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Purpose: The search for effective and low-risk treatment methods for colorectal cancer (CRC) is a pressing concern, given the
inherent risks and adverse reactions associated with traditional therapies. Photothermal therapy (PTT) has emerged as a promising
approach for cancer treatment, offering advantages such as non-radiation, non-invasiveness, and targeted treatment. Consequently, the
development of nanoparticles with high stability, biocompatibility, and photothermal effects has become a significant research focus
within the field of PTT.

Methods: In this study, TiO,-Ti;C, nanocomposites were synthesized and characterized, and their photothermal conversion efficiency
in the near-infrared region II (NIR-II) was determined. Then studied the in vivo and in vitro photothermal activity and anti-tumor
effect of TiO,-TizC, in human colorectal cancer cell lines and nude mice subcutaneous tumor model.

Results: The results showed that TiO,-Ti;C, nanocomposites have strong absorption ability in the NIR-II, and have high photothermal
conversion efficiency under 1064 nm (0.5 W/em?, 6 min) laser stimulation. In addition, in vitro experiments showed that TiO,-Ti;C,
nanocomposites significantly inhibited the invasion, migration, and proliferation of colorectal cancer cells, and induced cell apoptosis;
in vivo, experiments showed that TiO,-Ti;C, nanocomposites-mediated PTT had good biocompatibility and efficient targeted
inhibition of tumor growth.

Conclusion: In conclusion, TiO,-Ti;C, nanocomposites can be used as NIR-II absorption materials in PTT to suppress the invasion,
migration, and proliferation of colorectal cancer cells, induce colorectal cancer cell apoptosis, and thus inhibit the development of
CRC. Therefore, TiO,-TizC, nanocomposites can be used as potential anti-tumor drugs for photothermal ablation of colorectal cancer
cells.

Keywords: TiO,-Ti;C,, photothermal activity, colorectal cancer, photothermal therapy

Introduction

Colorectal cancer (CRC) remains a significant contributor to mortality from malignant diseases in humans.' According to
the 2020 GLOBOCAN statistics, there were approximately 19.3 million new cancer cases globally, with a CRC incidence
rate of 10.0%, ranking third among all cancer incidence rates, following breast cancer (11.7%) and lung cancer (11.4%).
In terms of mortality rates, over 10 million cancer-related deaths were reported, with CRC accounting for 9.4% of all
cancer deaths, second only to lung cancer.” The survival rate of CRC patients is notably low, with stage IV cases having
a survival rate of less than 20%.'* Traditional treatments for CRC include surgery, radiotherapy, and chemotherapy, but
often come with side effects such as intestinal dysfunction, bladder dysfunction, and sexual dysfunction.*® Studies
have shown that CRC survivors have a higher incidence of sexual dysfunction compared to survivors of other cancers.’
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The high incidence, low survival rate, and associated adverse reactions of traditional treatment methods continue to
present significant challenges in the clinical management of CRC. Therefore, the development of an efficient low-side-
effect treatment method is urgently needed.

In recent years, nanoparticle-based photothermal therapy (PTT) has emerged as a promising approach in the treatment
of CRC. Nanomaterials such as poly[2-(N,N-dimethylamino) ethyl methacrylate]-poly(e-caprolactone), Au-Ag, and
GNC-Gal@CMaP exhibit excellent photothermal conversion efficiency when irradiated with 808 nm laser and play
a role in the treatment of CRC through synergistic effects with other molecules or drugs.® '° PTT represents an ideal non-
invasive treatment modality, leveraging an external light source to activate photothermal agents and induce localized
thermal therapy that irreversibly damages tumor cells."' Near-infrared (NIR) light has demonstrated excellent tissue
penetration capabilities, making it highly promising for clinical diagnosis and disease treatment in PTT.'>'* NIR light is
classified into two regions: NIR-I (750-1000 nm) and NIR-II (1000-1350 nm), collectively forming the biological
window due to their ability to penetrate biological tissue.'? The NIR-II biological window, in particular, offers deeper
tissue penetration, higher radiation limits, and better tissue tolerance, making it highly valuable for photothermal
conversion applications.'*'* The key to the application of NIR-II absorption materials in PTT is that the material should
have excellent photothermal conversion efficiency, low toxicity, and good biocompatibility.'*'> However, current
research predominantly utilizes NIR-I absorption materials in PTT for CRC, while investigations on NIR-II absorption
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materials remain relatively limited.®* ' Therefore, the development of nanomaterials with strong absorption within the
NIR-II biological window and high photothermal conversion efficiency holds significant importance for CRC treatment.

Two-dimensional MXene nanomaterials, such as titanium carbide (Ti;C,), have been widely used in biomedical
applications due to their excellent NIR absorption, photothermal performance, and low toxicity, making Ti;C, a potential
photothermal agent.'® TiO, is a highly efficient, stable, and environmentally-friendly photocatalytic material.'” It
possesses remarkable photosensitivity, favorable thermal stability, and biocompatibility.'”?° Research has indicated
that the application of TiO, modification can lead to enhanced biocompatibility and stability of TiCj.'"°
Furthermore, reports suggest that the photothermal performance of other nanomaterials (such as porous silicon) can be
improved by encapsulating them with TiO,, but there is no relevant report on whether TiO, can improve the
photothermal performance of Ti;C,.2' It is worth mentioning that Ti3C, exhibits significant NIR-I (808 nm) absorption
capabilities,”>** while the Ti;C,@TiO,-x-PEG composite material demonstrates high photothermal conversion efficiency
when irradiated with NIR-II (1064 nm) laser.'® Therefore, TiO,-Ti3C, composites hold potential as NIR-II absorption
materials and could be employed in PTT for CRC. However, existing research predominantly focuses on the photo-
catalytic properties of TiO,-Ti;C, composites, with limited investigations on their photothermal properties. Moreover, the
in vivo and in vitro photothermal activity of TiO2-Ti3C2 composites remains unexplored. Conducting corresponding
in vivo and in vitro studies to explore the application value of TiO,-Ti3C, composites in targeted PTT for colorectal
cancer is of great significance for promoting research in this field.

Based on this, we first synthesized Ti;C, MXenes and TiO,-Ti;C, nanocomposites and comprehensively analyzed
their characterization and photothermal conversion efficiency. Subsequently, we conducted studies at the cellular and
animal levels to reveal the role of nanocomposites in targeted PTT for CRC. Human colorectal cancer cell lines and nude

mouse subcutaneous tumor models were used to investigate the anti-tumor effects of TiO,-Ti;C,.

Materials and Methods

Synthesis and Characterization of Ti;C, and TiO,-Ti;C,

Synthesis of Ti;C, MXene. Firstly, 5.0 g of Ti3AlC, (Aladdin, China) powder was added to 80 mL of 40% HF (Aladdin,
China) solution and stirred at room temperature for 48 hours to obtain the MXene suspension. The resulting suspension
was washed 6 times with deionized water and centrifuged at 4000 rpm to separate the powder until the pH value of the
liquid reached approximately 6. After decantation, the resulting powder was washed 3 times with absolute ethanol and
left to dry at room temperature for 3 days. Finally, the powder was dried in a vacuum oven (< 0.09 MPa) at 50°C for 24
hours to obtain Tiz;C, MXene.

Synthesis of TiO,-Ti;C, nanocomposite. Synthesis of TiO,-Ti;C, nanocomposite. Firstly, 150 mg of Ti;C, was
dispersed in 200 mL of ethanol and stirred at room temperature for 1 hour to obtain a homogeneous Ti;C, suspension.
0.5 mL of 0.4 mM KCI (Aladdin, China) was added to the suspension and stirred for 20 minutes. Next, 1.0 mL of tetrabutyl
titanate (Aladdin, China) was added to the mixture and stirred for 6 hours. At the end of the reaction, the gray precipitate
was collected by centrifugation and sequentially washed 6 times with ethanol and 3 times with deionized water. After
washing, the precipitate was dispersed in 60 mL of ethanol and stirred for 15 minutes. The resulting suspension was then
loaded into a 100 mL Teflon-lined autoclave, which was sealed and heated in an MDS-8 microwave hydrothermal system at
180°C for 60 minutes. The TiO,-Ti;C, nanocomposite was collected, washed 3 times with ethanol and 3 times with pure
water to remove ions and impurities, and then dried at 50°C to obtain the TiO,-Ti;C, nanocomposite.

The morphology and microstructure of the samples were observed by scanning electron microscopy (SEM) (Hitachi,
Japan), and the nanoscale morphology and structure were observed by transmission electron microscopy (TEM) (Hitachi,
Japan). Energy-dispersive X-ray spectroscopy (EDS) (Hitachi, Japan) was used to analyze the chemical composition of
the elements in the samples, and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) (Hitachi, Japan) was used for high-resolution imaging of the samples to provide information on the structure and
composition of the materials. X-ray powder diffraction (XRD) images were obtained using an X-ray diffractometer
(Bruker, German). X-ray photoelectron spectroscopy (XPS) was performed on a K-Alpha 1063 instrument (Thermo
Fisher Scientific, America).
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Photothermal Performance Study of TizC, and TiO,-TizC,

An infrared thermal imaging camera (Fluke, America) was utilized to observe the real-time temperature changes during
a predetermined time interval. A gradient concentration suspension of Ti;C, and TiO,-Ti3C, (100 pL) was exposed to
a 1064 nm laser (0.5 W/em?, 6 min) to observe the temperature evolution. The suspension of Ti3;C, and TiO,-Ti;C, (100
puL, 100 pg/mL) was irradiated with lasers (1064 nm) of varying power densities, while simultaneously monitoring the
temperature changes in the suspension. For evaluating the photostability of Ti;C, and TiO,-Ti;C,, the water suspension
of Ti;C, and TiO,-TizC, (100 pL, 100 pg/mL) underwent repeated exposure to a 1064 nm laser (0.5 W/cm2, 6 min)
followed by natural cooling. This process was repeated five times under identical conditions. To calculate the photo-
thermal conversion efficiency of TizC, and TiO,-Ti;C,, the water suspension of TiO,-Ti;C, (100 pL, 100 pg/mL) was
repeatedly irradiated with a 1064 nm laser (0.5 W/cm?) until reaching a desired steady-state temperature. Subsequently,
the laser was turned off, and the dynamic temperature was measured every 20 seconds during the cooling process.

Cell Culture and Reagents

Human normal colonic epithelial cells NCM-460 and human CRC cells SW480 were obtained from the American Type
Culture Collection and cultured in DMEM (Gibco, America) containing 10% fetal bovine serum (Gibco, America) at
37°C in a humidified incubator with 5% CO,.

CCK8

NCM-460 or SW480 cell suspensions at a density of 1x10* cells/mL were seeded into 96-well plates and cultured in an
incubator, with 4 replicates per group at least. When the cell density reached approximately 70%, in a clean bench, the lid
of the well plate was opened, and sterilized Ti;C, or TiO,-TisC, was added to treat the cells. The cells were then
irradiated with a NIR iodide laser (1064 nm, 0.5 W/cm?) for 6 minutes (the laser treatment steps were the same for all
in vitro experiments). After the laser irradiation, the cells were returned to a 37°C incubator. After 24 hours. The culture
medium was then removed, and 100 puL of 10% CCKS8 solution was added to each well. The plates were further
incubated for 1.5 hours in the incubator, and the OD values of each well were measured at a wavelength of 450 nm to
calculate cell viability. The experiment was performed in triplicate.

Transwell

Before inoculation, soak the 24-well plate and Transwell chambers in 1xPBS for 5 minutes to moisten the chambers. (For
invasion experiments, add an additional step: Coat the chambers with 80uL of Matrigel gel and incubate at 37°C for 30
minutes to allow gelation.). After that, SW480 cell suspension at a density of 1x10° cells/mL was seeded into Transwell
chambers, with 0.3 mL of cell suspension added to each chamber. 0.7 mL of complete medium containing 10% FBS was
added to the lower 24-well plate. After 24-48 hours (Migration experiments were conducted for 24 hours of culture,
while invasion experiments were conducted for 48 hours of culture), 1 mL of 4% paraformaldehyde solution was added
to each well, and the plates were fixed at room temperature for 10 minutes. The fixative was removed, and the cells were
washed with PBS. Next, 1 mL of 0.5% crystal violet solution was added to each well, and the cells were stained for 30
minutes. The cells were washed three times with PBS, air-dried, and observed under a microscope. The experiment was
performed in triplicate.

Scratch Test

Start by using a marker pen and a ruler to mark even lines on the back of the 6-well plate, crossing each well with at least
5 lines. Prepare a SW480 cell suspension at a density of 1x105 cells/mL and seed it into the 6-well plate. When the cell
density reaches approximately 70%, use a 200 pL pipette tip to create scratches along the bottom lines of the 6-well plate.
Then, add sterilized Ti3C, or TiO,-TizC, (100 pg/mL) to treat the cells. Subsequently, irradiate the cells with NIR (1064
nm, 0.5 W/cm2) for 6 minutes. After the laser irradiation, return the cells to a 37°C incubator. After 24 hours, wash the
cells with PBS, remove the back lines on the 6-well plate using 75% ethanol, and add serum-free medium before
capturing pictures. The experiment was performed in triplicate.
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Flow Cytometry

A suspension of SW480 cell at a density of 1x10° cells/mL was prepared and seeded into the 6-well plate. When
the cell density reached approximately 70%, sterilized Ti;C, or TiO,-Ti;C, (100 pg/mL) was added to treat the
cells, then the cells were then irradiated with NIR (1064 nm, 0.5 W/cm?) for 6 minutes. After the laser irradiation,
the cells were returned to a 37°C incubator. After 24 hours, the cells were collected and resuspended in 1x binding
buffer at a concentration of 1x10° cells/mL. Then, 100 pL of the solution (1x10° cells) was transferred to a 5 mL
culture tube. FITC Annexin V (BD Pharmingen, America) and PI (BD Pharmingen, America) at a volume of 5uL
each were added to the tube, mixed thoroughly, and incubated in the dark at 25°C for 15 minutes. Subsequently,
400 pL of 1x binding buffer was added to each tube, and the samples were immediately analyzed using a flow
cytometer (Beckman Coulter). All experiments were performed in triplicate at least.

Animal Models

Twenty male BALB/c. Nude mice, aged 45 weeks, were randomly divided into 4 groups: PBS, Ti3C,, Ti;C,+NIR, and TiO,
-TisC,+NIR. A suspension of SW480 cell with a density of 2x10”cells/mL was prepared. Each mouse was subcutaneously
injected with 100 pL of the cell suspension. After 7 days, when the tumors reached the size of 50-100 mm?, Ti;C, or TiO,-
Ti3C, was injected into the tumor (5 mg/kg, once every 4 days for a total of 6 injections), and combined with light treatment
(1064 nm, 6 minutes). After 24 days, the mice were sacrificed, and tissues were collected for analysis.

Hematoxylin and Eosin Staining (H&E Staining)

After dehydration and embedding, the tissues were sliced into sections with a thickness of 5 um using a microtome. The
complete tissue sections were mounted on regular glass slides, subjected to hematoxylin and eosin staining, and
ultimately sealed with neutral resin. The samples were observed under an optical microscope.

Immunohistochemistry

4 um-thick sections were obtained from paraffin-embedded tissues using a microtome. Subsequently, the complete tissue
sections were mounted on adhesive glass slides, deparaffinized, and underwent antigen retrieval through microwave treatment
in citrate buffer for 10 minutes. Following the cooling step, the samples were blocked for 1 hour and then incubated overnight
at 4°C with Ki67 antibody (Cell Signaling Technology, 9449T). The next day, the samples were incubated with SignalStain®
Boost Detection Reagent (HRP, Mouse #8125) at room temperature for 30 minutes, washed, and incubated with SignalStain®
DAB Substrate Kit (Cell Signaling Technology, 8059). Finally, the samples were observed under a microscope.

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Staining

Sections with a thickness of 4 um were prepared from paraffin-embedded tissues using a microtome. The resulting tissue
sections were mounted on adhesive glass slides, followed by deparaffinization and treatment with 20 pug/mL proteinase
K (without DNase) at room temperature for 15-30 minutes. Then, the samples were washed three times with PBS and
incubated with TUNEL detection solution (Beyotime, C1086) at 37°C in the dark for 60 minutes. After three additional washes
with PBS, the samples were sealed with an anti-fluorescence quenching agent and observed under a fluorescence microscope.

Statistical Analysis

All analyses were performed using the GraphPad Prism 8 Software. A one-way ANOVA was used to analyze statistical
differences. All data are presented as the mean with standard deviation (SD) from at least three individual experiments.
P<0.05 was considered statistically significant.

Results

Structural Characterization of TiO,-Ti3C, Nanocomposites
As shown in Figure 1A and B, the TiO,-Tiz;C, nanocomposite exhibits a sheet-like structure. Furthermore, the SAED
diffraction pattern (Figure 1C) indicates that the crystal structure is highly ordered and well-defined, with good
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Figure | Structure characterization of Ti;C; and TiO,-Ti;C,. (A) TEM images of TiO,-Ti3C,. (B) High-resolution TEM images of TiO,-Ti;C,. (C) SAED images of TiO,-
Ti;C,. (D-G) HAADF-STEM-EDS elemental mappings of Ti, C, O component of TiO,-Ti3C,. (H) XRD pattern of Ti3C, and TiO,-Ti3C,. (I) Full XPS spectra of TiO,-Ti;C,.
XPS spectra of (J) C Is regions, (K) O Is regions, and (L) Ti 2p regions.

crystallinity. The STEM-EDS elemental distribution mapping (Figure 1D-G) prepared according to the sample shows
that C, O, and Ti coexist in the prepared nanocomposite, further confirming the elemental composition of TiO,-Ti;C,.
The XRD peaks of TizC, and TiO,-TizC, are shown in Figure 1H, which exhibit both the characteristic peaks of Ti;C,
and the diffraction peaks of TiO, (TiO,: JCPDS no. 21-1272).In addition, as shown in Figure 1I-L, the peak at 284.8 eV
corresponds to the binding energy of C 1s,** Ti 2p 2/3 and Ti 2p 1/2 the peak at 532 eV belongs to the typical peak of
O 1s, and the peaks at 454.8 and 459, 461.3 and 464.5 eV belong to Ti 2p 2/3 and Ti 2p 1/2, respectively.”**> These
results collectively indicate the successful preparation of the TiO,-Ti;C, nanocomposite.

The Photothermal Properties of Tiz;C; and TiO,-Ti3C,

Real-time monitoring of temperature changes in TizC, and TiO,-Ti;C, was performed using a FLUKE thermal imaging
camera. In Figure 2A and D, the temperature of Ti;C, and TiO,-TizC, increased in a concentration-dependent manner
(0-200 pg/mL) and a power-dependent manner (0.25—1.0 W/ecm?). At a concentration of 100 pg/mL and laser irradiation
conditions of 0.5 W/cmz, 1064 nm, and 6 minutes, the temperature of Tiz;C, reached 35°C (Figure 2A and B), while the
temperature of TiO,-Ti;C, reached 60°C (Figure 2D and E), indicating that TiO,-Ti;C, has good absorption in the NIR-IT
region and can efficiently convert light energy into heat. To further study the photothermal properties of TiO,-Ti5C,,
photothermal stability, and conversion efficiency were measured. As shown in Figure 2E, after five cycles of heating and
cooling, the photothermal effect of TiO,-Ti;C, remained unchanged, indicating its good photothermal stability, which is
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Figure 2 The photothermal properties of Ti3C, and TiO,-Ti;C; are shown in (A) Temperature change curves of Ti3C, at different concentrations under laser irradiation
(1064 nm, 0.5 W/cm?) for 6 minutes; (B) Temperature change curve of Ti;C, (100 pg/mL) under different power levels of 1064 nm laser irradiation; (C) Photothermal
stability measurement of TizC, under five cycles of on/off NIR laser (0.5 W/em?); (D) Temperature change curves of TiO,-TizC, at different concentrations under laser
irradiation (1064 nm, 0.5 W/cm?) for 6 minutes; (E) Temperature change curve of TiO,-TisC, (100 pg/mL) under different power levels of 1064 nm laser irradiation; (F)
Photothermal stability measurement of TiO,-Ti;C, under five cycles of on/off NIR laser (0.5 W/cm?); (G) Temperature-time curve of TiO,-Ti3C, reaching steady-state
temperature and cooling naturally; (H) Linear fitting plot of time during cooling period and —In6.

important for its application in PTT. The photothermal conversion efficiency () was calculated using the method
provided to quantify the photothermal effect.”® The 1 value of TiO,-Ti;C, was determined to be approximately 34.3%
(Figure 2G and H). It can be seen that after encapsulation with TiO,, TiO,-Ti3C, exhibits superior absorption capacity in
the NIR-II region, excellent photothermal performance, strong stability, and high photothermal conversion efficiency.
Therefore, it is a nanomaterial with great potential for PTT. In addition, we determined that the optimal concentration of
Ti0,-Ti3C, composite material is 100 pg/mL, the optimal laser irradiation conditions are at a wavelength of 1064 nm,
with an intensity of 0.5 W/cm? and continuous irradiation for 6 minutes.

In vitro Cytotoxicity of TiO,-TizC, Against Colorectal Cancer Cells

Ti0,-Ti3C, exhibited excellent photothermal activity, suggesting its potential for killing colorectal cancer cells through
photothermal conversion. CCK8 assays showed that both Ti3C, and TiO,-Ti;C, at various concentrations (0, 2, 4, 8, 16, 32,
64, 128, and 256 pg/mL) had no significant cytotoxicity against NCM-460 cells after 24 hours of treatment (Figure 3A),
indicating their negligible toxicity to normal cells. Based on this, we further investigated the effect of TiO,-TizC,’s
photothermal properties on colorectal cancer cells by setting Control, TiO,-Ti;C,, Tiz;C,+NIR, and TiO,-Tiz;C,+NIR
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Figure 3 The impact of TiO,-Ti3C, on the viability of normal colonic epithelial cells and CRC cells. (A) CCK8 assay for NCM-460 cell viability; (B) CCK8 assay for SWW480
cell viability, ***P<0.001.

groups. CCKS8 assays showed that the viability of SW480 cells was significantly reduced in the TiO,-Tiz;C,+NIR group
(100 pg/mL TiO,-Ti3C, and NIR at 1064 nm, 0.5 W/cm?, 6 min) compared to the other groups, while no significant changes
were observed in the TiO,-Ti;C, (100 pg/mL) and Ti;C,+NIR groups (100 pg/mL) (Figure 3B).

Transwell assays (Figure 4A) demonstrated that 100 pg/mL TiO,-TizC, without NIR irradiation and Ti;C, after NIR
irradiation had no significant effect on the invasion and migration of SW480 cells; in contrast, TiO,-Ti3C, after NIR
irradiation significantly inhibited the invasion and migration of SW480 cells. Scratch assays (Figure 4B) also showed that
only TiO,-TisC, after NIR irradiation could inhibit the migration and proliferation of colorectal cancer cells.
Furthermore, flow cytometry confirmed the pro-apoptotic effect of TiO,-Ti;C, and NIR on colorectal cancer cells. As
shown in Figure 4C, no significant apoptosis of SW480 cells was observed in the Tiz;C, and TiO,-Ti;C, groups (without
NIR irradiation), whereas TiO,-Ti;C, after NIR irradiation significantly induced apoptosis of SW480 cells. In conclusion,
due to its excellent photothermal activity, TiO,-Ti;C, nanocomposites can inhibit the invasion, migration, and prolifera-
tion of colorectal cancer cells and induce apoptosis.

In vivo Inhibitory Effect of TiO,-TizC, on CRC

To further investigate the effect of TiO,-Ti;C, on mice tumors, we established a subcutaneous SW480 xenograft model
and administered PBS, TiO,-TizC,, TizC,+NIR, and TiO,-Ti3C,+NIR treatments. As shown in Figure 5A, there was no
significant difference in tumor volume or weight between the PBS, TiO,-Tiz;C,, and Ti;C,+NIR groups, while the
combination of TiO,-Ti3;C, and NIR led to a significant reduction in tumor volume and weight, indicating the inhibition
of tumor growth. TiO,-Ti3C, nanospheres combined with NIR treatment had a certain degree of tumor regression effect.
Ki67 protein is highly expressed in cancer cells and is a commonly used tumor marker to evaluate cell proliferation
activity. It exists in the mitotic phase of the cell cycle, as well as in the early stages of G1, S, and G2, but not in the GO
phase.?” Subsequently, we performed HE staining and THC on tumor tissue. TiO,-TisC,+NIR treatment inhibited tumor
cell proliferation, as evidenced by the local necrosis of tumor tissue (indicated by black arrows) and weak Ki67 staining
in tumor tissue (Figure 5B). TUNEL results further showed that TiO,-Tiz;C,+NIR treatment increased tumor cell
apoptosis, as evidenced by stronger TUNEL fluorescence staining in tumor tissue (Figure 5C). These results suggest that
TiO,-Ti3C, nanocomposites have excellent photothermal activity in vivo and can target tumor tissue to inhibit tumor cell
proliferation and induce tumor cell apoptosis, thereby inhibiting the development of CRC.

However, while exploring the inhibitory effect of TiO,-Ti;C, nanospheres combined with NIR treatment on tumors, it
is also important to pay attention to their biocompatibility. Therefore, we performed HE staining on the major organs of
mice, including the heart, liver, spleen, lungs, and kidneys, and found no significant pathological changes in the tissue
morphology of major organs, indicating that Tiz;C, and TiO,-Ti;C, nanospheres have good biocompatibility (Figure 6).
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Figure 4 The effects of TiO,-Ti3C, on the migration, invasion, and apoptosis of CRC cells. (A) Transwell assay for SW480 cell invasion and migration; (B) Scratch assay for
SW480 cell proliferation and migration; (C) Flow cytometry analysis of cell apoptosis. *P<0.05, **P<0.01, ***P<0.001.

Discussion

The high incidence rate, low survival rate, and adverse reactions associated with traditional treatments such as surgery
and chemotherapy present significant challenges in the treatment of CRC. There is an urgent need to find effective and
low-risk treatment methods to address these issues.'*® PTT provides a promising solution by avoiding surgical risks,
reducing chemotherapy-related adverse reactions, and significantly lowering treatment costs.'® This approach involves
direct irradiation of the target organ with NIR light, offering the potential to revolutionize traditional cancer treatment
methods. Ti3C,, with its excellent NIR absorption and photothermal performance, emerges as a promising candidate for
photothermal conversion agents.'® Additionally, TiO, has gained widespread usage in cancer diagnosis and treatment due
to its low toxicity, good biocompatibility, and stability.?*° Therefore, in our study, we employed a TiO,-Ti;C, composite
material to further enhance the biocompatibility, stability, and photothermal conversion efficiency of TizC,. Our findings
demonstrate that TiO,-Ti3C, exhibits not only excellent photothermal conversion efficiency in the NIR-II region but also
a significant inhibitory effect on CRC while demonstrating low toxicity to normal cell tissue.

In PTT, the photothermal agent’s characteristics, such as high light absorption at the processing wavelength, high
photothermal conversion efficiency, and photostability, play crucial roles. To begin, we confirmed the TiO,-Ti;C,
nanocomposite as the material used in our study through a thorough examination of its morphology, elemental
composition, and chemical composition. Subsequently, we conducted a detailed investigation of the photothermal
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Figure 6 The biocompatibility of TiO,-Ti;C,. HE staining to assess the morphological changes in the heart, liver, spleen, lungs, and kidneys of mice.

properties of TiO,-TizC,. In PPT, when the photothermal agent is irradiated with light of a specific wavelength, it
transitions from the ground-state singlet state to the excited singlet state, absorbs photon energy, and returns to the ground
state through collisions with surrounding molecules mediated by the excited photothermal agent, leading to an increase in
the temperature of the surrounding microenvironment.'> When the tissue temperature exceeds 60°C, cells die almost
instantly due to protein denaturation and membrane damage.'**° In our study, when the laser irradiation conditions were
set at 1064 nm, 0.5 W/cm? for 6 min, the temperature of 100 pg/mL TiO,-Ti;C, reached 60°C, which is sufficient for the
instant killing of tumor cells. The 1 value of TiO,-Ti3C, in the NIR-II (1064 nm) region reaches 34.3%, which is superior
or even comparable to many previously reported photothermal nanoagents.m’3 133 In addition, after five cycles of heating
and cooling, the photothermal effect of TiO,-Ti;C, remained stable These results indicate that the TiO,-Ti;C, nano-
composite exhibits good absorption in the NIR-II region, has efficient photothermal conversion ability, and has stable
photothermal performance.

Based on our previous study of the photothermal activity of TiO,-Ti;C,, we established the laser processing
conditions for subsequent in vitro and in vivo studies to be 1064 nm wavelength, 0.5 W/cm?, and continuous irradiation
for 6 min. An earlier in vitro study showed that Ti;C, MXene had no significant inhibitory effect on human normal
epidermal cells (such as Hacat cells) but had a significant inhibitory effect on human malignant melanoma cells (such as
A357 cells). When the concentration of Ti;C, MXene reached 125 pg/mL, the viability of both human normal lung cells
(such as MRC-5 cells) and human lung cancer cells (such as A549 cells) was significantly inhibited.>*

Our CCKS results showed that both Ti;C, and TiO,-TizC, had no significant toxicity to human normal colon cells
in vitro, and TiO,-TizC, and TizC, (with NIR irradiation) had no significant toxicity to human colorectal cancer cells.
However, after irradiation with a 1064 nm laser, TiO,-Ti3C, showed a significant inhibitory effect on human colorectal
cancer cells. We attribute the differences in results to the varying sensitivity of different cells to nanoparticles and the
concentration of the materials. In addition, other studies have demonstrated that Ti;C, exhibits excellent conversion
efficiency when irradiated with an 808 nm laser, leading to effective cancer cell killing and tumor tissue destruction
through photothermal/photodynamic/chemical synergistic therapy.>> However, in our investigation, Ti;C, combined with
NIR irradiation did not exhibit a significant inhibitory effect on tumor cells, possibly due to its limited absorption ability
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at a wavelength of 1064 nm and a resulting temperature increase of only 35°C after photothermal conversion, which was
insufficient to induce cell damage. Transwell and scratch experiments showed that after irradiation with a 1064 nm laser,
TiO,-Ti3C, significantly inhibited the invasion and migration of SW480 cells. These data indicate that TiO,-Ti;C, plays
a role in inhibiting the invasion and migration of colorectal cancer cells and inducing their apoptosis by absorbing light
energy and converting it into heat. However, further research is necessary to elucidate the underlying molecular
mechanism of the TiO,-Ti;C,+NIR effect.

In our in vivo study, we found that TiO,-Ti3C, combined with NIR treatment significantly inhibited tumor volume
and growth. However, for anti-tumor drugs, biocompatibility is also an important aspect that needs to be considered. It
has been reported that Ti;C,@TiO,-x-PEG composite materials exhibit good biocompatibility and have no significant
effect on tissue morphology in the heart, liver, spleen, lungs, and kidneys of mice while inhibiting tumor growth.**
Similar results were obtained in our study. By observing the HE staining results of various organs (heart, liver, spleen,
lungs, and kidneys) in each group, we found no significant difference between the treatment group and the control group,
indicating that the materials had no significant toxic side effects on other organs. Further studies showed that after TiO,-
Ti;C,+NIR treatment, localized necrosis of tumor tissue occurred, Ki67 expression was decreased, and tumor cell
apoptosis was significantly increased, indicating that TiO,-Ti;C,+NIR not only has good biocompatibility but also can
efficiently target tumor tissue, inhibit tumor proliferation, and induce tumor tissue apoptosis and necrosis.

Conclusion

In conclusion, our study has provided a comprehensive understanding of the photothermal activity of TiO,-Ti3C, and
demonstrated its photothermal effects both in vitro and in vivo. When exposed to a 1064 nm laser (0.5 W/cm?, 6 min),
TiO,-Ti3C, exhibited remarkable photothermal conversion efficiency, specifically targeted tumor tissue, and effectively
inhibited tumor cell invasion, migration, and proliferation. Furthermore, it induced apoptosis in tumor cells, ultimately
impeding the progression of CRC. The TiO,-Ti3;C, composite shows promise as a NIR-II absorbing material and holds
great potential for application in PTT for CRC.
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