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Photocatalytic therapy holds promise as a non-invasive approach for
tumor treatment and is currently under active development. However,
its effectiveness relies on continuous laser radiation, which can limit its
practical application. To overcome this challenge, we designed a novel
composite photocatalyst composed of SnO, nanoparticles strategically
decorated on Cu,O nanospheres. This unique design creates a p—n
heterojunction that serves as a robust driving force for photogenerated
electrons and holes under 808 nm laser illumination. This enhanced
photocatalytic activity results in the generation of reactive oxygen
species (ROS) and depletion of glutathione (GSH), further augmenting
the anti-tumor effect. It is noteworthy that the Cu,0@SnO, nanocata-
lyst exhibits remarkable “memory” of photocatalytic activity, ensuring
effective tumor treatment even after the laser is stopped. This study
offers a promising approach for sustained tumor treatment, even after
the laser radiation has been stopped.

Various organic and inorganic nanocatalysts have been exten-
sively studied for applications in solar energy conversion,
environmental applications, antibacterial treatments, and
anti-tumor treatments.'”® It is generally recognized that photo-
catalysts have the ability to generate reactive oxygen species
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(ROS) through light illumination, subsequently utilizing these
species to oxidize and reduce diverse substances. Nevertheless,
the generation of ROS heavily depends on persistent illumina-
tion, thereby limiting the functionality of numerous nanocata-
lysts to operate exclusively upon exposure to light.”™® This
becomes particularly crucial in anti-tumor therapy, where the
continuous release of ROS is essential for effective treatment.
Therefore, investigating a novel nanocatalyst with photocataly-
tic memory would be highly advantageous.'®"” Such a catalyst
has the potential to store a part of its photoactivity during light
exposure, maintaining its activity even when the light source is
removed, thereby enabling continuous and efficient tumor
therapy through photocatalytic memory.

Currently, the majority of traditional nanocatalysts devel-
oped are activated by ultraviolet-visible (UV-vis) light, resulting
in limited penetration depth and subsequently compromising
the effectiveness of deep-tissue anti-tumor therapy. Conversely,
near-infrared (NIR) light has attracted significant attention
due to its superior ability to penetrate deeper tissues,
offering greater potential for effective anti-tumor therapy."®>*
Therefore, research efforts have been focused on developing
lanthanide-based nanocatalysts that can be activated by NIR
light, in combination with lanthanide upconversion (UC) nano-
particles and photocatalytic semiconductors, in an attempt to
enhance the efficacy of anti-tumor therapy.>*"*® These nanoca-
talysts utilize UC luminescence to convert the absorbed NIR
light into UV-vis light. However, the low conversion efficiency of
these nano-converters remains a significant challenge in
improving the efficiency of photocatalytic therapy. Therefore,
there is an urgent need to develop a novel type of NIR-light-
activated nanocatalyst with photocatalytic memory, in an
attempt to effectively treat deep-tissue malignant tumors.

The tumor microenvironment (TME) usually presents
over-expressed endogenous glutathione (GSH),>”*® which is a gen-
eral anti-oxidant to scavenge ROS. The effectiveness of ROS-
dependent photocatalytic therapy for tumors will be significantly
limited if endogenous GSH cannot be effectively depleted in a timely
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manner. Therefore, GSH depletion is crucial for the efficient
treatment of tumors using ROS-based photocatalytic therapy. For-
tunately, nanocatalysts generate electrons and holes upon exposure
to light, which possess both reductive and oxidative capabilities.
Notably, electrons with high reductive potential can be harnessed
to generate ROS. Additionally, holes with enough high oxidative
capability®® can be utilized to deplete GSH to regulate the TME.
Therefore, the development of a nanocatalyst possessing suitable
potential for GSH depletion and ROS production is vital for anti-
tumor therapy and remains a challenge.

Herein, a novel 808 nm laser-triggered Cu,0@SnO, nanocatalyst
was developed for hole/ROS photocatalytic memory therapy. Our
designed Cu,0O@SnO, nanocatalyst presents enhanced production
and separation of electron-hole pairs, enabling on-demand ROS/
holes therapy under 808 nm laser irradiation. Interestingly, the
designed nanocatalyst can break the redox balance and modulate
the TME via the depletion of the endogenous GSH. More impor-
tantly, the designed nanocatalyst exhibits photocatalytic memory
capability for anti-tumor therapy, which can further improve the
treatment efficiency for malignant tumors.

Results and discussion

The photocatalytic memory ability of Cu,0@SnO, composite
material can be attributed to its p-n heterostructure, which
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facilitates efficient electron transfer. Additionally, the SnO,
possesses the ability to store and release electrons, enabling the
material to maintain its photocatalytic activity even under dark
conditions.?® This characteristic makes Cu,0@SnO, potentially
valuable in tumor treatment. To achieve a nanocatalyst with
highly efficient ROS/holes memory therapy, an 808 nm laser
driven Cu,0@SnO, nanocatalyst was designed by coating SnO,
on the surface of a Cu,O nanosphere (Scheme 1). As shown in
Fig. 1A-C, the SnO, nanoparticles were successfully deposited
on the surface of the Cu,O nanosphere to generate a core-
satellite-based heterojunction. The mean size of Cu,O was
~192 nm, while that of Cu,0@Sn0O, was ~202 nm (Fig. 1D).
Furthermore, the coexistence of Sn, Cu, and O elements was
observed in the energy dispersive X-ray (EDX) spectrum of the
Cu,O@Sn0, nanocatalyst (Fig. 1E and F), illustrating the
successful deposition of SnO, nanoparticles on the surface of
the Cu,O nanosphere. X-ray diffraction (XRD) was used to
evaluate the process of formation of the Cu,0@SnO, nanoca-
talyst (Fig. 1G), clearly showing that the samples changed from
a high-purity Cu,O nanosphere (JCPDS: 05-0667) to a
Cu,0@Sn0, nanocatalyst. SnO, was then decorated electrosta-
tically onto the surface of Cu,O (Fig. 1H), as confirmed by the
change in zeta potential (from —0.5 to +20 mV). Furthermore,
the elemental composition of the Cu,0@SnO, nanocatalyst was
investigated by X-ray photoelectron spectroscopy (XPS). The
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Scheme 1 Schematic illustration of the 808 nm laser driven Cu,0@SnO, nanocatalyst with electron-triggered ROS generation and hole-mediated GSH

depletion for synergistic anti-tumor memory therapy.
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Fig. 1 Structure of the Cu,0@SnO, nanocatalyst. (A) Schematic illustration of the formation of the Cu,0@SnO, nanocatalyst. (B) and (C) TEM images of
the Cu,O nanosphere and Cu,O@SnO, nanocatalyst, respectively. (D) Hydrodynamic size of Cu,O and Cu,O@SnO, nanocatalyst. (E) and (F) The EDX
spectra of Cu,O and Cu,O@SnO, nanocatalyst. (G) XRD patterns of Cu,O and Cu,O@SnO, nanocatalyst. (H) Zeta potential analysis of Cu,O and
Cu,0@Sn0O; nanocatalyst. (I) and (J) XPS of the synthesized Cu,O and Cu,0@SnO, nanocatalyst. (K) XPS peaks of Sn of Cu,O. (L) The XPS peaks of Sn of

Cu,0@Sn0O; nanocatalyst.

Cu,0O@SnO, nanocatalyst was composed mainly of Sn, Cu, and
O elements (Fig. 1K and L). As shown in Fig. S1 (ESIY), the
absorption spectra of the Cu,0@SnO, nanocatalyst in water,
PBS and DMEM did not significantly change over 40 h, indicat-
ing the structural integrity and stability of the nanocatalyst.
Under 808 nm laser irradiation, the Cu,O@SnO, nanocata-
lyst with the photocatalytic “memory” effect can promote
the separation of electrons and holes, leading to efficient

This journal is © The Royal Society of Chemistry 2025

generation of ROS and endogenous GSH depletion. As
shown in Fig. 2A, the Cu,0@SnO, nanocatalyst shows obvious
absorption at 808 nm, making it an ideal nanomaterial for
photocatalytic application in NIR regions. To investigate the
mechanism of photocatalysis, the band gap of our designed
nanocatalyst was studied. The band gap of the Cu,0@SnO,
nanocatalyst was about 1.75 eV (Fig. 2B). VB-XPS spectroscopy
was used to determine the potentials of VB in the Cu,O
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Fig. 2 The memory photocatalysis mechanism of the Cu,O@SnO, nanocatalyst. (A) The UV-vis spectra of the Cu,O nanosphere and Cu,O@SnO,
nanocatalyst. (B) Plot of (xh1)? versus photon energy (hv) of the Cu,O nanosphere and Cu,O@SnO- nanocatalyst. (C) and (D) VB-XPS spectra of Cu,O and
Cu,0@Sn0O, nanocatalyst. (E) The photocurrent curves of the Cu,O0@SnO, nanocatalyst under 808 nm laser radiation with different power densities. (F)
and (G) XPS analysis of Cu,0@SnO, before and after 808 laser irradiation. (H) The ESR spectra of the Cu,0@SnO, nanocatalyst under 808 nm laser

irradiation. () Mechanistic diagram of photocatalytic memory therapy.

nanosphere and Cu,O@SnO, nanocatalyst. The VB values vs.
NHE were calculated to be 0.44 eV and 0.37 eV for the Cu,O
nanosphere and Cu,O@SnO, nanocatalyst, respectively. The
CB position can be determined from Ecg = Evg — Eg, and Ecg
was calculated to be —1.38 eV for the Cu,0@SnO, nanocatalyst
(Fig. 2C and D). Thus, the CB potential of the Cu,0@SnO,
nanocatalyst is more negative than the redox potential of O,/
*0*” (—0.046 V vs. NHE, pH = 0), which can generate *0,” ROS.
Meanwhile, the VB potential of the Cu,0@SnO, nanocatalyst is
relatively higher than the oxidative potential of GSH to GSSG
(=0.32 eV), leading to efficient GSH depletion.

We first evaluated the photocurrent generated from the
Cu,0@Sn0, nanocatalyst under 808 nm laser irradiation. As
indicated in Fig. 2E, an obvious photocurrent was achieved in
the Cu,0@SnO, nanocatalyst upon irradiation by an 808 nm
laser, confirming efficient electron-hole separation. The photo-
current of the Cu,0@SnO, nanocatalyst increased with increas-
ing laser power. Thus, the Cu,0@SnO, nanocatalyst featur-
ing excellent conductivity is expected to promote more ROS

9046 | J Mater. Chem. B, 2025, 13, 9043-9050

production by facilitating the separation of electron-hole pairs
and impeding their re-combination during 808 nm laser-
triggered photocatalysis. Fig. 2F shows the high-resolution
XPS scan over Snzq peaks under 808 nm laser illumination.
The Sn**/Sn*'ratio was determined to be ~24:76. Compared to
that without illumination, as shown in Fig. 2G, a large propor-
tion of Sn*" was reduced to Sn**, which came from the transfer
of photogenerated electrons from Cu,O to SnO, under 808 nm
laser illumination and the subsequent trapping of some of
these electrons by SnO,. Then, electron spin resonance (ESR)
was employed. As shown in Fig. 2H, the ESR spectrum demon-
strated an obvious 1:1:1:1:1:1 sextuplet signal, further elu-
cidating the generation of *O,™ under 808 nm laser irradiation.
Measurement conducted in the dark on the Cu,O@SnO, nano-
catalyst before exposure also demonstrated *O," signals. Our
spin-trapping EPR measurements suggest that the ‘“memory”
effect resulted from the production of reactive radicals when
the 808 nm laser was shut off. As these radicals rapidly react
with biomolecules, what determines the duration of the

This journal is © The Royal Society of Chemistry 2025
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“memory” effect is the rate of charge release from Sn** parti-
cles. Fig. 2I shows the proposed energy band structure of the
Cu,0@Sn0O, p-n heterojunction, the photocatalytic activity
enhancement mechanism under 808 nm laser illumination
and the post-illumination photocatalytic “memory” mecha-
nism in the dark. When p-type Cu,O and n-type SnO, form a
heterostructure, there is a concentration gradient of charge
carriers at the interface. Therefore, electrons diffuse from SnO,
to Cu,O, and holes diffuse in the opposite direction until an
equilibrium state is reached, forming an internal electric field
at the interface. Under 808 nm laser irradiation, only Cu,O is
excited to produce electron-hole pairs. The combination of a
large conduction band potential difference and the internal
electric field provides a strong driving force for the transfer of
photogenerated electrons from the conduction band of Cu,O to
SnO,, which is confirmed by XPS experimental evidence, such
as the production of ROS and the change in Sn chemical state
from Sn** to Sn**. When 808 nm laser irradiation is stopped,

View Article Online
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trapped electrons can be released from SnO,, and due to the
matching reduction potentials of these released electrons and
oxygen, electron reduction reactions can occur to produce ROS.
At the same time, the vacancies can achieve the degradation of
GSH. Therefore, after the laser is turned off, Cu,0@SnO, can
demonstrate post-illumination photocatalytic “memory” to
produce ROS and GSH degradation in the dark.

Next, we detected the GSH depletion ability of the
Cu,O@Sn0, nanocatalyst by 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB).** With increasing 808 nm laser irradiation time, the
GSH level decreased sharply (Fig. 3A-C) in the presence of the
Cu,0@Sn0O, nanocatalyst. The depletion of GSH by the
Cu,0@Sn0, nanocatalyst can maintain a highly efficient ROS
level in the TME by breaking the redox balance in the tumor. To
evaluate the properties of ROS generation under 808 nm laser
irradiation, 1,3-diphenylisobenzofuran (DPBF) was utilized to
indicate the ability for ROS production. The absorbance inten-
sity of the DPBF peak in the Cu,0O@SnO, nanocatalyst
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Fig. 3 ROS generation and GSH depletion assay. (A) GSH depletion by the Cu,0@SnO, nanocatalyst after 808 nm laser irradiation. (B) Degradation of
GSH by the Cu,0@SnO, nanocatalyst after 2 minutes of laser irradiation. (C) GSH depletion by the Cu,O@SnO, nanocatalyst in the presence of hole
scavenger EDTA-2Na after 808 nm laser irradiation. (D) and (E) Time-dependent UV-visible absorption spectra of DPBF after 0 and 2 min of 808 nm laser
irradiation on the Cu,0O@SnO, nanocatalyst. (F) Time-dependent UV-vis absorbance spectra of DPBF after 808 nm laser irradiation. (G) The normalized
absorption intensity at 410 nm of DPBF under 808 nm and without 808 nm laser irradiation. (H) Schematic diagram of ROS production and GSH
degradation in photocatalytic memory therapy.
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decreased as the irradiation time of the 808 nm laser was
prolonged (Fig. 3D, E, and F, G), indicating the efficient
generation of ROS. Therefore, our designed 808 nm laser
activated Cu,O@SnO, nanocatalyst with efficient separation
of electrons and holes showed excellent GSH depletion and
ROS generation, which could be used as ideal nanocatalyst for
in vivo anti-tumor therapy. It should be noted that the
Cu,0O@SnO, nanocatalyst continued to produce ROS for up to
2 min after the 808 nm laser irradiation was stopped. This is
mainly due to the energy released from the transformation of
sn** into Sn*" (Fig. 3H).

Next, we conducted a thorough assessment of the cytotoxi-
city of the Cu,0@SnO, nanocatalyst in 4T1 cancer cells using a
Cell Counting Kit-8 (CCK-8) assay. Our findings revealed that
the Cu,O@Sn0O, nanocatalyst exhibited excellent biocompat-
ibility (Fig. S2, ESIt). Next, we embarked on a detailed investi-
gation of its effects on intracellular ROS generation within
4T1 cancer cells. To gain insights into the ROS-generating
capacity of various treatments, we conducted a series of experi-
ments using PBS, Cu,0@Sn0, nanocatalyst and Cu,O@SnO,

View Article Online
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nanocatalyst + 808 nm laser in 4T1 cells. By capturing confocal
images of cancer cells stained with DCHF-DA (Fig. S3, ESIt), we
observed a significant difference: cells treated with the
Cu,0@Sn0O, nanocatalyst combined with an 808 nm laser
exhibited strong green fluorescence, whereas cells treated with
the Cu,0@SnO, nanocatalyst alone or PBS demonstrated neg-
ligible fluorescence. This clear demonstration underscores that
the Cu,0O@SnO, nanocatalyst + 808 nm laser is capable of
generating significant ROS within cancer cells.

To comprehensively evaluate biocompatibility, we provide
the histopathology results of major organs, blood biochemical
parameters, and blood routine examination results. As shown
in Fig. S4 (ESIT), through H&E staining, no obvious pathology
was observed in the heart, liver, spleen, lung, or kidney of mice
before and after injection of the Cu,0@SnO, nanocatalyst.
Meanwhile, the test results of ALT/AST/HCT/RBC also indicate
that the Cu,0@SnO, nanocatalyst has good biocompatibility
(Fig. S5, ESIT). Inspired by the excellent in vitro ROS-releasing
efficacy of the Cu,0@SnO, nanocatalyst, 4T1-tumor-bearing
mice were employed to evaluate the anti-tumor treatment
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Fig. 4 808 nm light triggered ROS anti-tumor therapy in vivo. (A) Schematic illustration of the in vivo anti-tumor therapy based on the designed
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weight, and photographs of tumors from the different groups (1): Control;
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efficacy of the Cu,0@SnO, nanocatalyst (Fig. 4A). The 4T1-
tumor-bearing mice were divided into three groups: PBS
(control), Cu,0@Sn0O, alone, and Cu,0@SnO, + 808 nm laser.
First, the quantitative bio-distribution of the Cu,O0@SnO,
nanocatalyst in vivo was investigated using inductively coupled
plasma mass spectrometry (ICP-MS). The uptaken Cu,0@SnO,
nanocatalyst mainly accumulated in the liver and tumor
(Fig. 4B). Next, the body weight of the three groups remained
stable after treatment, indicating the outstanding biocompat-
ibility of the Cu,0@SnO, nanocatalyst (Fig. 4C). Compared
with the tumor growth observed in the control or only
Cu,O@SnO, nanocatalyst groups, the volume of tumors was
effectively suppressed after treatment with the Cu,0@SnO,
nanocatalyst plus 808 nm laser (Fig. 4D-F), demonstrating high
anti-tumor efficacy. We further studied the long-term survival
of different treatment groups in the 4T1 mouse model (Fig. S6,
ESIT) and found that the Cu,0@SnO, nanocatalyst plus 808 nm
laser irradiation group can significantly enhance the survival
rate of the mice. Additionally, H&E and terminal deoxynucleo-
tidyl transferase UTP nick end labeling (TUNEL) staining were
used to evaluate the necrosis and apoptosis of 4T1 tumor cells
(Fig. 4G-H). Obvious necrosis and apoptosis were observed in
the group treated with the Cu,O@SnO, nanocatalyst plus
808 nm laser irradiation. However, no apoptosis or necrosis
were observed in tumor cells in the control and only
Cu,0@Sn0, nanocatalyst treatment groups. We stained tumor
sections with dihydroethidium (DHE) after different treatments
to verify the production of ROS. As shown in Fig. S7A (ESIT),
under the treatment of the Cu,0O@SnO, nanocatalyst plus
808 nm laser, an obvious green fluorescence signal can be seen
by confocal image collection, verifying the therapeutic ability of
the Cu,O@SnO, nanocatalyst against tumors. Subsequently,
the GSH levels in tumor tissues were assessed in different
treatment groups. Compared with the other groups, the content
of GSH in the Cu,0@SnO, nanocatalyst + 808 nm laser group
significantly decreased (Fig. S7B, ESIT). These results demon-
strated that the Cu,0@SnO, nanocatalyst had an efficient and
sustained GSH consumption function and showed great appli-
cation potential in ROS-based therapy. These results success-
fully indicated the superior therapeutic efficacy of the
Cu,0@Sn0O, nanocatalyst after 808 nm laser irradiation. The
Cu,0@Sn0O, nanocatalyst has become an ideal candidate for
photocatalytic memory therapy due to its efficient storage and
controllable release of photogenerated carriers, enhanced
interface charge separation by its heterostructure, and the
improved chemical stability of SnO,. This material can con-
tinuously produce active oxygen in the dark, providing new
strategies for deep tumor treatment and long-term environ-
mental purification.

Conclusions

In summary, a novel Cu,0@SnO, nanocatalyst has been suc-
cessfully designed to continuously regulate oxidative stress in a
tumor microenvironment through effective light energy storage

This journal is © The Royal Society of Chemistry 2025
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and transformation. The Cu,0O@SnO, nanocatalyst can absorb
and store light energy, release ROS and degrade GSH under
808 nm light irradiation. When the laser is turned off, the
trapped electrons are released from SnO,, generating ROS and
GSH degradation. Our work shows that the selection of a
photocatalyst system with a photocatalytic “memory” effect
after irradiation may have broad therapeutic potential for
deep-tissue malignant tumors.
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