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Photodynamic therapy (PDT) has shown great potential for tumor treatment as the method is
noninvasive, highly selective, and causes minimal side effects. However, conventional type Il PDT, which
relies on 10,, presents poor therapeutic efficacy for hypoxic tumors due to its reliance on oxygen. Here,
CeO,/TizC,-MXene (CeO,@MXene) hybrids were successfully designed by growing CeO, in situ using
TizC,-MXene (MXene) nanosheets. CeO,@MXene serves as a reduction—oxidation (REDOX) center due

Received 30th November 2023, to the presence of Ce in the lattice of CeO, nanoparticles. This REDOX center reacts with H,O, to gen-

Accepted 13th January 2024 erate oxygen and weakens the hypoxic tumor cell environment, achieving type Il PDT. At the same time,
many other ROS (such as -O,~ and -OH) can be produced via a type | photodynamic mechanism (elec-

tron transfer process). The CeO,@MXene heterojunction performs nanoenzymatic functions for syner-
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1 Introduction

Cancer is a serious threat to human life and health and
sustainable economic development. In recent years, the inci-
dence of cancer in China has been increasing.’ At present,
traditional treatment methods, such as chemotherapy, radio-
therapy and surgical resection, have been used to treat tumors,
but these methods still have clinical problems, such as limited
lethality to cancer cells, immunosuppression and a high recur-
rence rate. In recent years, the application of nanomedicine has
overcome the side effects and high risks associated with tradi-
tional treatment methods,>” and this method has become a
development trend in clinical medical treatment. PDT has
become a ‘“new offensive weapon” to treat tumors and exhibits
strong targeting properties, is minimally invasive, causes few
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gistic type | and type Il PDT, which improves cancer treatment.

side effects, achieves local activation and is a very promising
cancer treatment." PDT is a new treatment technology that
involves photochemical reactions to generate toxic reactive
oxygen species (ROS), which can cause damage and even death
of cancer cells.” There are two main mechanisms in PDT
treatments. One is the type II PDT treatment system, which is
completely dependent on oxygen. The photosensitizer is excited
by wavelength light and transfers energy to oxygen, generating
singlet oxygen ('0,) to kill cancer cells. Another is the type I
PDT treatment system, which involves oxygen or other mole-
cules and the excited-state photosensitizer REDOX reaction to
generate ROS (typically superoxide ions (-O,7), hydroxyl radi-
cals (-OH) or hydrogen peroxide (H,0,), breaking the REDOX
balance and inducing cell death.® Compared with type II PDT,
type I PDT can effectively produce ROS in situ in hypoxic tumors
due to disproportionation reactions and the Harber-Weiss/
Fenton reaction.””®

In recent years, emerging two-dimensional (2D) materials,
including graphene, have become advanced photosensitizers in
the process of PDT due to their ability to absorb light at broad
wavelengths, superior photoconversion performance, high ROS
levels, degradability and low toxicity.”"" Among them, 2D
transition metal carbides/nitrides show high energy absorp-
tion, flexible surface modification, good physiological stability
and excellent infrared light absorption capacity.'> MXenes
effectively absorb near-infrared light in the tumor site of mice
to produce photothermal effects and maintain long-term phy-
siological stability and photostability.”® In addition, MXenes

This journal is © The Royal Society of Chemistry 2024
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can be used as an ideal photosensitizer auxiliary catalyst to
enhance the photocapture efficiency for PDT. For example,
Jastrzebska and his collaborators found that MXene may affect
the occurrence of oxidative stress and lead to the production of
ROS with higher toxic effects on cancer cells compared with
normal cells."* After the 2D molybdenum carbide prepared was
used as a photosensitizer to enter tumor cells, a large amount
of ROS was generated under near-infrared induction, and the
solid tumor in mice was completely ablated under the syner-
gism of photothermal stability and PDT."® A research group
injected the MXene photosensitizer intravenously into mouse
tumor cells and radiated an 808 nm laser to mouse tumor tissues
for 10 min to produce a large amount of 'O,, which effectively
killed cancer cells and destroyed tumor tissues.'® However, the
current MXene photosensitizer involves the main mechanism
that generates the type II PDT effect because the tumor micro-
environment is “congenital” and lacks oxygen, greatly limiting
the efficiency of ROS generation in the process of PDT."”*° To
overcome the inherent contradiction between photosensitizer
effects and oxygen demand, oxygen delivery or generation stra-
tegies have been used as effective solutions to compensate for
the consumption of photosensitizer oxygen.”*>*

Specific nanomaterials can also reduce H,O, to produce
more toxic -OH.>* A variety of nanomaterials have been
reported to relieve cancer hypoxia through chemical reactions
that catalyze H,O, to produce oxygen, such as nanosized
calcium dioxide®* and nanosized manganese dioxide.>® For
example, a study prepared an integrated nanodiagnostic mate-
rial based on 2D manganese dioxide and an upconversion
probe. Manganese dioxide reacts with H,O, in tumor cells to
directly produce a large amount of oxygen, which greatly
improves the effect of PDT.>® Researchers improved tissue
hypoxia in PDT by loading the photosensitizer chlorin to
manganese dioxide and using the reaction between manganese
dioxide and H,0, to produce oxygen.?” A team used palladium
nanosheets to decompose H,0, under near-infrared light exci-
tation and produce a large amount of oxygen to overcome
tumor hypoxia.”® Therefore, it is effective to use tumor-
responsive nanomaterials with a large oxygen supply to solve
the hypoxia problem of MXene-based photosensitive materials
during the photodynamic process.

Metal/semiconductor heterojunctions can further improve
the photocatalytic activity by using the Schottky junction
formed by metals and semiconductors and the surface plasmon
resonance effect of metals; thus, these heterojunctions are a
good choice for new photosensitizers.?® For example, research-
ers demonstrated superior electron transport and hydroxyl
radical (-OH) generation activity in silver phosphate/titanium
carbide Schottky photocatalysts prepared by the electrostatic-
driven self-assembly.>® Using an in situ composite method,
others have prepared 2D bismuth tungstate/titanium carbide
Schottky heterojunction photocatalytic materials that exhibit a
large interface contact area and short charge transport
distance.’" Photogenerated electrons can be transferred from
a photocatalyst (bismuth tungstate) to a cocatalyst (titanium
carbide) quickly and efficiently. At the same time, the
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photothermal effect exhibited by titanium carbide can improve
the local energy to activate the photocatalyst and promote the
photocatalytic reaction. Scholars prepared 2D titanium carbide/
graphite phase carbon nitride heterojunction materials by the
electrostatic assembly. Compared with single MXene, the
separation and transfer efficiency for the photogenerated elec-
trons of the material were significantly improved under 660 nm
light, and then the generated electrons were transferred to
oxygen molecules to produce superoxide radicals.>” Therefore,
utilizing MXene and 2D semiconductor materials to prepare
Schottky junction photosensitized agents to achieve responsive
oxygen production and reactive oxygen production in tumor
hypoxia is an exploration strategy.

Regarding MXene photosensitizers in PDT against cancer
tumors, the goals of this study were to address the key pro-
blems involving the lack of oxygen, prepare the CeO,@MXene
Schottky junction material, develop a material tumor micro-
environment in situ with an “inner loop” that is responsive
under continuous oxygen, perform light stimulation ‘across
time and space” to generate reactive oxygen ability, and
enhance the curative effect of PDT. Scheme 1 reveals the
anticancer mechanism of the CeO,@MZXene Schottky junction
intelligent response PDT system. Osteosarcoma is a rare pri-
mary malignant tumor.** Many studies have shown that PDT
can be used to treat osteosarcoma, but its therapeutic effect is
often affected by the tumor microenvironment, especially the
hypoxic microenvironment.>® Herein, a 2D cerium dioxide
semiconductor and the CeO,@MXene Schottky junction were
prepared to address problems faced by the MXene photosensi-
tizer in PDT. These problems involve the low therapeutic effect
caused by osteosarcoma hypoxia. The material exhibits the
following four characteristics: (1) the 2D heterostructure can
increase the active intake of cancer cells through its high
permeability and long retention. (2) after MXene and CeO,
contact each other, electrons transfer to CeO,, which bends the
conduction band and forms Schottky junctions. Photogener-
ated electrons shuttle through the Schottky barrier and are
enriched on the surface of MXene. The Schottky barrier pre-
vents electrons from recombining back to CeO,, which greatly
reduces the charge transfer distance between materials. The
surface electrons of MXene captured by H,0, were cleaved into
highly toxic -OH, which enhanced oxygen-independent type I
PDT. (3) Cerium dioxide nanosheets can react with the over-
expressed H,0O, in tumor cells to produce oxygen and become a
“self-sufficient” sustainable oxygen generator through the
valence conversion of cerium ions (Ce** = Ce*"), providing
substrate supplementation and realizing “internal circulation
oxygen production” to enhance type II PDT. (4) The amount of
responsive oxygen released by ceria is intelligently regulated
according to tumor activity. The more acidic the area with
higher tumor activity is, the more oxygen is released and the
higher the intensity of PDT. The intelligent regulation mode is
realized to maximize the elimination of tumor tissues. This
project will be of great practical significance for the final
development of a new efficient and intelligent integrated cancer
treatment system and its clinical application.

J. Mater. Chem. B, 2024, 12,1816-1825 | 1817


https://doi.org/10.1039/d3tb02835f

Published on 16 January 2024. Downloaded on 1/27/2026 3:51:24 PM.

Journal of Materials Chemistry B

View Article Online

Paper

(e]) (o) (o) (o) (e](e

e

blood

(e ] (o] (e

OIIOIFEOM

& tumor tissues

@ Type ll: 0, ————10, (energy transfer)

. erythrocyte
CeO,@Ti;C,
@ Type I: H,O/ozmom *0," (electron transfer)
@ CAT-like: H,0, 892, 0,1
MXene

V¥

| tumor
) tissues

apoptosis

Hzoz® 0,

Scheme 1 Schematic diagram of anticancer photodynamic therapy based on the CeO,@MXene heterojunction photosensitizer.

2 Experimental section
2.1 Instrument

The fluorescence spectra were obtained on a fluorescence
spectrophotometer (F-7000, Hitachi, Japan). All fluorescence
images were measured using a confocal laser scanning micro-
scope (CLSM, FV1200, Olympus, Japan). Human 143B osteo-
sarcoma cell tumor-bearing female BALB/c nude mice
(4-5 weeks old) were obtained from Beijing Vital River Labora-
tory Animal Technology Co., Ltd.

2.2 Materials

HF (47%) was obtained from Beijing Chemical Reagents
Company (Beijing, China). Ti;AlC, (powder, 200 meshes) was
purchased from Forsman Scientific (Beijing, China). MTT was
obtained from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s

1818 | J Mater. Chem. B, 2024, 12, 1816-1825

modified Eagle’s medium (DMEM), phosphate-buffered saline
(PBS, pH = 7.4, 10 mM), standard fetal bovine serum (FBS), and
penicillin-streptomycin were purchased from Life Technolo-
gies Corporation (Los Angeles, CA).

2.3 Synthesis of MXene NSs

First, the as-obtained Tiz;AlC, powder was pretreated by disper-
sing in 50% HF aqueous solution and stirring for 2 days
at room temperature. The treated Ti;AlC, was collected by
centrifugation, washed with water and ethanol, immersed in
TPAOH (tetrapropylammonium hydroxide 25 wt% aqueous
solution) and stirred for another 3 days at room temperature.
Finally, the MXene NSs were collected by centrifugation and
washed three times with ethanol and water to remove the
free TPAOH.

This journal is © The Royal Society of Chemistry 2024
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2.4 Synthesis of 2D CeO,@MXene NSs

First, the bulk of carbon aluminum titanium was ground into
powder and dispersed into hydrofluoric acid and lithium fluoride
mixed solution, centrifuged, washed three times to obtain the
precipitate and dispersed in the solution (N-methylpyrrolidone or
isopropanol solution). The dispersive solution was dissected by an
ultrasonic probe to prepare fewer layers of titanium carbide
nanosheets. After the ultrasonic solution was processed by gra-
dient centrifugation, MXene nanosheets with different layer dis-
tributions were prepared. Then, at 40 °C, 50 mg of MXene, 0.5 g of
cerium nitrate hexahydrate and deionized water (10 mL) were
mixed and stirred at high speed. The highly electronegative
functional groups -OH, -F, and -O on the surface of MXene
nanosheets were used to adsorb cerium ions on the surface of
MXene nanosheets through electrostatic and chemical bonds.
Then, 0.08 ¢ L' sodium hydroxide solution was slowly added,
stirring was continued at room temperature for 0.5 h, and the
mixture was transferred to a 50 mL Teflon-lined pressure reaction
kettle and reacted at a certain temperature for a certain time.
Through high-speed gradient centrifugation, the CeO,@MXene
heterojunction target material was obtained by freeze-drying to
remove residual water. Additionally, mPEG-NH, was used to
modify CeO,@MZXene NSs via electrostatic adsorption to obtain
the CeO,@MXene-PEG.

2.5 Photoelectric properties of the CeO,@MXene Schottky
junction

Transient photocurrent response and electrochemical impedance
spectroscopy (EIS) were used to test the coupling of the exciton
effect and built-in electric field effect between the CeO,@MXene
photosensitizer and the control group under 808 nm near-infrared
light (power density: 1 W em™?) irradiation. Through the above
tests, the superior characteristics of CeO,@MXene photogenerated
electrons were preliminarily determined, and the process used to
prepare the materials was optimized through feedback.

2.6 Oxygen production mechanism and regulation law

The ability of CeO,, MXene and CeO,@MZXene to release oxygen
over time in the physiological aqueous solution and a simulated
tumor cell microenvironment (pH = 6.5, hydrogen peroxide) was
investigated to optimize the process used to prepare the materials.

2.7 Generation mechanism and regulation rules of ROS

The species and efficiency of ROS produced by CeO,@MXene
were investigated by a variety of ROS fluorescent probes under
808 nm near-infrared light (power density: 0.5-2 W cm 2, light
duration: 5-20 min) irradiation. UV-Vis and fluorescence spec-
tra were used to detect the near-infrared excitation of the
CeO,@MXene solution in a three-gas incubator to simulate
the normoxia (21% O,, 74% N,, 5% CO,) of cells and hypoxia
(1% O,, 94% N,) of tumor tissues. The yield and intensity of
ROS production were observed under 5% CO,.

Singlet oxygen ('0,) detection. The 1,3-diphenylisoben-
zofuran (DPBF) probe can be irreversibly oxidized by singlet
oxygen to produce epoxidation compounds without visible light

This journal is © The Royal Society of Chemistry 2024
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absorption, resulting in a decrease in the characteristic peak of
DPBF at 410 nm. The effect of 'O, production was assessed
through the UV-Vis detection of absorption intensity of DPBF
with time. The generation efficiency was calculated, and the
characteristic peak variation was observed from the spectral
scanning diagram to determine the generation of singlet oxy-
gen. To prepare the CeO,@MXene composite two-dimensional
material, deionized water was used to prepare a 10 mL solution
with a concentration of 200 ppm. The prepared CeO,@MXene,
DPBF probe and hydrogen peroxide solution were placed in the
sample pool to form the three concentrations in the sample
pool, 20 ppm, 15 ppm and 0.1 mM, respectively. Hypoxic
conditions: The nitrogen bubble solution was used for deoxy-
genation treatment until the content of dissolved oxygen in the
solution reached below the detection limit. The sample pool
was irradiated using an 808 nm laser, and the spectra were
scanned every 1 min to record the characteristic peak of DPBF
in the sample pool at a wavelength of 410 nm. Finally, accord-
ing to the change in the characteristic absorption peak of DPBF
with the extension of irradiation time, a fitting curve was
created for the quantitative calculation of singlet oxygen. To
ensure the accuracy and rigor of the experimental results, the
characteristic absorption peak of the singlet oxygen detection
probe DPBF should be controlled between 0.1 and 1. Therefore,
we conducted spectral scanning for different concentrations of
DPBF and determined that the optimal concentration of DPBF
should be controlled at 15 ppm.

Detection of hydroxyl radical (-OH). The 3,3',5,5'-tetra-
methylbenzidine (TMB) probe reacts with -OH to generate ox-
tmb. The time-dependent absorption peak of ox-tmb at 650 nm
was measured via UV-VIS spectroscopy to detect the production
of -OH, and the production efficiency was calculated.

Detection of superoxide anions (-0, ). The dihydrorhoda-
mine 123 (DHR 123) probe can react with -O,” to generate
rhodamine 123. The fluorescence emission peak of o-hydroxyl
terephthalic acid at 525 nm was detected with time via fluores-
cence spectroscopy. Thus, the formation of -OH was detected.

2.8 Cell culture

The 143B cells were cultured at 37 °C in a humidified atmo-
sphere containing 5% CO,. The medium contained 89%
DMEM, 10% (v/v) FBS and 1% penicillin/streptomycin (PS).

2.9 Cytotoxicity measurement

The MTT assay was introduced to study the cell cytotoxicity of
CeO,@MXene. 143B cells were first seeded in 96-well plates at a
density of 1 x 10" cells per well and cultured for 24 h. Then, the
cells were treated with Opti-DMEM containing MXene/g-C3N,-
TPP at different concentrations (0, 25, 50, 100, 200 and
300 pg mL ') and cultured for another 4 h. The media were
replaced with fresh culture media and incubated for another
24 h. Then, 10 pL of 5 mg ml~! MTT solution was added to each
well, and the cells were further incubated for 4 h. Finally, the
absorbance at 492 nm of cells in each well was detected using a
microplate reader to determine the cell viability.

J. Mater. Chem. B, 2024,12,1816-1825 | 1819
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2.10 Cell level study

To study the ability of 143B cells to ingest CeO,@MXene, the
intake of CeO,@MXene in PBS (100 ug ml™') was studied by
elemental analysis after a period of time (1-8 h). Then, the red
hypoxia monitoring reagent was used to plot oxygen production
during different periods of coculture with cancer cells. Third,
different groups were determined using a ROS detection kit and
a fluorescent probe, normal saline, CeO,, MXene and CeO,@M-
Xene cocultured tumor cells with or without NIR irradiation
were used to determine the amount and change in cell activity
content. Through different ROS detection reagents, it was
verified that the material can carry out type I and type II
photodynamic mechanisms simultaneously in vitro, that is,
corresponding to the production of hydroxyl radicals and
singlet oxygen. The cytotoxicity of CeO,@MXene under nor-
moxic and hypoxic conditions was detected to verify that
CeO,@MXene could Kkill cells efficiently even under hypoxic
conditions, which demonstrated that the mechanism of type I
photodynamic therapy was adapted to hypoxic conditions and
that the effect of type II photodynamic therapy was enhanced.

2.11 In vitro PDT

Briefly, 143B cells were cultivated in confocal dishes (2 x
10° cells per mL) for 24 h. Then, the media were replaced with
Opti-DMEM containing PBS (pH = 7.4, 10 mM), MXene-PEG
(100 pg mL™") or CeO,@MXene-PEG (100 ug mL™ ') and incu-
bated for another 4 h. After being washed twice with PBS (pH =
7.4, 10 mM), 1 mL of fresh DMEM was added to the confocal
dishes. For cell living/death evaluation, calcein-AM (1 pL) and
PI (1 puL) were added to the media and incubated for 30 min to
stain the cells. Then, the cells were irradiated for 5 min using
an 808 nm laser (0.8 W cm™?) or a 660 nm laser (0.48 W cm ™ ?),
and the cells were imaged using a CLSM.

2.12 In vivo PDT

After superior oxygen production and ROS generation perfor-
mance were obtained in tumor cells by data analysis, CeO,@M-
Xene with the most useful performance was selected to explore
its photodynamic effect in a mouse tumor model. To establish
the 143B tumor model, 100 pL of PBS (pH = 7.4, 10 mM)
containing 2 x 10° 143B cells was subcutaneously injected into
the right axilla of each mouse. When the tumor sizes increased
to 50-80 mm® (V = width® x length/2), the mice were discretio-
narily divided into seven therapy groups (n = 5) and injected
through the caudal vein with (I) PBS (pH = 7.4, 10 mM), PBS
with 808 nm laser irradiation (0.8 W cm 2) for 5 min, (II)
MXene-PEG only, (IV) MXene-PEG with 808 nm laser irradiation
(0.8 W em™?) for 5 min, and (VI) CeO,@MXene-PEG and (VII)
CeO,@MXene-PEG with 808 nm laser irradiation (0.8 W cm™?)
for 5 min. The injection dose for each mouse was 100 pL of PBS
(pH = 7.4, 10 mM) containing samples (20 mg kg ') or 100 pL of
PBS (pH = 7.4, 10 mM). The temperature of the tumor site was
recorded using an infrared thermometer. After treatment, the
tumor volume and body weight of the mice were measured
every five days for 3 weeks. All animals received human care

1820 | J Mater. Chem. B, 2024, 12, 1816-1825

View Article Online

Paper

and the experiments were performed according to the guidelines
of the Experimental Animal Welfare Ethics Committee of Qingdao
University (grant: no. 20211130BALB/c Nude3020220120091).

To study the in vivo intelligent photodynamic antitumor
performance of the CeO,@MXene heterojunction, the mouse
model was divided into the following groups: group 1: PBS (pH
7.4, 10 mM), group 2: MXene, group 3: MXene + irradiation,
group 4: CeO,@MZXene, and group 5: CeO,@MXene + irradia-
tion. The material was injected into the mice through the tail
vein, the changes in tumor volume, weight, photos and survival
rate of mice were recorded every other day for 20 days, and the
photoresponse performance of the material in the tumor site of
mice was investigated. The inhibitory effect of each group on
tumor growth was compared and analyzed. At the end of the
treatment, the tumor volume and survival rate of the mice were
finally recorded to reveal the photodynamic anticancer effect of
the materials. This study provides a theoretical and experi-
mental basis to further confirm the potential clinical applica-
tion value of MXenes.

3 Results and discussion
3.1 Synthesis and characterization of CeO,@MXene

MXene nanosheets were initially obtained by etching Ti;AlC,
with hydrofluoric acid and lithium fluoride solution, and
CeO,@MZXene composites were prepared by experimental
design (Fig. 1(a)). We characterized the presence of mPEG-
NH, on CeO,@MXene vig infrared spectroscopy (IR). As shown
in Fig. S1 (ESIT), we could observe strong absorption peaks at
3400 nm in both spectra due to the stretching vibration of ~-OH.
Besides, the CeO,@MXene photosensitizer with modification
of mPEG-NH, (CeO,@MXene(PEG)) and CeO,@MXene without
the modification of mPEG-NH, (CeO,@MXene(no PEG)) exhib-
ited absorption peaks at 540 nm corresponding to the char-
acteristic absorption peaks of Ce-O. And the stretching
vibration peaks of -CH,- and -C-O-C- were observed at
2900 nm and 1050 nm, respectively, on the IR spectrum of
CeO,@MZXene(PEG). But none of these peaks were observed on
the IR spectrum of CeO,@MXene(no PEG). These results indi-
cated that CeO,@MXene was successfully modified by mPEG-
NH,. The low size structure of cerium dioxide and the lamellar
characteristics of the CeO,@MXene heterojunction were pre-
liminarily determined via transmission electron microscopy.
TEM images of the CeO, and CeO,@MXene samples are shown
in Fig. 1. The pristine CeO, exhibited a cube-like morphology
with a length of 2 nm (Fig. 1(b)). In the CeO,@MXene compo-
site, cube-like CeO, was grown in situ on the MXene
nanosheets, with the two components in intimate contact
(Fig. 1(c)). Remarkably, the surface was flat and smooth.

Next, we performed the DLS experiment in different media
to verify the dispersion of the materials. As shown in Fig. 1(c),
the TEM image of CeO,@MXene shows that the lateral size of
CeO,@MXene nanosheets was about 300-400 nm. The DLS
(Fig. S2, ESIT) indicated the lateral sizes of CeO,@MXene(PEG)
and CeO,@MXene(no PEG) were also around 300-400 nm in

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) Schematic diagram of the preparation of the CeO,@MXene
heterojunction. (b) TEM image of CeO,. (c) TEM image of CeO,@MXene.
(d) and (e) CeO,@MXene-STEM images and the corresponding elemental
mapping images for C, O, Ti, and Ce. (f) X-ray photoelectron spectroscopy
images of CeO,/MXene/CeO,@MXene. (g) XRD pattern of CeO,/MXene/
CeO,@MXene. (h) Absorption spectra of CeO,/MXene/CeO,@MXene.

different media. And the lateral size of CeO,@MXene(PEG)
nanosheets was slightly larger than that of CeO,@MXene(no
PEG). This result suggested that CeO,@MXene has good dis-
persibility. In addition, we also described the dispersion prop-
erty of the materials in solution through the digital images. As
shown in Fig. S3 (ESIt), after standing for 24 h, MXene and
CeO,@MXene were well dispersed in the solution; however,
CeO, was concentrated at the bottom. These results confirmed
the good dispersibility of CeO,@MZXene in the solution. And we
measured the particle size distribution of CeO,@MXene(PEG)
in H,O, DMEM medium, saline and phosphate buffered saline
(PBS) every other day for three days (Fig. S4, ESIT). We found
that the CeO,@MZXene(PEG) nanocomposites were well dis-
persed in different solutions within three days. In addition,
the particle diameter distribution of CeO,@MXene(PEG)
showed no apparent changes during these three days, which
indicated that the CeO,@MXene(PEG) nanocomposite has
good stability. As visualized by elemental mapping images, the
main elements of the CeO,@MXene heterojunction, including
carbon (C), oxygen (O), titanium (Ti) and cerium (Ce), were all
distributed in the material (Fig. 1(d) and (e)). The EDS mapping
demonstrated that the elements Ce, O, C, and Ti were homo-
genously distributed in the CeO,@MXene sample, implying that
cube-like CeO, grew uniformly on the MXene nanosheets. The
coexistence of Ce, O, Ti and C in the CeO,@MXene composites
was confirmed via X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction (XRD). XPS spectra were collected to further
corroborate the structure and chemical composition of the as-
prepared samples. The survey XPS spectra of CeO, and

This journal is © The Royal Society of Chemistry 2024
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CeO,@MXene composites confirmed the existence of Ce and O
in the CeO, sample and Ce, O, Ti, and C in the CeO,@MXene
composite (Fig. 1(f)).

In the scanning spectrum (Fig. S5, ESIt), we found that the
main elements of the CeO,@MXene heterojunction, including
C, O, Ti and Ce, were distributed in the material. The mass
fraction and atomic percentage of each element in CeO,@M-
Xene are shown in Fig. S6 (ESIt). The results were consistent
with the elemental mapping images. The survey XRD spectra of
CeO,, MXene and the CeO,@MXene composite show the crystal-
lographic properties (Fig. 1(g)). The representative diffraction
peaks of the CeO,@MXene composite could be well indexed
according to the typical phase of CeO, (PDF#34-0394-Ce0,). To
ensure the accuracy of the experiment, we also tested the
absorption spectra of CeO,@MZXene at different concentrations
(Fig. S7, ESIT). Then, we found that the absorption peak was
already obvious when the concentration of CeO,@MXene was 20
ppm. To investigate the light harvesting capability of CeO,@M-
Xene composites, the light absorption spectra were recorded
using the UV-vis diffuse reflectance spectrum measurements, as
shown in Fig. 1(h). And the absorption of MXene was obvious in
the near-infrared region. Meanwhile, the absorption of
CeO,@MXene shows a remarkable red shift due to the inter-
action between MXene and CeO,. To a degree, this result also
verified that CeO,@MXene can enhance electron transfer. To
determine the loading amount of CeO, in the CeO,@MXene
composite, we performed the inductively coupled plasma (ICP)
experiment. And when CeO,@MXene (no PEG) concentration
was 20 ppm, the concentration of Ce was 8 ppm. The loading
amount of CeO, in the CeO,@MXene composite was 96.60%
through calculation (w(CeO,)/w(MXene)).

3.2 Type I photodynamic therapy

In the Schottky junction photosensitizer, the presence of Ce in
the lattice of CeO, nanoparticles serves as the reduction-
oxidation center to react with H,0,, thus generating endogen-
ous oxygen. Besides, the Schottky heterojunction has an inter-
nal electric field, where the electrons are excited to MXene
which then react with oxygen to produce superoxide anions.
Meanwhile, the excited holes of CeO, react with water to gen-
erate hydroxyl radicals for type I photodynamic therapy in the
tumor microenvironment. So, the coupling of the exciton effect
and built-in electric field effect of the CeO,@MXene photosen-
sitizer and control group was tested under 808 nm near-infrared
light irradiation using photocurrent curves (Fig. 2(a)) and elec-
trochemical impedance spectroscopy (Fig. 2(b)). It was deter-
mined that the presence of a strong interface effect of
CeO,@MXene reduced the electron transfer path and prevented
photogenerated charge recombination. The photocurrent
response of CeO,@MXene was greatly improved compared with
that of CeO, and MXene, indicating that the charge separation
efficiency at the interface was greatly improved (Fig. 2(a)). Sur-
prisingly, MXene also exhibited a relatively high photocurrent,
which may result from its inherent metal-like conductivity
and special layered structure. EIS measurements were conducted
to investigate the interfacial charge transfer dynamics. And
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the lower the impedance, the higher the charge transfer
efficiency.>*>® Fig. 2(b) shows that the impedance of CeO,@
MXene was much smaller than that of CeO,, indicating that
CeO,@MXene had a charge transfer resistance lower than CeO,,
which was beneficial to charge transfer.>” In order to further
prove that CeO,@MXene has better photoelectric performance,
we measured the open-circuit potential (OCP) of CeO, and
CeO,@MXene under light irradiation. OCP refers to the potential
difference between the working electrode and the reference
electrode after receiving light. The greater the potential difference,
the more photo-generated carriers are generated by the photo-
electric material,®® and the higher the response signal of the
external circuit. As shown in Fig. 2(c), the open circuit potential of
CeO,@MXene gradually increased with NIR light on and then
decreased with NIR light off, indicating that the accumulation of
photo-generated electrons increases the chemical potential of the
surface of CeO,@MXene, which further causes an increase in the
open-circuit potential (OCP). In contrast, the open circuit
potential of CeO, did not increase under NIR irradiation, and
the open circuit potential was much smaller than CeO,@MZXene.
This result indicated that CeO,@MZXene can produce more photo-
generated charge carriers. In summary, through EIS and OCP, it
was found that CeO,@MXene has stronger photoelectric activity
than CeO,.

Then, the efficiency of toxic -OH produced by CeO,@MXene
was investigated using 3,3’,5,5’-tetramethylbenzidine (TMB)
probes under 808 nm near-infrared light irradiation (Fig. 2(d)).
-OH can cause TMB to undergo a color reaction (from colorless
to blue), as shown in Fig. S8 (ESIt). It was found that with
increasing irradiation time, the absorbance at 650 nm also
increased, indicating that CeO,@MZXene can effectively produce
-OH, which can induce apoptosis of tumor cells under near-
infrared irradiation. We also obtained the absorption spectra
after TMB, MXene and CeO, treatments (Fig. S9-S11, ESIT). As
expected, MXene and TMB did not exhibit absorption peaks at
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650 nm. Surprisingly, although the absorption peak was weaker
than that of CeO,@MXene, the absorption peak at 650 nm
appeared in the absorption spectra of CeO,. This may result
from the ubiquity of electron transfer in metal oxides. Then, we
tested the efficiency of -O,~ produced by CeO,@MXene by using
dihydrorhodamine 123 (DHR 123) fluorescent probes under
808 nm near-infrared light irradiation (Fig. 2(e)). Similarly, with
the extension of irradiation time, the fluorescence intensity at
525 nm gradually increased. This result confirmed that
CeO,@MXene can produce O,  under near-infrared light. We
also obtained fluorescence spectra after DHR 123 and CeO,
treatments (Fig. S12 and S13, ESIt). DHR 123 exhibited very
little effect on fluorescence intensity. Similar to the absorption
spectra, the characteristic peak at 525 nm after CeO, treatment
was weaker than that after CeO,@MXene treatment. All the
results indicated that CeO,@MXene was effective in the treat-
ment of tumor tissues using type I PDT.

3. 3 Type II photodynamic therapy

The oxygen production of CeO,@MZXene and control materials
detected in hydrogen peroxide (0.1 mM) was tested using a
dissolved oxygen meter. The results showed that compared to
single MXene and CeO,, CeO,@MZXene generated much more
oxygen (Fig. 3(a)). The composite also exhibited significantly
higher oxygen productivity than that of MXene and CeO,
(Fig. 3(b)). The content of dissolved oxygen in H,0, and H,O
is shown in Fig. S14 (ESIf), and some differences were
observed. Therefore, we specifically tested the difference in its
ability to produce oxygen in hydrogen peroxide and water
(Fig. 3(c) and (d)). The absorbance in hydrogen peroxide was
much less than the absorbance in water. And the ability of
CeO,@MZXene to produce singlet oxygen in hydrogen peroxide
was significantly better than that in water. Singlet oxygen yields
in two different liquid environments are shown in Fig. S15
(ESIY), illustrating the same result. These results showed that
the ability of CeO,@MXene to produce singlet oxygen in
hydrogen peroxide was significantly better than that in water.

The therapeutic mechanism of type II PDT is completely
dependent on oxygen. And we have shown that endogenous O,
can be continuously generated by the catalysis of Ce in the
lattice of CeO, as the active site to relieve the tumor hypoxic
microenvironment in the Schottky junction photosensitizer,
while MXene alone can only rely on its own oxygen within the
tumor cells. To further demonstrate that CeO,@MXene can
improve the oxygen production capacity in hydrogen peroxide
and confirm that singlet oxygen was produced under hypoxic
conditions, the production of singlet oxygen between CeO,@M-
Xene and MXene under normoxic and hypoxic conditions was
compared. We then tested the influence of singlet oxygen
generation of CeO,@MXene and single MXene on DPBF
absorption spectra under normoxic conditions for comparison
(Fig. 3(e) and (f)). Under normoxic conditions, the ability of
CeO,@MZXene to generate singlet oxygen was better than that of
single MXene, indicating that cerium dioxide played an obvious
promoting role in hydrogen peroxide. We also explored the
effects of singlet oxygen generation of CeO,@MZXene and single
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Fig. 3 Performance test of the CeO,@MXene material under irradiation
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Singlet oxygen formation in water from CeO,@MXene. (e) Singlet oxygen
production from MXene under normoxic conditions. (f) Singlet oxygen
production from CeO,@MXene under normoxic conditions. (g) Singlet
oxygen production from MXene under hypoxic conditions. (h) Singlet
oxygen production from CeO,@MXene under hypoxic conditions. (i)
Comparison of singlet oxygen production between CeO,@MXene and
MXene under normoxic and hypoxic conditions.

MXene on DPBF absorption spectra under hypoxic conditions
for comparison (Fig. 3(g) and (h)). Under hypoxic conditions,
the ability of CeO,@MXene to produce singlet oxygen was
better than that of a single MXene material in hydrogen
peroxide; therefore, cerium dioxide can enhance the oxygen
concentration in an aqueous solution and thus enhance the
singlet oxygen production capacity. These results can be seen
more clearly in Fig. 3(i). It was confirmed that cerium oxide can
significantly enhance the ability of MXene to produce singlet
oxygen in hydrogen peroxide, which indicates that cerium oxide
can supplement oxygen and enhance the effect of type II PDT.

3.4 Invitro treatment with CeO,@MXene

After verifying that CeO,@MXene can induce the effect of both
type I and type II PDT, we further examined the photodynamic
properties of CeO,@MXene, and the phototoxicity and dark
toxicity of CeO,@MXene were also tested (Fig. 4(a)). As the
concentration of CeO,@MXene increased without laser irradia-
tion, the viability of tumor cells did not change compared with
that of the control group (CeO,@MZXene concentration was 0).
However, CeO,@MXene showed significant cytotoxicity to
tumor cells under laser irradiation, and cell viability decreased
gradually with increasing concentration. At a concentration of
100 ppm, CeO,@MXene can achieve high cytotoxicity. At the
same time, we further demonstrated the -cytotoxicity of
CeO,@MXene under hypoxic and normoxic conditions

This journal is © The Royal Society of Chemistry 2024
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(Fig. 4(b)). As expected, under 808 nm near-infrared light, the
cytotoxicity of CeO,@MZXene increases with increasing concen-
tration under normoxic conditions. Surprisingly, under hypoxic
conditions, CeO,@MXene exhibits similar cytotoxicity under
normoxic conditions. This further verified that CeO,@MXene
can alleviate the hypoxic conditions of tumor cells and enhance
the effect of photodynamic therapy on tumor cells in the tumor
microenvironment, as we had assumed.

In order to confirm the location of the internalized
CeO,@MXene, the intracellular trafficking of CeO,@MXene
was detected (Fig. S16, ESIT). The lysosome was labeled by
green light and the CeO,@MXene was labeled by red flores-
cence. After treatments at different time points (0, 3, and 9 h),
CeO,@MZXene was gradually localized in lysosome and finally
escaped from the lysosome. In addition, we performed fluores-
cence staining experiments with living and dead cells and ROS.
Tumor cell models were randomly divided into the following
groups: (1) control, (2) CeO, + laser (C + L), (3) MXene + laser
M + L), (4) CeO,@ MXene without laser (C-M), and (5)
CeO,@MXene + laser (C-M + L). As shown in Fig. 4(c), after
different treatments, the control group, C + L group and C-M
group showed a negligible number of dead cells, but the M + L
and C-M + L groups showed a large number of dead cells. The
large number of dead cells in the M + L group occurred because
MXene was an ideal photosensitizer and auxiliary catalyst for
photodynamic therapy. As expected, the number of dead cells
in the C-M + L group was much higher than that in the M + L
group, which further demonstrated that CeO,@MXene can
enhance the effect of photodynamic therapy on tumor cells.
The result of reactive oxygen fluorescence staining in Fig. 4(d)
was identical to that in Fig. 4(c), and the C-M + L group showed
much higher ROS than the other groups. These results indi-
cated that CeO,@MZXene exhibits a very effective inhibitory
effect on tumor cells.

a, c_Control C+L

I nolaser
B laser

1001 m i

Cell viability

00 125 250 500 100.0
Concentration(ug/mL)

Il Normoxia
B Hypoxia

100-‘

‘ “ “ I| | I

v T T T T T
0

T
125 25 50 100 200
Concentration(ug/mL)

Cell viability

@
T

>

Fig. 4 (a) Light/dark toxicity of CeO,@MXene. (b) Toxicity test of
CeO,@MXene under hypoxic and normoxic conditions. (c) Fluorescence
staining of living and dead cells after different treatments. (d) Fluorescence
staining of ROS after different treatments.
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3.5 In vivo treatment with CeO,@MXene

We then evaluated the efficacy of CeO,@MZXene in vivo due to its
excellent photodynamic properties. The control, M + L, C + L, C-
M, and C-M + L groups were designed. As shown in Fig. 5(a), the
results showed that after intravenous injection, the tumor
volume of tumor-bearing mice in the C-M + L group was
significantly smaller than that in the other groups. In addition,
the tumor volume of each treatment group was monitored every
2 days during the treatment cycle, as shown in Fig. 5(b). Com-
pared with the control group, the tumor growth of mice in the
M + L group and the C-M + L group was significantly inhibited,
but the relative tumor volume of the C-M + L group was smaller
than that of the M + L group. The results showed that the C-M + L
group exhibited an ideal inhibitory effect on tumor growth in
tumor-bearing mice. To further verify the inhibitory effect of
the C-M + L group on tumor growth, tumor-bearing mice were
killed after different treatments, and the remaining tumors
were removed (Fig. 5(c) and (d)). The tumor volume in the
C-M + L group after the end of the treatment cycle was the smallest
among the treatment groups. The result also indicates that
CeO,@MXene exhibits stronger photodynamic properties, which
can exert a better therapeutic effect on tumors. Because we must
consider the biocompatibility of CeO,@MXene, the body weight of
tumor-bearing mice in each group was measured every 5 days after
treatment began until Day 20 (Fig. 5(e)). During the treatment
period, there was no significant difference in body weight between
the groups compared with the control group, indicating that
CeO,@MXene exhibited high biocompatibility.

4 Conclusions

In this work, CeO,@MZXene heterojunctions were successfully
designed by growing CeO, in situ using MXene nanosheets. And
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we successfully revealed the synergistic mechanism of CeO,@
MXene Schottky materials in enhancing the effect of photo-
dynamic therapy. Compared with the existing type II photo-
dynamic therapy method, which requires oxygen to generate
singlet oxygen, the as-proposed CeO,@MZXene Schottky junc-
tion exhibits good biocompatibility, as a photosensitizer to
realize synchronous type I and type II photodynamic therapy,
and achieved good therapeutic effects. And the tumor hypoxic
microenvironment could be relieved by the continuous produc-
tion of intracellular O, generated by the catalysis of Ce in the
lattice of CeO, as the active site to relieve. Our work lays the
groundwork for developing nanomaterials with efficient oxyge-
nation and ROS generation capabilities, thus improving the
photodynamic therapy effect especially in a tumor hypoxic
microenvironment.
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