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Abstract: Since cancer is a serious threat to public health worldwide, the development of novel
methods and materials for treating cancer rapidly and thoroughly is of great significance. This review
summarizes the mechanism and application of photocatalytic materials used to kill cancer cells. The
photosensitivity and toxicological properties of several common photcatalysts used in anti-cancer
treatment are discussed in detail. The ideal photocatalyst must possess the following characteristics:
a highly stable production of active oxygen species and high selectivity to cancer cells without
causing any damage to healthy tissues. This work concluded the existing photocatalytic materials
used to treat cancer, as well as the current challenges in the application of cancer therapy. We aim to
provide a basis for the development of new photocatalytic anti-cancer materials with high stability
and selectivity while maintaining high photodynamic reaction performance.

Keywords: photocatalytic materials 1; cancer therapy 2; high stability and selectivity 3; photodynamic
reaction performance 4

1. Introduction

Nowadays, cancer has become a serious threat to public health worldwide [1]. In 2018,
there were 18.1 million cancer patients and an estimated 9.6 million individuals died from
cancer [2–4]. With the continuous emergence of targeted therapy and immunotherapy,
modern oncology has made breakthrough progress. Although the relative survival rate of
cancer patients has been improved and the mortality rate of cancer has decreased, most
clinical cancer therapies, often accompanied by severe and sometimes irreversible side
effects, are still difficult to completely cure cancer. Therefore, there is still an urgent need to
explore new methods for rapid, thorough, targeted, and safe cancer treatment.

Phototherapy methods with intrinsic non-invasiveness, minimal side effects and high
spatial selectivity upon a localized irradiation at the tumor sites can precisely target tumors
and minimize damage to normal cells [5]. Owing to these advantages, Phototherapy meth-
ods have been widely used in preclinical and clinical treatment of cancer. Photodynamic
therapy (PDT) and photothermal therapy (PTT) are two typical phototherapy methods [6].
PTT is a treatment that converts light energy into heat energy to kill cancer cells using
nanomaterials with high light-to-heat conversion efficiency under the irradiation of an
external light source [7]. As a minimally invasive, precise and controllable treatment
approach, PTT has made great achievements in recent years. However, photothermal
agents (PTA), the cornerstone and key component of photothermal therapy, still have
deficiencies and room for improvement in terms of metabolism, stability, photothermal
conversion efficiency, and synthesis strategies. PDT is a well-established and clinically
approved treatment approach. In the PDT process, the photosensitizer molecules absorb
energy from an appropriate wavelength and then transfer the energy to the surrounding
oxygen molecules to generate reactive oxygen species (ROS), which have significant cyto-
toxicity, leading to cancer cell killing and tumor ablation [8,9]. Since ROS are chemically
reactive free radicals or non-radical molecules derived from oxygen molecules, PDT is an
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oxygen-dependent process, which requires the participation of oxidative intermediates in
the tumor hypoxic microenvironment [10]. PDT therapy is usually an inefficient procedure
and requires repeated treatments.

Due to the enhanced permeability and retention effect, nanomaterials tend to passively
accumulate in tumors and often act as nanocarriers of chemotherapeutic drugs [11]. Semi-
conductor TiO2 is a common photocatalyst material, which is generally used to degrade
organic substrates [12] and deactivate microorganisms [13–15] and viruses [16]. It was
reported that TiO2 nanoparticles of various sizes and morphologies exhibited cytotoxicity
toward tumors [17–19]. The catalytic action of the photocatalysts driven by photon en-
ergy can oxidize or reduce substrate molecules. Photocatalysts have been widely used in
life-related antibacterial and antiviral fields [20,21]. Recently, researchers have conducted
vast and in-depth explorations on the potential value of photocatalysts in the field of
cancer treatment. Zhu et al. [22] prepared a self-assembled supramolecular photocatalyst
of tetracarboxyphenyl porphyrin (SA-TCPP) and proved that it can be excited by the light
with a wavelength of 420–750 nm. Porphyrin-based molecular drugs are widely used in
PDT due to their excellent biocompatibility and release of singlet oxygen, some of which
have already achieved clinical applications. Li et al. [23] thought that photocatalytic ma-
terials can generate ROS for tumor DNA damage when they were irradiated by targeted
wavelength light, achieving high efficiency at low radiation doses with limited damage to
normal tissues. In this work, we discussed the photosensitivity and toxicological properties
of several common photocatalysts used in anti-cancer treatments in detail. The current
limitations and challenges of photocatalytic physiotherapy were summarized and feasible
solutions were proposed. We aim to provide a basis for the development of novel pho-
tocatalysts for cancer therapy with higher stability, selectivity, and high photodynamic
reaction performance.

2. Photocatalysts for Cancer Therapy

Anti-cancer activity of photocatalysts belongs to photodynamic therapy (PDT), which
is a new technique for cancer treatment. Typically, the PDT process involves three main
components: light, oxygen, and light-responsive materials (photosensitizers). Hybrid semi-
conductor photocatalysts absorb energy from light and then transfer it to molecular oxygen
to produce cytotoxic reactive oxygen species (ROS) [24]. Compared with conventional
PDT, the advantages of nano photocatalysts are the results of the synergistic combination
of inorganic materials with unique physical properties and the targeting performance of
biomolecules, as well as the multi-functional drugs molecules loaded in an ideal therapeutic
system [25]. In addition, nano photocatalysts can overcome biological barriers, including
the blood-brain barrier.

Mechanism of PDT

PDT is a new method for the treatment of tumor diseases, which uses photosensitive
drugs and laser activation [26,27]. The general process of PDT is to irradiate the tumor site
with a specific wavelength and selectively activate the photosensitive drugs accumulated in
the tumor tissue and trigger a photochemical reaction to destroy the tumor cells (Figure 1).
Photosensitizers can trigger a photodynamic reaction to produce a large amount of ROS
in the presence of oxygen. ROS possess remarkable cytotoxic properties, which can cause
changes in the morphology and functions of cells or biomolecules, leading to cancer cell
killing and tumor ablation [28]. PDT treatment depends on three vital components: photo-
sensitizers, light, and tissue oxygen [29]. According to the type of ROS, PDT can be divided
into type I and type II [30]. Type I: the photosensitizer undergoes an electron transfer
reaction in the excited state, obtaining an electron to form a radical anion, which can react
with oxygen to form a superoxide radical anion (•O2

−). Finally, the disproportionation
or single-electron reduction of •O2

− will generate hydroxyl radicals that cause extensive
oxidative damage. Type II: photosensitizers in the excited singlet state can form a relatively
stable excited triplet state through the process of intersystem crossing, transferring energy
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to molecular oxygen, and producing single oxygen (1O2). The detailed mechanism of PDT
has been concluded in Figure 2. Singlet oxygen interacts with adjacent cancer tissues to
induce apoptosis, necrosis, and autophagy-related cell death. Singlet oxygen participates
in many biological processes, such as the membrane destruction process, metabolic hydrox-
ylation, oxidative DNA damage, carcinogenesis, and so on. All of the above processes have
genotoxic, virus-killing and cytotoxic effects.
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3. Common Photocatalysts for Cancer Therapy

The photodynamic therapy, by using photocatalysts as photosensitizers to treat tumors,
has theoretical value and practical significance. Recently, nano-photocatalysts with anti-
tumor activity have attracted increasing attention from medical researchers. Nowadays,
medical researchers have some experience in the theoretical basis of nano-photocatalysts
with anti-tumor activity. Nano photocatalysts are likely to become a new anti-tumor drug
in the 21st century. Common photocatalysts for cancer therapy have been concluded in
Table 1.
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Table 1. Common photocatalysts for cancer therapy.

Photocatalysts
The Wavelength of

Exciting Lights,
Irradiation Time

Properties and
Application in Cancer Therapy Mechanism Performance/

Efficiency Ref.

Supramolecular
photocatalyst

J-aggregated
perylenetetracarboxylic diimide

Irradiated under 600 nm
(220 mW/cm2) for 10 min at 12 h

post-injection

Higher biocompatibility and lower
cytotoxicity in the dark, exhibiting

potential application in photocatalytic
anti-cancer treatment for Hela cells.

High 1O2 quantum yields. Have a 1O2 quantum yields of 0.66; phenol
degradation reached more than 50% in 4 h. [32]

Peptide−Porphyrin Conjugates Irradiated with a laser (0.3 W) for
10 min at 24 h post-injection

High biocompatibility, and efficient
inhibition of MCF-7 tumors.

Various light-absorbing molecules,
especially possessing near-infrared

absorbance.

The tumors can be successfully ablated via
treating with peptide−porphyrin

photothermal nanodots under
light irradiation.

[33]

Nano-tetra-carboxyphenyl
porphyrin

Irradiated with a 600 nm light of
0.1 W cm−2 for 10 min after
injection of photosensitize.

High biocompatibility, killing Hela
cells, and had significant effects on

MCF-7, HepG-2.
Excellent singlet oxygen evolution.

It can completely ablate the subcutaneous
tumor cells of 100 mm3, and photocatalyst
dispersion of 25 µg mL−1 can completely

kill the Hela cells.

[34]

Biotin-CystamineCys-
Lys(Cypate)-CBT

808 nm laser irradiation at
0.4 W cm−2 for 5 min.

Photosensitize nanoparticle was
uptaken by HeLa cells mainly through

the endocytosis pathway.

Increased the PTT efficiency of the
tumors through simultaneous intra-

and intermolecular fluorescence
quenching of the Cypate fluorophore.

Had an excellent PTT effect on the cells
with a half-inhibitory concentration of

24.4 ± 7.0 µM.
[35]

Diketoole-triphenylamine 808 nm laser irradiation for 15 min.
High light-to-heat conversion

efficiency, better EPR effect, and better
phototherapy efficacy.

- Tumors with a volume of 50 mm3 were
successfully ablated. [36]

Metal Oxide ZnO nanoparticles -
More efficacious on cancer cells T98 G,

HepG2, MCF-7 and less toxic on
normal human cells.

Killing cancer cells by increasing both
mitotic and interphase death.

HepG2 and MCF-7 cells exhibited a
significant cell viability reduction(95% and
96%; p < 0.05) when treated with 25 g/mL

ZnO nanoparticles.

[37–39]

Cerium oxide Irradiated with a light of 463 nm
wavelength for 30 min.

Good performance in inhibition of
518A2, HT-29 etc. cancer cells.

Affecting the formation of
myofibroblasts, exhibiting cytotoxicity,

and invading tumor cells

Compared to no treatment group, cerium
oxide induced cancer cell death (12.5%,

p = 0.0055).
[40–42]

Copper oxide Killing B16-F10 and HeLa cells in a
dose- and time-dependent manner.

Low toxicity and can be rapidly
removed from the organs.

Targeting the mitochondria and
induce apoptosis of cancer cells by
initiating mitochondrion-mediated

apoptosis signaling pathway.

The half-inhibitory concentration for the
B16-F10 cells, HeLa cells were

1.992 mg/mL and 8.28 mg/mL respectively
after 48 of copper oxide treatment.

[43]

Iron oxide -

Outstanding superparamagnetic
properties to accumulate in a specific

tissue under an external
magnetic field.

Inhibiting cell proliferation and induce
cell apoptosis and autophagy.

Almost half of the HT-29 cells with a
concertration of 5 µM were killed. [44,45]

Titanium oxide

Irradiated with a 500 W
high-pressure mercury lamp or

irradiated with visible light for 1h to
kill T-24 human bladder cancer cells.

Used for the treatment of superficial
tumors like skin, oral cavity,

gastrointestinal tract, trachea and
urinary bladder.

Produced photogenerated holes on the
surface, hydroxyl radicals and

hydrogen peroxide inside or outside
the cells, then killed the cancer cells.

About 80% of T-24 cancer cells were killed
by the photo-excited titanium dioxide

particles.
[46,47]
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Table 1. Cont.

Photocatalysts
The Wavelength of

Exciting Lights,
Irradiation Time

Properties and
Application in Cancer Therapy Mechanism Performance/

Efficiency Ref.

Iridium (III) photocatalysts Photo-irradiation with 525 nm green
light (11.7 J cm−2, 30 min).

They can induce damage of
intracellular proteins.

Iridium (III) compounds are good
photocatalysts for the oxidation of

NADH, NADPH and amino acids via
a SET mechanism.

The IC50 reached 8.1 µM for Hep-G2 cells. [48]

GaPc-PDT

Irradiated with a wave length
630 nm, lamp power 11.83 mW/cm2

for melanoma cell (WM35 and
M1/15) treatment.

Tumor killing was not influenced by
the melanoma stage.

A better therapeutic response
overcoming the melanoma activation

of survival mechanisms.

Have significant increased cell death (28.1%
for WM35, and 40.2% for M1-15). [49]

AgInS2-coated upconversion
nanoparticle

Irradiated with a 980 nm
contentious laser for 30 min.

Induced the formation of a cytotoxic
reactive oxygen species by the hybrid
material under NIR light irradiation

- Induced in vitro cervical cancer cell death
with ~27% efficiency. [50]

Platinum
complexes

Cisplatin Have wide application in
oesophageal, colorectal, or

prostate cancer.

Have curative effects in germ
cell cancer. - -

[51]
Cycloplatam Have low toxicity to organ. - -

Z-scheme structure
photocatalyst

SnS1.68-WO2.41

Irradiated with an 808 nm NIR laser
(0.5 W/cm2) for 20min for 4T1

tumor and HeLa tumor therapy.

Without the need of any drug and
therapeutic agent assistance.

Oxidizing or consuming intratumoral
over-expressed glutathione (GSH) by
holes and simultaneously generates
hydrogen molecules in a lasting and

controllable way under
NIR irradiation.

SnS1.68-WO2.41 showed obvious
cytotoxicity to 4T1 and HeLa cells with

IC50 = 17.1 µg/mL and IC50 = 32.6 µg/mL
at 0.2 W/cm2, respectively.

[52]

Ni3S2/Cu1.8S@HA
Irradiated with the near infrared
(NIR) (808 nm) for 0.5 h to treat

HepG2 tumor cells.

Exhibited new biodegradability, and
can be metabolized and eliminated by

feces and urine within 2 weeks.

Realizing intracellular photocatalytic
O2 evolution to relieve hypoxia in

tumor microenvironment and
enhance PDT.

Had a NIR harvest and photothermal
conversion efficiency of 49.5%. [53]

Piezocatalysis BaTiO3

Under the ultrasonic vibration, the
electrons and holes are separated by

the piezoelectricity.

Exhibited stable sensitizers and
dynamical control of redox reaction

outcomes.

Catalyzing the generation of ROS such
as toxic hydroxyl (•OH), superoxide

radicals (•O2
−) in situ for

tumor eradication.

The tumors can be completely eradiated by
piezocatalysis therapy in five days after
three treatments. Lifespans of all treated
mice can be prolonged to over 40 days

without reoccurrence.

[54]

Note: IC50: means half-inhibitory concentration. SET: single electron transfer. GaPc: phthalocyanine chloride.
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3.1. Supermolecular Photocatalyst

It is reported that organic supramolecular photocatalysts have huge potential in rapid,
complete, targeted, and safe treatment for tumors, which is of great significance to human
health [55–57]. Wang’s team [32] found that supermolecular photocatalyst of J-aggregated
perylenetetracarboxylic diimide has high growth inhibition efficiency for Hela cells, low
cytotoxicity, and high photostability, and thereby can be used as a photocatalytic anti-breast
cancer treatment. After injecting MDA-MB-231 into the mammary gland cells of mice to
generate xenograft tumors for 12 h, the tumor site was irradiated with light of 600 nm
wavelength (220 mW/cm2) for 10 min. The results showed that J-aggregate perylenete-
tracarboxylic diimide had a high 1O2 quantum yield under red light irradiation, verified it
had potential application value in photocatalytic anti-cancer therapy. Based on the combi-
nation of biological light-absorbing molecules and self-assembling peptides, Zou et al. [33]
constructed highly stable supramolecular assembled peptide−porphyrin photothermal
nanodots. The assembled peptide-porphyrin photothermal nanodots showed high antitu-
mor therapy properties, negligible toxicity, and effective MCF-7 tumor ablation. Zhang
has established a new method for the treatment of solid tumors using a self-assembled
tetra-carboxyphenyl porphyrin supermolecular photocatalyst by irradiating with light
of 600–700 nm wavelength [34]. Solid tumors can be eliminated by self-assembled tetra-
carboxyphenyl porphyrin supermolecular photocatalyst within 10 min. This kind of
supramolecular photocatalytic therapy has a significant therapeutic effect on cancer cells
of Hela cells, MCF-7, HepG-2, and so on.

Photocatalytic cancer treatment uses conjugated organic supramolecular photocata-
lysts to generate a strong oxidative photo-generated hole under strong red light irradiation
(>650 nm), which has overcome the dependence of traditional phototherapy on oxygen
in hypoxic tumor tissues. Photocatalytic cancer treatment can completely oxidize and kill
tumor cells or solid tumor tissues without the risk of metastasis and recurrence, and is
an efficient treatment of cancer cells. In addition, organic supramolecular photocatalytic
anti-cancer materials have an excellent biocompatibility, with no side effects to normal cells
or tissues. Supramolecular is a safe cancer therapy since it can be degraded by biological
metabolism.

3.2. Metal and Metal Oxide Photocatalysts for Cancer Therapy

Metal and its oxide nanoparticles showed an excellent performance in pharmacological
activity, especially in anti-tumor therapy.

3.2.1. IrIII Photocatalyst for Cancer Therapy

Ir3 is a water-soluble coumarin-functionalized IrIII complex with excellent photo-
physical and anti-cancer properties [58]. Ir3 exhibits excellent photocatalytic oxidation of
cellular coenzymes, and reduced nicotinamide adenine dinucleotide phosphate (NADPH)
and amino acids through a single electron transfer mechanism. Light-induced intracellular
redox imbalance and changes in the mitochondrial membrane potential lead to necrosis and
apoptosis of cancer cells [48]. Sadler and colleagues reported that nicotinamide adenine
dinucleotide (NADH) photooxidized can be reduced to NAD+ in the cell under the cataly-
sis of acyclic metallized IrIII complex, which can cause cancer cells even under hypoxic
conditions [59]. However, this concept of photocatalytic cancer treatment is limited to
in vitro. Compared with ordinary photosensitizers, stable iridium photocatalysts have an
abnormally high excited state reduction potential [58]. The iridium photocatalyst, when ir-
radiated by specific wavelength light, has high NADH oxidation performance in biological
media [60]. The treatment of hypoxic tumors is the most difficult problem for photody-
namic therapy. Huang prepared a highly oxidizing Ir(III) photocatalyst [Ir(ttpy)(pq)Cl]PF6
(“ttpy” means 4′-(p-tolyl)-2,2′:6′, 2”-Terpyridine and “pq” means 3-phenylisoquinoline),
which has a good phototoxic performance on normoxic or hypoxic cancer cells [59]. This
Ir(III) photocatalyst can induce the depletion of NADH, the imbalance of intracellular
redox and the death of immunogenic apoptotic cancer cells under light irradiation. This
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photocatalytic redox imbalance strategy provides a new method for effective hypoxic
cancer phototherapy. Therefore, the iridium photocatalyst can target the mitochondria in
cancer cells. It exhibited good photocytotoxicity regardless of whether it was under aerobic
or hypoxic conditions, but had low toxicity to normal cells.

3.2.2. Cerium Oxide for Cancer Therapy

Recent research reported that photocatalytic nano cerium oxide can scavenge hydroxyl
radicals [61], and showed intrinsic oxidase activity [62]. It was reported that cerium
oxide had cytotoxic and anti-invasive properties to a variety of cancer cells [42,63,64].
Cerium oxide has been widely used in anti-cancer treatment. The redox-active polymer-
coated cerium oxide nanoparticles can affect the formation of myofibroblasts, exhibiting
cytotoxicity, and invading tumor cells. In addition, it has non-toxic effects on normal
stromal cells. Lin45 reported that the oxygen free radicals produced by cerium oxide
nanoparticles can generate significant oxidative stress to kill lung cancer cells. In Melissa’s
work [40], photocatalytic nano cerium oxide can induce ROS production and cell death,
selectively adsorbing to human pancreatic tumor cells, protecting normal tissues when
exposed to an acidic environment. Pešic [65] discussed the toxicity of nano cerium oxide
with a size of 4nm to eight different types of cancer cells. The results showed that nano
cerium oxide had low cytotoxicity to normal cells, as well as the keratinocyte HaCaT, lung
fetal fibroblast cell MRC-5, while it had a good inhibitory effect on melanoma 518A2 and
colorectal adenocarcinoma HT-29 by increasing the production of ROS. Cerium oxide may
provide a new strategy for cancer treatment by enhancing anti-tumor activity and reducing
the destructive side effects caused by classic chemotherapy drugs.

3.2.3. Titanium Dioxide for Cancer Therapy

The nano TiO2 photocatalyst has a significant killing effect on tumor cells, which
can generate ROS and induce cell apoptosis by increasing the permeability of the cell
membrane through the oxidation of lipids in the cell membrane, leading to an influx of
calcium ions [66]. Hidaka et al. proposed that nano-TiO2 can catalyze and oxidize DNA or
RNA molecules under light irradiation [67]; Dunford et al. found that TiO2 can catalyze
DNA damage in vitro under ultraviolet light irradiation, and he believed that the hydroxyl
radicals produced by TiO2 were the main factor leading to DNA breakage [68]; Kubota et al.
confirmed that nano-TiO2 under light irradiation can cause cell membrane damage and
kill cells [47]. The mechanism of nano TiO2 photocatalytic oxidation to kill cancer cells is
not yet clear, and it may be the result of the synergistic effect of multiple mechanisms.

The anti-cancer research on nano TiO2 has attracted more and more attention, and
satisfactory results have been achieved. Huang et al. has found that ultrafine TiO2 had
a significant killing effect on U937 leukemia cells after photocatalytic oxidation [69]. The
agarose gel electrophoresis of DNA showed that light-excited TiO2 could damage the
DNA in cells and cause cell death, which have provided a new idea for killing cancer.
Li et al. evaluated the expression levels of endoplasmic reticulum stress sensors (PERK
and ATF6) and Bax under light induction by the Western blotting method, and studied
the killing effect of TiO2 on HepG2 human liver cancer cells [70]. Under light induction,
nano TiO2 not only has an anti-tumor effect, but also shows a high tumor-inhibition rate
at an appropriate concentration. The anti-tumor process can well conform to the first-
order kinetic equation and related laws. Botelho et al. conducted a blank experiment
of ultraviolet light and TiO2 on gastric cells in vitro, along with a control experiment of
nano-TiO2 photocatalytic inhibition of cancer cells [71]. The results showed that nano TiO2
had a significant killing effect on gastric cancer cells. The anti-cancer mechanism of nano
TiO2 is to use a photosensitizer to cause a series of chemical reactions to kill cancer cells.
TiO2 is stable and has a strong killing performance on cancer cells. The cancer cells can be
killed within 30–50 min by using nano TiO2 photocatalyst.
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3.2.4. Cuprous Oxide for Cancer Therapy

Cuprous oxide nanoparticles can selectively induce tumor cell apoptosis both in vitro
and in vivo. Wang [72] used cuprous oxide particles to treat B16-F10 mouse subcutaneous
melanoma cells and metastatic lung tumors by injected intratumorally and systemically,
respectively. The results showed that cuprous oxide nanoparticles can significantly reduce
the growth of melanoma, inhibiting the metastasis of B16-F10 cells, and improving the
survival rate of tumor-bearing mice. Importantly, the results showed that cuprous oxide
nanoparticles can be quickly removed from the organs, and these particles showed weak
systemic toxicity. In Yang’s research [73], he believed that cuprous oxide was a promising
nanomaterial to treat patients with advanced renal cell carcinoma by regulating the copper
chaperones ATOX1 and CCS in RCC cells to disrupt copper transport, promoting the
accumulation of intracellular calcium and inducing endoplasmic reticulum stress in vitro
and in vivo, thereby destroying cancer cells.

3.3. Z-Scheme Structure Photocatalyst

Drug-free therapy generally means that a therapeutic methodology with inexhaustible
therapeutic capability is able to maximize the benefits of treatment without any drug usage.
To achieve the goal of drug-free therapy, researchers have conducted a lot of research in past
years. Tang et al. developed a calcification method to kill cancer cells by injecting folic acid
and Ca2+ into tumors; however, these two therapeutic agents were easily consumed during
cancer treatment, which limited their application [74]. Shi et al. proposed a concept that
nanocatalytic drugs can be used to improve the curative effect of cancer treatment and he
believed that nanocatalysis can realize drug-free treatment in principle, which is beneficial
to avoid the toxic side effects of drugs [75–78]. However, some toxic or easily depleted
drugs as auxiliary drugs have been loaded in current catalytic nanomedicines. Thus, the
development of nanocatalytic nanomedicine for drug-free treatment is still a big challenge.
Z-scheme structure photocatalyst provides a new feasible solution for drug-free therapy.
Recently, He et al. developed a Z-scheme structured SnS1.68-WO2.41 nano-photocatalyst,
which realized in-situ NIR photocatalytic hydrogen production in tumors to inhibit cancer
cell growth, and at the same time destroyed tumors by using the generated holes to in-situ
oxidize over-expressed GSH in tumors, destroying the tumor microenvironment through
the “hydrogen-cavity combined therapy”, and achieving a highly effective anti-cancer
effect [52]. Pan prepared a Z-scheme heterojunction functionalized pyrite nanosheets with
FeS2 core and Fe2O3 shell and the results found that this catalyst can destroy the tumor
microenvironment by consuming glutathione and producing O2, meanwhile it can produce
•OH through Fenton reaction [79]. Sang prepared a Z-scheme Ni3S2/Cu1.8S@HA for
hypoxic tumor therapy. This catalyst relieved the hypoxia in the tumor microenvironment
through the release of photocatalytic O2 in the cell and realized the enhancement of PDT.
In addition, the nanocomposite material also exhibited new biodegradability, which can be
metabolized and eliminated by feces and urine within 2 weeks [53].

3.4. Piezocatalysis for Cancer Therapy

Due to the advantages of non-invasiveness, low energy attenuation, and strong tissue
penetration, ultrasound therapy is playing an increasingly important role in the diagno-
sis and treatment of clinical diseases. Recently, researchers have proposed a method to
treat tumors that adopted a piezoelectric catalyst to catalyze the production of reactive
oxygen species (ROS) using ultrasound as a microscopic pressure source. Under ultrasonic
vibration, electrons and holes are separated by piezoelectricity, forming a strong built-in
electric field, catalyzing the production of toxic hydroxyl (•OH) and superoxide radicals
(•O2) and other reactive oxygen species, eradicating tumors in situ. Compared with typical
sonoluminescence activated sonodynamic therapy, this approach has many advantages
including stable sensitizers and dynamical control of redox reaction outcomes [80]. Kang
constructed a natural sphalerite nanosheet heterojunction by using piezoelectric photocat-
alytic therapy to separate the charges in the interface under the irradiation of ultrasound
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and laser, which limited the recombination of charges (electron–hole pairs) and led to
efficient catalytic performance, exhibiting high-performance superoxide radical (•O2

−)
and hydroxyl radical (•OH) generation and glutathione (GSH) depletion, causing ROS
burst for cancer therapy [81].

4. Up-Conversion Nanoparticles for Photocatalytic Anti-Cancer Therapy

Due to the limited penetration, the ultraviolet light that excites the photocatalyst and
the visible light that excites the organic photosensitizer are not suitable for the application
of PDT in deep tissues and organs. The penetration ability of ultraviolet light and visible
light into the skin is usually a few millimeters; therefore, they can’t be used for the treatment
and removal of deep tumors. Since X-ray or NIR light can penetrate the human body, they
are the best alternative to ultraviolet and visible light. However, most photocatalysts and
organic photosensitizers are insensitive to X-ray and NIR light. To solve these issues, up-
conversion nanoparticles (UCN) have been used in PDT and showed outstanding prospects
in PDT application [82]. After being excited by X-rays or NIR light, UCN can emit a large
number of low-energy photons. Rimoldi et al. synthesized a composite nanostructure for
self-luminous PDT by combined ZnO nanoparticles with cerium fluoride (CeF3) and this
composite nanostructure can generate ROS after excited by high-penetrating X-rays [83].
Compared with X-rays, NIR light is safer for the human body. Lanthanides are also sensitive
to near-infrared light and emit ultraviolet fluorescence, which can activate semiconductors
to produce reactive oxygen species, thereby killing cancer cells. Wang et al. [82] used Yb3+

and Tm3+ co-doped with lanthanide metal ions of NaYF4 upconversion nanoparticles
to transfer NIR photons to high-energy photons to activate ZnO nanoparticles, thereby
generating a large amount of ROS. However, how to improve the conversion efficiency
by adjusting the ratio of ingredients is still a direction worthy of in-depth discussion
by researchers.

Although UCNs excited by near-infrared light can produce abundant ROS to kill
cancer cells, the upconversion spectrum of neutrons is strictly determined by the energy
level of lanthanide ions. Thus, it is very difficult to match various absorption band of pho-
tosensitizers by adjusting the wavelength of upconversion light. Recently, Gu’s team [82]
developed a completely different method that used the nonlinear optical interaction be-
tween incident NIR laser radiation and tumor-targeted molecular components to excite
ZnO through second-harmonic generation, thereby triggering PDT via a single photon
absorption. Since the excitation efficiency of single-photon absorption is higher than that of
traditional two-photon absorption, ZnO nanoparticles can produce higher PDT efficiency.
This new concept of PDT will be a more convenient and efficient treatment for in-depth
tumors.

5. Challenges and Prospects of Photocatalysts for Cancer Cell Treatment

Photocatalytic therapy targeting the tumor microenvironment triggers a photocat-
alytic reaction by absorbing photon energy, destroying the redox balance in the tumor
area, thereby killing tumor cells. Photocatalytic therapy is expected to become one of the
treatment methods that can completely treat cancer in the future. However, photocatalytic
therapy is still facing problems and challenges. The penetration depth of ultraviolet-visible
light used in traditional photocatalytic reactions in human tissues is only a few millime-
ters, and it is difficult to reach deep tissues. Thus, traditional photocatalysts excited by
ultraviolet-visible light are only suitable for the treatment of superficial tumors. Near-
infrared light has a deeper penetration power, but the stimulated photodynamic therapy
usually requires the consumption of oxygen, which will aggravate the hypoxia of tumor
tissues, thereby limiting the efficacy of photodynamic therapy. X-ray with strong pene-
trating power is an ideal light source for the treatment of deep-seated tumors. However,
radiotherapy can easily cause damage to the healthy tissues around the tumors, leading to
greater side effects. Some new physical mechanisms including two-photon excitation and
up-conversion process, as well as X-ray catalysis based on high atomic number materials
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or scintillators, provide feasible solutions to the above-mentioned problems. At present,
further research is still needed for many photocatalytic materials used in tumor treatment
before they are put into general clinical use. Most of the developed catalytic nanomedicines
must be loaded with toxic drugs or easily exhaustible therapeutic adjuvants. The develop-
ment of nanocatalytic nanomedicine for drug-free treatment is the focus of future research.
Several major issues regarding photocatalytic therapy that need to be solved in the future
are summarized as follows:

1. How to control the ultraviolet-visible light to trigger the photocatalytic reaction for
cancer therapy, breaking the limitation of penetration depth.

2. Whether it can break through the mechanism of conventional reactive oxygen species
to avoid further deterioration of the hypoxic environment in the tumor area.

3. Whether the abundant reactive oxygen species can be produced in reducing environ-
ment in vivo to attack the DNA molecules in tumor cells.

4. How to control the toxicity of photocatalysts and drug consumption caused by
metabolism or immunity.

6. Conclusions

The development of nano-photocatalysts with anti-tumor efficiency has high theo-
retical value and practical significance. At present, the photocatalyst materials that have
been applied in tumor therapy include supramolecular photocatalysts, metal and metal
oxide photocatalysts, piezocatalysis, and up-conversion nanoparticles. They all showed
high ROS production which can destroy cancer cells. The tumor cells can be killed by
disrupting the redox balance in the tumor area. Photocatalytic therapy has great poten-
tial in the thorough treatment of cancer. However, the photocatalyst corresponding to
ultraviolet-visible light faces a huge challenge in the treatment of in-depth cancer cells or
tissues due to the limitation of the penetration power. Since most of the developed catalytic
nanomedicines must be loaded with toxic drugs or therapeutic adjuvants that are easily
depleted, the development of photocatalysts with drug-free treatment of cancer is the focus
of future research.
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