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Introduction: Traditional cancer treatment strategies often have severe toxic side effects and poor therapeutic efficacy. To address the
long-standing problems related to overcoming the complexity of tumors, we develop a novel nanozyme based on the in situ oxidation
of 2D Ti;C, structure to perform simultaneous phototherapy and sonodynamic therapy on tumors. Ti;C, nanozymes exhibit multi-
enzyme activity, including intrinsic peroxidase (POD) activities, which can react with H,O, in the tumor microenvironment. This new
material can construct Ti;C,/TiO, heterostructures in vivo.

Methods: Photothermal (PTT), sonodynamic (SDT) effects, and photoacoustic (PA) image-guided synergy therapy can be achieved.
Finally, anticancer immune responses occur with this nanozyme. In vivo experiments revealed that the Ti;C,/TiO, heterostructure
inhibited tumor growth.

Results: Complementarily, our results showed that the Ti;C,/TiO, heterostructure enhanced the immunogenic activity of tumors by
recruiting cytotoxic T cells, thereby enhancing the tumor ablation effect. Mechanistic studies consistently indicated that Reactive
Oxygen Species (ROS) regulates apoptosis of HCC cells by modulating NRF2/OSGIN1 signaling both in vitro and in vivo. As a result,
TizC, nanozyme effectively inhibited tumor through its synergistic ability to modulate ROS and enhance immune infiltration of
cytotoxic T cells in the tumor microenvironment.

Discussion: These findings open up new avenues for enhancing 2D Ti;C, nanosheets and suggest a new way to develop more
effective sonosensitizers for the treatment of cancer.

Keywords: nanozyme, sonodynamic therapy, Ti3C,/TiO,, ROS

Introduction

Hepatocellular carcinoma (HCC) was a dominant form of primary liver cancer and was the fifth most common
malignant cancer in the world.! Recent advances in nanotechnology have significantly accelerated the development of
novel therapies for HCC, but more effective treatment for patients remains an unmet clinical need.>> Numerous studies
show that photothermal therapy (PTT) effectively treats malignant cancers.* ® However, PTT has been limited in

clinical application due to its intrinsic drawbacks, including phototoxicity and low penetration depth into tumor
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regions.”® In addition, PTT cannot ablate the entire solid tumor or large tumors due to its penetration depth. The
residual tumor after PTT might become activated and lead to tumor metastasis and recurrence.” Thus, there is still
a great unmet need to exploit novel therapies or synergistic methods to overcome these limitations.

In recent years, nanocatalytic therapies based on the generation of ROS in the tumor microenvironment (TME) have
attracted much attention.'” Nanozyme-mediated catalytic tumor therapy has been widely used with the advantages of
high stability, low cost, adjustable catalytic activity, and in situ catalytic reaction in vivo. Our previous study showed that
nanomaterials with catalytic activity can specifically induce ROS production in tumor cells, thereby inducing mitochon-
drial damage."' Among them, nanomaterials with peroxidase (POD)-like activity, which kills cancer cells by generating
reactive hydroxyl radicals (-OH) upon reaction with H,O,, have attracted widespread attention. However, due to the
generally low H,O, concentration in the tumor microenvironment, as well as the heterogeneity of tumors, low catalytic
activity limited therapeutic efficiency. Therefore, there is an urgent need for more efficient nanozymes with multiple
effects that can effectively accumulate and release ROS to enhance tumor therapeutic effects.

MZXene is a class of new 2D materials with excellent physical and chemical properties that have a wide range of promising
applications in energy storage, wastewater treatment, and hydrogen storage.'” Ti;C, is the typical representative of MXene,
due to its good absorption in the NIR I and NIR II regions and excellent photothermal properties.'* The exfoliated TisC,
MXene is mildly oxidized with H,O, to produce titanium oxide nanoclusters anchored to the substrate. TiO, is a representative
of inorganic sonosensitizers for SDT. SDT is a new non-invasive and high tissue penetration therapy that uses ultrasound to
simulate sonosensitizer to generate ROS, induce tumor cell death, and achieve therapeutic purposes.'*' Based on the deep
tissue penetration ability of ultrasound, SDT can realize the treatment of deeper tumors and has broad prospects for preclinical
studies.'®!” Current sonosensitizers are divided into two types, inorganic and organic sonosensitizers.'®'* The therapeutic
efficacy of organic sonosensitizers, including porphyrin and its derivatives, is limited by poor bioavailability, unsatisfactory
efficacy, and off-target toxicity. Compared to organic sonosensitizers, TiO,, as an important member of inorganic sonosensi-
tizers, has excellent physiochemical stability and biocompatibility.”*>! Although the SDT performance of TiO, nanomaterials
can be improved by combining TiO, nanomaterials with Pt, Au, and Ag to form heterostructures or oxygen defect sites in TiO,
nanomaterials, it is still necessary to improve the effect of sonosensitizers and enhance synergistic therapy.”? > Since the
surface of TisC, MXenes nanosheet very easily undergoes oxidation reaction, titanium atoms on Ti;C, can be used as
nucleation sites to generate TiO,, thus forming Ti;C,/TiO, heterostructure. TizC, is an ideal nanoplatform for combining PDT
and SDT to enhance the efficacy of SDT and exhibits excellent photoacoustic (PA) imaging properties.

In this study, we fabricated Tiz;C, Mxene with catalytic effect by chemical etching, and Tiz;C, exhibits multi-enzyme
activity, including intrinsic peroxidase (POD) activities, which can react with H,O, in the TME and are accompanied by ROS
generation. The surface defects in TizC, are gently oxidized in situ by H,O, in the TME to construct a TizC,/TiO,
heterostructure, integrating photothermal and sonodynamic effects to achieve image-guided tumor therapy and induce
multiple anticancer immune responses. It is demonstrated that Tiz;C,/TiO, heterostructure is an excellent sonodynamic and
photothermal sensitizer for tumor therapy, showing excellent photothermal/sonodynamic properties at NIR broadband and
immunomodulatory function both in vivo and in vitro, as shown in Figure 1. Notably, we found that the combination of
sonodynamic and photothermal therapies based on Ti;C,/TiO, induced the TME from “cold” to “hot” in HCC mouse models.
Our studies accelerate the application of Tiz;C, nanozyme-mediated sonodynamic and photothermal synergistic therapy for
HCC treatment by activating the immune tumor microenvironment.

Materials and Methods
Preparation of Ti3C, and TizC,/TiO,

Lithium fluoride was slowly poured into a hydrochloric acid solution and stirred by a magnetic stirrer for 10 min. Ti3C,
was prepared by etching TizAlC, powder by mixing a solution of lithium fluoride and hydrochloric acid for 24 h. Then
the solution was centrifuged at 8000 rpm for 10 min, and the precipitates were washed with lithium fluoride, hydrochloric
acid, and water in sequence until the pH reached 7.4. The TizC, solution was lyophilized and freeze-dried for further
experiments. 0.1 mL H,O, (10 mM) was added to the Ti;C, solution (10 mg/mL) and allowed to react for 24 h, and then
Ti3C,/TiO, was obtained.
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Figure | The schematic diagram of in-situ grown nanocrystal TiO, on 2D Ti3C, nanosheets with photo-sonodynamic activity enhanced tumor ablation by immunotherapy.
Unraveling the mechanisms underlying SDT-regulated ROS via OSGINI signaling was conducive to gaining a deeper understanding of the role of oxidative stress in HCC
therapies and accelerating the clinical transformation of SDT.

Materials
Dulbecco’s modified Eagle’s medium Dulbecco (DMEM), fetal bovine serum, penicillin-streptomycin, and trypsin-EDTA
were purchased from ThermoFisher Scientific (USA). Calcein-AM/propidium iodide (PI) kit and dichlorofluorescin diacetate
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(DCFH-DA) probe were purchased from Beyotime Biotechnology (China). The cell counting kit (CCK-8) was purchased
from Dojindo Laboratories (Japan).

DFT Calculation

Ti;C, and the absorption of H,O, were calculated from first principles using density functional theory (DFT) in the
Cambridge Serial Total Energy Package (CASTEP) code. In these calculations, the ultra-soft pseudo-potential was used
to describe the interaction between the electron and the ion, and the electron exchange-correlation function was applied
by generalized gradient approximation (GGA) of Perdew Burke Ernzerhof (PBE). The cut-off energies of 380 eV were
used in the calculation. The appropriate grids of the k-point mesh were selected on the basis of the Monkhorst-Pack
scheme. The self-consistent first-principles calculations converged when the maximum force on the atom, the maximum
displacement between cycles, the maximum stress, and the total energy changes at each atom were less than 0.01 eV/A,
5.0 x 10_4A, 0.02 GPa, and 5.0x10°° eV/atom, respectively.

Cell Culture

Human hepatocellular carcinoma cells Hep3B, Bel-7402, SK-Hep-1, and human kidney cells (HEK 293T) were
purchased from Jennio Biotech Co., Ltd (Guangzhou, China). All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (for Hep3B cells) or RPMI 1640 medium (for SK-Hep-1 and Bel 7402 cells) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicillin-streptomycin (PS, Gibco, USA). They were maintained in an
incubator under 5% CO, at a constant temperature of 37°C. For sphere-forming assays, Hep3B and SK-Hep-1 cells were
cultured in a 100 mm Ultra-Low Attachment Culture Dish (Corning, USA) to form tumor cell spheroids (50—100 pum).

In vitro Cytotoxicity of Ti3C,

The cytotoxicity of TizC, at different concentrations was evaluated using the CCK-8 assay. Cells were plated in 96-well
plates (5x10* cells per well) for 24 h and then incubated with 20 pg/mL TisC, for 12 h. Then, cells were subjected to
different treatments as follows: (1) Cells were exposed to ultrasound at 1 W/cm? for different times ©,1,2,3, 4
minutes). (2) Cells were exposed to ultrasound at different power levels (0, 0.5, 0.75, 1, 1.25 W/cm?) for 3 minutes. (3)
Cells were exposed to laser at 1 W/cm? for different periods (0, 1, 2, 3 minutes). (4) Cells were exposed to different laser
powers (0, 0.5, 1, 1.5 W/em?) for 2 min. (5) Cells were exposed to ultrasound (1 W/em?, 3 min) and laser (1 W/em?, 2
min). The cells were then cultured for a further 12 or 18 hours. Finally, the CCK-8 test was performed to measure cell
viability, and absorbance at 450 nm was measured using a multimode microplate reader (PerkinElmer EnVision 2105,
USA). Calcein-AM/PI staining experiments were also performed to evaluate the in vitro therapeutic efficacy of Ti;C,.

Detection of ROS

The extracellular ROS generated by laser and ultrasound stimulation was dynamically detected by DCFH-DA, which
could be oxidized by ROS to generate the fluorescence of DCF (Beyotime, China). Hep3B cells (2x10° per well) were
cultured in 6-well plates with DMEM at 37 °C for 24 h. After co-incubation with 20 pg/mL TizC, for 8 h, the cells were
treated with 1 W/cm? 808 nm laser for 5 min; 1 W/cm? ultrasound stimulation for 3 min, and both laser and ultrasound
irradiation. The cells were treated with different ultrasound power densities (0, 0.5, 1, 1.25 W/cmz). The treated cells
were cultured in Incucyte (ESSEN Bioscience, Incucyte S3, USA) for 48 h and dynamically detected by the fluorescence
intensity of DCFH.

Hep3B and SK-Hep-1 mammospheres (50—-100 pm) were incubated with 20 pg/mL Ti;C, for 8 h. The mammo-
spheres were treated with 1 W/cm? 808 nm laser for 5 min, 1 W /cm? ultrasound for 3 min, and both laser and ultrasound.
The spheroids were treated with different ultrasound power densities (0, 0.5, 1, 1.25 W/em?). The treated mammospheres
were incubated with DCFH-DA for 12 h, washed with PBS and centrifuged at 800 rpm for 3 min, then resuspended in
PBS for detection by CLSM including Z-stack imaging (Carl Zeiss LSCM 880, Germany).
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In vitro Photothermal Effect of Ti;C,

The in vitro photothermal effect of Tiz;C,/TiO, was measured separately under 808 nm, or 1064 nm laser irradiation (1
W/cmz) for 10 min at different concentrations (25, 50, 100, and 200 pg/mL). The photothermal stability of Tiz;C,/TiO,
was tested by measuring the periodic heating under 808, or 1064 nm laser irradiation (1 W/cm?®) for 10 min and the
cooling process of TisC,/TiO, for 5 cycles. Hep3B, Bel-7402, and SK-Hep-1 were cultured in 10 cm dishes with DMEM
at 37 °C and incubated with 40 ug/mL Ti;C,/TiO, for 8 h, then washed with PBS and centrifuged at 800 rpm for 3 min.
The cell mass was collected and measured under 808, or 1064 nm laser irradiation (1 W/cm?) for 10 min. All infrared
thermographs were taken using a Fluke thermal imager (Fluke, USA), and the temperature was recorded.

Cellular Uptake of Ti3C, in vitro

Hep3B cells were seeded into the 6-well cell culture plate at a density of 1x10° cells per well. Hep3B cells were then
incubated with 5-FAM-labelled Ti;C, (20 pg/mL) for different time intervals (0, 2, 4, 6, 8, 12 h). Cells were harvested
and detected by flow cytometry using the B525-FITC channel. Hep3B cells were seeded into the cover glass bottom
dish at a density of 10 cells per well. Hep3B cells were incubated with TizC, (20 pug/mL) labeled with Cy-5 for
different time intervals (0, 2, 4, 6, 8, 12 h). The cells were then detected and photographed using laser confocal
scanning microscopy.

Photoacoustic Imaging

Ti3C, dispersed in PBS solution and photoacoustic images of TizC, at different concentrations (0, 25, 50, 150, 200 pg/mL)
in vitro were photographed using the Vevo FUJIFILM VisualSonics system. Ti;C, solution was injected intravenously into the
tumor-bearing mouse and photographed at different time intervals (0, 2, 4, 6, 8, 10, 12, 24 h).

Western Blot

Western blot assays were carried out as previously described. Briefly, cells were treated as indicated. Total cellular lysates
were prepared and followed to SDS-PAGE. Gels were then electro transferred to PVDF membranes and blotted against the
primary antibodies after being blocked with 5% milk solution. Primary antibodies against GAPDH, Cleaved caspase 3,
Cleaved PARP, and P53 were purchased from Cell Signaling Technology (USA). Antibodies against NRF2 were obtained
from Abcam (UK), and OSGIN1 was purchased from Proteintech (USA). HRP-conjugated antibodies were then incubated
with the membranes and subjected to ECL analysis. Chemiluminescence results were captured by iBright FL1500
(Invitrogen, Thermofisher Scientific, USA).

RNA-Seq Analysis and Quantitative PCR

Briefly, cells were lysed in Trizol solution, and mRNA was obtained by Ribobio Company (Guangzhou, China).
Transcriptome analyses were performed and results were analyzed by GraphPad software. Quantitative PCR experiments
were conducted by RT-qPCR mix (Takara, Japan). Results from three independent experiments were statistically
analyzed and graphed.

Immunohistochemistry (IHC) Assays

Tissue slides were cropped into 5 pm slices and subjected to dewaxing, H&E and IHC analysis were carried out as
previously described. Briefly, slices were incubated with antibodies against CD4, CDS, TNF-a, and IFN-y (Bioss,
Beijing, China). Subsequently, they were subjected to DAB staining and scanned by 3D Histech. Representative pictures
were shown from each treated group.

Immunofluorescence Staining

Cells were cultured in sterilized over slides plated in 6-well plates and treated as indicated. After the treatment cover
slides were fixed with 4% paraformaldehyde and permeabilized by Triton-X100. Then, cells were stained with primary
antibodies, followed by Alexafluo-488nm or 596 nm conjugated secondary antibodies. DAPI was used as counterstaining
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to visualize nucleus. Cells were then transferred to slides and observed under confocal laser scanning microscopes. For
tissues, slides from OCT-embedded tumor tissues were prepared freshly after being excised freshly from animal models
and deposited at —80 °C. Just before use, cells were rewarmed to temperature. Slides were rinsed with PBS solution and
stained with the antibodies as described above.

Animal Studies

H22 cells were inoculated subcutaneously into Balb/c mice. Two weeks after inoculation, when tumors grow to palpable
size. Mice were randomly divided into five groups and treated with PBS, TizC,, Ti;C,+ultrasound, Ti;C,+laser, Ti5C,
+ultrasound+laser. For the bilateral subcutaneous model, H22 cells were inoculated on two sides on the back, proximal
side of one group received Ti;C, +ultrasound+laser treatment, while the distal tumors were not. Body weight and tumor
size were recorded every four days just before each treatment. After six treatment sessions, blood was collected and the
mice were anesthetized. Organs were harvested, followed by ICP testing or fixed in paraformaldehyde. Tumors were
weighed and measured. Photographs were taken of each group to compare the size of each group. All tumors were fixed
for further immunohistochemistry or H&E analysis. All animal studies were conducted in accordance with the National
Animal Welfare Guidelines (GB/T 35892-2018) and approved by the Animal Ethics Committee of the Fifth Affiliated
Hospital of Sun Yat-sen University (Approval No. 00153).

Statistical Analysis

All experiments were performed at least three times. Representative images were selected to be shown in the figures. All
figures were plotted and statistically analyzed using GraphPad prism 8.0 software. Student’s #-test or two-way ANOVA
was used to compare two or more groups. p<0.05 was considered statistically significant.

Results and Discussion
Synthesis and Characterization of Ti3C, and TizC,/TiO,

Ti;C, was synthesized by a chemical exfoliation strategy according to the previous report.?” The TizAlC, power was
etched by LiF and HCI solutions for removing the Al layer, and the TizC, layer was obtained after centrifugation. TEM
image of TizC, layer has been shown in Figure 2A, and the AFM image of Ti;C, layer revealed a 2D structure
(Figure 2B). The XRD result showed that the nanostructure consists of TizC,, as shown in Figure 2C. Defects in Ti;C,
nanosheets can react with H,O, to form the two-dimensional heterogeneous Ti;C,/TiO, structure in situ. The Tiz;C,/TiO,
heterostructures were prepared by the oxidation reaction of Ti;C, and transmission electron microscopy (TEM) revealed
an ultrathin layer structure of Ti;C,/TiO,, as shown in Figure 2D. Ti3C,/TiO, has a fusiform shape and the size of the
obtained nanostructure is 100-200 nm. There are some wrinkles on the nano-layer. The HRTEM images showed that the
TiO, was randomly decorated on the TizC, layers (Figure 2E). The XRD pattern in Figure 2F confirmed that the
composite structure was composed of Ti;C, and TiO,. ESR measurements showed that TizC, can convert H,O, to -OH
and '0,, and ultrasound enhances the generation of ‘OH and 'O,. (Figure 2G and H). The Zeta potential is shown in
Figure S4.

Figure 21 shows XPS spectra of TizC, and Ti3C,/TiO, heterostructures. The full XPS spectra show O 1s, Ti 2p, and Cls
peaks at 530.2, 456.2, and 283.5 eV for both samples. The Al 1s peak appears negligibly small, indicating good removal of
Al layers during the etching process. The O 1s peak intensity of Ti;C,/TiO, heterostructure is much stronger than that of
Ti;C,Tx MXene, which means that there is a significant amount of oxide in the heterostructure. Interestingly, the F 1s peak
is clearly found at 683.4 eV for Ti;C, Ty, but it is drastically reduced for TizC,/TiO,, suggesting that most of the F functional
groups on the original MXene disappear during the transformation. Focused XPS spectra of Ti 2p and C 1s are shown in
Figure 2J and K. The Ti 2p3/2 components centered at 455.4, 456.3, 457.5, and 459.2 eV are attributed to Ti-C bonds, Ti-X
from titanium oxycarbides or substoichiometric TiC, (x < 1), Ti ions with reduced charge state (Ti,Oy) and Ti*" ions (TiO,),
respectively.”® After oxidation with H,O», the relative percentage of Ti*" ions (TiO,) increases from 6.14% to 60.60%, and
the relative percentage of Ti-C bonds shows a remarkable decrease from 31.87% (for Ti;C;) to 14.91% of (for Ti;C,/TiO,),
indicating that a part of Ti;C, was converted to TiO, by oxidation with HyO,. The C 1s XPS spectrum of Ti;C, shows five
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Figure 2 Characterization of Ti3C, and Ti;Cy/TiO,. (A) TEM image of Ti3Cy; (B) AFM image of Ti3Cy; (C) XRD result of Ti;Cy; (D) TEM image of Ti3Co/TiOy; (E) The
HRTEM image of Ti3Cy/TiOy; (F) XRD pattern of Ti3Cy/TiOy; ESR spectrum of Ti3C, under different conditions, (G) the trapping agent is DMPO and (H) trapping agent is
TEMP; (1) XPS of Ti3C; and Ti3Cy/TiOy; (J) Ti 2p, (K) C Is spectra of TizC, and Ti3C,/TiOy; (L) Top view of adsorption behaviors between Ti3C,T,(T,=-O) and H,O,
molecule. The electron density difference of the Ti;C, T, (T,=-O) at the defect-free system and Ti—defected system. Red and blue colors indicate electron accumulation and
depletion, respectively. (I-K are graphed by origin 9.0).
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obvious peaks at 282.3, 283.4, 284.8, 286.4, and 288.9 ¢V, corresponding to Ti-C, C-Ti-O, C-C, C-O and C-F bonds,
respectively.®’

The oxidation process by H,O, in situ was hypothesized by DFT calculations. First, we constructed the Ti;C,
monolayer structures with and without defects, as illustrated in Figure S1. We optimized the geometries of the Ti;C,Ty
(Tx=-O) monolayer structure. The DFT calculated the atomic electron density difference maps, which are displayed in
Figure 2L. The blue area indicates a decrease in electron density, while the red area indicates an increase. Figure S1
shows the atomic electron density difference maps of cross-sections that include H,O, and TizC, atoms. Figure 2L
presents an enlarged view of the selected cross-sections, displaying the electron density difference. The coordinates on

[73E2)

the right indicate the electron gain and loss for each Ti;C, atom before and after the H,O, adsorption. “+” an signs
indicate electron gain and loss, respectively. The electron density difference map of the Ti;C, with titanium vacancies
indicates an enlarged electron gain and loss region, revealing increased bonding between atoms. Additionally, the
presence of Ti defects enhances the electron gain ability of H,0,, indicating stronger binding interactions between
H,0, and the surface of Ti;C,. The DFT calculations showed that Ti vacancies in Tiz;C, were the primary reactive site for

the oxidation of Ti;C, to form TizC,/TiO, heterostructures.

Photothermal Effect of TisC, Nanoparticles

To investigate the photothermal conversion of nanoparticles, we applied a gradient concentration of Ti;C, in a solution.
We then examined its photothermal effect after irradiation with a near-infrared imager. The results demonstrate that
varying concentrations of Ti;C, caused an increase in temperature in the solution under both laser irradiations. The
temperature of the Ti;C, solution increased with 808 nm or 1064 nm laser irradiation (1 W/cm?), resulting in a rise from
40.8 °C to 53.9 °C and from 43.3 °C to 81.2 °C, respectively (Figure 3A—C). When the laser power increased from 0.5
W to 1.5 W, the Ti;C, solution escalated from 40.6 °C to 64.8 °C (200 ppm, 808 nm, Figure 3B). Similarly, the
temperature of TizC, (200 ppm) increased from 45.5 °C to 84.0 °C under 1064 nm irradiation (Figure 3D). The
photothermal stability was successfully demonstrated by subjecting it to either an 808 nm or 1064 nm laser (1 W/
cm?) for 5 minutes and cooling it to room temperature for five cycles. No degradation was observed after 5 heating and
cooling cycles, even under continuous laser irradiation (Figure 3E and F). These results indicate that Ti;C, possesses
superior photothermal stability and has the potential to be used as a photosensitizer in the NIR region. Based on the
results obtained from the Ti;C, solution, we incubated Hep3B cells with Ti;C,. We consistently observed a gradual
increase in temperature after NIR light irradiation at both 808 and 1064 nm. PBS-treated cells did not display any
significant temperature increase. This supports the conclusion that Ti;C, induced a specific temperature increase in
Hep3B cells, as shown in Figure 3G and H. To determine the photothermal effect of Ti;C, in vivo, we established
a subcutaneous xenograft model and analyzed the photothermal conversion of Ti;C,/TiO,. TizC, was injected into the tail
vein, and we used an infrared camera to detect the temperature increase induced by 808 nm or 1064 nm laser in the
tumors. This experiment provides further insight into the photothermal properties of Ti;C,/TiO, in vivo. As shown in
Figure 31 and J, Ti;C,/TiO, groups irradiated with 2 W/cm?® of 808 nm or 1064 nm irradiance recorded a significant
temperature increase to 57.7 °C and 86.7 °C, respectively. Taken together, these findings demonstrate that TizsC,/TiO,
exhibits exceptional photothermal conversion efficiency and stability, rendering it a promising candidate for tumor
eradication.

Cellular Uptake of Ti3C,

Since the uptake of nanodrugs into tumor cells is necessary for their anti-tumor effect, we analyzed the uptake of our
nanoparticles in HCC cells using confocal laser scanning microscopy and flow cytometry assays. Figures 4A and S5
display increased Cy5 signals under microscopy, indicating the gradual uptake of Ti;C, by HCC cells with extended
treatment. The flow cytometry results quantified that the maximum uptake of Ti;C, occurred at 12 hours (Figure 4B and
C). This study demonstrated that Tiz;C, was internalized by HCC cells in a time-dependent manner, indicating its
potential for future therapeutic applications. The depth of nanodrug penetration into tumor spheres may ensure adequate
drug delivery into tumor tissues. To verify this, we incubated Hep3B tumor mammospheres with 5’FAM-labeled Ti;C,
and assessed its penetration using the Z-stack mode of confocal laser scanning microscopy. As depicted in Figure 4D,
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Figure 3 Photothermal effect of Ti3C, in vitro and in vivo. (A) The photothermal conversion of various Ti;C, concentrations under 808 nm laser irradiation (I W cm 2);
(B) The photothermal conversion of Ti3C, concentrations under various laser irradiation power (100 ppm, 808 nm); (C) The photothermal conversion of various Ti;C,
concentrations under 1064 nm laser irradiation (I W cmfz); (D) The photothermal conversion of Ti3;C, concentrations under various laser irradiation power (100 ppm,
1064 nm); (E) Photothermal stability study of Ti3C, during five circles of heating-cooling processes. (I W cm 2, 200 ppm, 808 nm); (F) Photothermal stability of TisC, during
five circles of heating-cooling processes. (I W cm 2, 200 ppm, 1064 nm); (G) The photothermal conversion of Ti3C, in vivo under 1064 nm or 808 nm laser irradiation; (H)
The quantification of photothermal conversion of Ti;C; under 1064 nm or 808 nm laser irradiation in vivo; (I) The photothermal conversion of Ti3C, under 1064 or 808 nm
laser irradiation in vivo. (J) The quantification of photothermal conversion of Ti3C, under 1064 or 808 nm laser irradiation in vivo.

Ti5C,/TiO, exhibits a superior penetration depth within the tumor mammospheres in comparison to 5-FAM, which only
penetrates the surface. This observation validates TisC, capability to penetrate the mammospheres significantly. The
combination of high uptake and deep penetration contributes to the accumulation of TizC,/TiO; in the core of the tumor
and the therapeutic efficacy of TizC,/TiO,.

The excellent photoacoustic (PA) property of Ti;C, is due to its NIR abundance and good photothermal conversion
ability. The accumulation of Ti;C,/TiO, in the tumor section was confirmed through photoacoustic imaging. TizC,/TiO,
at different concentrations was detected by PA tomography in Figure 4E. As the Ti3;C,/TiO, concentration was increased
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Figure 4 Uptake and photoacoustic effect of Ti3C, in HCC cells. (A) The uptake of Hep3B cells incubated with Ti3C, at various time intervals (20 ppm), red signals indicate
Cy5, nuclei were counterstained with DAPI (blue); (B) The uptake of Ti;C, was evaluated by flow cytometry after incubation with Cy5-labelled-Ti;C; for indicated periods;
(C) The quantity of the uptake of Hep3B cells incubated with Ti3C,, **** indicates p<0.0001; (D) The Z-stack images of Hep3B mammospheres incubated with Ti3C, or
5-FAM by CLSM. Scale bar: 200um; (E) PA images at various concentrations of Ti3Cy/TiO,; (F) The relationship between PA signal intensities and concentrations of Ti;C,
[TiOy; (G) PA signal intensities of the tumor after intravenous injection of Ti3C,/TiO,; (H) The relationship between PA signal intensities and concentrations of Ti3Cy/TiO,
in vivo.

from 0 to 200 ppm, the brightness and intensity of the PA signal steadily increased. A direct relationship was observed
and depicted in Figure 4F between the concentration of Tiz;C,/TiO, and photoacoustic signal. Based on the aforemen-
tioned findings, it is inferred that Ti;C,/TiO, exhibits commendable photoacoustic properties. Moreover, the in vivo
photoacoustic properties of Ti;C,/TiO, were investigated in Hep3B tumor-bearing mice. Subcutaneous xenograft models
were established and Ti;C, was administered through the tail vein. Photoacoustic imaging was observed and recorded.
The photoacoustic (PA) signal at the tumor site increased over time, with a maximum of 6 hours after injection
(Figure 4G and H). The PA signal significantly decreased 24 hours after injection, indicating the successful accumulation
of Ti;C,/TiO, in the tumor tissue and its potential for long-term treatment. These findings demonstrate the efficient
internalization of Ti;C, into HCC cells and its ability to induce a photoacoustic effect on tumor models, supporting its
potential for targeted tumor therapy.

The Anticancer Performance in vitro and the Cellular Internalization

Based on the above results analyzing the uptake of Tiz;C, in HCC tumors, we investigated its effect on cell viability.
Initially, we evaluated the cytotoxicity of Ti;C,/TiO, in vitro using the CCK-8 assay, where it was incubated with three
HCC cell lines including Hep3B, SK-Hep-1, Bel-7402, and normal cell HEK-293T. As indicated in Figure 5A, cell
viability remains at 80% of the control even when incubated with high concentrations of Ti;C, (60 ng/mL) for 24 hours,
implying that Tiz;C, has excellent therapeutic potential due to its low cellular toxicity. The therapeutic effect of Ti;C,
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Figure 5 Cell viability analysis in Ti;Cy/TiO, treated HCC cells. (A) The viability of Hep3B, Bel-7402, SK-Hep-1 cancer cells as well as HEK 293T cells incubated with different
concentrations Ti3C, for 24 h; (B) Cell viability of Hep3B, Bel-7402, SK-Hep- | cells incubated with Ti3C, at various power density after NIR light irradiation (808 nm, 2 min, 20 ppm);
(C) Cell viability of Hep3B, Bel-7402, SK-Hep- | cells incubated with Ti3C, at various ultrasonic powers under ultrasonic after 12 h (3 min, 20 ppm); (D) Cell viability of Hep3B, Bel-7402,
SK-Hep-1 cells incubated with Ti;C, at various irradiation times after NIR light irradiation (808 nm, 1.5 W/ cm?, 20 ppm); (E) Calcein AM (green) and propidium iodide (red) co-staining
fluorescence imaging of Hep3B and SK-Hep-1 cells after different treatments. NIR light irradiation (20 ppm, 808 nm, | W/cm? 5 min) was conducted after cells were incubated with
Ti3C,. Scale bar: 200 pm; (F) The ROS generation of Ti3C, under different treatment in Hep3B cells; (G) The ROS generation of Ti3C, under different treatments in Hep3B cells; (H)
The ROS generation of the tumor mammospheres under different treatment.

Notes: ** indicates p<0.01, ***indicates p<0.005 between groups.

/Ti0O, induced by laser and ultrasound was evaluated. Cancer cell viability decreased as the laser power density increased
under laser irradiation. Cell viability dropped below 40% when the laser power density reached 1.5 W/cm? (Figure 5B).
Cell viability significantly decreased as ultrasound power increased in all three cell lines, as demonstrated in Figure 5C.
At the highest ultrasound power intensity (1.25 W/cm?), only about 10% of cells remained viable. Longer laser
irradiation treatments resulted in more cancer cell death, as displayed in Figure 5D. Furthermore, both laser and
ultrasound treatment caused concentration- or time-dependent cell death in Hep3B cells (Figure S2). Importantly, the
in vitro anticancer performance of Ti;C, was systematically investigated using Calcein AM/PI detected by confocal laser
scanning microscopy (CLSM) as shown in Figure 5E. Further, ultrasound and near-infrared (NIR) laser treatments of
Ti3C, resulted in the highest rate of dead cells labeled by red staining, demonstrating the best antitumor effect induced by
synergistic photothermal and sonodynamic therapies.

ROS Was Involved in Ti3C,/TiO,-Induced Photothermal and Sonodynamic Therapy
ROS has been identified as a crucial molecular trigger for sonodynamic therapy. We examined the ROS levels following
treatment of TizC, with synergistic ultrasound and laser. To dynamically monitor the ROS increase, we incubated Hep3B
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cells with 2.7-dichlorofluorescein diacetate (DCFH-DA) probes. ROS levels were monitored in real-time using the
Incucyte S3 system. As illustrated in Figure SF, the fluorescence intensity of DCF increased steadily from 5 hours of
ultrasound exposure to 35 hours. The Ti;C,/TiO,-induced ROS generation via sonodynamic therapy was significantly
higher under ultrasound compared to laser activation. Additionally, the ROS generation of Ti;C, increased proportionally
with the ultrasound power. Below 1 W/cm? of ultrasound power, the ROS generation of Ti;C,/TiO, reached its peak
(Figure 5G). Importantly, we investigated the level of ROS in three-dimensional mammosphere models that recapitulate
the stemness and microenvironment of the original tumor. As demonstrated in Figure SH, the groups treated with laser
irradiation and ultrasound show the strongest green fluorescent signal, covering the entire tumor mammospheres formed
by Hep3B. Additionally, a comparable pattern of green signal is observed in the mammospheres treated with ultrasound.
However, laser irradiation alone induced a low green signal in the mammospheres, suggesting the exceptional ROS
enhancement of the Ti;C,/TiO, heterostructure induced by ultrasound. A similar ROS alteration was observed in the
three-dimensional mammospheres constituted by SK-Hep-1 cells (Figure S3). These findings support the notion that
Ti;C, can act as a proficient sonosensitizer, resulting in excellent ROS production for SDT, which is vital for its
antitumor efficacy.

Ti3C, Inhibited Tumor Growth in Xenograft Models
To examine the synergistic effect of Tiz;C,/TiO, photothermal and sonodynamic therapy on tumor ablation in vivo, we
administered Ti3C,-induced SDT and PTT treatment to tumor models. Subcutaneous H22 cells were inoculated in Balb/c
mice which were then divided into five groups. The mice were treated with either PBS or Ti;C,, and ultrasound and laser
treatment modalities were applied as depicted in Figure 6A. The tumors were treated at four-day intervals and observed
for 21 days. The tumor volume for each group was recorded and graphed against the treatment intervals. The group
treated with laser plus ultrasound had significantly smaller tumors than other groups, indicating a synergistic effect of
photothermal and sonodynamic therapy (Figure 6B). Body weight slightly increased in all groups instead of decreasing,
showing no obvious toxic effect of photothermal and sonodynamic therapy in vivo (Figure 6C). Finally, all mice were
sacrificed, and tumors were harvested. Representative tumor images from each group were displayed in Figure 6D.
Tumor growth was inhibited after ultrasound or laser treatment alone, while tumors treated with both ultrasound and laser
were the most inhibited. Figure 6E displays the tumor weights from each group, demonstrating that the combined
strategy of photothermal and sonodynamic treatment is the most effective in inhibiting tumor growth. All of these
outcomes demonstrate that the use of Ti;C,/TiO,-enhanced sonodynamic therapy increases the inhibitory impact on
tumor growth, implying significant potential for the combined therapy of photothermal and sonodynamic effects.
Furthermore, hearts, livers, spleens, kidneys, and lungs were collected from each group after 21 days. The H&E
staining results revealed no discernible damage or toxic effects. It was demonstrated that Ti;C,/TiO, and its associated
therapies do not have any evident side effects in vivo (Figure 6F). Notably, no noteworthy changes in parameters, such as
WBC, NEUT, LYM, RBC, LHGB, HCT, or PLT, were observed in routine blood tests (Figure 6G). Furthermore, liver
and kidney function tests did not show significant damage to these organs after treatment with Ti;C, and its associated
ultrasound and laser treatment (Figure 6H). ICP results demonstrate that the accumulation of Ti;C,/TiO, mostly occurs in
the liver, suggesting that it is predominantly metabolized by this organ (see Figure 6I). These findings suggest strong
blood biocompatibility of Ti;C,/TiO, in vivo Figure 6l.

Ti3C,/TiO, Perturbs Oxidative Homeostasis and is Associated with Apoptosis in

HCC Tumor

We confirmed the impact of TizC,-based SDT therapies on HCC cell viability and ROS levels. These results prompted an
investigation into the relationship between Ti;C,/TiO,-regulated signaling pathways and cell death. We executed a series of
experiments to unravel the molecular mechanisms underlying this effect. Initially, we treated Hep3B or SK-Hep-1 cells with or
without laser irradiation and ultrasound treatment. Total RNA lysates were prepared and subjected to RNA-seq analysis.
Differences in gene expression between the control and PTT/SDT groups were depicted via volcano plots (Figure 7A and B).
Genes that exhibited differential expression in both cell lines post-treatment were identified and counted. The expression of
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228 or 332 genes significantly changed after treatment in Hep3B or SK-Hep-1 cells, respectively, as evinced by the Venn
diagram (Figure 7C). To eliminate the distinction between the cell lines treated with sonodynamic therapy, we selected 15 co-
differentially expressed genes in both cell lines. Among them, nine genes exhibited a consistently up-regulated pattern. The
up-regulated expression pattern of these nine genes is presented as a heat map in Figure 7D. Upon analyzing these genes, we
identified a potential correlation between oxidative stress-induced growth inhibitor 1 (OSGIN1) and ROS. OSGINI, also
known as OKL38, encodes a protein that responds to oxidative stress and regulates cell death.>® This prompted us to further
investigate the relationship between OSGINI1 and SDT after Ti;C,/TiO, treatment. We examined the expression of genes
related to apoptosis following Ti;C,/TiO, treatment in the presence of laser or ultrasound treatment. We observed that
sonodynamic plus photothermal therapy induced by Ti;C,/TiO, led to the expression of cleaved caspase 3 and cleaved PARP,
indicating apoptosis of HCC cells. OSGIN1 and its upstream regulator NRF2 also increased in the SDT-treated group
(Figure 7E). To clarify the role of ROS in apoptosis of HCC cells induced by combinatorial therapies, we pre-treated cells with
Manganese (III) Tetrakis (1-Methyl-4-Pyridyl) Porphyrin (MnTmPyP), a superoxidase mimic, to eliminate ROS in the case of
Ti3C,/TiO; treatment with laser and ultrasound. Figure 7F clearly shows that the elimination of ROS reversed the increase in
OSGIN1 expression. The expression of cleaved caspase 3 and cleaved PARP was reversed upon scavenging ROS via
MnTmPyP treatment. Correspondingly, silencing OSGIN1 and NRF2 abolished the expression of cleaved caspase 3 and
cleaved PARP. This demonstrates that ROS-modulated OSGIN1 signaling is necessary for SDT-induced apoptosis mediated
by Ti;C, (Figure 7G). Taken together, these results demonstrate that OSGIN1 signaling regulated by ROS, played a critical
role in the apoptosis of HCC cells induced by Ti;C,/TiO,-mediated sonodynamic and photothermal combination therapies.

Finally, our conclusion was validated on xenograft animal models. Treatment with Ti;C,/TiO, in combination with
ultrasound and laser therapy resulted in a significant increase of ROS in tumor tissues from xenograft mouse models.
(bottom panel of Figure 7H). Furthermore, OSGIN1 and its upstream regulator NRF2 were upregulated in the SDT and
PTT treated groups (upper panel of Figure 7H). TizC,/TiO,-induced photothermal and sonodynamic therapies were found
to induce apoptosis in tumor tissues, indicated by the strongest staining of cleaved caspase 3 and PARP in comparison to
PBS and other groups (middle panel of Figure 7H). The results obtained from in vitro cell lines are in accordance with
in vivo findings, further supporting the conclusion that ROS-modulated OSGIN1 signaling plays a critical role in Ti3C,
/TiO,-induced tumor inhibition in both HCC cells and mouse models.

Synergistic Therapy Induced an Immune-Active TME

ROS are reported to be involved in various aspects of immune modulation, including T-cell activation, inflammation, and
antigen presentation in the hypoxic tumor microenvironment.>' It was crucial to reveal the molecular mechanisms by
elucidating the role of TizCy/TiO,-induced ROS in the immune milieu.’* The tumor microenvironment (TME), known to
have immune-suppressive properties, is linked to the recurrence and deterioration of malignant cancers.>” Reversing
immunosuppression has gained attention for improving the efficacy of tumor ablation.*** Our RNA-seq results
(Figure 7D) also demonstrate the modulation of inflammation-associated molecules 1L24 by Ti;C,/TiO, treatment. We are
currently investigating the anti-tumor immune response of synergistic therapy for HCC treatment. Following treatment with
various therapies, spleen and blood lymphocytes were collected from mice and analyzed via flow cytometry. It is noteworthy
that the spleen’s CD8" T cell percentage significantly increased in the group receiving synergistic therapy compared to
untreated mice (PBS group) (21.5% versus 13.0%). Interestingly, the synergistic group exhibited stronger activation
phenotypes and greater TNF-a production (21.5% versus 6.02%) in splenic CD8" T cells when compared to other groups.
Notably, TNF-o and IFN-y in CD4" T cells were also increased, elevating from 4.06% to 14.4% and 1.49% to 4.78%,
respectively (refer to Figure 8A). Significant enhancement of T cells anti-tumor activity in the blood of the synergistic group
was noted. Consistently, TNF-o. levels were increased in both CD8" and CD4" T cells (from 7.02% to 19.4% and 5.09% to
9.95%, respectively) while IFN-y levels were increased in CD4 " T cells (from 6.43% to 24.7%) in the group treated with both
laser and ultrasound, compared with other groups (Figure 8B).

Additionally, an increase of CD4" and CD8" T cells in tumor tissues was observed through immunohistochemical staining.
The production of functional cytokines, such as IFN-y by CD8" T cells, was elevated in tumor tissues following Ti;C»/TiO,
activation using laser and ultrasound (Figure S6). Importantly, investigation of immune-modulatory effect of Ti3;C, on tumor
growth and tumor-draining lymph nodes were investigated in bilateral tumor models. As shown in Figure S7A and B, Ti;C,
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Figure 8 Immune infiltration was analyzed after Ti;C,/TiO, treatment. (A) Spleens from each group (a). PBS, (b). Ti3C,/TiO,, (c). Ti3Cy/TiO,+Ultrasound, (d). Ti;Cy/TiO,
+Laser, (e). Ti3Cy/TiO,+Ultrasound+Laser. were harvested. Single cell solution was prepared and subjected to flow cytometry assays. CD8*/CD4" cells (upper panel),
CD8"/TNFo", CD4"/TNFa cells (midddle panel) and CD4"/ IFN-y" cells (lower panel) were detected and quantification was analyzed as a bar graph; (B) CD8*/TNFa" cells
were analyzed by flow cytometry and quantification were plotted (upper panel). CD4*/TNFa" were analyzed by flow cytometry and quantification was plotted (middle

cD8

TNFa

TNFa

IFNy

TNFa

TNFa

panel). CD4"/ IFN-y" cells were analyzed by flow cytometry and quantification was plotted (lower panel).
Notes: * indicates p<0.05, **indicates p<0.01, *** indicates p<0.005 between groups respectively, which means statistical significance.

2

7 7 7 7 7 3 30
1% cos+ 1% cps+ ) cps+ 1% cos+ 1% cps+ o
10 -

f .
10° o

1 a 20
10 o

-
o

! 210

=)

4 g
a0 8

a0t 0 ' 1 o' 0 w0t 1 10° w0 1® 20! w0 10! w0 )
o
CD4 o

5 B B B R
10 10 w1 10 10
1° 1° 1% 10 1 0307 -

< s o < s - = —_—
m‘ ‘ INF 10 10 ] onF 10 ™nF 10 e g 3
10 602 10¢ ' 503 10 105 10 15 S & 20
o 3 3] 3 3 £ a

10 10 } 10 10 €0

0 0 o D 0 g =

3 5 10
10 a0 acd a0 a0 s w10

i .z
g TG 7 7 7 7
200 0 10 e 20 0 10t et 10° 100 10° 10 10 1° 20° 10° 10 04
a bc de
CcD8 @
° .
8 g m—m}m4mM™ =
5 5 7 .
7 10 10 b3

10 15 " 6 a 204

0 10 1
10 1 . s TNFe o

s TNFa 5 TNFa s ¥ o N =

! [ W 0 W’ a7 0 8.7 " e £ "1

10t 10 10 w! 1 z
3 = 104
3 3

0 10 It 10 " ‘s T

0 ) o o 3 o 5

P 10 10 10 ar >
a0 g

1 g 0 e 7 TG £ L e R
a0 0 1 1 O O ) 10! w1 10 010 a0 010 8 a b cd e
)
CD4 o
2
10 10 10 10’ 10’ [

6 6 6 o o
10 10 10 10 10 .

s s s s < 3
10 Ny 10 Ny 10 Py 10 10 froes 8

149 17 260 47 =
10 10 10 10 10 E
0 0 o 0 0 F
-
o
10t a0t a0t a0t a0t Y
10" o 0 1® ' o ' 10® a0t o o' a0 10 10° 10' w0 ]
@
cD4 5
o
o
2
°©
. o 204 *

B 5 7 5 P ———s
10 10/ "’6! 106! |o°1 o
16 16° 10°7 10°] 10 8 15

< < 3 3 < L

< s < o :
10 . ™F 1 ™F “‘! ' ™F 'J ™NF g 10
10 10 By 10'] 28 10'] ‘g 1] 194 z 107 T

3 3 3] 3] «© 5] =
10 10 10 10 10 % 54 -

0 0 0 0 0

3 3 3 3 3 -]
a0 a0 RUS| a0 a0 §! o

i i L 15 T b ¢ d e
g 7 g 7 7 7 g e
20 0 101t 20 0 10t 20 0 10 1® 200 0 10t 1t 10 10° 10 H
4
CcD8 &
2
® 104 *
v o W o1 . 8 —
10° 10°] 10 " 10°9 10° S 84
TNFa 3 TNFa < TNFa H NFa < TNFa
' < L | 8 1071 81 10°q e 10 995 Q 6
4] . 1 s 4
10 1wy 10!y ,o'! |o’ E
.o’i m’i m’j e 10 g 41
o o o o } 0 -
3 3 ) 4
a4 10 1 “ a0 . s 2
- [ o
0 s 7 s g 3 0-
SR N NN a0t o 10! 10 10 20 w0 e S g a b cde

CD4 o

]
o
)

7 74 5 54 3 ° Fekk
1 WJ 10 101 0] g 2 ———
10 1%y 10° 10°q 10°q ¥

s] s i <] Q
10 Ny 10'] Ny 10 o 101 ey 101 1y o 15

N 613 i cal 02 i 77 i 5 b
10 10'q 10 'y ! 'y M Z 10
° od ° i od 0d £

1 1 1 -
“
ol aid o 5 s
] i ! s e ) 8y
a0 0 100 16 NN 0 o 160 10 o e 10 W 8 o
H a bcde
CDh4 g
o
P O &
¢ ?\
K5

Spleen

Spleen

Spleen

Spleen

Blood

Blood

7978

Dove!

International Journal of Nanomedicine 2024:19


https://www.dovepress.com
https://www.dovepress.com

Dove Yu et al

/TiO, treatment along with laser and ultrasound elicited dendritic cell maturation reflected by an increase of CD80"/CD86"
cells implicating activation of the immune system in tumor-draining lymph nodes. This modulatory effect of tumor immune
microenvironment elicited by sonodynamic and photothermal therapy of proximal tumor might cause suppression of tumor
growth of distal tumor growth (Figure S7D and E). Consistently, P53 as pivotal upstream regulator of NRF2/OSGIN1
signaling, was found to be upregulated after Ti;C,/TiO, treatment plus ultrasound and laser (Figure S7C). These findings
suggest that TizC, can transform the immune microenvironment from “immunosuppressive” to “antitumor” and enhance
tumor elimination by activating adaptive antitumor immunity.

Conclusions

TizC, was successfully synthesized and characterized in the study. It exhibits multi-enzyme activity, such as intrinsic peroxidase
(POD) activities that react with H,O, in the tumor microenvironment, constructing a Ti;C,/TiO, heterostructure in vivo. This
integrates photothermal and sonodynamic effects for image-guided cancer therapy and induces multifaceted anticancer immune
responses. We observed an ultrasound-induced surge of ROS in Ti;C,/TiO,-treated HCC cells and tumor tissues resulting from
sonodynamic therapy. In HCC cells and animal models, we observed synergistic effects of the photothermal and sonodynamic
effects of Ti;C»/TiO,. Notably, TizC,/TiO, induced immune-mediated destruction of tumor tissues through recruitment of CD4"
and CD8" T cells and cytokine secretion, complementing the conventional apoptosis-inducing effect of photothermal and
sonodynamic therapies. Our study presents a new approach for ablating HCC tumors using TizC,/TiO, to regulate the tumor
microenvironment. This is done by adjusting the ROS balance through the NRF2/OSGIN1 pathway and promoting immune
activation. Major findings in different treatments by Ti;C,/TiO, were summarized in Table S1.
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