directly reducing Treg numbers via
P2X7R-mediated cytotoxic effects, thus alleviating
immune suppression in the TME [34-36]. Regarding
NK cells, studies indicate that eATP-mediated
activation of P2X7R and subsequent inflammasome
formation are essential for NK cell-mediated
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metastasis control [37]. Targeting CD39 to increase
eATP has been shown to enhance IFN-y production in
NK cells and reduce tumor metastasis [37].

However, eATP is degraded into
immunosuppressive adenosine (ADO) by
ectonucleotidases, including ectonucleoside

triphosphate diphosphohydrolase-1 (CD39), which
hydrolyzes ATP to adenosine 5'-monophosphate
(5'-AMP), and ecto-5'-nucleotidase (CD73), which
further converts 5'-AMP into ADO [8, 38, 39]. CD39
and CD73 are highly expressed in various cell types
within the TME, including tumor cells, stromal cells,
endothelial cells, infiltrating immune cells, and others
[40, 41]. The generated ADO can bind to ADO
receptors A2AR and A2BR on the surface of various
immune cells. Activation of these receptors
suppresses immune cell activity, promoting
macrophage polarization to the M2 phenotype,
inhibiting the antigen-presenting function of DCs,
suppressing TH1 responses, and impairing NK cell
maturation. This cascade of events contributes to
immune suppression and tumor progression [30,
41-43].

In summary, ATP plays a multifaced role in the
TME. It not only serves as an intracellular energy
source to support the growth, proliferation, and
metabolism of tumor cells but also triggers a series of
survival and metabolic signaling pathways through
the activation of P2 receptors on tumor cells.
Meanwhile, eATP acts as a signaling molecule to
attract and activate immune cells, thereby enhancing
antitumor immune responses. However, once ATP is
degraded by CD39 and CD73 into ADO, it binds to
A2A/A2B receptors to inhibit immune cell functions
and promote the expansion of regulatory T cells,
leading to immune suppression and tumor
progression. This series of complex mechanisms
underscores the critical role of ATP in tumor
development.

3. Depletion of iATP to starve tumors

In contrast to healthy cells, tumor cells
predominantly generate iATP through the Warburg
effect [44]. However, the existing literature suggests
that oxidative phosphorylation is also an important
pathway for iATP production (Figure 3A) [45].
Because iATP serves as a primary energy reservoir for
cellular proliferation, invasion, and metastasis [46], it
exhibits a complex interplay with the fundamental
energy provision in cancer cells, the maintenance of
multidrug resistance (MDR) within cancer cells, and
the synthesis of heat shock proteins (HSPs) that help
cancer cells maintain low sensitivity to photothermal
therapy (PTT). Depletion of iATP can exert inhibitory
effects on cancer cell growth and differentiation, while
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enhancing the susceptibility of tumor cells to
chemotherapy and PTT. Currently, the research focus
in this area is on blocking the source of ATP (Figure
3B-D).

3.1 Disrupting aerobic glycolysis to deplete
iATP

Even in the presence of oxygen, tumor cells
exhibit enhanced glucose consumption through
aerobic glycolysis, thereby generating sufficient ATP
to sustain their metabolic demands. This phenomenon
is referred to as the Warburg effect [47, 48]. However,
glucose is not efficiently utilized during glycolysis,
necessitating a substantial quantity of glucose
substrate to generate an adequate ATP yield in tumor
cells [49]. Consequently, the high demand of energy
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necessitates the high expression of glucose
transporters (GLUTs) in the tumor cell membrane
[50]. The utilization of glucose oxidase (GOX) or
glucose transporter inhibitors can effectively mitigate
ATP production by lowering substrate availability for
aerobic glycolysis [51, 52]. Targeting glycolytic
enzymes with inhibitors can also effectively disrupt
the energy supply through the glycolytic pathway in
cancer cells, resulting in growth arrest, suppression of
proliferation, and initiation of programmed apoptosis
[53]. With these findings in mind, we conducted a
comprehensive survey of recent research to elucidate
the impact of inhibiting intratumor glycolysis on ATP
depletion by targeting GLUTs and glycolytic enzymes
and utilizing GOX.

nhibiting e47
Q

X
e 8%

Figure 1: lllustration of diverse strategies for harnessing ATP in cancer theranostics. ATP-based tumor theranostics consists of four different approaches: 1) the
reduction of iATP levels to induce cancer cell starvation, 2) the elevation of eATP levels to prime antitumor immune responses or inhibit tumor proliferation, 3) ATP-responsive
drug delivery, and 4) ATP detection for tumor diagnosis and guided tumor therapy. In the first approach, strategies to decrease iATP levels in tumors are largely based on
perturbing mitochondrial energy metabolic processes, including disrupting redox equilibrium and interfering with aerobic glycolysis and respiration. In the second approach, the
emphasis is on the maintenance of a high eATP level by delivering exogenous ATP, promoting ATP release, and inhibiting ATP degradation. In the third
approach—ATP-responsive drug delivery—nanoparticles interact in a complex way with ATP. Three representative nanoparticles are: aptamer-based nanoparticles,
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tannins-loaded Fe3O4 nanoparticles, and barrel-shaped nanocarriers. Lastly, for ATP detection and imaging in tumor diagnosis and guided therapy (including imaging-guided
resection as well as sensitivity determination of chemotherapy and radiotherapy), multiple methods, such as electrochemical techniques along with surface plasmon resonance
(SPR) and fluorescence methods, are employed. Created with BioRender.com.
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Figure 2: The multifaceted role of ATP in the TME. (A) ATP generated through glycolysis and the tricarboxylic acid cycle is released into the TME and can either stimulate
inflammatory responses via P2X and P2Y purinergic receptors or be degraded into immunosuppressive ADO through the sequential actions of CD39 and CD73. ATP exerts both
pro-tumor and anti-tumor effects, while ADO primarily promotes tumor progression, metastasis, and immune evasion by acting on A2A and A2B receptors. (B) The effects of
ATP and ADO on various cell types in the TME. ATP enhances the proliferation of cancer cells, drug resistance, and immune cell activation, while ADO promotes tumor cell
proliferation, metastasis, and immune suppression, influencing immune cell recruitment and polarization. MDSC: myeloid-derived suppressor cells; DC: dendritic cells; NK cells:
natural killer cells; IFNy: interferon-y. Created with BioRender.com.
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Figure 3: Strategies for depleting intracellular (iATP) to starve cancer cells. (A) Glycolysis and oxidative phosphorylation are the main processes that generate ATP
for tumor cells. (B) Limiting glucose utilization to disturb aerobic glycolysis through (1) introduction of nanoparticles carrying GLUT1/SGLT2 inhibitors, which block import of
glucose; (2) glucose oxidase, which depletes the supply of glucose and inhibit aerobic glycolysis; (3) inhibitors of key enzyme pyruvate kinase. (C) Several strategies to interfere
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with mitochondrial oxidative phosphorylation. Micellar polymers inhibit the activity of the electron transport chain. The NO released by nanoparticles inhibits complex IV and
resveratrol (RES) inhibits complex V. (D) Different methods to maintain a high level of reactive oxygen species (ROS) for disrupting oxidative balance. ROS can be increased
through Fenton reaction, irradiation, activation of superoxide dismutase or inhibition of toxin. Created with BioRender.com.

3.1.1 Interfering with glucose transporters

Given that glucose is the main source of energy
for tumor cells [54], it is imperative that tumor cells
express GLUTs on their plasma membranes. The
translocation of glucose across the plasma membrane,
which represents a crucial rate-limiting step in its
metabolic utilization, is facilitated by GLUTs [55].
GLUTs consist of 12 transmembrane transporters. A
total of six members have been reported thus far:
GLUT1-5 and GLUT7 [56]. GLUT1 expression is
frequently upregulated in a variety of solid tumors
and hematologic malignancies and exhibits superior
glucose affinity compared to other GLUT transporters
[57]. Consequently, GLUT1 plays a pivotal role in
tissues that rely heavily on glucose as their primary
energy source [58, 59]. Diclofenac has been shown to
deplete GULT1 level on the surface of tumor cell
membranes, thereby inhibiting glucose uptake,
blocking glycolysis, reducing ATP levels, and
impeding the expression of HSPs in tumor cells, thus
enhancing the sensitivity of PTT [60]. Researchers
have developed CD44-targeted functional polymers
for the decoration of plasma-gold nanorods. By
specifically targeting CD44, sequential
time-dependent release of Diclofenac can be achieved
through the triggering of hyaluronidase, which is
abundantly present in tumor tissues [61]. As a result,
ATP levels in tumor cells are reduced.

3.1.2 Inhibiting aerobic glycolytic enzyme activity

Pyruvate kinase, a pivotal enzyme in aerobic
glycolysis,  facilitates = the  conversion  of
phosphoenolpyruvate and ADP to pyruvate and ATP,
respectively, thus exerting regulatory control over
tumor cell metabolism [62]. Repression of ATP
production through the use of inhibitors targeting
pyruvate kinase has been demonstrated to induce
tumor cell necrosis or apoptosis [53]. A recent study
has demonstrated that a folate-modified silver
nanoparticle carrying albendazole effectively inhibits
ATP production in tumor cells [63]. The inhibitory
effect of albendazole on the glycolytic pathway is
achieved by attenuating the enzymatic activity of
pyruvate kinase, which inhibits cancer cells [64].
Inhibition of the glycolytic pathway alone leads to a
compensatory increase in mitochondrial metabolism
[65]; therefore, synergistic therapy with glycolysis
inhibitors and mitochondrial inhibitors is more
effective [63, 65]. Thus, silver nanoparticles were
introduced in a study, where silver nanoparticles
effectively attacked and disrupted the mitochondria

and synergized with albendazole, further inhibiting
ATP production [63]. Additionally, a significant
amount of lactic acid is generated within the
glycolytic pathway, where it acts as a pro-tumor
factor [66]. Thus, the combination of lactate oxidase
and inhibitors targeting glycolytic enzymes can
effectively reduce lactate production and eliminate
residual lactic acid; this combination effect blocks
ATP production and enhances anti-tumor efficacy
[67].

In addition to pyruvate kinase inhibitors,
compounds targeting other key enzymes in glycolysis
also demonstrate promising therapeutic potential. For
instance, 12-O-deacetyl-phomoxanthone A
(12-ODPXA), a xanthone compound, inhibits ovarian
cancer growth and metastasis by targeting pyruvate
dehydrogenase kinase 4 (PDK4) [68]. By suppressing
glycolysis and epithelial-mesenchymal transition
(EMT), 12-ODPXA effectively reduces tumor cell
proliferation and migration. Zebrafish xenograft
models confirmed the efficacy, highlighting
12-ODPXA as a promising candidate for metabolic
therapy in ovarian cancer.

3.1.3 Reducing the substrate of aerobic glycolysis

GOX catalyzes the oxidation of glucose, leading
to the production of cytotoxic H>O» and gluconic acid
in tumor cells [69, 70]. This process effectively
depletes glucose in tumor cells, thereby reducing
substrate availability for aerobic glycolysis and
inhibiting ATP generation [70]. Consequently, tumor
growth is stunted by obstructing the supply of
nutrition and energy [71]. A double-enzyme-
catalyzed nanosystem containing Pt nanoparticles
and GOX was developed to reduce ATP production
by catalyzing glucose [51]. Within the nanosystem,
GOX degrades glucose into HO, and Pt catalyzes
H>O» to produce oxygen, which in turn participates in
and facilitates the process of GOx-mediated glucose
consumption [51]. The consumption of glucose by
these nanosystems results in a severe shortage of ATP,
creating an energy-deficient microenvironment that
induces  intracellular = damage  during the
GOX-mediated starvation process, ultimately
facilitating the eradication of cancer cells [51]. The
synergistic combination of GOX and Pt were also
conducted in multiple studies for starvation therapy
[72-75]. In addition to reducing glucose for ATP
depletion, researchers have employed lipase
inhibitors to disrupt ATP turnover, consequently
increasing the cytotoxicity of tumor cells and reducing
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the viability of cancer cells [76].

In PTT, photothermal agents are applied to
convert light energy into thermal energy, thereby
facilitating tumor tissue eradication [77, 78]. However,
during PTT, tumor cells can upregulate the expression
of HSPs, which, in conjunction with ATP, impairs PTT
[78]. Thus, the inhibition of ATP production by GOX
in tumors helps overcome HSP-dependent tumor
resistance, thereby enhancing the efficacy of PTT [78].
As an example, Hu et al. developed a light-responsive
liquid metal nanoparticle enzyme system that
synergistically integrates cancer starvation therapy
with PTT for enhanced tumor treatment [69].
Leveraging the photothermal conversion properties of
liquid metals, the system enabled precise modulation
of GOX catalytic efficiency under near-infrared (NIR)
light irradiation [69]. In vitro studies revealed that
ATP levels in tumor cells were significantly reduced
by 14% and 67% after 12 and 24 hours of incubation
with GOX, respectively, compared to untreated
controls. This substantial ATP depletion disrupted
essential cellular processes, including energy
production required for proliferation and the
synthesis of HSPs, which are crucial for maintaining
tumor cell survival under thermal stress. Importantly,
subsequent NIR irradiation further exacerbated ATP
depletion, intensifying HSP suppression and
increasing tumor cell sensitivity to PTT-induced
cytotoxicity. In wvivo experiments provided robust
evidence that this nano system effectively eradicated
cancer cells and inhibited solid tumor growth under
NIR  irradiation. @~ The combined treatment
demonstrated significantly superior anti-tumor
efficacy compared to monotherapies involving either
tumor starvation or PTT alone. This enhanced
therapeutic outcome was attributed to the synergistic
effects of ATP depletion and oxidative stress induced
by GOX-catalyzed glucose oxidation. Specifically,
ATP depletion impaired the tumor cells' ability to
counteract thermal damage by downregulating HSP
expression. These results underscore ATP depletion
as a critical mediator in the integration and
optimization of PIT and starvation therapy,
demonstrating its pivotal role in overcoming tumor
resistance mechanisms. This study highlights a
promising framework for improving therapeutic
outcomes in challenging and treatment-resistant
cancers by leveraging ATP depletion [69].

In the development of strategies to disrupt
aerobic glycolysis and deplete iATP in tumor cells,
nanomaterial-based designs have played a pivotal
role by leveraging their unique properties to enhance
therapeutic efficacy and overcome tumor resistance.
Key nanodesign strategies include functionalized
nanocarriers, such as CD44-targeted polymers,
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enabling controlled drug release [61]; synergistic
nanocomposites, such as dual-enzyme nanosystems
combining GOX and platinum nanoparticles, which
facilitate substrate depletion and reactive oxygen
species (ROS) generation [51]; and light-responsive
nanoparticles, such as liquid metal nanoparticles and
rhenium-based nanomaterials, integrating starvation
therapy with PTT for precise spatiotemporal control
[52, 69]. The materials employed in these designs are
diverse and include metallic nanoparticles (e.g., gold,
silver, and platinum) for enhancing enzyme stability
and specificity, carbon-based nanomaterials (e.g.,
graphene oxide and carbon dots) for high
drug-loading capacity and photothermal conversion,
polymeric nanoparticles for selective and sustained
drug delivery, and hybrid nanocomposites (e.g.,
Re@ReP-G) that combine enzymatic degradation and
photothermal activation to amplify anti-tumor effects
[51, 52, 69, 79]. These nanotechnological innovations
have significantly advanced ATP-depletion-based
therapeutic approaches, providing promising avenues
for enhancing biocompatibility, minimizing off-target
effects, and improving clinical translational potential.

3.2 Disrupting mitochondrial aerobic
respiration to deplete iATP

Mitochondrial respiration encompasses aerobic
glycolysis and mitochondrial aerobic respiration [80].
The results of numerous studies have underscored the
reliance of tumor cells on the energy derived from
aerobic glycolysis [81]. Nevertheless, there is also
evidence that mitochondrial aerobic respiration is a
principal source of metabolic energy [82]. The
electrons liberated during oxidative phosphorylation,
which are associated with mitochondrial aerobic
respiration, are transferred to oxygen (O:) through
proton pumps in the respiratory chain [83]. These
proton pumps, namely complex I to complex 1V,
establish an H* gradient within the inner
mitochondrial membrane, where complex IV plays a
critical role in facilitating electron transport along the
chain and complex V directly catalyzes ATP synthesis
[83, 84]. Disruption of the respiratory chain can result
in mitochondrial dysfunction and impede ATP
synthesis within mitochondria, consequently affecting
DNA replication, cell proliferation, and drug
resistance of tumor cells [85, 86].

3.2.1 Inhibiting complex IV

During mitochondrial oxidative phosphoryla-
tion, complex IV functions as a proton pump and
plays a pivotal role in the electron transport chain [87,
88]. The consumption of O, by the mitochondrial
complex IV constitutes 90% of the total O, utilization,
which is indispensable for ATP synthesis. When
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complex IV is inhibited, the blockage of electron
transfer leads to mitochondrial dysfunction and
subsequent ATP depletion [87]. Studies have
demonstrated that high concentrations of NO exert an
inhibitory effect on cytochrome c oxidase, a
component of mitochondrial complex IV [89, 90].
Researchers have developed a sodium polyglycolide
nanoparticle with an outer layer containing the
photosensitizer chlorin e6 and L-arginine (L-Arg) as
the donor of nitric oxide (NO). Upon laser irradiation,
chlorin e6 induces ROS formation, which oxidize
L-Arg to NO and inhibit compound IV [80]. Inhibition
of mitochondrial respiration mediated by NO reduces
multi-active oxygen metabolism in tumor -cells,
enhances the hypoxic state of the TME, depletes ATP
in tumor cells, and inhibits the proliferation of tumor
cells [80].

3.2.2 Inhibiting complex V

Complex V directly catalyzes ATP synthesis;
inhibiting complex V has been demonstrated to be
more effective than inhibiting complex IV [83].
Resveratrol (RES) is an inhibitor of ATP synthetase
that can interfere with the metabolism of the
respiratory chain of tumor cells and trigger the
blockage of ATP production [91]. Researchers have
utilized nano-methods to more effectively deliver RES
into mitochondria and achieve an inhibitory effect of
RES on the respiratory chain. RES has been
incorporated into a porous coordination polymer
(PCN-224) [92]. PCN delivery endows nanoparticles
with the ability to target mitochondria. The
ATP-coordinated decomposition of the
polychlorinated naphthalene structure leads to the
release of the trapped drug RES, which accumulates
in the mitochondria and inhibits complex V-mediated
ATP synthesis for metabolic therapy [92].

3.2.3 Reducing the activity of the electron transfer
chain

Pluronic acid acts as a nonionic polymeric
detergent that reduces oxidative metabolism in
tissues, cells, and isolated mitochondria. In 1992,
researchers first observed that Jurkat T lymphoma
cells were depleted of ATP in lymphoma cells 2 h after
exposure to the Pluronic block copolymer P85 [93]. In
2000, researchers observed that P85 and P105 depleted
iATP and reduced the activity of electron transport
chains in the mitochondria [94]. Further research
revealed that Pluronic ATP depletion could be caused
by a variety of factors, including their ability to act as
K* ionophores, uncoupled oxidative phosphorylation,
or the direct inhibition of nicotinamide adenine
dinucleotide (NADH) dehydrogenase complexes by
interacting with hydrophobic sites located in
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complexes in mitochondrial membranes [95].

P-glycoprotein  (P-gp) is a well-known
transporter protein belonging to the ATP-binding
cassette (ABC) family of membrane transporters,
which actively expels drugs from tumor cells in an
ATP-dependent manner and consequently mediates
drug resistance [96]. Experimental findings from a
study on drug-loaded lipid-based nanoparticles
showed that pluronic-induced rapid ATP depletion
could effectively inhibit the P-gp efflux system by
disrupting its energy supply. This inhibition does not
cause cytotoxicity in either multidrug-resistant or
-sensitive cells. However, when combined with
chemotherapeutic agents, ATP depletion significantly
enhances their cytotoxic effects through specific
mechanisms. ATP depletion reduces P-gp activity,
leading to increased intracellular retention of
chemotherapeutic drugs. Furthermore, ATP depletion
imposes energy stress on tumor cells, as evidenced by
changes in mitochondrial membrane potential and
structure, which compromises their ability to
maintain metabolic functions and repair damage
caused by chemotherapeutic agents. Notably,
P-gp-overexpressing tumor cells are more
significantly affected by ATP depletion compared to
non-resistant cells, as they require higher energy
levels to sustain both drug efflux and their elevated
metabolic demands. These findings demonstrate that
nanoparticle-induced ATP depletion synergizes with
chemotherapy to overcome drug resistance and
improve therapeutic efficacy [96].

Strategies targeting mitochondrial aerobic
respiration to deplete iATP in tumor cells have
employed innovative nanomaterial-based
approaches, effectively disrupting the electron
transport chain and ATP synthesis. One prominent
strategy involves the inhibition of mitochondrial
complex IV, which is responsible for 90% of oxygen
consumption required for ATP synthesis. Sodium
polyglycolide nanoparticles functionalized with
chlorin e6 and L-Arg generate ROS and NO upon
laser activation, thereby blocking complex IV activity,
inducing mitochondrial dysfunction, and
exacerbating tumor hypoxia [97]. Similarly, complex
V-mediated ATP synthesis has been targeted using
PCN-224 loaded with RES [92]. The ATP-coordinated
decomposition of PCN  ensures  efficient
mitochondrial targeting and the controlled release of
RES, ultimately inhibiting ATP production for
metabolic therapy. Additionally, Pluronic block
copolymers (e.g., P85 and P105) disrupt ETC activity
through mechanisms such as uncoupling oxidative
phosphorylation, acting as K+ ionophores, and
inhibiting NADH  dehydrogenase complexes,
resulting in ATP depletion [95]. This ATP depletion
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suppresses the ATP-dependent P-gp efflux system,
significantly enhancing  the efficacy of
chemotherapeutic agents in drug-resistant tumor cells

without inducing significant cytotoxicity. The
nanomaterials utilized, including polymer-based
nanoparticles, photosensitizers, small-molecule

inhibitors, and block copolymers, enable precise
targeting of mitochondrial functions and synergistic
therapeutic effects, offering significant potential for
advancing mitochondrial-targeted metabolic
therapies and overcoming drug resistance in cancer
treatment.

3.3 Interfering with oxidative equilibrium to
deplete iATP

ROS, which are generated as byproducts of
normal cellular metabolism, play an essential role in
maintaining homeostasis and mediating signaling
pathways [98]. Compared with normal cells, tumor
cells exhibit significantly elevated ROS levels [98].
ROS production activates pro-tumor signaling and
improves cell survival and proliferation; however,
higher concentrations of ROS can induce oxidative
stress, leading to cell damage [98]. Tumor -cells
detoxify by expressing high levels of antioxidant
proteins, such as antioxidant enzymes, superoxide
dismutase (SOD), catalase, glutathione peroxidase,
and glutathione transferase, while maintaining
pro-tumor signaling and resistance to apoptosis [99,
100]. Mitochondria play a crucial role in endogenous
ROS production within tumor cells [101, 102].
However, mitochondria are susceptible to damage
due to increased ROS generation [84]. Thus, ROS can
attenuate ATP production by inducing oxidative
stress and compromising mitochondrial functionality.
Additionally, ROS exert antitumor effects through
energy blockade or by reversing ATP-dependent
MDR in cancer cells [103].

3.3.1 Depleting ATP production by increasing ROS

Photodynamic therapy (PDT) has been used to
generate ROS that inhibit iATP [104]. For example, a
type of lipid membrane-coated silica-carbon hybrid
nanoparticles was developed, which selectively target
mitochondria and generate ROS under NIR laser
irradiation [105]. This precise ROS generation directly
oxidizes NADH to NAD+, leading to a depletion of
ATP through disruption of the proton gradient
essential for ATP synthase activity. Consequently, the
ATP-dependent efflux pumps become dysfunctional,
preventing drug efflux and effectively overcoming
MDR in cancer cells. Notably, this effect persists for
up to 5 days, providing a therapeutic window for
enhanced chemotherapy efficacy [105]. Moreover,
ATP depletion significantly impacts the localization
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and activity of P-gp efflux pumps, which are
primarily located on the plasma membrane under
normal conditions. ATP not only fuels drug efflux but
also plays a crucial role in the active transport of P-gp
to the membrane. Upon ATP depletion, P-gp becomes
redistributed into the cytoplasm, likely due to
insufficient energy for its membrane localization
(Figure 4A). This altered distribution reduces the
number of functional P-gp pumps on the membrane,
thereby enhancing intracellular drug retention.
Furthermore, the combined treatment of
nanoparticles and NIR laser irradiation effectively
sensitized multidrug-resistant tumor cells to various
chemotherapy agents, including doxorubicin,
paclitaxel, and irinotecan. This indicates the potential
for broad therapeutic application. These findings
underscore the synergistic potential of ROS-induced
ATP depletion with traditional chemotherapy by
simultaneously targeting drug efflux mechanisms and
disrupting intracellular energy metabolism.

In addition to PDT, the Fenton reaction also
generates ROS [106]. The Fenton reaction involves the
reaction of Fe?* with HxO,, resulting in the generation
of hydroxyl radicals [106, 107]. Hydroxyl radicals are
known to induce oxidative stress in cells and reduce
ATP production in mitochondria. Researchers have
utilized metal polyphenol-coated calcium carbonate
as a pH-responsive nanocarrier to facilitate tumor
penetration and effectively reverse MDR [108]. Fe?*
ions catalyze the Fenton reaction, significantly
amplifying oxidative stress, which in turn disrupts
mitochondrial-mediated ~ATP  production. This
reduction in ATP levels decreases the functionality of
ATP-dependent drug efflux pumps, such as P-gp,
thereby overcoming MDR [108]. ATP depletion
further impairs mitochondrial function and cellular
metabolic processes, ultimately reducing tumor cell
proliferation and survival. Furthermore, the inhibition
of ATP-driven drug efflux enhances intracellular
retention of chemotherapeutic agents, such as
doxorubicin (DOX), within MDR cancer cells [108]. In
vivo studies have demonstrated that this nanosystem
exerts a potent therapeutic effect by synergizing
oxidative stress and chemotherapeutic mechanisms,
leading to the effective suppression of DOX-resistant
4T1 tumor growth [108].

In chemodynamic therapy (CDT), hydroxyl
radicals generated by Fenton-like reactions cause
DNA and protein damage, thereby accelerating cell
apoptosis [109]. However, the low content of Fe?* in
cancer cells reduces the efficiency of the Fenton
reaction, rendering the generated hydroxyl radicals
insufficient to induce apoptosis in cancer cells [110].
To solve this problem, researchers have used
nanoselenium to simultaneously activate SOD and
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promote the production of superoxide anion radicals.
Meanwhile, SOD catalyzes SOAR to H>O,, which
provides sufficient substrates for Fenton-like
reactions, thus boosting the efficiency of CDT.
Nano-selenium inhibited ATP production, thereby
blocking the energy supply to cancer cells [110].
Experiments at the cellular level have shown that the
ATP content of cells incubated with the nanosystem
decreased significantly, accompanied by a certain
degree of apoptosis (Figure 4C).

3.3.2 Depleting ATP by inhibiting antioxidant enzymes

Thioredoxin reductase-2 (TrxR2) is a key
mitochondrial antioxidant enzyme and its inhibition
can lead to mitochondrial oxidative stress and tumor
cell dysfunction [111]. Oxidative stress amplified in
tumor cells has been shown to consume iATP and
inhibit ATP production [112]. The ATP-depleted
nanocomposite was composed of ATP-responsive
zeolitic imidazole frameworks-90 (ZIF-90) and siRNA
targeting TrxR2. TrxR2 reduces H>O, to H>O and
maintains ROS levels at physiological levels [112].
siRNAs targeting TrxR2 can bind to the mRNA of
TrxR2 and inhibit the expression of this reductase,
thus increasing ROS production and amplifying
oxidative stress. Thus, it can deplete ATP, inhibit ATP
synthesis, and induce tumor metabolic disorder [111].
In addition, ZIF-90 self-assembled from
imidazole-2-carboxaldehyde (2-ICA), and Zn?*
reacted to degrade ATP, leading to ATP hydrolysis
and depletion. Excess exogenous Zn?* exhibits
ATPase-like activity that induces ATP hydrolysis,
which can further induce ATP depletion [111]. The
authors reported that ATP depletion impeded the Trp
metabolism program, thereby facilitating the invasive
potential of effector T cells in tumor progression [111].
Amplified oxidative stress can be synergistically
combined with photosensitizer-mediated PDT to
induce the death of potent immunogenic cells, thereby
augmenting  anti-tumor immunogenicity. The
findings from an animal experiment showed that the
immunosuppressive status of the TME was reversed
when the percentage of DCs, maturation rate, and
activation of cytotoxic T lymphocytes increased
(Figure 4B) [111].

Strategies targeting oxidative equilibrium to
deplete iATP in tumor cells utilize advanced
nanomaterial-based approaches to amplify oxidative
stress, disrupt mitochondrial function, and inhibit
antioxidant defenses. Tumor cells, characterized by
elevated ROS levels, are particularly vulnerable to
oxidative damage, which can compromise ATP
production. PDT and Fenton reactions are prominent
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methods for ROS generation. Lipid membrane-coated
silica-carbon  hybrid nanoparticles and metal
polyphenol-coated  calcium carbonate carriers
effectively disrupt mitochondrial ATP synthesis and
reverse MDR [105, 108]. Nanoselenium further
enhances CDT by catalyzing the production of
superoxide anion radicals and hydroxyl radicals [110].
Additionally, targeting antioxidant defenses, such as
TrxR2, wusing ATP-responsive zeolitic imidazole
frameworks (ZIF-90) loaded with siRNA, amplifies
oxidative stress, hydrolyzes ATP, and induces
metabolic dysfunction [111]. Beyond depleting ATP,
these nanomaterials enhance immunogenic cell death
(ICD) and boost anti-tumor immune responses by
increasing dendritic cell maturation and cytotoxic T
lymphocyte activation. By tailoring oxidative stress to
exploit  tumor-specific =~ vulnerabilities,  these
approaches effectively overcome drug resistance and
improve therapeutic outcomes, presenting significant
potential for patient-specific ATP-targeted cancer
therapies.

4. Increasing eATP for tumor therapy

As a crucial signaling molecule, eATP exerts its
influence on various cellular components within the
TME by interacting with multiple receptors [3, 5, 113].
In tumor cells, the presence of eATP induces
alterations in plasma membrane permeability and
disruptions in intracellular electrolyte balance,
leading to a halt in the S Phase of the cell cycle [114].
Consequently, this mechanism effectively impedes
the growth and proliferation of tumor cells [114]. In
the case of immune system cells, eATP facilitates the
release of anti-inflammatory factors, such as
interleukin-1p (IL-1p) and tumor necrosis factor
(TNF), through the activation of DCs. This activation
not only enhances antigen presentation in tumors but
also contributes to CD8* T lymphocyte response and
supports an effective anti-tumor immune response
[19]. In the TME, the concerted action of CD39 and
CD73 enzymes facilitates the degradation of eATP to
ADO, thereby transforming the inflammatory milieu
mediated by eATP into an immunosuppressive state
governed by ADO [3, 41]. Excessive ADO production
has been shown to impede the immune response
against tumors while concurrently facilitating tumor
cell proliferation, angiogenesis, and metastasis [115,
116]. Generally, the main strategies to increase eATP
for bolstering anti-tumor immunity involve
delivering exogenous ATP into and ATP release from
the TME, as well as inhibiting ATP degradation
within the TME.
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4.1 Delivering exogenous ATP into the TME

Multiple strategies have been developed to
deliver exogenous ATP into the TME to inhibit tumor
cell proliferation and activate antitumor immune
responses [114, 117]. A solution of albumin
nanoparticles (ANPs) coated with erythrocyte
membranes has been proposed for effective loading,

delivery, and release of ATP into the TME. The results
of experiments at the cellular level have shown that
both erythrocyte membrane-coated ANPs and ANPs
control the release of ATP for up to 5 days. Coating
the erythrocyte membrane can further increase the
time for nanoparticle internalization, which is
conducive to the extracellular release of ATP [114].
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In addition to the controlled release of ATP into
the TME, a drug delivery system was designed for the
responsive release of ATP [117]. The researchers
employed a pH-responsive nanoplatform to achieve
the targeted delivery of ATP using chitosan-coated
mesoporous hydroxyapatite [117]. The abundance of
ionized amino groups in Chitosan provides potential
sites for pH sensitivity. The nanoporous structure of
mesoporous hydroxyapatite enhances the loading
capacity of ATP and impedes its early release. The
drug release kinetics experiment demonstrated
spatiotemporal control over ATP release, as it
occurred in a time-dependent manner and reached a
stable state after 24 h of incubation. Experiments
conducted at pH 7.2 and 4.2, revealed that the release
of ATP was spatially regulated with sensitivity to pH
levels [117].

4.2 Promoting ATP release to the TME

In addition to directly delivering exogenous ATP
into the TME, strategies have been developed to
trigger ATP release from tumor cells in multiple ways
[3, 118-120]. Caloric restriction has been demonstrated
to promote the efficiency of chemotherapy, which is
largely attributed to the accumulation of eATP in the

TME caused by caloric restriction [3, 120]. Specifically,
caloric restriction was found to significantly impair
oxidative phosphorylation and cause mitochondrial
fragmentation in tumor cells, accompanied by a
P2X7-dependent release of ATP-loaded,
mitochondria-containing microvesicles as well as
naked mitochondria [121]. Thus, caloric restriction
represents a simple but efficient way to promote ATP
release into the TME (Figure 6A).

ICD is a form of regulatory cell death that occurs
during chemotherapy, radiotherapy, oncolytic
virus-mediated therapy, PDT, and PTT, and can
activate the adaptive immune response of
immunocompetent hosts [122]. Dying or stressed
tumor cells release molecules called damage-
associated molecular patterns (DAMP) that act as
adjuvants or danger signals to the immune system
[123, 124]. ATP, as a main component of DAMP, can
be released by dying tumor cells under the different
treatment methods [3, 125]. eATP-dependent P2X7R
stimulation, followed by the release of IL-13 through
the activation of NLRP3 inflammatory bodies,
stimulates the activation of DCs and presents antigens
to CD4* and CDS8*T Ilymphocytes, promoting
anti-tumor immune response [126]. An ICD amplifier

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 10

that assembles DOX, Fe?*, and exogenous ATP has
been developed, in which DOX-mediated
chemotherapy and Fe?* mediated CDT synergistically
induced the release of DAMP by tumor cells [127].
Moreover, exogenous ATP can also be delivered into
the TME to augment ICD [127]. The authors showed
that this ICD amplifier with exogenous ATP delivery
can activate the immune response to the primary
tumor and can also activate a strong abdominal effect
on the distal tumor [127]. In addition, multiple
biomaterial-based strategies were conducted for
inducing ICD and trigger the release of ATP for
boosting antitumor immune response [128, 129].

4.3 Inhibiting the degradation of eATP

The eATP present in the TME can undergo
enzymatic degradation mediated by CD39 and CD73,
resulting in the generation of ADO, which serves as a
crucial immunosuppressive molecule within the TME
[41, 113]. Therefore, the blockade of eATP
degradation through CD39 antibody targeting can
enhance the accumulation of eATP within the TME,
thereby inhibiting ADO-mediated immunosup-
pression [130]. Researchers have developed a kind of
nanoparticles encapsulating the photosensitizer and
CD39 inhibitor ARL67156, where, upon laser
irradiation, nanoparticle-produced ROS induce ATP
release from tumor cells and trigger the cleavage of
nanoparticle and the release of ARL67156 from the
nanoparticles [131]. The released exonuclease
inhibitor inhibits dfdthe degradation of eATP to ADO
by CD39, thus promoting the anti-tumor immune
response [131]. Besides CD39 inhibitor, CD73
inhibitor was also incorporated into a nanosystem for
interfering ATP-Adenosine Axis and amplifying ICD,
which was demonstrated to eventually priming
antitumor immune response [132].

AB598, a CD39 inhibitory antibody, provides a
promising approach to preserving eATP levels in the
TME [133]. By targeting CD39 enzymatic activity,
AB598 enhances immune activation while reducing
immunosuppression in solid tumors. It synergizes
with chemotherapy-induced ATP release, amplifying
anti-tumor immune responses. Preclinical studies
demonstrated significant tumor suppression and
excellent safety profiles, highlighting its potential as a
candidate for combination immunotherapies. This
example further validates the therapeutic utility of
targeting CD39 to modulate the ATP-Adenosine axis
and strengthen anti-tumor immunity.

A novel bacteria-based biohybrid therapy has
been developed to enhance radiotherapy (RT)-
triggered antitumor immunity by inhibiting eATP
degradation within the TME [134]. The biohybrid,
termed EcN@Bi-MOF, combines Escherichia coli Nissle
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1917 (EcN) as a delivery platform, a bismuth-based
metal-organic ~ framework  (Bi-MOF) as a
radiosensitizer, and the CD39 inhibitor POM-1 to
preserve eATP levels. Mechanistically, Bi-MOF
enhances radiation-induced DNA damage and ICD,
while POM-1 prevents ATP degradation into
immunosuppressive ADO, sustaining pro-inflam-
matory ATP signaling (Figure 6B). Preclinical studies
demonstrated that EcN@Bi-MOF amplifies ICD
markers, promotes dendritic cell maturation, and
activates CD8+ T cells, leading to robust systemic
immune responses, including the abscopal effect.
Notably, this biohybrid therapy significantly inhibited
tumor growth, improved survival rates, and reduced
regulatory T-cell infiltration without systemic toxicity,
underscoring its potential as a safe and effective
strategy to remodel the TME and improve RT
outcomes.

In solid tumors, the upregulation of CD39 and
CD73 can be induced by the hypoxia status, via a
transcriptional mechanism that involves hypoxia
inducible factor 1 subunit alpha (HIF-1a) [3, 135, 136].
Thus, inhibiting the degradation of eATP can also be
achieved by alleviating the hypoxia status or blocking
the HIF-la related signal pathway. Our research
group developed a calcium phosphate-reinforced
iron-based metal-organic frameworks (CaP@Fe-
MOFs), in which the Fe moieties undergo Fenton-like
reaction and produce O, thus inhibiting the HIF-1la
mediated upregulation of CD39 and CD73 [137].
Thus, the catabolism from ATP to ADO is attenuated,
thereby elevating eATP levels, reducing ADO levels,
promoting antitumor immune response including
promoting dendritic cell maturation, and augmenting
cytotoxic T lymphocyte response [137]. In addition to
alleviating hypoxia for inhibiting HIF-la mediated
upregulation of CD39 and CD73, dichloroacetic acid
was shown to block the HIF-1a-CD39/CD73 pathway
[138]. Dichloroacetic acid was incorporated into a
MnFe;O4 nanocomposites to realize targeted delivery
into tumor cells and decrease the eATP catabolism
into ADO. In addition, the Fe moieties of this
nanocomposites can also produce O; to further
downregulate CD39 and CD73 and inhibit the
degradation of eATP (Figure 6C) [139].

There are many other therapeutic methods
targeting CD39 and/or CD73, including
small-molecule inhibitors and antibodies, which have
been comprehensively discussed elsewhere [41, 113].
However, the complete blockade of CD39 may have
unexpected adverse effects. This may be related to
CD39's involvement in the regulation of thrombosis,
cell adhesion, and other potential physiological events
[140].
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Figure 6: Nanotechnology-enhanced promotion of eATP. (A) Nutrient deprivation increases eATP release and ultimately promotes anti-tumor immune response.
Adapted with permission from [121], copyright 2022 Theranostics. (B) EEN@BIi-MOF enhances radiation-induced ICD, triggering ATP release from tumor cells while inhibiting
eATP degradation. Adapted with permission from [134], copyright 2024 Elsevier. (C) MnFe;O4 NP conjugated with dichloroacetic acid significantly down-regulated expression
of CD39 and CD73, limiting eATP degradation. Adapted with permission from [139], copyright 2022 Elsevier.

5. ATP responsive drug release for tumor
diagnosis and therapy

Drug delivery systems, which use nanoscale
components as diagnostic tools or deliver therapeutic
drugs to specific sites to enhance therapeutic efficacy
and avoid “off-target” effects, are a rapidly evolving
field of science [141-143]. Because of the heightened
glycolytic activity, the ATP level in the TME was
significantly higher than that in non-tumor cells,
which offers an excellent opportunity to design
ATP-responsive drug release platform [2]. Here, we
comprehensively  discuss recent progress in
ATP-responsive drug delivery systems.

The ATP aptamer, derived through in vitro
screening technology based on the structure of ATP,
exhibits strong recognition of ATP and high affinity
[144]. The aptamer possesses notable advantages such

as specificity, facile synthesis in wvitro, and
modifiability (Figure 7). A diverse range of materials
has been employed in the design of aptamer-based
ATP response systems, and nanosystems derived
from different materials frequently exhibit distinctive
merits (Figure 8A and 8B). The details of the process
have been extensively reviewed elsewhere [145].
Thus, we will focus on the other ATP-responsive drug
delivery systems.

In addition to ATP aptamers, there are several
alternative approaches to ATP-responsive drug
release systems. Plant polyphenols encompass a
variety of catechol groups that can coordinate with
various metal ions [146]. Researchers have used
tannins and FesOs nanoparticles as models to
construct polyphenol-inspired intelligent magnetic
component [146]. Due to the competitive binding of
ATP and tannins to the surface of Fes;Os the
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nanosystems  comprising intelligent magnetic
components demonstrate ATP-responsive
characteristics (Figure 8C) [146]. In addition, these
magnetic components can be employed for
tumor-specific and highly sensitive magnetic
resonance imaging by specifically disassembling
ATP-induced changes that result in enhanced lateral
relaxation and efficient conduction of fluorescence

signals.
It has been reported that a developed
protein-based nanocarrier consists of multiple

barrel-shaped chaperone units that protect guest
molecules in the lumen from degradation by
coordinating with Mg?* assembly into a tubular
structure (Figure 8D) [147]. The mechanism of the
ATP response is due to the symbiotic changes caused
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by the hydrolysis of ATP to ADP, resulting in the
opening and closing of the lumen. Ligation between
barrel chaperone units is based on non-covalent
bonding formed at nanoscale biological interfaces.
This non-covalent bond can be cleaved by mechanical
forces resulting from conformational changes in the
subunits that constitute the protein. This
conformational change is driven by ATP and its
analogs and is dependent on the concentration of
ATP. Moreover, some studies have reported that
antibodies bind to antigens only in the presence of
ATP. The high concentration of eATP in the TME
serves as a switch for mediating the binding between
the antibody and antigen in the TME, which could
largely avoid de-tumor toxicity (Figure 8E) [148].
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Figure 7: ATP-responsive drug delivery systems. (A) ATP-responsive drug delivery system has been extensively studied for cancer diagnosis and therapy. (B)
ATP-responsive drug delivery systems fall into three categories based on mechanism: (1) ATP competes with antitumor drugs for binding to the nanoplatform, leading to the
release of drugs for tumor therapy; (2) energy release by ATP triggers disintegration of drug delivery cargo, releasing the drug; (3) ATP binds to an aptamer, resulting in NP
disintegration and drug release. (C) Fabrication of three representative types of ATP-responsive NPs: tannin-loaded Fe3O4 NP, barrel-shaped nanocarrier, and aptamers-based
NP. Created with BioRender.com. (See the main text for further explanation of these strategies.)
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Adapted with permission from [148], copyright 2020 Elsevier.

ATP was also demonstrated to competitively
displace and disrupt the coordination bond, thereby
reactivating the prodrug for the purpose of tumor
therapy [149]. Specifically, Celastrol, a naturally
occurring bioactive compound with significant
tumor-eradication potential, is constrained by its
limited aqueous stability, diminished bioavailability,
and potential off-target effects [149]. To address these

limitations, the coordination of Fe (III) with Celastrol
was employed to synthesize an inert Celastrol-Fe
chelate prodrug, which is anticipated to mitigate
toxicity to non-target tissues. Notably, within the
TME, the elevated ATP levels are capable of
competitively displacing the coordination bond,
thereby triggering the release of the bioactive
Celastrol. The efficacy of this ATP-responsive drug
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delivery system has been corroborated in both
cell-derived xenograft and patient-derived xenograft
models, underscoring its potential in targeted cancer
therapy [149].

ATP-responsive nanoparticles have
demonstrated the potential to achieve precise drug
release by leveraging the elevated ATP concentrations
within tumor cells [145]. However, a critical gap in
knowledge remains regarding their specificity across
various cancer cell types. This uncertainty primarily
arises from tumor heterogeneity, which encompasses
variations in ATP concentration and distribution. For
instance, tumors with highly glycolytic phenotypes,
such as glioblastoma and breast cancer, often exhibit
significantly higher ATP levels compared to cancers
with lower metabolic states [150, 151]. These
differences can profoundly influence the performance
of ATP-responsive nanoparticles. However, the ATP
levels across different cancer types and within distinct
regions of tumors have been scarcely investigated,
despite their significant impact on the therapeutic
efficacy of ATP-responsive nanoparticles. Therefore,
comprehensively mapping the spatial distribution of
ATP levels within tumors is crucial for a deeper
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understanding of the delivery characteristics of
ATP-responsive systems in tumors. Additionally,
identifying suitable tumor types for ATP-responsive
delivery systems necessitates the detection of ATP
level variations across different tumor types and the
evaluation of the delivery efficiency  of
ATP-responsive systems in these diverse contexts.

6. ATP detection for tumor diagnosis

The versatile role of ATP as a multifunctional
nucleic acid triphosphate extends beyond its function
as a primary energy-storage molecule in living
organisms. ATP also serves as an extracellular
signaling molecule involved in regulating cell
metabolism and biochemical signaling pathways,
making its abnormality closely related to the
progression and therapeutic strategies of cancer [113,
154]. Therefore, monitoring the spatiotemporal
dynamics of ATP in tumor cells [155], the TME [156],
and body fluids [157] in patients with tumors is
critical, and much research effort has been dedicated
to this area (Figure 9, 10).
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6.1 Monitoring intracellular ATP

ATP is the main source of energy for an
organism and is overexpressed in tumors; its
accumulation enhances the proliferation and
migration of cancer cells. Therefore, measuring iATP
levels may be helpful in the pathological biopsy of
tumors. In a recent study, a two-channel nanoprobe
was used for the sequential detection of ATP and
peroxynitrite to distinguish between normal and
cancer cells [155].

Nanocarriers, such as liposome and exosome
coatings, possess a structural resemblance to cell
membranes [160]. This similarity allows the cell to
easily internalize the loaded ATP-detecting probe,
thereby efficiently detecting iATP. A liposome
carrying fluorescent ATP aptamers was designed to
be engulfed by the cells [161]. Upon cellular entry,
ATP molecules bind to the aptamers and induce a
conformational change that leads to the formation of a
p-aniline-ATP complex. This new conformation
interacted closely with the guanine nucleobase,
resulting in strong fluorescence quenching via
intramolecular  fluorescence resonance energy
transfer. Notably, a robust linear relationship exists
between the extent of quenching and the ATP
concentration, enabling the accurate determination of
ATP levels [161]. The authors of the study also used
exogenous oligomycin to modulate the inhibition of
ATP synthetase and to monitor the dynamic
assessment of ATP production [161].

DNA tetrahedral framework-based nanosensors
represent a novel strategy for long-term ATP
monitoring in complex biological models. A study by
Zhang et al. developed a DNA tetrahedral framework
(TDF) conjugated with ATP-specific aptamer strands
(TDE-AS) for real-time ATP tracking in human cancer
organoids over 26 days (Figure 10A) [162]. The TDF
scaffold ensured high biocompatibility and lysosomal
escape, while ATP binding triggered fluorescence via
FRET between Cy3 and BHQ2. This approach enabled
non-destructive monitoring of organoid growth and
drug responses (e.g., paclitaxel-induced apoptosis)
with minimal cytotoxicity. The study highlighted the
potential of DNA nanotechnology for longitudinal
ATP analysis in fragile 3D organoid models,
addressing limitations of single-time-point detection
methods.

Zeolitic imidazolate framework 8 (ZIF-8), a
widely studied carrier for drug delivery, was
fabricated using Zn?* and imidazole linkers [163]. A
ZIF-8 carrying rhodamine B (RhB) was developed, in
which the fluorescence of RhB was quenched by the
shielding effect of ZIF-8. However, in the presence of
ATP, RhB fluorescence occurs because the
disintegration of ZIF-8 is caused by competitive

4724

coordination between ATP and Zn?*, which provides
an efficient tool for ATP detection [164]. In addition,
cancer cell-derived exosome membranes were utilized
to encapsulate this nanodevice, which further
improved the cellular uptake efficiency for better
monitoring of iATP [164].

A straightforward approach for detecting ATP
levels is the insertion of a single glass
nanopipette-based nanopore (G-nanopore) into cells
[165]. The Three-thiol-modified DNA (probe 1) and
5-thiol-modified DNA (probe 2) contain fragments
that bind to the ATP aptamer, which is further
autonomously assembled as Au nanoparticle
self-assemblies (NPSAs). In the presence of ATP, the
NSPAs were gradually disassembled because of the
stronger combination of ATP and aptamers,
expanding the effective aperture and increasing the
ion current to 500 mV. Moreover, experiments show
that the ATP concentration has a good linear
relationship with the current change ratio at 500 mV
[165].

6.2 In vivo ATP imaging in TME

There is a fundamental interdependence
between ATP dynamics and physiology that occurs
inside and outside tumor cells [4]. Thus, we need a
way to investigate the temporal and spatial dynamic
changes in ATP in living specimens from the
subcellular to the biological level in patients with
tumors. Visualization of ATP can intuitively
distinguish between tumors and healthy tissues and
can accurately guide tumor treatment and avoid
damage to healthy tissues.

6.2.1 ATP imaging for tumor diagnosis

Bioluminescence has a wide range of
applications in ATP imaging [166-168]. When
conventional bioluminescence imaging is performed
in vivo, strong tissue absorption and scattering at short
wavelengths limit the improvements in sensitivity
and deep-tissue resolution [169]. To address these
issues, researchers have achieved a higher spatial
resolution in deep tissues using optical imaging in the
second near-infrared region (NIR-II) [156]. An NIR-II
bioluminescence probe integrating cyanidation
resonance energy transfer and fluorescence resonance
energy transfer was developed and successfully
applied to vascular and lymphatic imaging of mice
(Figure 10B) [156]. The spatial resolution of the probe
was approximately 1.5 times higher than that of
conventional bioluminescence imaging, and the
recognition rate of tumor metastasis was 83.4 times
higher than that of normal tissue by utilizing the ATP
response characteristics. In situ ATP-mediated
tumor-tracking experiments in nude mice showed
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that, compared with conventional bioluminescence
imaging methods, the tumor/normal ratio of NIR-II
fluorescence imaging can be enhanced by 30%, which
has an excellent ability to distinguish between tumor
and healthy tissues [156].

In addition, ATP imaging can be combined with
other iconic biological signals to further improve the
tumor-to-normal tissue ratio, which is conducive for
tumor diagnosis. For example, glutathione [170, 171],
H>O, [172], and miRNAs abnormally expressed in
cancer [173] have been introduced for this purpose.

6.2.2 Optimization of ATP imaging strategies

In wvivo ATP imaging could enable an
understanding of changes in ATP levels in different
subcellular regions, providing key details regarding
cell physiology and metabolic regulation [158, 159,
174]. PmeLUC is a chimeric lecithin folate receptor
whose chimeric proteins are targeted and retained on
the plasma membrane, where the luciferase converts
d-luciferin to oxidized luciferin in the presence of ATP
and is catalyzed by magnesium ions, producing a
light signal that can be captured by sensitive detectors
in vivo or in vitro [158]. As early as 2008, researchers
generate pmeLUC probe stably expressing cells that
act as ATP concentration sensors in the TME [1].
However, during the experiments, it was found that
the strong luminescence signal was not only related to
the concentration of ATP but was also affected by the
temporal and spatial uniformity of the pmeLUC
probe distribution, the exogenous transport of
luciferin, and the amount of molecular oxygen.

Further research solved these problems: a
comprehensive set of ATP-binding protein
cysteine-substituted mutants was developed and
labeled with a small-molecule fluorophore Cy3 at the
introduced cysteine residue, with non-toxic subunits
added to botulinum neurotoxin for binding to the
neuronal plasma membrane [159]. The resulting
Cy3-labeled glutamine-105 mutant (Q105C-Cy3;
designated ATPOS) complex was attached to
neuronal cell membranes in the cerebral cortex of
living mice, showing concentric propagation waves
caused by eATP under electrical stimulation. Using
two-color ratio imaging, the ATPOS complex
displayed significant fluorescence changes in the red
channel (Cy3), but no changes in the green channel
(Alexa488). This allows for the measurement of ATP
concentration by comparing the red and green
fluorescence  ratios, which  reduces sensor
concentration variations and motion artifacts [159].

6.3 Monitoring of ATP levels in body fluids

Liquid biopsy for tumor diagnosis has long been
the focus of scientific research and has recently
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experienced a boom [175-177]. Significant efforts have
been made to identify markers in liquid biopsies for
early detection, treatment  stratification, and
monitoring for cancer recurrence [176, 178]. Serum
ATPase has been demonstrated to be a promising
diagnostic marker compared with traditional
hematological tumor biomarkers [179, 180]. In the
plasma of prostate cancer patients, ATPase-mediated
ATP hydrolysis is at a high level, which subsequently
produces a large amount of ADO and favors the
progression of tumors [157]. Therefore, monitoring
the dynamic changes in ATP levels in body fluids may
indirectly indicate ATPase activity. In addition, the
ADO level can also be reflected by dynamic changes
in ATP concentration, which helps evaluate the
immunosuppressive status of tumors. Currently,
various methods have been applied to detect ATP in
body fluids, such as colorimetry [181], electrochemical
methods [182], fluorescent labeling [63], mass
spectrometry [183], and surface plasmon resonance
(SPR) [184].

SPR is a sensitive surface spectroscopy technique
by which refractive index changes on the surface of
gold films in the range of 200 nm are monitored in real
time [185]; the results are highly sensitive to refractive
index changes caused by the binding or dissociation
of biomolecules on the surface [185]. Researchers have
detected ATP by using silver ions to induce cytosine
(C) single-stranded DNA probe configuration
changes based on SPR [186]. This DNA probe has dual
recognition sites for ATP and silver ions: an ATP
aptamer and five cytosines located at either end of the
probe. In the absence of ATP, the probe forms a rigid
hairpin C-Ag *-C structure, generating a large SPR
signal. In the presence of ATP, aptamers interact with
ATP to form a three-dimensional structure; the
configuration change of the silver ion-induced probe
is small, and the SPR signal is small. The difference in
the SPR signal before and after the probe interaction
with ATP is proportional to the concentration of the
analyte, which excluded the effect of SPR signal from
non-specific absorption [186].

Fluorescence methods are widely used for ATP
detection [187]. The ATP concentration can be
obtained using a linear relationship between the
changes in fluorescence intensity and ATP
concentration. The novel CuO-modified Zr-MOF
nanocomposite acts as a nano platform for H>O, and
ATP fluorescence detection in the presence of
terephthalic acid (TA). The CuO nanoparticles
exhibited peroxidase activity and catalyzed the
reaction of TA and HxO; to produce fluorescent
TAOH. However, in the presence of ATP, the catalytic
reaction of CuO with H>O; is hindered by the
interaction of ATP with Zr** and CuO, resulting in a
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decrease in the fluorescence intensity of TAOH at 425
nm [187]. ATP concentration has a good linear
relationship with fluorescence intensity between
0.00land 30 pM. However, the authors reported that
the sensitivity of ATP detection decreased at high
concentrations, which is likely related to the
saturation of the surface sites in nano systems [187].
Another fluorescence-based detection method uses
titanium carbide (TC) nanosheets modified with ATP
aptamers (TC/ Apt) (Figure 10C) [188]. This technique
utilizes Fluorescence Resonance Energy Transfer,
where TC nanosheets act as quenchers of
fluorescence, which is restored upon binding to ATP.
The TC/Apt probes demonstrate a wide detection
range (1 pM - 1.5 mM ATP) and a low detection limit
(0.2 uM), making them highly sensitive for ATP
monitoring. The probes successfully detected ATP in
mouse serum and human serum and were able to
visualize ATP changes in living cells and tumor
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models.

Similarly, ATP concentration can be obtained
using the relationship between the control voltage
signal intensity and ATP concentration in sensitive
electrochemical detection. In one study, an
electrochemical biosensor was developed based on a
porous FesOs@covalent organic framework with
AuNPs confined within uniform channels [189]. The
authors of this study found that the hydrophobic
porous nanochannels established a distinct and stable
microenvironment, conferring exceptional
electrocatalytic performance in the reduction of
4-nitrophenol (4-NP). Single-stranded DNA (So)
immobilized on the surface of the nanoplatform
triggers a branched-chain hybridization reaction by
interacting with the conversion product of ATP (S).
This reaction was found to impede the electron
transfer between 4-NP and AuNPs, enabling the
sensitive detection of ATP [189].
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In addition to the various detection methods
mentioned above, a number of other excellent
strategies have been proposed to improve detection
efficiency through pre-concentration [190] and
matrixing [183]. Some researchers have adopted
ingenious methods for detecting ATP through
pre-concentration. Nanocomposites composed of
mixed metal hydroxides and magnetic nanoparticles
act as efficient green extractants and peroxidase
catalysts to adsorb trace ATP from the sample
solution to the surface of the nanoparticles to
complete the  pre-concentration [190]. The
concentration of ATP affects the fluorescence intensity
generated by the reaction of H)O, and
o-phenylenediamine  catalyzed by  magnetic
nanoparticles peroxidase. ATP adsorbs onto the
surface of the nanomaterial, thereby reducing its
active area and decreasing the production of
fluorescent matter. Thus, ATP detection was
achieved. Similarly, some researchers have used ATP
aptamer-gold nanoparticles to adsorb ATP as a
selection probe and measured ATP by mass
spectrometry, which improved the efficiency of the
laser ionization matrix [183].

6.4 ATP imaging for treatment guidance

ATP imaging can not only be used for the early
diagnosis of tumors but can also be used to precisely
guide tumor treatment, allowing selective ablation of
tumors and reducing side effects [173]. In a previous
study, a nanosystem consisting of hybrid micellar
polymers integrated with nucleoleole-targeted
aptamers and ATP aptamers of a Black Hole
Quencher 2 (BHQ?2)-labeled quenching apparatus was
developed to deliver ATP-activating photosensitizers
into tumor cells in a targeted manner [173]. Injection
of the nanosystems into HeLa cells of living mice
enabled the acquisition of longitudinal whole-body
fluorescence images of mice over time. Experiments in
mice have shown that PDT guided by real-time
fluorescence imaging is highly effective. After 18 days
of treatment, the tumors of the mice were eliminated,
and the tissue sections showed significant apoptotic
cell populations [191]. On this basis, they also made
improvements. Replace ATP-activated photosensi-
tizers with miRNA stimulation photosensitizers and
realize "early detection and early treatment" of cancer
by PDT with a cascade amplification effect [173]. In
addition, ATP imaging can be used in conjunction
with chemotherapy. Near-infrared fluorescent dye
(Rhl) and DOX were encapsulated in the ZIF-90
framework. As the ZIF framework hydrolyzes
because of the ATP response, Rhl is released,
providing excellent NIR emissions, and the release of
DOX allows for controlled chemotherapy drug
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delivery [192].

7. Conclusion

ATP-based cancer diagnosis and treatment
strategies have been well developed over the years.
Monitoring changes in ATP levels and targeted ATP
imaging can be used for the diagnosis of cancer;
depletion of iATP can starve tumors, and increasing
eATP can promote anti-tumor immune responses and
ICD. Here we have given a comprehensive overview
of techniques using ATP in both the diagnosis and
treatment of cancer (Figure 11). There are multiple
strategies for regulating ATP for tumor diagnosis and
therapy, and some of these techniques are already in
clinical development. The clinical advancement of
strategies designed to reduce ATP production for
tumor starvation therapy primarily focuses on key
targets within energy metabolism pathways. These
strategies include inhibitors of GLUTs inhibitors of
key enzymes in the glycolytic pathway (such as
PKM?2), inhibitors of oxidative phosphorylation, and
so on [193, 194]. For example, Metformin has been
confirmed as a promising targeted drug for complex I
and, when used in combination with chemotherapy
agents, has shown promising results in several clinical
trials [195]. On the other hand, for modulating ATP
metabolism to activate anti-tumor immunity, the
primary targets are CD39 and CD73. Currently,
multiple CD39 and CD73 inhibitors are in clinical
trials for tumor treatment. Notably, the CD73
inhibitor LY3475070 in combination with PD-1
monoclonal antibody has completed phase I clinical
trials for advanced solid tumors (NCT04148937), and
the CD39 inhibitor IPH5201 in combination with
PD-L1 monoclonal antibody and CD73 inhibitor has
also completed phase I clinical trials for advanced
solid tumors (NCT04261075). However, regarding
ATP-responsive drug release for tumor diagnosis and
therapy, as well as ATP detection for tumor diagnosis,
these remain in the preclinical phase, with no
products yet entering clinical trials. And we consider
several important issues that need to be addressed,
and potential avenues that still need to be explored.
First, blocking iATP production decreases ATP efflux
into the extracellular space, thereby exacerbating the
immunosuppressive status of the TME. Thus,
depleting iATP for tumor starvation is a
double-edged sword that reminds us to monitor the
immune status of the TME when this method is
applied. Second, evidence also suggests that some
types of tumors would harness eATP for their
progression and resistance to therapy [196, 197],
which means that delivery of exogenous ATP into the
TME may not mediate optimal anticancer effects in
some settings, and the strategy of promoting ATP
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release into the TME from dying tumor cells would be
better for this situation. Third, most studies focusing
on ATP-based diagnostic and therapeutic strategies
for single cancer types have shown promising results.
However, the vast majority of these studies have not
adequately addressed the issue of tumor
heterogeneity. Tumor heterogeneity manifests at
three levels: first, there are significant differences
among various tumor types [198]; second,
heterogeneity exists among individuals with the same
type of tumor [199]; and third, spatial variations occur
within a single tumor [200, 201]. These heterogeneity
factors can lead to substantial fluctuations in ATP
concentrations, which in turn may profoundly impact
the effectiveness of ATP-based tumor diagnosis and
therapy. Tumor heterogeneity thus represents a major
challenge for both ATP imaging-based tumor
diagnosis and ATP-responsive drug delivery. In
addition to highly metabolic tumor cells, some
persistently surviving tumor cells exhibit low levels of
metabolism and proliferation [202]; their reduced
metabolic activity results in limited ATP content,
thereby restricting the applicability of ATP imaging
and ATP-responsive drug delivery. In the strategy of
enhancing anti-tumor immunity by increasing eATP,
tumor heterogeneity plays a decisive role. In “cold”
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tumors, which are characterized by weak immune
responses and sparse immune cell infiltration,
elevating eATP levels may be counterproductive —not
only failing to activate an immune response but also
potentially stimulating tumor cell proliferation and
migration. Therefore, for “cold” tumors, the strategy
of elevating eATP to activate anti-tumor immunity
should be approached with caution, with a preference
for strategies that reduce iATP; In contrast, in “hot”
tumors, which exhibit robust immune responses and
abundant immune cell infiltration, increasing eATP is

expected to significantly enhance anti-tumor
immunity. Thus, for “hot” tumors, the
eATP-increasing approach should be actively

pursued. However, when administering exogenous
ATP nanoparticle drugs, it is crucial to engineer these
nanoparticles with immune cell-targeting capabilities
to ensure that the drugs primarily affect immune cells
rather than tumor cells. Despite these and other
incognitudes, ATP stands out as a particularly
upcoming key for the evolution of tumor diagnosis
and therapy. Future research should prioritize several
critical areas to improve the efficacy and applicability
of ATP-based strategies. The iATP-based tumor
starvation therapy may simultaneously reduce the
immune-stimulating effects of eATP.
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Figure 11: Summary of ATP-based strategies in cancer theranostics. ATP can be leveraged for both cancer diagnosis and therapy. Levels of ATPase can be estimated
by detecting ATP concentration in urine, ascites, plasma and other materials. Several detection methods are applied such as mass spectrometry, SPR, and colorimetry.
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Additionally, ATP imaging can be used to distinguish cancer cells from normal cells. In cancer therapy, the dual effect of ATP (tumor promoting and inhibiting) translates to
strategies for cancer therapy that are focused on either decreasing iATP or increasing eATP. Decreasing iATP is beneficial to block chemotherapy resistance, inhibit proliferation
and metabolism, and sensitize PTT. Increasing eATP can promote anti-tumor immune response, increase autophagic cell death and cause cell cycle arrest. In terms of improved
drug delivery, the application of nanoparticles that interact with ATP, compassing mesoporous nanoparticles, fluorescent nanoparticle, polymer nanoparticle, liposomes and
aptamer-based nanoparticle, can reduce side effects and improve therapy against tumors. Lastly, ATP detection is used in drug sensitivity tests to better guide the selection of

chemotherapy drugs. Created with BioRender.com.

Therefore, balancing iATP depletion with
immune modulation remains a key focus,
necessitating approaches that integrate

iATP-depleting therapies with methods to sustain a
pro-inflammatory TME; In the process of increasing
eATP to stimulate immunity, optimizing eATP
utilization is important, as certain tumors exploit
eATP to promote growth and therapeutic resistance.
Promoting ATP release from dying tumor cells, rather
than delivering exogenous ATP, may help address
these challenges; Advancing ATP-responsive drug
delivery systems requires efforts in material
optimization, scalability enhancement, and rigorous
clinical trials to ensure their successful translation into
clinical practice; Additionally, refining ATP imaging
technologies to achieve higher sensitivity, resolution,
and compatibility with multimodal imaging
platforms will be crucial; Investigating the role of ATP
in cancer stem cells and persistent tumor cells with
low metabolic activity may provide new insights and
unlock novel therapeutic strategies; Lastly,
combination therapies that integrate ATP-based
approaches with other treatment modalities, such as
immunotherapy or radiotherapy, offer significant
potential for synergistic effects and should be
explored further. By addressing these research
priorities, ATP-based strategies can evolve into more
precise, effective, and personalized tools for
advancing cancer therapy.
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