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The rapid development of nanotechnology has significantly advanced the
application of nanophotocatalysis in the medical field, particularly for cancer
therapy. Traditional cancer treatments, such as chemotherapy and radiotherapy,
often cause severe side effects, including damage to healthy tissues and the
development of drug resistance. In contrast, nanophotocatalytic therapy offers a
promising approach by utilizing nanomaterials that generate reactive oxygen
species (ROS) under light activation, allowing for precise tumor targeting and
minimizing collateral damage to surrounding tissues. This review systematically
explores the latest advancements in highly efficient nanophotocatalysts for
cancer treatment, focusing on their toxicological profiles, underlying
mechanisms for cancer cell eradication, and potential for clinical application.
Recent research shows that nanophotocatalysts, such as TiO,, In,Oz, and g—
CsN4 composites, along with photocatalysts with high conduction band or high
valence band positions, generate ROS under light irradiation, which induces
oxidative stress and leads to cancer cell apoptosis or necrosis. These ROS cause
cellular damage by interacting with key biological molecules such as DNA,
proteins, and lipids, triggering a cascade of biochemical reactions that
ultimately result in cancer cell death. Furthermore, strategies such as S—
scheme heterojunctions and oxygen vacancies (OVs) have been incorporated
to enhance charge separation efficiency and light absorption, resulting in
increased ROS generation, which improves photocatalytic performance for
cancer cell targeting. Notably, these photocatalysts exhibit low toxicity to
healthy cells, making them a safe and effective treatment modality. The review
also discusses the challenges associated with photocatalytic cancer therapy,
including limitations in light penetration and the need for improved
biocompatibility. The findings suggest that nanophotocatalytic technology
holds significant potential for precision cancer therapy, paving the way for
safer and more effective treatment strategies.
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Highlights

* Nanophotocatalytic therapy precisely targets cancer cells
through regulated reactive oxygen species (ROS).

* S-scheme heterojunctions and oxygen vacancies improve
light absorption and ROS generation in nanophotocatalysts.

* High efficacy and low toxicity position nanophotocatalytic
technology as a promising cancer treatment option.

1 Introduction

The rapid progression of nanotechnology has positioned
nanophotocatalysis at the forefront of contemporary scientific
inquiry, owing to its extensive applications across energy
conversion, environmental remediation, and biomedical sciences
(1-8). Nanophotocatalysts (Nanophotocatalysts are photocatalysts
in which the size of the particles constituting the photocatalyst
reaches the nanometer order of magnitude (10° m). When the
particle size reaches the nanometer level, it reveals magnetic,
optical, acoustic, thermal, electrical, and superconducting
properties that are significantly different from those of
macroscopic objects, and thus has unique photophysical
properties and high photocatalytic activity), typically ranging
from one to several hundred nanometers in size, exhibit unique
optical, chemical, and electronic properties that enable them to
harness light energy to generate the electron-hole pairs, thereby
initiating a variety of redox reactions (9-16). Over the past few
decades, significant advancements have been made in utilizing
nanophotocatalysis for pollutant degradation, water purification,
and renewable energy generation (17-26). However, the efficacy of
single-component nanophotocatalysts has been hindered by
limitations such as suboptimal photocatalytic efficiency, poor
stability, and low charge carrier separation efficiency (27-38). To
surmount these challenges, innovative strategies like the
incorporation of S-scheme heterojunctions (An interfacial region
formed by two or more different materials (usually semiconductors,
but can also be conductors or insulators). These materials, when in
contact, form a heterojunction because they have different energy
band structures, electron mobility, or chemical properties) and the
introduction of oxygen vacancies (OVs) have been employed to
enhance photocatalytic performance by improving charge
separation and augmenting light absorption, ultimately leading to
elevated generation of reactive oxygen species (ROS) (A general
term for oxygen-containing free radicals and free radical-prone
peroxides associated with oxygen metabolism in living organisms.
Include superoxide radical anion (-O, "), other oxygen radicals, non-
radical derivatives of O,, ozone (O3), singlet oxygen ('0y), hydroxyl
radicals (-OH), and other substances (39-58).

The interdisciplinary nature of nanophotocatalysis has made it a
focal point of modern scientific research, intersecting fields such as
physics, chemistry, materials science, biomedicine, and environmental
science. Nanophotocatalysis is a cutting-edge technology based on the
generation of catalytic reactions by nanomaterials under light. The
core of this technology is to utilize the photocatalytic properties of
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nanoscale semiconducting materials (e.g., titanium dioxide, zinc oxide,
etc.) to generate ROS or other highly reactive substances under light,
thus triggering chemical reactions. This technology was initially widely
used in environmental fields, such as air purification, water treatment,
and pollutant degradation, and has attracted much attention due to its
high efficiency and environmentally friendly properties (59-62). In
recent years, with the cross development of nanotechnology and
biomedicine, nanophotocatalytic technology has been gradually
introduced into the biomedical field, showing great potential in
cancer treatment. The basic principle is to induce apoptosis or
necrosis of cancer cells by generating ROS, such as -OH and
superoxide anions, through the photosensitizing properties of
nanomaterials, which drive redox reactions under light irradiation at
specific wavelengths (63-71). Recently, a drug-free tumor treatment
concept, nanophotocatalysis, was proposed by Zhao and colleagues. A
Z-type SnS;s—-WO,.4; nanocatalyst was developed to achieve the
generation of near—infrared photocatalytic oxidized holes and
hydrogen molecules, and to achieve combined hole/hydrogen
treatment of tumors through a drug-free treatment strategy,
exemplifying that nanophotocatalysis plays a key role. SnS; ¢s—
WO, 4, nanocatalysts oxidized/consumed glutathione (GSH)
overexpressed in tumors via cavities under near-infrared irradiation
and simultaneously generated hydrogen molecules in a durable and
controllable manner. The generated hydrogen molecules and
consumed glutathione inhibited cancer cell energy and disrupted
intratumoral redox balance, respectively, thereby synergistically
damaging DNA and inducing tumor cell apoptosis. The results
showed that the SnS;-WO,4; nanocatalyst could effectively kill
cancer cells and inhibit tumor growth after 22 days under NIR
irradiation (72). In contrast, conventional cancer treatments—
including surgery, radiotherapy, and chemotherapy—are often
accompanied by severe side effects, such as damage to healthy
tissues, systemic toxicity, and the emergence of drug resistance.
Nanophotocatalysis, however, offers a more refined and precise
therapeutic modality (73-81). By generating ROS through
photocatalytic processes, tumor cells can be selectively targeted and
eradicated without harming surrounding healthy tissues, thereby
mitigating the adverse effects associated with traditional treatments
(35, 82-89).

In the biomedical domain, particularly in cancer therapy,
nanophotocatalysts have demonstrated immense potential.
Materials such as TiO,, CeO,, and Fe;O4 not only efficiently
produce ROS under ultraviolet or visible light irradiation but also
modulate the tumor microenvironment to selectively eliminate
malignant cells (90-101). These nanomaterials have been
extensively employed in antibacterial, antiviral, and disinfection
applications, with TiO, being notably utilized in the development of
photocatalytic disinfectants due to its potent oxidative properties
under UV light (102-113). In the realm of photocatalytic cancer cell
targeting, researchers like Divinah Manoharan and Ankush Sharma
have engineered photocatalytic nanoparticles (CNPs) that generate
ROS under specific wavelengths of light, facilitating targeted
destruction of tumor cells while sparing normal tissues (114, 115).

This review delves into the advancements of photocatalysis in
cancer treatment, with a particular emphasis on the design and
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development of highly efficient nanophotocatalysts, the underlying
mechanisms of photocatalytic reactions, the strategies for cancer
cell eradication, and their potential clinical applications. By
integrating approaches such as S-scheme heterojunctions,
engineering of OVs, and other synergistic mechanisms, the
efficiency of light absorption and charge carrier separation in
photocatalysts has been significantly enhanced. These
enhancements lead to increased ROS production and precise
targeting of cancer cells. This emergent technology showcases
remarkable advantages in oncological treatments, offering
superior photocatalytic performance and safety compared to
conventional methodologies, while also exhibiting low toxicity
and absence of drug resistance. Furthermore, this review
addresses the challenges confronting photocatalytic cancer
therapy and outlines future research directions and trends,
providing valuable insights and guidance for advancing the field.

2 Nanophotocatalysts and quenching
mechanism

Cancer, an intricate and multifactorial disease characterized by
uncontrolled cellular proliferation and metastasis, arises from a
confluence of endogenous and exogenous factors such as genetic
mutations, hormonal imbalances, immune dysregulation, exposure
to carcinogens, radiation, and oncogenic pathogens (28-35).
Conventional therapies—including surgery, radiotherapy, and
chemotherapy—while partially eftective, are often accompanied by
severe adverse effects, notably damage to healthy tissues and the
development of multidrug resistance (36-40). In contrast,
nanophotocatalytic therapy has emerged as a precise and
minimally invasive modality that utilizes nanophotocatalysts
activated by specific wavelengths of light to generate ROS, which
selectively disrupt redox homeostasis in cancer cells, inducing
apoptosis or necrosis while sparing normal tissues (41-45). The
tunable physicochemical properties of these nanophotocatalysts
enable personalized treatment strategies, aligning with the
principles of precision medicine. Recent advancements in this
field have demonstrated unprecedented therapeutic potential,
propelling nanophotocatalytic therapy toward clinical application
and heralding a paradigm shift in oncological treatment (36-38).
Future research is expected to focus on optimizing photocatalytic
efficiency, enhancing biocompatibility, and elucidating the
molecular mechanisms underlying cancer cell quenching,
positioning this technology as a formidable contender in next-
generation cancer therapeutics.

2.1 Highly efficient nanophotocatalysts

Nanophotocatalysts are a class of nanomaterials that drive
chemical reactions through light activation, typically ranging in size
from one to several hundred nanometers. These catalysts function by
absorbing photons, exciting internal electrons to higher energy states,
and subsequently generating electron-hole pairs. These electron-hole
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pairs can actively participate in chemical reactions, facilitating the
transformation of various reactants regardless of the reactants” inherent
photochemical activity (39-45). Due to their exceptional photoelectric
properties, nanophotocatalysts have demonstrated remarkable
applicability across various fields. Their applications span from water
splitting for hydrogen production and pollutant degradation to
photonic energy conversion, catalysis in organic synthesis, and
precise medical interventions such as the elimination of cancer cells
(46-54). By optimizing reaction conditions, these nanomaterials
significantly enhance reaction efficiency, showing tremendous
potential in energy production, environmental remediation, and
biomedicine. Nanophotocatalytic technology not only fosters
advancements in cutting-edge fields but also provides innovative
solutions for green and sustainable technologies, illustrating
expansive research and application prospects.

2.1.1 TiO,/WO< composites

TiO,/WO; composites have demonstrated exceptional
performance in the field of photocatalysis, particularly under
visible light irradiation, where they effectively generate
photoexcited electrons that interact with pollutants, rapidly
degrading various contaminants and thereby mitigating the
environmental threats posed by harmful substances (46-50).
Heavy metal ions, with their high electron affinity, serve as ideal
electron acceptors, enabling photoexcited electrons in TiO,/WOj5
composites to directly participate in the reduction of heavy metals.
This significantly reduces their potential harm to both the
environment and human health. Although the presence of oxygen
molecules may interfere with the storage and transfer of
photoexcited electrons, this effect is not entirely negative. In fact,
the reaction between photoexcited electrons and oxygen molecules
generates ROS, including -OH and -O,", which exhibit potent
biological activity. These ROS can induce apoptosis in cancer cells
and possess antiviral properties, opening up new avenues for the
application of photocatalytic technology in medicine, particularly in
cancer treatment and public health. Therefore, TiO,/WO;
composites not only excel in environmental pollution control but
also present broad potential in the biomedical field (47-49).

The photocatalytic efficiency of TiO,/WO; nanocomposites can
be further enhanced by forming heterojunction structures between
TiO, and WO; with OVs. For example, Li et al. confirmed the
presence of OVs in WOj5 using electron paramagnetic resonance
(EPR) spectroscopy and, through theoretical calculations and EPR
experiments, verified the S-scheme heterojunction structure of
TiO,/WO3; nanocomposites (46). OVs effectively trap
photoexcited electrons, reducing electron-hole recombination and
accelerating charge separation and transfer, thereby enhancing the
efficiency of photocatalytic reactions (47-49). Moreover, the
presence of OVs increases the number of surface active sites,
further strengthening interactions with reactants and boosting
photocatalytic activity (50). The S-scheme heterojunction
structure efficiently separates photoexcited electrons and holes,
optimizing the electron-hole recombination process in
photocatalysis and enhancing the generation of ROS (51, 52).
These ROS exhibit strong oxidative capabilities, disrupting the
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molecular structures of cancer cells, including DNA, proteins, and
lipids, ultimately leading to the loss of cancer cell function and cell
death. Additionally, ROS can trigger pyroptosis, a form of cell death
distinct from apoptosis, which releases immune-related factors that
further stimulate immune responses to effectively eliminate cancer
cells (53-58, 63-65). Furthermore, studies have shown that TiO,/
WO; nanocomposites exhibit significant bactericidal properties,
capable of effectively killing E. coli within 6 hours under UV
irradiation by disrupting bacterial membrane lipids through ROS
(98, 99). This ROS-based disinfection mechanism offers a novel and
effective solution for public health and sterilization applications.

2.1.2 In,03/WO3 composites

In,03;/WO; composites, with their OVs and S-scheme
heterojunction structures, have demonstrated excellent
performance in photocatalytic degradation and mineralization
processes. The S-scheme heterojunction optimizes the pathways
for separating electrons and holes, significantly enhancing the
separation efficiency of photogenerated charge carriers and
reducing recombination rates. This, in turn, dramatically
improves the photocatalytic efficiency. The photocatalytic activity
of In,03/WOj; is greatly influenced by various physical and
chemical properties, including morphology, electronic structure,
crystallinity, and surface exposure of crystals. By incorporating OV's
and forming an S-scheme heterojunction, In,O3/WO; composites
have shown superior performance under complex reaction
conditions, particularly excelling in the photocatalytic degradation
of organic pollutants (66, 67).

Traditional photocatalysts like titanium dioxide (TiO,) and zinc
oxide (ZnO) have wide band gaps, which limit their absorption to
ultraviolet light, thereby restricting their application under visible
light (68, 69). To overcome this limitation, researchers have focused
on developing alternative semiconductor materials such as In,S;,
CdS, and In,0;, aiming to enhance visible light absorption and
overall photocatalytic efficiency (70, 71). The unique nanostructure
of In,0; not only exhibits excellent electrical and optical properties
but also holds great potential in various applications, including
photocatalytic hydrogen production, CO, conversion, and organic
pollutant degradation (shown in Figure 1). As a non-toxic n-type
semiconductor, In,O; is highly adaptable to structural design and
doping modifications, making it an ideal candidate for developing
new photocatalysts. However, the high recombination rate of
photogenerated charge carriers and the inefficient utilization of
photonic energy in single—component In,0Oj3 limit its photocatalytic
efficiency. Li and colleagues successfully addressed this issue by
combining oxygen—deficient W;30,49 with In,Os, forming an S-
scheme heterojunction structure that significantly improved light
utilization efficiency and reduced electron-hole recombination,
thus enhancing overall photocatalytic performance (77-82).

Furthermore, Zn-doped In,O; nanoparticles (NPs) have shown
great promise in cancer therapy. Research by ZabnAllah and colleagues
demonstrated that different molar ratios of Zn-doped In,O; NPs
(2.5%, 5%, and 7.5%) exhibited dose-dependent cytotoxic effects on
MCF-7 breast cancer cells. Higher Zn doping levels lead to greater
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generation of ROS through photocatalysis, resulting in stronger
cytotoxic effects. These ROS induce oxidative stress, damaging the
DNA, proteins, and lipids of cancer cells, ultimately triggering
apoptosis. Importantly, the study also revealed that In,O; NPs
exhibited good biocompatibility with normal human cells
(HUVECsS), selectively killing cancer cells without harming normal
cells. These findings suggest that In,Os;-based photocatalysts have the
potential to serve as novel agents for photodynamic cancer therapy,
further expanding the biomedical applications of nanophotocatalysis
(35, 83-86).

2.1.3 g—C3N4/WO3 composites

In the quest for highly efficient photocatalytic materials,
researchers have increasingly focused on the development of
composite semiconductors (85-89). Among these, composites
based on graphitic carbon nitride (g-C;N,;) and WO; have
emerged as frontrunners due to their exceptional optical and
chemical properties (82, 90-95). g-C3;N, is renowned for its
excellent chemical stability and moderate band gap, enabling
efficient absorption of visible light in photocatalysis. However,
despite its promising attributes, the overall photocatalytic
efficiency of g-C;N, remains suboptimal. Conversely, WO;, with
its narrower band gap, demonstrates high photocatalytic activity
but faces challenges when used independently due to low charge
carrier separation efficiency and limited stability. Recent studies
have shown that introducing OVs can significantly optimize the
photocatalytic properties of WO3;, greatly enhancing its potential in
the field (7). It is noteworthy that while extensive research has been
conducted on the application of g-C5N,/WO;3 composites in
environmental pollution control, investigations into their
potential for cancer cell elimination are still in their infancy,
presenting numerous research opportunities and significant
scientific value for future innovative developments.

To overcome the inherent limitations of individual materials,
recent research has increasingly focused on constructing composite
materials by employing strategies such as S—scheme heterojunctions
(100-103). This approach harnesses the strengths of both g-C;N,
and WOj;, preserving their distinct band edge characteristics while
significantly enhancing charge carrier separation efficiency and
reducing electron-hole recombination. This synergistic effect not
only improves the overall photocatalytic efficiency of the material
but also enhances its performance under visible light by introducing
OVs. As a result, the S-scheme heterojunction strategy substantially
boosts the ROS generation capacity of g-C;N4/WO;
nanocomposites, rendering them highly promising for
applications in nanophotocatalytic therapy, particularly in the
elimination of cancer cells, and highlighting their significant
potential for future development.

Hakimi-Tehrani et al. conducted research on the antibacterial
potential of g-C;N,/WO;, demonstrating that this composite
material exhibited strong inhibitory effects against Staphylococcus
aureus and Escherichia coli. The antibacterial efficacy was
particularly pronounced when the WO; content reached 15%
(104). Duan and colleagues further confirmed that W°' ions
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generated by WO; could attach to and penetrate bacterial cells,
exerting bactericidal effects (105). Additionally, the ROS generated
under light activation of g-C;N4/WO; were found to compromise
the structural integrity of bacterial cell membranes, serving as a key
antibacterial mechanism (104). Zhang et al. explored the antiviral
effects of g-C3N,/WOs/biochar composites on adenovirus,
revealing that the material could inactivate viruses without
requiring regeneration during continuous use. Transmission
electron microscopy imaging displayed the rupture of viral
envelopes and the leakage of genetic material, rendering the virus
non-pathogenic (106, 107). These findings not only verify the
potential of g-C3N,/WO; in antibacterial and antiviral
applications but also lay a solid foundation for its future use in
cancer cell elimination.

2.1.4 Indirect comparison of ROS efficiency

The above three types of nanophotocatalysts all have excellent
photoelectric properties and have significant application prospects
in various fields. As we mentioned above, the basic principle of
nanophotocatalysts for tumor treatment is to rely on the
photosensitivity of photocatalysts to induce apoptosis or necrosis
of cancer cells by generating ROS such as -OH and -O, through
redox reactions driven by light irradiation at specific wavelengths.
In contrast, the integration of S-scheme heterojunctions, the
introduction of OVs, and other synergistic mechanisms in
nanophotocatalysts can significantly enhance the photon
absorption and improve the charge-carrier separation efficiency,
thereby increasing the generation of ROS. Existing research results
have shown that ROS such as :OH and -O,  generated by

10.3389/fonc.2025.1523444

nanophotocatalysts have highly efficient degradation capabilities
for organic pollutants such as organophosphorus pesticides and
veterinary drugs. Therefore the efficiency of nanophotocatalysts to
degrade organic pollutants to indirectly respond to the efficiency of
ROS generation. For the quantum efficiency, in the photocatalytic
process, hydrogen is mainly produced through the reaction of -O,~
with water or ethanol, and we can indirectly map the quantum
efficiency of ROS through the apparent quantum efficiency of
photocatalytic hydrogen production. The integration of S-scheme
heterojunction and the introduction of OVs to enhance the
degradation efficiency of organic pollutants and the apparent
quantum efficiency of photocatalytic hydrogen production by
different nanophotocatalysts were compared by reviewing the
literature, and the results are shown in Tables 1, 2.

2.2 Photocatalysts for cancer therapy

As current cancer treatment methods struggle with severe side
effects and the challenge of incomplete cures, the scientific
community is vigorously exploring novel therapeutic strategies
that are faster, more thorough, highly targeted, and safer.
Photocatalytic elimination therapy, an emerging approach in
cancer treatment, has garnered significant attention from
researchers and clinical practitioners due to its mechanism of
utilizing photocatalysts under specific light irradiation to generate
ROS that directly attack cancer cells. Compared to traditional
chemotherapy and radiotherapy, nanophotocatalysts exhibit
distinct advantages; these catalysts synergistically combine the

TABLE 1 Comparison of degradation of organic pollutants by different nanophotocatalysts.

Nanophotocatalyst ;)C)oi?jtgir(\:t Time (min) DeFti:jartaedg}:)o 4 Reference
TiO,/WO; -0,7,-OH Triazophos 120 78.0 (46)
In,03/WO; -0, ,-OH Triazophos 60 78.7 (82)
g-C3N4/ WO, -0,7,-OH Triazophos 100 87.1 (116)
ZnO/WO, , .0, -OH Triazophos 80 69.2 (62)
AlgSi;013/WO,.7, -0,,-OH Triazophos 140 86.3 (61)
BiOCI-TiO, -0, ,-OH Norfloxacin 60 90.2 (117)

TABLE 2 Comparison of quantum efficiency of photocatalytic hydrogen production with different nanophotocatalysts. .

Apparent quantum

Nanophotocatalyst Catalytic substrate efficiency (%) Reference
Cdg5ZngsS .0,"-OH H,0 >89.0 (118)
Pt-PdS/CdS .0, -OH H,0 93.0 (119)

C0S,/Zn;3In,Se -0,"-OH H,0 66.2 (120)
Polyheptazine imide/Pt -0,7,-OH C,H;OH 73.0 (121)
Polyheptazine imide -0, ,-OH (CH,0H), 62.3 (122)
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excellent optical and physicochemical properties of inorganic
materials with the targeted functionalities of biomolecules,
thereby enhancing therapeutic efficacy. Moreover, photocatalytic
therapy can incorporate multifunctional drug molecules, achieving
a synergistic effect that enhances precision and safety in treatment
(108, 109). For example, a supramolecular photocatalyst, Nano-
SA-TCPP (nanoporphyrin metal-organic framework), was
developed by Zhu and colleagues. In an animal model, cancer
cells were injected into the right dorsal subcutaneous culture of

3, and solid

mice when the tumor volume exceeded ~100 mm
tumors were treated with light irradiation at a wavelength of 600
700 nm. Experimental results showed that solid tumors (100 cubic
mm?) were eradicated in as little as 10 minutes and the survival rate
of mice increased from 0% to 100% within 50 days after treatment
(110). Li and his team used ultrathin copper-tetrathione (4-
carboxyphenyl) porphyrin (Cu-TCPP) MOF nanosheets to inject
tumor-bearing mice, and then photothermal and photocatalytic
irradiation was performed with an 808 nm laser and a 660 nm laser.
Laser for coordinated photothermal and photocatalytic treatment,
which showed that the cancer cells showed malignant cell
shrinkage, nuclear condensation and fragmentation, which
improved the survival rate of mice. Chen and his team designed
and synthesized a gadolinium-porphyrin-based polymer, which
was injected into the tail vein of mice and irradiated with a 635 nm

laser for 10 minutes, resulting in the killing of more than 90% of the

10.3389/fonc.2025.1523444

cancer cells (113). Tables 3-5 summarize in detail several
commonly used photocatalysts for cancer therapy and their
characteristics, accompanied by the performance of photocatalytic
treatment of tumors in animal experiments, which provide
important insights into the advancement of this promising
therapeutic modality (111-115, 123-143).

2.3 Toxicological properties of
photocatalysts

Extensive scientific research has elucidated the biological
impacts of the highly efficient photocatalysts previously discussed.
For example, studies have demonstrated that nano-TiO, particles,
once internalized by biological systems, can activate and induce
interactions with alveolar macrophages, phagocytes, and microglial
cells, leading to the generation of ROS (144). The production of
ROS is closely linked to oxidative stress responses within cells,
which can compromise membrane integrity and function,
potentially triggering inflammation or cellular damage.
Additionally, in vivo experiments and oral ingestion of nano-
TiO, have shown that these particles can enter the bloodstream,
potentially affecting liver and kidney function and causing organ
damage. Nano-TiO, and its aggregates can also enter cells through
interactions with surface receptors, and once internalized, they may

TABLE 3 Classes of inorganic nanophotocatalysts for quenching cancer cells.
Physicall e :
Photocatalyst tl};gger y Characterization Mechanism Performance References
Effectively ind tural
. . . High biocompatibility and ROS production leads to ectively In u.ces natur
1 Zinc Oxide Nanoparticles / .. apoptosis of (123, 124)
low toxicity cell death .
adenocarcinoma cells
High X-ray attenuation
Bi thobased coefficient and near—
ismuth-base
) nanoparticles Xora infrared (NIR) absorbance, Inducing DNA breaks in Tumor volume was (125)
P . ¥ excellent photothermal cancer cells reduced by 30% )
and composites K K
conversion efficiency and
long cycle half-life
CeO,/CuO i Excellent tumor Generates ROS to induce
3 808 nm/10 min K . 14 days cancer cell death (126)
heterogeneous structure targeting properties cancer cell death
Chemotherapy/
Carbon Efficiently absorbs light photothermal/ Cancer cell activity
4 . 808 nm/10 min energy and converts it into photodynamic therapy decreased by 87.35% and (127, 128)
based nanocomposite 7 . i
heat energy synergistic modalities to died after 14 days
generate ROS
Synergistic effect of
Excell h lyti h lytic Ti Ph, lysi )
One-dimensional TiO, . xcellent p. (?tocata ytic p! otoc.ata ytic 10'2 otocatalysis grea}t y
5 . Ultraviolet ray activity generation of ROS in enhances the mortality of (129)
whiskers . e -
and biocompatibility combination cancer cells
with Zoerythromycin
i . Delivery of doxorubicin Significant programmed
6 TiO, NP PH Low-t t d stabl 130, 131
12 NS owtoxiclly and stable induces cancer cell death cell death ( )
It’s virtually eliminated i
Ag and Ag,O . No damage to other Photothermal § virtnaly elimina e’ m
7 R 1064 nm/10 min four days and won’t (132)
nanoparticles organs or cells effect synergy
come back.
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TABLE 4 Classes of organic nanophotocatalysts for quenching cancer cells.
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Physicall 1+ o .
Photocatalyst tt};gger y Characterization Mechanism Performance References
Ph hol
Supramolecular 600-700 nm/ Biocompatible, non-toxic, otogenerated holes and Elimination of 100 mm®
1 - ; ] electrons generate -OH . ) . (125)
porphyrin photocatalysts 10 min easy to metabolize and -0, solid tumor in 10 min
-0,
Chemotherapeutic
Rapid and controlled d;
apid an CDI? rofied drug paclitaxel (PTX) and Tumor inhibition rate of
2 Nanogels / release in the X i o e (133)
fumor microenvironment immunotherapeutic agent 74.7% within 14 days
interleukin-2 (IL-2)
TAF-(Triphenylamine
(TPA) and lrlexylamine— . A ExceA]lent biosaf‘et?l, ultra— Oxid.ative stre-ss and Significantly inhibits the
3 substituted Near infrared light high cytotoxicity to bioreduction (134)
. . . . growth of cancer cells
dibenzothiophene sulfone hypoxic cells after photocatalysis
building blocks)
Good cellul tak
AIPCS4: aluminum(III) o0 ?e ular uptake Generation of single-linear = The survival rate of cancer
. . . efficiency, good L R
4 chloride phthalocyanine 635 nm/0-20 min . A oxygen species induces cells in the body (135, 136)
biocompatibility and .
tetrasulfonate) o . cancer cell death drops dramatically.
significant phototoxicity
Excellent water solubility, Cell death induced b
thienyl-substituted diketo xee -en W er‘sc‘> ‘u ity ¢ .ea m‘ uced by Cancer cell viability
5 crol role (TDPP) Xenon lamp biocompatibility single-linear reduced to 20% (137)
Pyrrolopyrro and photostability oxygen species ced to 20%
s - . High .
6 4,6,4’ -trimethylangelicin Blue light i . i - ROS burst cancer cells Extremely effective (138)
antiproliferative activity
Significantly enhanced
Multiple mitochondrial Generation of large l}%ntl tcarf Y e ¢ azcet
targeting motifs and LED-light(470 nm/ Highly amounts of unilinear phototoxicity of a 01,1 i
7 K X o R 220-fold and phototoxicity (139)
ruthenium complexes 5 min) phototoxic, biodegradable oxygen to induce cancer {0 a wide range of
(cHSA-PEO-TPP-Ru) cell death 8
cancer cells
Biomimetic poly(2-
methacryloyloxyethyl
8 phosphorylcholine)-b— Near infrared l.ight Good dispersion.afnd Photothermal effect Over 80% of‘cancer cells (140, 141)
poly(n-butyl (808 nm/1 min) remarkable stability are killed
methacrylate) (PMPC-b-
PBMA) nanoparticles
e Strong absorption, high Phototherapy and
B hiophene- M f th 11
9 enzene dithiophene LED/660 min biocompatibility and photothermal ost of the cancer cells (142, 143)
based polymers : . are killed
superior stability therapy together

TABLE 5 Classes of hybrid nanophotocatalysts for quenching cancer cells.

Physicall e .
Photocatalyst tr)ggger y Characterization Mechanism Performance References
Prod bundant singlet
Nanoporphyrin metal- . roduces fl undant singie Generates -0, to kill Kills 85% of cancer cells in

1 ; 650 nm/15 min oxygen with good photo— . (111)

organic frameworks . cancer cells 15 min

thermal conversion
—tetraketo(4-

Copper-tetraketo( . . Ultra-thin properties and Generates single-line Tumor regression in

2 carboxyphenyDporphyrin 808 nm/10 mim ood dispersion oxygen to kill cancer cells 14 days (112)
MOF nanosheets § P e Y
Good unilinear oxygen
L . generation properties;
Gadol h

adolinium porpiyrin . excellent long-term Single-linear oxygen Kkills More than 90% of cancer

3 supramolecular 635 nm/10 min i - K . K (113)
. colloidal stability, cancer cells cells killed in 10 min
nanoparticles . s
dispersibility
and biocompatibility
(Continued)
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TABLE 5 Continued

Physically
trigger

Photocatalyst

Characterization
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Mechanism Performance References

Metal-Organic
4 Framework/Titanium 983 nm/15 min

Dioxide Nanocomposite

Manganese—-iron oxide
5 metal-organic
framework nanocomplexes

660 nm/8 min

exert mechanical stress on cell membranes, thereby affecting the
stability and activity of membrane-associated receptors and ion
channels (145, 146).

However, these findings regarding the toxicity of nano-TiO, do
not imply uncontrollable risks for humans or the environment.
Recent studies have revealed that at lower concentrations, nano—
TiO, exhibits negligible toxicity (147, 148). With its excellent
biocompatibility and superior drug delivery capabilities, nano-
TiO, has demonstrated significant potential in targeted cancer
therapy and tumor treatment. By interacting with cancer cell
membranes, nano-TiO, effectively induces the production of
ROS, such as O,  and -OH, disrupting cancer cell structures and
enhancing the efficacy of cancer therapies (149-152). Moreover,
nano-TiO, is widely utilized in photothermal therapy (PTT),
photodynamic therapy (PDT), and sonodynamic therapy (SDT),
where it facilitates precise targeting and control via external stimuli,
achieving targeted delivery and treatment of cancer cells (149, 153,
154). Given its low phototoxicity and high biocompatibility, nano-
TiO, holds great potential in phototherapy applications,
demonstrating notable therapeutic effects in preclinical and
clinical studies (130, 131).

Similar to nano-TiO,, nano-In,0; exhibits excellent chemical
stability and low toxicity. At ambient temperature and pressure,
In,0; is resistant to spontaneous decomposition, significantly
reducing its toxicity risk during storage and application. Existing
studies suggest that In,Os’s acute toxicity is relatively low, and
short-term exposure to high doses inflicts minimal harm to
biological organisms (155). Furthermore, reports indicate that
workers exposed to indium over extended periods have shown no
direct health abnormalities linked to indium exposure.
Additionally, nano-In,03;, when combined with reduced
graphene oxide (RGO), exhibits enhanced anticancer activity in
colorectal and liver cancer cells while maintaining superior
biocompatibility with normal cells (156). Meanwhile, g-C;N,, a
non-metal semiconductor material composed of carbon and
nitrogen, is generally considered to have low toxicity. In cellular
experiments, low concentrations of g-C;N, caused minimal
morphological changes in cells, suggesting its low toxicity (157).
Moreover, systemic administration and intratumoral injection of g-
C;N, demonstrated favorable biocompatibility, and when coupled
with localized light treatment, it effectively reduced tumor size
(158). Research has further categorized WO; as a low-toxicity
substance, with studies by Samaneh et al. confirming that WO;-
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Good biocompatibility and
good tumor cell
killing properties

Regulation of tumor
hypoxia and reducibility

Severe destruction of

-0,7, -OH and 'O, synergy (114)

cancer cells in 14 days

Cancer cells within

10, and -0~ synergy (115)

two weeks

NS does not exhibit significant toxicity even at higher
concentrations (159).

In conclusion, nanocomposite materials integrating TiO,,
In,0;, and g-C3N, exhibit great potential in the field of
photocatalytic cancer therapy. These materials not only enhance
photocatalytic performance through the design of composites but
also demonstrate excellent biocompatibility and low toxicity,
offering promising prospects for future cancer therapies.
Researchers have optimized the structures and functionalities of
these composites, improving the precision and efficacy of targeted
therapies, thereby laying a solid foundation for the practical
application of photocatalytic treatments.

2.4 Long—term toxicity solutions for
nanophotocatalysts

The long-term toxicity of nanophotocatalysts is a problem that
stems mainly from their bioaccumulation, metabolic impairments, and
the potential inflammatory responses that they trigger. These toxic
effects may lead to cellular oxidative damage, genetic mutations and
increased risk of chronic diseases. In the following, how to solve its
long-term toxicity problem is systematically elaborated from the
perspectives of inhibition of toxicity accumulation meter, metabolic
regulation, and inflammation inhibition.

Discussed from the perspective of inhibiting toxicity
accumulation, the accumulation of toxicity can be reduced by
designing photocatalytic materials strained. The surface charge
and hydrophilicity of nanoparticles significantly affect their
distribution and accumulation in biological tissues. It has been
shown that surface-coated polyethylene glycol (PEG) or silicon
dioxide (SiO,) can form a spatial site barrier that reduces the
interaction of nanoparticles with cell membranes. For example,
Mano and his team surface-modified TiO, nanoparticles with
polyethylene glycol (PEG) to eliminate nanoparticle aggregation.
The results showed that modifying TiO, with PEG reduced its
cytotoxicity and decreased the induction of stress-related genes
(160). In addition, by modulating the size of the nanoparticles (>20
nm), the catalytic activity can be maintained while avoiding the
systemic toxicity triggered by too small particles (<10 nm) through
glomerular filtration or the blood-brain barrier. Park’s team
investigated the effects of Ag nanoparticles of different sizes (20,
80, and 113 nm) on cells. Comparisons were made in in vitro assays
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for cytotoxicity, inflammation, genotoxicity and developmental
toxicity. The 20 nm Ag particles were found to have the most
pronounced effects on cellular metabolic activity and membrane
damage. While larger size Ag nanoparticles had less effect (161).

Discussing from the perspective of metabolic regulation,
degradable carrier design can be performed to promote metabolism.
That is, the use of biodegradable materials (e.g., chitosan, polylactic
acid) as carriers for nanocatalysts can realize the gradual degradation of
the materials into non-toxic small molecules that can be excreted via
the kidneys or the intestines after completing the catalytic task. In their
review, Karlsson and team mentioned that biodegradable polymer
nanocarriers hold great promise for enhancing the efficacy and safety of
cancer treatments as a drug delivery vehicle. The properties of the
polymers can be customized to ensure effective delivery of specific
anticancer drugs from small molecule drugs to biologics. Biodegradable
polymers can be safely degraded under physiological conditions and
are engineered to respond to environmental and external triggers for
spatially and temporally controlled delivery through engineering
innovations (162).

Discussed from an inflammatory response perspective, the
inflammatory response can be slowed by constructing
heterojunctions and inhibiting inflammatory signaling pathway
activation. The first way is to construct heterojunctions (S-
scheme heterojunctions mentioned above) that optimize the
efficiency of photogenerated electron-hole separation and reduce
nonessential ROS overproduction. Wang and coworkers proposed a
new reversible use of semiconductor heterojunctions to modulate
ROS levels. The method integrates two metal-based ROS
scavengers containing n-type CeO, nanoparticles and n-type
copper—doped diatom biosilica (Cu-DBs) to form typical n-n
semiconductor heterojunctions (Ce/Cu-DBs). Unlike single ROS
scavengers or ROS-generating agents that control ROS levels, Ce/
Cu-DBs can rapidly eliminate ROS via a cascade catalytic reaction
and readily switch to ROS generation via a near—infrared (NIR)-
triggered photocatalytic effect. This NIR-mediated ROS
modulation system provides a noninvasive strategy for the
reversible control of ROS levels in vitro and in vivo to reduce the
inflammatory response of the organism (163). The second approach
is to inhibit inflammatory signaling pathway activation.
Inflammatory responses triggered by nanoparticles are often
mediated through the NF-xB or NLRP3 pathways. ZnO
nanoparticles with surface-modified polydopamine (PDA) have
been found to reduce pro-inflammatory factor release by
inhibiting TLR4/MyD88 (Signaling pathway consisting of Toll-
like receptor 4 (TLR4) and myeloid differentiation factor 88
(MyD88)) signaling. After green synthesizing ZnO nanoparticles
using Aloe vera extract, Tavakoli’s team used a one-step direct
method to surface-modify the nanoparticles with polydopamine
(PDA). The results of the study confirmed that the synthesized
polydopamine-coated zinc oxide (PDA@ZnO) nanoparticles
possess good biocompatibility, have a minimal effect on the
inflammatory response of the body, and are not only non-toxic
to human cells, but also significantly promote cell survival (164).
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2.5 Photocatalytic cancer cell quenching
characteristics

In recent years, metal oxide materials such as ZnO, TiO,, CuO,
SiO,, iron oxides (including Fe,O; and Fe;0,), and CeO, have
garnered significant attention in biomedical applications,
particularly in anticancer and antitumor treatments, due to their
distinctive physicochemical properties, low production costs,
biocompatibility, and potent cytotoxicity (165-167). In one study,
Rasha A. and colleagues synthesized Ag-doped WOj; (3% Ag/WO;)
photocatalysts, which substantially enhanced the photocatalytic
efficacy against human cervical cancer cells (HeLa cells). Their
results showed that under light irradiation at a concentration of 100
ug/mL for 20 minutes, 3% Ag/WO; achieved a 90% elimination rate
of HeLa cells, underscoring the role of Ag doping in significantly
amplifying anticancer effects (168). Similarly, Gao et al. engineered
Ce0,/CuO heterostructures anchored on upconversion
nanoparticles (UCNPs), modifying cancer cell membranes to
enhance ROS generation. This enabled a synergistic effect
between photocatalytic therapy and chemotherapy. In vivo mouse
experiments demonstrated that 10 minutes of treatment with CeO,/
CuO-UCNPs under 808 nm near-infrared light resulted in
substantial tumor inhibition (100 mm?®), with no recurrence
observed after 14 days, highlighting the long—term therapeutic
potential of this treatment (126).

Mohd Javed and colleagues conducted an investigation into the
cytotoxicity of nano-ZnO on various cancer cell types, including
human liver cancer (HepG2), human lung adenocarcinoma (A549),
human bronchial epithelial cells (BEAS-2B), and rat astrocytes and
hepatocytes. Their findings revealed that nano-ZnO effectively
induced apoptosis in these cancer cells while sparing normal rat
cells. This selective apoptotic induction is believed to be mediated
through the tumor suppressor gene pathway, facilitated by ROS
generation (169). Tian et al. further demonstrated that nano-ZnO
disrupts intracellular Zn homeostasis, leading to lysosomal and
mitochondrial damage and inducing ROS production, ultimately
resulting in cancer cell death (124, 170). Collectively, these studies
provide substantial evidence for the efficacy of photocatalytic
technology in the elimination of cancer cells, while showcasing
the unique advantages and promising potential of metal oxide-
based photocatalysts in advancing cancer treatment strategies.

2.6 Mechanism of photocatalytic cancer
treatment

The mechanism underlying the photocatalytic elimination of
cancer cells primarily relies on the chemical reactions initiated by
photocatalytic materials under specific light irradiation conditions. The
efficiency of the photocatalytic activity of nanophotocatalysts is directly
correlated with their ability to eliminate cancer cells. When the energy
of photons equals or exceeds the bandgap of the semiconductor
material, nanophotocatalysts generate electron-hole pairs under
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[llustrates the application of In,O3 in photocatalytic hydrogen production, carbon dioxide conversion, and pollutant degradation (80, 81).

illumination. These electron-hole pairs undergo two key processes. The
first and more favorable process involves photo-induced charges
participating in redox reactions; holes oxidize H,O and OH" to form
-OH (see Equation 1), while electrons reduce O, to generate ROS, such
as -0, (see Equation 2). These ROS induce oxidative stress within the
cellular system, which subsequently triggers apoptosis or necrosis in the
cells. In contrast, the less desirable second process involves the radiative
or non-radiative recombination of electron-hole pairs (see Equation
3), rather than their participation in redox reactions, thereby
diminishing the photocatalytic efficiency and weakening the cancer
cell elimination capability (38, 72, 168, 171, 172).

UCNPs@TiO,

FIGURE 2
Tumor therapy facilitated by nano-TiO, (152).
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To overcome the high recombination rate of the electron-hole
pairs, researchers typically enhance photocatalytic performance by
combining semiconductor photocatalysts with another suitable
semiconductor to form heterojunctions or by doping them with
noble metals (e.g., via Schottky junctions) to trap charges, thereby
reducing recombination and improving photocatalytic efficiency. These
modifications significantly elevate ROS production, thereby inducing
more intense oxidative stress responses within cells, ultimately leading
to apoptosis or necrosis. Such advancements substantially enhance the
ROS generation capacity of nanophotocatalysts, amplifying their
potential in cancer cell elimination applications (shown in Figure 2).

of ROS
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(2)

0,

.02‘

\

Triazophos ‘OH___ CO,, H,0 and other

Oxidation ~ harmless substances

-OH CO,, H,0 and other

siazophos Oxidation ~ harmless substances

N Triazophos Oxidation CO,, H,0 and other
s b harmless substances

FIGURE 3
Mechanistic diagram illustrating the generation of -OH and -O,~ by nanophotocatalysts (a: TiO,/WOs3, b: In,O3/WOs3, ¢: g—C3N4/WO3) (46, 82, 116).

Figure 3 illustrates the mechanism by which the introduction of S- h* + H,0/OH™ — -OH (1)
scheme heterojunctions and OVs elevates the levels of hydroxyl and
-0, . This strategy not only improves the degradation capacity of e"+0, > -0; @)

photocatalysts for organophosphorus pesticides but also provides
robust scientific evidence and support for their application in the Photocatalyst+hv — Photocatalyst(hy'seq;) — recombination  (3)
elimination of cancer cells.
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FIGURE 4
Tumor clearance strategy based on nano photocatalysis technology.

3 Applications of nanophotocatalysis
in cancer cell ablation therapy

3.1 Upconversion nanoparticles in cancer
cell ablation

Upconversion nanoparticles (UCNPs) are a unique class of
nanomaterials characterized by their ability to absorb low-energy
photons and emit high-energy photons—a phenomenon known as
upconversion luminescence. Under near-infrared (NIR) light
excitation, UCNPs emit high-energy visible light, which activates
nearby photosensitizer (PS) molecules, resulting in the production
of singlet oxygen or ROS that effectively kill cancer cells. Due to the
superior tissue penetration of NIR light, UCNPs can facilitate
photochemical reactions in deeper tissues compared to traditional
visible or ultraviolet (UV) light exposure, thereby enhancing cancer
treatment outcomes. In addition to serving as energy donors in
photochemical processes, UCNPs can be utilized for NIR light-
triggered drug release, imaging, and the activation of therapeutic
molecules, achieving more precise cancer therapy (173, 174).

Wang and colleagues developed UCNP-Ce6 complexes by
non-covalently binding Ce6 to a polyethylene-glycolated
amphiphilic polymer-coated UCNP. After 30 minutes of
exposure to 980 nm light at 0.5 W/cm?, the UCNP-Ce6
complexes successfully penetrated cancer cells and induced the
death of 4T1 breast cancer cells in mice (175). Zhang’s team was
the first to demonstrate the application of UCNPs in photodynamic
therapy for breast cancer cells (MCF-7/AZ). Following 36 minutes
of infrared irradiation, the breast cancer cells exhibited shrinkage
and eventually died, showcasing the deep-tissue penetration and
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high specificity of UCNPs for targeting cancer cells (176, 177).
Furthermore, Wang and his team utilized NaYF4 UCNPs co-doped
with Yb** and Tm>*, which converted NIR photons into higher—
energy photons, activating ZnO nanoparticles and generating a
large amount of ROS, thereby significantly enhancing the
anticancer effect (178). Gu and colleagues studied a system in
which NIR laser radiation, through nonlinear optical interactions
with tumor-targeting molecules, induced high-efficiency
photocatalysis via single-photon absorption in ZnO, offering
improved efficiency over conventional two-photon excitation
(174). These studies provide strong evidence for the practical
application of phototherapy in cancer treatment, demonstrating
the vast potential of UCNPs as an emerging therapeutic modality.

3.2 TiO, hybrid photocatalysis in cancer
cell ablation

Under ultraviolet (UV) light excitation, TiO, nanoparticles
exhibit remarkable photocatalytic activity. However, UV light has
significant limitations in penetrating biological tissues, with
insufficient depth to effectively penetrate deep—seated cancer cells.
This limitation hinders the efficacy of TiO, nanoparticles in treating
deep tumors in vivo. To overcome this drawback, researchers have
developed hybrid systems by combining TiO, with metals, metal
oxides, or carbon nanomaterials to reduce its bandgap energy,
thereby enhancing its photocatalytic activity under visible light
and expanding the potential applications of photocatalysis in
cancer treatment. For instance, incorporating SiO, into TiO, has
been shown to improve its cytotoxicity against cancer cells. This
combination broadens the light absorption spectrum and increases
the photosensitivity to cancer cells (179). Such enhancements not
only extend TiO,’s application in photodynamic therapy (PDT) but
also offer promising therapeutic strategies for targeting cancer cells
in deeper tissues.

Moreover, folic acid-conjugated SiO,-TiO, nanoparticles, as a
novel photosensitizer, have demonstrated superior active targeting
capabilities in cancer treatment. Studies by Nurhidayatullaili et al.
indicate that the addition of folic acid significantly inhibits cell
proliferation and enhances the targeting of cancer cells. Under UV
irradiation at various time points, folic acid-conjugated SiO,-TiO,
exhibited increased cytotoxicity against cancer cells. As the
concentration of folic acid-conjugated SiO,-TiO, nanocomposites
increased, the survival rate of cancer cells notably decreased. In the
presence of 12.5 ug/mL of folic acid—conjugated nanocomposites, the
cancer cell survival rate dropped from 100% in the control group to
93%, 82%, and 78% at different time intervals, respectively. When the
concentration of folic acid-conjugated SiO,-TiO, increased to 100
pg/mL, the survival rate further decreased to 57% (179, 180). These
findings not only highlight the potential of folic acid-conjugated
Si0,-TiO, in photocatalytic cancer therapy but also offer valuable
insights for the future development and application of
similar nanocomposites.
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3.3 Novel photocatalytic ablation of cancer
cells

Photocatalytic technology relies on generating a substantial
amount of ROS to ablate cancer cells. However, this strategy is
often hindered by the rapid recombination of the electron-hole
pairs within the photocatalyst, limiting its efficacy. To address this
limitation, researchers have developed a novel piezoelectric—assisted
photocatalytic therapy that effectively enhances the separation of
the electron-hole pairs at both bulk and interface levels, thereby
triggering an intracellular ROS surge and inducing cancer cell
apoptosis (181). Kang et al. employed calcination and liquid
exfoliation techniques to synthesize heat-treated natural
sphalerite nanosheets (NSH700 NSs), which exhibited remarkable
piezoelectric photocatalytic effects. Under 660 nm laser irradiation
for 10 minutes, combined with ultrasound stimulation, NSH700
NSs significantly reduced tumor volume (181). This enhanced
photocatalytic performance is attributed to efficient charge
separation and transfer mechanisms driven by a synergistic effect
of polarized electric fields, band bending, and the unique
heterojunction structure (182, 183). Compared to conventional
photosensitizers, NSH700 NSs demonstrated superior
photocatalytic activity, effectively disrupting the redox balance
within cancer cells, ultimately leading to apoptosis. Cheng et al.
further introduced a novel sonosensitizer, an oxygen-deficient
piezoelectric nanocomposite (bismuth-doped oxygen-deficient
barium titanate), which enhanced ROS production via
sonodynamic therapy (SDT), significantly increasing the rate of
tumor cell apoptosis (184-187).

As piezoelectric-assisted photocatalytic therapy continues to
evolve, future research will delve deeper into its potential
applications in cancer treatment. This innovative therapy not only
facilitates direct tumor cell ablation through ROS generation but also
synergizes with other mechanisms, such as thermoacoustic effects and
enzyme catalysis, to further amplify therapeutic efficacy (188, 189).
Looking ahead, piezoelectric photocatalytic materials are expected to
achieve higher catalytic activity, improved biocompatibility, and
reduced toxicity, offering safer and more effective options for cancer
treatment. Additionally, this emerging technology lays a solid
experimental foundation for broader biomedical applications,
positioning piezoelectric-assisted photocatalytic therapy as a
promising frontier in oncological treatment.

4 Challenges and prospects of
photocatalytic cancer cell ablation

Photocatalytic cancer cell elimination, as an emerging
therapeutic strategy, has demonstrated immense potential and
broad applicability. However, numerous challenges remain to be
addressed. Traditional photocatalytic reactions predominantly rely
on ultraviolet-visible (UV-Vis) light as the excitation source. Yet,
the penetration depth of these wavelengths in human tissue is
limited, typically only a few millimeters, restricting the effectiveness
of photocatalytic therapy in treating deep-seated tumors. While
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near—infrared (NIR) light offers greater tissue penetration, NIR-
based photodynamic therapy depends on the generation of
cytotoxic ROS, such as singlet oxygen, which requires oxygen.
This dependency may be less effective in hypoxic tumor
environments, further diminishing therapeutic efficacy.
Additionally, upon light irradiation, the excited-state valence
band holes and conduction band electrons in photocatalysts are
prone to rapid recombination or surface trapping, resulting in low
photocatalytic efficiency and suboptimal therapeutic outcomes. In
response, researchers have introduced S-scheme heterojunctions,
OVs, and multi-cooperative effects of noble metal ions to
significantly enhance photocatalytic performance. However, these
high-efficiency nanophotocatalysts still suffer from a lack of
selectivity, potentially damaging healthy cells while targeting
cancer cells. Therefore, improving the selectivity of photocatalysts
toward cancer cells has become a crucial research focus.

Moreover, the stability and biocompatibility of photocatalysts
within biological systems present another major challenge for
nanophotocatalytic cancer cell elimination. Researchers must
ensure that photocatalysts do not elicit immune or toxic reactions
within the body. Although preliminary studies suggest that certain
photocatalysts exhibit low toxicity, these investigations are often
limited to short-term observations. Long-term toxicity assessments
are critically important and require rigorous animal and human
trials to validate their safety. Optimizing the photocatalytic
treatment protocols also remains a pivotal task. Scientists must
determine the optimal light intensity, wavelength, irradiation
duration, and dosage to achieve the best therapeutic effects while
minimizing adverse impacts on healthy tissues. Despite these
challenges, nanophotocatalysts have shown the capability to
generate large quantities of ROS (e.g., ‘OH, superoxide anions)
under specific wavelengths of light. These ROS can penetrate cell
membranes, inducing oxidative damage in tumor cells, leading to
apoptosis or necrosis. Importantly, these nanophotocatalysts tend
to exhibit relatively low toxicity toward normal cells, playing a
significant role in the precision treatment of cancer.

With the rapid advancements in materials science,
nanotechnology, and biomedical engineering, the application of
nanophotocatalysts with high photocatalytic activity and low
toxicity in cancer treatment will become more widespread and
profound (shown in Figure 4). Future research directions may
include: (I) the development of intelligent responsive
photocatalysts, which exhibit enhanced photocatalytic activity
under specific conditions by incorporating temperature-, pH-, or
light-sensitive groups, thereby increasing the precision of treatment
and enabling on-demand release of therapeutic agents in vivo to
minimize unwanted side effects; (II) the integration of multimodal
therapeutic strategies, combining photocatalytic therapy with other
treatments (e.g., chemotherapy, immunotherapy, sonodynamic
therapy, photothermal therapy) to achieve a more comprehensive
therapeutic outcome and reduce the risk of recurrence; and (III) the
development of precise delivery systems, utilizing targeted molecular
modifications, optimization of nanoparticle size and shape, and the
assistance of external fields (e.g., magnetic or ultrasonic fields) to
ensure accurate delivery of nanophotocatalysts to the tumor site and
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efficient release of therapeutic agents. These future directions will
foster more innovative breakthroughs in cancer treatment, offering
new perspectives and possibilities for the application of photocatalytic
technology in medicine.

5 Conclusion

Nanophotocatalytic technology, as an emerging cancer treatment
strategy, has achieved remarkable progress in scientific research in
recent years. This technology utilizes nanophotocatalysts to generate
reactive oxygen species (ROS) under light excitation, enabling precise
targeting and effective elimination of cancer cells. This review primarily
explores how the use of highly efficient nanophotocatalysts and various
synergistic mechanisms, such as S-scheme heterojunctions and oxygen
vacancies (OVs), can enhance light absorption efficiency and reduce
the electron-hole recombination rates, thus improving photocatalytic
performance. Through these mechanisms, the photocatalytic reaction
can significantly increase ROS generation, resulting in the precise
destruction and effective elimination of cancer cells. Furthermore, the
nanophotocatalysts employed in photocatalytic technology not only
demonstrate exceptional photocatalytic efficiency and selectivity but
also minimize adverse effects on healthy tissues, enhancing overall
therapeutic outcomes and offering new hope for cancer treatment.
Simultaneously, researchers continue to explore and optimize the types,
structures, and properties of nanomaterials to further enhance their
photocatalytic efficiency and biocompatibility, accelerating the clinical
application of nanophotocatalytic cancer treatment and providing safer
and more effective therapeutic options for cancer patients.
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