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Background: Challenges such as poor drug selectivity, non-target reactivity, and the development of drug resistance continue to pose
significant obstacles in the clinical application of cancer therapeutic drugs. To overcome the limitations of drug resistance in
chemotherapy, a viable treatment strategy involves designing multifunctional nano-platforms that exploit the unique physicochemical
properties of tumor microenvironment (TME).

Methods: Herein, layer-by-layer nanoparticles with polyporous CuS as delivery vehicles, loaded with a sonosensitizer (tetra-
(4-aminophenyl) porphyrin, TAPP) and sequentially functionalized with pH-responsive CaCOs, targeting group hyaluronic acid
(HA) were designed and synthesized for synergistic treatment involving chemodynamic therapy (CDT), sonodynamic therapy
(SDT), photothermal therapy (PTT), and calcium overload. Upon cleavage in an acidic environment, CaCO; nanoparticles released
TAPP and Ca**, with TAPP generating 'O, under ultrasound trigger. Exposed CuS produced highly cytotoxic -OH in response to H,O,
and also exhibited a strong PTT effect.

Results: CuS@TAPP-CaCOs/HA (CTCH) delivered an enhanced ability to release more Ca>" under acidic conditions with a pH value
of 6.5, which in situ causes damage to HeLa mitochondria. In vitro and in vivo experiments both demonstrated that mitochondrial
dysfunction greatly amplified the damage caused by reactive oxygen species (ROS) to tumor, which strongly confirms the synergistic
effect between calcium overload and reactive oxygen therapy.

Conclusion: Collectively, the development of CTCH presents a novel therapeutic strategy for tumor treatment by effectively
responding to the acidic TME, thus holding significant clinical implications.

Keywords: mitochondria damage, calcium overload, reactive oxygen oncotherapy, pH-responsive, synergistic treatment

Introduction

Currently, cervical cancer is one of the most common gynecological malignant tumors, and the incidence of cervical cancer is
gradually becoming younger.! Although chemotherapy for the treatment of cervical cancer has been the subject of intense
research, cervical cancer remains a serious health problem for women worldwide.>* Challenges arise due to insufficient drug
selectivity, non-specific reactivity, and drug resistance leading to poor tumor treatment effect with therapeutic drugs.* Tumor
microenvironment (TME) holds the key to tumor metastasis, angiogenesis and drug resistance.”’ Compared with normal
physiological environment, tumor tissue has a more complex TME, which is characterized by hypoxia, acidic pH, excess of
intrinsic H,0,, glutathione (GSH), and enzyme over expression.®’ The development of nanotechnology has led to the
potential application prospects of integrating two or more therapeutic modalities into a single nanotherapeutic agent for
synergistic treatment. These nanoplatforms utilize enhanced permeability and retention effects to improve therapeutic efficacy,
reduce drug side effects, and achieve synergistic cancer therapy.'®!'" However, combination therapy often lacks specificity for
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the tumor site, leading to unnecessary damage to normal tissues. The design and development of TME-responsive smart
nanoplatforms has garnered increasing attention in improving the efficacy of drug therapy, offering potential solutions to
issues, such as poor treatment effect and serious side effects.'”'" TME-activated nanocomplexes provide a precise targeted
strategy for cancer therapy.

Mitochondria, which produce the majority of cellular energy in the form of adenosine triphosphate (ATP), have been
involved in many other physiological processes, including controlling signal transmission, cell differentiation, and cell
cycle. Therefore, a wide range of strategies have been developed to induce mitochondrial apoptosis in cancer cells.'*!?
Mitochondrial dysfunction can lead to cell death due to ATP deficiency, prompting the proposal of various strategies for
stimulating mitochondrial apoptosis in cancer therapy. The antitumor effects of Ca®" have led to increased attention on
mitochondrial Ca®" overload as a promising pathway for inducing mitochondrial dysfunction.'*'> Therefore, mitochon-
drial Ca*" overload presents a promising approach for targeting tumors.

Among various nanomaterials, CaCOj3; has become an attractive platform for constructing acid responses in tumors
due to its excellent biocompatibility and inherent acid-induced decomposition.'®!” Furthermore, under acidic conditions,
the release of Ca** from CaCOs nanoparticles can elevate exogenous Ca”" levels in cells, leading to severe mitochondrial
dysfunction.'® However, mitochondrial damage induced by a single exogenous Ca®" overload is limited. Increased
mitochondrial reactive oxygen species (ROS) generation is another major means for mitochondrial apoptosis. Therefore,
exogenous ROS is critical to further destroy the calcium buffering capacity of mitochondria, resulting in mitochondrial
dysfunction, blocking energy sources inside cancer cells, and thus inhibiting tumor growth.'®2!

Chemodynamic therapy (CDT), which employs Fenton/Fenton-like catalysts to transform intracellular H,O, into
toxic OH for destroying cancer cells, has received considerable attention in tumor therapy.”* 2* However, inadequate
H,0, in tumor cells is detrimental to the effect of Fenton reaction, significantly weakening the production of ROS and
consequently limiting the therapeutic effect of CDT. In addition, due to the active chemical nature of ROS, the short half-
life, and it will be severely consumed before reaching the tumor site, resulting in poor anti-tumor effect and damage to
normal tissues.?>*® Therefore, ROS produced by a single CDT has a limited effect on killing cancer cells. Notably,
Wibrianto et al synthesized a novel nano-catalyst (CuCGC) capable of generating a substantial quantity of ROS when
exposed to H,O, and glucose, thereby significantly augmenting the efficacy of cancer treatment through combined CDT
and starvation therapy (ST).%’

Sonodynamic therapy (SDT), as a promising non-invasive tumor clearance strategy, uses US-triggered sensitizers to
produce highly cytotoxic ROS that kill tumor cells. SDT can cooperate with CDT to generate more ROS and play an anti-
tumor role.”®* However, most reported SDT materials are small molecular organic materials, which show strong
cytotoxicity.>* >? Photothermal therapy (PTT) is a minimally invasive treatment strategy that converts light energy
into heat energy, induces apoptosis of cancer cells, and enhances tumor cell metabolism and membrane permeability.**
Although some nanomaterials show great potential in PTT-based synergistic therapeutics, however, the therapeutic
effects of PTT in tumor therapy are still limited, including poor photothermal conversion efficiency, material instability,
and poor cell uptake.>*>° The construction of TME-responsive nanodelivery platform can greatly reduce drug toxicity.
For example, Korupalli et al developed a multifunctional nanocomposite material (MBIG NCs) that achieves enhanced
therapeutic effectiveness by leveraging the synergistic interplay among starvation therapy, chemodynamic therapy, and
phototherapy.*® Therefore, it is of great significance to construct a response to TME the release of exogenous Ca”" and
the production of excess ROS synergistic nanomedicine, resulting in mitochondrial apoptosis to achieve tumor therapy.

In this work, a multifunctional nanomedicine (CuS@TAPP-CaCO3;/HA, CTCH) was designed and developed based
on the acidic TME. To improve the water solubility of the materials, hyaluronic acid (HA) was loaded by electrostatic
adsorption. Additionally, tetra-(4-aminophenyl) porphyrin (TAPP) and Ca®" are released from CaCOs under an acidic
environment. The released TAPP can produce 'O, when triggered by ultrasound. CusS, as Fenton-like nanomaterials, can
produce highly cytotoxic OH in the presence of H,O,, enhancing effective PTT effects. Results indicated that the
designed CTCH could realize the synergistic treatment of mitochondrial damage caused by CDT, SDT, PTT and calcium
overload Scheme 1.
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Scheme | Schematic diagram of the preparation process of CTCH and the combination of PTT, CDT and SDT for synergistic antitumor therapy.

Experimental Section

Materials and Apparatus

Copper chloride, dihydrate, hydrazine hydrate (80%), sodium hydroxide, calcium chloride, anhydrous sodium carbonate,
HA, Rhodamine B (RhB), methylene blue (MB), and 3.3 “)5,5 ‘-tetramethylbenzidine (TMB) were obtained from
Shanghai Maclin Biochemical Co., Ltd (Shanghai, China). Calcium ion detection kit was purchased from Shanghai
Biyuntian Biotechnology Co., Ltd (Shanghai, China). Dulbecco’s Modification of Eagle’s Medium (DMEM), the methyl
thiazole tetrazolium (MTT), calcein-AM, 2, 7-dichlorohydrofluorescein diacetate (DCFH-DA), and propyl iodide (PI)
were provided by Beijing Solarbio Science & Technology Co., Ltd (Beijing, China). All of the cell lines used in our
study were provided by the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).

The absorption spectrum was acquired by a UV-vis spectrophotometer (UH-5300, Hitachi, Japan). The OD values of
cytotoxicity were determined by a microplate reader (ELx808, BioTek, USA). Cell images were obtained under confocal
laser scanning microscopy (FV3000, Olympus, Japan). The zeta potential and particle size of the nanomedicine were
measured by the Nano particle size and zeta potential analyzer (Malvern ZEN3700, Britain). The morphological
characteristics of CDs were measured by high-resolution transmission electron microscopy (TEM, Tecnai G2 F20
S-Twin, FEI, USA). Infrared imaging was measured with the thermal infrared instrument (PS 400, Guide sensmart,
China). Fourier transform infrared spectroscopy (FTIR, Bruker OPTIK GmbH Tensor 27, Germany) and X-ray photo-
electron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, America) were used to detect the surface functional
groups of the samples.

Preparation of CuS
About 300 pL. CuCl,-2H,0 solution (0.5 M) was added to 75 mL deionized water containing 0.72 g polyvinylpyrrolidone.
Then, 75 mL of sodium hydroxide (pH 9.0) was added, followed by adding 19.2 pL hydrazine monohydrate (N,H4-H,O) to
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form a bright yellow solution. After the reaction for 5 min, 600 pL sodium sulfide aqueous solution (320 mg/mL) was added,
and the solution was heated in an oil bath at 60°C for 2 h. Finally, the product was centrifuged at 12000 rpm for 8 min, washed
with deionized water and alcohol, and dried to obtain the final nanomaterial.

Preparation of CuS@TAPP

9.5 mg CusS dissolved in 4.5 mL deionized water and 2.3 mg TAPP dissolved with 0.5 mL DMSO were transferred to
a 25 mL round-bottomed flask and reacted at 40°C and kept away from the light for 48 h. After centrifugation at
10000 rpm for 10 min, wash with deionized water several times until the supernatant was colorless.

Preparation of CuS@TAPP/CaCO5-HA

The mixture solution of CuS@TAPP (600 pL, 5 mg/mL), CaCl, (320 puL, 5 mg/mL), and water (8 mL) continued stirring
for 10 min. Na,CO; (0.768 mL, 2 mg/mL) solution was added drop by drop to the mixture solution under continuous
stirring for 10 min. Finally, HA solution (2 mL, 5 mg/mL) was added to the mixture solution above and stirred for 24
h. After this, centrifuge and collect the precipitate, wash, and dry.

OH Detection by TMB

Experiment 1: Three groups of acetate buffer reaction system with a total volume of 2 mL were set up as follows: 10 uL.
TMB (0.8 M), 10 uL TMB (0.8 M) + H,O; (2.5 mM), 10 uL TMB (0.8 M) + H,0, (2.5 mM)+20 uL. CTCH (5 mg/mL).
According to with or without CTCH, they were divided into the experimental group and the control group.

Experiment 2: The concentrations of TMB and H,0, were kept constant (0.8 M and 2.5 mM, respectively) in an
acetate buffer reaction system with a total volume of 2 mL, while the concentrations of CTCH were 25 pg/mL, 50 pg/
mL, and 100 pg/mL, respectively.

Experiment 3: The effects of H,O, concentrations on ROS generation were tested by TMB. The concentrations of
TMB and CTCH were kept constant (0.8 M and 50 ug/mL, respectively) in an acetate buffer reaction system with a total
volume of 2 mL, while the H,O, concentration was changed to 1 mM, 2.5 mM and 5 mM respectively.

Finally, the above-mentioned systems were incubated in a shaker at 37°C for 10 min. Following centrifugation, the
supernatant was collected to observe the color. The absorbance at 652 nm was detected by a UV-vis spectrophotometer.

MB Detection OH

Experiment 1: Three phosphate-buffered saline (PBS) reaction systems (pH = 6.5) with a total volume of 2 mL were set
up as follows: MB (10 ug/mL), MB (10 pg/mL) + H,O, (10 mM), MB (10 pg/mL) +H,O, (10 mM)+ CTCH (50 pg/mL).
According to with or without CTCH, they were divided into the experimental group and the control group. Additionally,
in the experimental group, the effects of pH (pH = 5.0, pH = 6.5, and pH = 7.4) on MB degradation were studied.

Experiment 2: The concentrations of MB and H,O, were kept constant (10 pg/mL and 10 mM, respectively) in PBS
reaction systems with a total volume of 2 mL, while the concentrations of CTCH were 0 pg/mL, 50 pg/mL, 100 pg/mL,
150 pg/mL, and 200 pg/mL, respectively.

Experiment 3: The effects of H,O, concentrations on MB degradation were further studied. The concentrations of
MB and CTCH were kept constant (10 pg/mL and 50 pug/mL, respectively) in PBS reaction systems with a total volume
of 2 mL, while the H,O, concentration was changed to 0 mM, 5 mM and 10 mM, respectively.

Experiment 4: The effects of temperature on MB degradation were explored. Four PBS reaction systems (pH = 6.5)
with a total volume of 2 mL were set up as follows: MB (10 pg/mL), MB (10 pg/mL) + H,0,, and CTCH under different
temperature (25°C, 37°C or 50°C).

Finally, the above-mentioned systems were incubated in a shaker for about 1 h. Following centrifugation, the
supernatant was collected to observe the color. The absorbance at 665 nm was detected by a UV-vis spectrophotometer.

. +
Detection of Release Ca?
67 pL CTCH (3 mg/mL) was placed in a 1.5 mL centrifuge tube, and PBS with different pH (pH = 7.4, pH = 6.5, or pH =5.0)
was prepared into a 2 mL solution. The solution was divided into three portions and then the solution was placed in a shaker at
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140 rpm and 37°C for different reaction times (0 h, 0.5 h, 1 h, 5 h, 8 h, or 24 h). After centrifugation, 67 pL of supernatant was
transferred to a centrifuge tube, and 67 pL of PBS was added into the solution system. Finally, 10 pL of the collected
supernatant was added to the 96-well plate, followed by adding 250 uL of the configured Ca*" test solution. Five minutes later,
OD value was measured at 610 nm with an enzyme marker. To detect Ca®" in solution, the standard Ca®" concentration in the
Ca®" detection kit was tested for a standard graph.

Cell Uptake Assay

RhB was reacted with CTCH for 24 h by electrostatic adsorption, and the precipitation was treated by centrifugal
washing to obtain fluorescently labeled CTCH. HeLa cells and human cervical epithelial cells (HcerEpic cells) were
cultured in confocal dishes (1x10° cells/dish) and cultured for 24 h. The medium was discarded and cells were washed
twice with PBS. CTCH (50 pg/mL) prepared with DMEM was added to each confocal dish and incubated for O h, 1 h, 2
h, 4 h, and 6 h, respectively. Finally, the cells were fixed with paraformaldehyde, stained with DAPI, and photographed
with a laser confocal microscope.

MTT Assay

HcerEpic cells and HeLa cells were seeded in 96-well plates (8000 cells/well) and cultured in cell incubators. After 24
h of culture, the medium was discarded and CTCH (0 pg/mL, 10 pg/mL, 20 pg/mL, 30 pg/mL, 40 pg/mL, or 50 pg/mL)
and TAPP (0 pg/mL, 1 pg/mL, 2 pg/mL, 3 pg/mL, 4 pg/mL, or 5 pg/mL) were added to each well. Then, the medium
was discarded after 12 h culture and cells were washed twice with PBS. Add MTT 20 pL (0.5 mg/mL) to per well. After
incubation for 4 h, MTT medium was removed. Then add 150uL DMSO. Finally, the OD value was detected at 490 nm
using a microplate reader, and the cell survival rate was calculated.

Detection of Intracellular ROS and Mitochondrial Membrane Potential

Seven groups were set up as follows: Control, CTCH, CTCH + V¢, CTCH + L, CTCH + US, CTCH + L + US and
CTCH + L + US (pH = 6.5). HeLa cells were seeded into 6-well plates (1x10° cells/well) for 24 h. Subsequently, the
control group was added with 1 mL DMEM culture medium, and the other 6 groups were added with 1 mL of CTCH (50
pug/mL). After incubation for 6h, the corresponding groups were irradiated with an 808 nm laser for 10 min, treated with
ultrasound for 5 min, or treated with synergistic therapy, respectively.

ROS detection: the above-mentioned media were removed and replaced with 1 mL PBS solution containing 10 mM
DCFH-DA for intracellular ROS Detection. After incubation for 30 min, the fluorescence intensity of DCF was used to
evaluate the ROS production performance.

Mitochondrial membrane potential detection: the above-mentioned media were removed and replaced with 1 mL of
PBS solution containing JC-10 for detection of mitochondrial membrane potential (MMP). After incubation for 30 min,
the influence of material on the MMP was evaluated.

In vivo Photothermal Effect

HeLa cells were subcutaneously injected into the right armpit of the Balb/c nude mice. When the tumors grew up to
about 100 mm?>, the CTCH (20 mg/kg) was i.v. injected into the mice through the tail vein. After 8 h of treatment, the
mice were anesthetized and irradiated with an 808 nm laser with 1.5 W/ecm? for 10 min. The temperature changes were
recorded by a thermal imager for every 2 min.

In vivo Evaluation of Therapeutic Effects

When the tumors grew up to about 100 mm?, the mice were randomly assigned to the six groups: PBS, PBS + L + US,
CTCH, CTCH + L, CTCH + US, and CTCH + L + US. The laser and the ultrasound group were irradiated with an 808
nm laser with 1.5 W/em? for 10 min and treated with ultrasound at a power of 0.8 W/cm? for 5 min twice within 14 days,
respectively. The health condition of nude mice in all groups was observed once every 2 days, and photographs were
taken once every 7 days during the 14-day treatment period, respectively. During this period, tumor volumes and body
weights of nude mice were monitored and recorded.
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Biochemical Index Detection

After treatment, the orbital blood was collected from anesthetized mice. Subsequently, after centrifugation for 10 min at
3000 rpm, the upper serum was collected. The levels of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), urea nitrogen (BUN), and creatinine (Cr) were detected by biochemical assay kits, respectively.

Hemolysis Assay

Orbital blood was centrifuged and blood cells were isolated. The concentration of red blood cells in each group was the
same. The positive control group was added with deionized water, and the other groups were treated with different
concentrations of CTCH. The absorbance at 570 nm was measured using a microplate reader and the hemolysis rate was
calculated.

H&E Staining of Organ Tissues

After euthanizing the mice, the major organs and tumor tissues were collected, photographed, weighed, and fixed with
4% paraformaldehyde for 24 h. After dehydration, embedding, ultrathin section, and H&E staining, the stained sections
were observed and photographed under a laser confocal microscope.

Statistical Analysis
The values were expressed as the mean + standard deviation. Statistical significance was determined using t-tests for two-
group analysis, while one-way ANOVA for multiple group comparisons.

Results and Discussion

Characterization of CTCH

As can be seen from the TEM images (Figures 1A and S1A), the resultant CuS showed a high degree of homogeneity,
a near-spherical shape with hollow mesopores and a physical particle size of approximately 128 nm. After coating with
CaCQg, there were obvious tiny nanosheets around CuS (Figure 1B). The final CTCH nanometer complex physical size
was about 178 nm. The hydrodynamic dimensions of CuS and CTCH were approximately 146.5 nm (Figure S1B) and
215.4 nm (Figure S1C), respectively. The elemental mapping images of CTCH under TEM demonstrated the homo-
geneous distribution of Cu, S, Ca, C, and O (Figure 1C) inside CTCH, with well-overlapping merged images of Cu and
Ca elements, further confirming high homogeneity. These results indicate that the prepared CTCH exhibits uniform
spherical morphology and high purity.

From FTIR (Figure 1D), it was evident that the characteristic peak associated with the saccharide group appeared at
1038 cm ', confirming the successful coating of HA. XPS results (Figures 1E and S3) revealed that CTCH contained six
elements (Cu, S, Ca, C, N, and O). The peaks of Ca 2p at binding energies, 351 and 347 eV corresponded to Ca 2p1/2
and Ca 2p3/2, indicating the presence of CaCOj;. The Cu 2p and S-Cu of Cu and S elements were observed at binding
energies of 951 and 161 eV, respectively, suggesting the presence of CusS.

As depicted in Figure S1D, CuS exhibited a broad peak in the near-infrared region (NIR), indicating successful
synthesis of CuS.*""*> The characteristic absorption peak of CTCH at 420 nm, which similar with TAPP suggests the
successful synthesis of CTCH. This finding further indicates the extensive absorption properties of CTCH as
a photothermal material.

Furthermore, the zeta potentials of CuS, CuS@TAPP and CTCH were detected (Figure 1F). The surface potential of
CuS was determined to be —16.26 mV. When TAPP was loaded into the pores of CuS, the potential changed to —12 mV.
CaCOj; was coated on CuS@TAPP surface and HA was then modified on the surface by electrostatic action to improve
the biocompatibility of CTCH, the potential changed to —19.1 mV. The changes in Zeta potential further verify the
successful preparation of CTCH. According to the characteristic absorbance of TAPP (Figure S2A and B), the drug
loading of TAPP is 10.4 wt%. The high loading of TAPP may be due to the negative surface potential of CuS particles.
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Figure | Characterizations of CTCH. (A) Low-magnification TEM image of CuS (scale bar: 100 nm); (B) TEM image of CTCH (scale bar: 100 nm); (C) Element mapping of
CTCH (scale bar: 100 nm); (D) FTIR spectra of HA, CuS, and CTCH; (E) XPS spectra of CTCH; (F) Zeta potentiogram of CuS, CuS@TAPP and CTCH.

Photothermal Property
To intuitively understand the photothermal properties of CTCH, an infrared thermal imager was used to obtain thermal
pictures and record the temperature changes under different concentrations and laser power.

Under laser irradiation, the temperature gradually increased as the concentration of CTCH increases (Figure 2A).
When the concentration of CTCH was 200 pg/mL, the temperature of the CTCH increased from 26°C to 59.6°C after 5
min irradiation with 808 nm laser (Figure 2B). The infrared thermal imager captured temperature changes under 808 nm
laser irradiation at 0.5 W/em?, 1.0 W/cm?, and 1.5 W/em? power densities (Figure 2C). Figure 2D indicates a positive
correlation between the temperature variation of CTCH and the laser power. After 808 nm laser irradiation (1.5 W/cm?),
the temperature of the CTCH increased from 26°C to 72°C, indicating a good photothermal effect of the CTCH. The
laser power density used in the subsequent cell and in vivo experiments was 1.5 W/ecm”. As a photothermal agent, the
photothermal stability of CTCH was also crucial for tumor treatment. As shown in Figure 2E, the temperature curve of
CTCH during four cycles laser irradiation was essentially unchanged, which reveals the good photothermal stability of
prepared CTCH.

The Ca?* Release and ROS Production in CTCH

Since ‘OH can effectively degrade organic dyestuffs, we used TMB and MB to investigate the generation of -‘OH from
Fenton reaction system. Compared to the TMB and TMB + H,O, groups, there was an obvious absorption peak at 652
nm after adding CTCH, indicating that CTCH could produce -OH for tumor therapy (Figure 3A). Subsequently, different
concentrations of CTCH were studied (Figure 3B) and the absorbance at 652 nm became stronger with the increasing
concentration of CTCH. This finding indicates that the production of -OH was related to the concentration of CTCH.
Finally, the effects of H,O, content on -OH production were investigated and the results are shown in Figure 3C,
demonstrating the positive correlation between the content of H,O, and the production of -OH.

MB was also used as an indicator for detecting -OH. Compared to the MB and MB + H,O, groups, the absorbance of
MB significantly decreased after adding CTCH. Moreover, in acidic conditions (pH = 6.5) (Figure S4A), the degradation
rate of MB was also increased. At the same time, MB was also used to detect the influence of the CTCH concentration on
‘OH (Figure S4B). The higher the concentration of CTCH with the higher the absorbance at 665 nm indicates that the
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Figure 2 Evaluation of photothermal properties of CTCH. (A) Infrared imaging and (B) temperature-time plot of CTCH at different concentrations irradiated by 808 nm
(1.0 Wicm?) laser for 5 min; (C) Infrared imaging and (D) temperature-time plot of CTCH (200 pg/mL) irradiated by 808 nm laser at different laser powers for 5 min; (E)
Photothermal heating curves of CTCH solution (200 pg/mL) upon exposure to 808 nm laser irradiation (1.0 W/em?).

generation of OH was related to the material concentration. Finally, the influences of temperatures and H,O, content on
‘OH were investigated (Figure S4C and D). The results indicate that the temperature could accelerate the catalytic
reaction rate, and the H,O, content was correlated positively with the production of -OH.

Notably, compared to normal tissue, the H,O, level in the tumor microenvironment is elevated at approximately 0.1-1mM.**
MB was employed as a *OH trapping probe to further assess the catalytic activity of CTCH in the presence of low concentrations
of H,O,. As H,0O, concentration increased, MB absorption gradually decreased, indicating that the formation of *OH was H,0O,
concentration-dependent. Remarkably, after irradiation with an 808 nm laser (Figure S5), MB degradation was significantly
enhanced, suggesting that heat generated by this laser may accelerate ROS production-thereby synergistically promoting the
CDT process through the photothermal properties exhibited by CTCH.

Under acidic conditions, CaCO5 in CTCH can release Ca?". Therefore, Ca®" assay kits were used to detect the release
of Ca®" at different pH values. Figure S6 showed the Ca®" standard curve of the kit. As the acidity of the solution
increased, more Ca®" was released (Figure 3D). Along with the extension of time, the Ca”" release entered the plateau
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Figure 3 The performance of CTCH. UV-visible absorption spectra of TMB after co-incubation of (A) CTCH, (B) different concentrations CTCH and (C) CTCH with
H,O,; (D) Ca?" release curve under different pH conditions.

period. This indicates CTCH will produce a large amount of exogenous Ca®" when entering cells under an acidic
environment in TME, leading to intracellular calcium overload and assisting cancer therapy.

Detection of Intracellular ROS

The CTCH was labeled with RhB for CTCH uptake detection by HeLa cells. As shown in Figure S7, fluorescence
imaging was obtained by an immunofluorescence microscope. With the increase of the incubation time, the fluorescence
intensity gradually increased and reached its peak 4 h after cell uptake of CTCH. Additionally, how CTCH was taken up
by cells through receptor-mediated endocytosis was further studied. Excess free HA was used to treat HeLa cells in
culture for blocking the CD44-mediated pathway. After 4 h culture with Rhodamine B (RhB)-labeled CTCH, fluores-
cence images were obtained with fluorescence microscope. As shown in Figure S8, the red fluorescence intensity was
significantly stronger in the RhB-labeled CTCH without free HA group than in the RhB-labeled CTCH with free HA
group, indicating that CTCH interacts specifically with the overexpressed CD44 receptor on Hela cells.

A commercial fluorescent probe DCFH-DA was used to examine the intracellular ROS production of CTCH. Compared with
the control group (Figure 4A), fluorescence can be detected in the cells of the CTCH + Vc group, indicating that Ca®" could
inhibit mitochondrial activity, and thus produce small amounts of ROS. Compared with the CTCH + V¢ group, the fluorescence
intensity of the CTCH group has been enhanced remarkably, thereby indicating the effect of CTCH on CDT. In contrast, the
green fluorescence of the CTCH + L group was enhanced, indicating that the photothermal treatment of CTCH could effectively
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Figure 4 In vitro therapy evaluation. (A) The fluorescence images of Hela cells stained with DCFH-DA (scale bar: 100 um); (B) The fluorescence images of Hela cells
stained with JC-10 (scale bar: 50 pm); (C) Fluorescence intensity statistics corresponding to (B); (D) Effects of different concentrations of CuS, TAPP and CTCH on
HcerEpic cell survival rate; (E) The effects of different concentrations of CTCH on the survival rate of HcerEpic cells after ultrasonic or laser treatment; (F) The effects of
different concentrations of CTCH on the survival rate of Hela cells under different conditions; (G) The fluorescence images of Hela cells stained by calcein AM (green) and
Pl (red) after different treatments (scale bar: 100 um); (H) Fluorescence intensity statistics corresponding to (G).

promote the production of ROS. The green fluorescence of the CTCH + US group was also enhanced compared with that of the
CTCH group, indicating that CTCH had SDT property and ROS generation ability. The CTCH + L + US group showed strong
green fluorescence, indicating that the calcium overload and the synergistic effect of CDT/PTT/SDT could produce a large
number of ROS. Compared with the CTCH + L + US group, the red fluorescence of the CTCH + L + US group (pH = 6.5) was
further enhanced. These results indicate that more Ca** can be released in an acidic environment, and more ROS can be produced
in the combination of calcium overload and CDT/PTT/SDT for tumor therapy.

Detection of Intracellular Mitochondrial Membrane Potential
To verify the damage of Ca>* and the synergistic treatment of Ca®>" and ROS on MMP, the decrease of MMP, a key index
of mitochondrial damage, was detected by JC-10 staining.

As depicted in Figure 4B and C, the cells in the CTCH + Vc group exhibited subdued green fluorescence compared to the
control group, indicating that Ca®>" may inhibit mitochondrial activity. In comparison to the CTCH + Vc group, the green
fluorescence intensity of the CTCH group was heightened, suggesting that CTCH exerts a CDT effect and induces ROS-mediated
mitochondrial apoptosis. Furthermore, when compared to the CTCH group, the green fluorescence intensity of the
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CTCH + L group increased while the red fluorescence weakened, signifying that photothermal treatment with CTCH could
enhance ROS production and consequently induce mitochondrial apoptosis. Similarly, an increase in green fluorescence intensity
was observed in the CTCH + US group along with a decrease in red fluorescence, revealing that CTCH possesses SDT properties
and can generate ROS to promote mitochondrial apoptosis. Notably, enhanced green fluorescence was evident in the CTCH + L +
US group, indicating that calcium overload combined with CDT/PTT/SDT synergistic treatment could lead to substantial ROS
generation and induction of mitochondrial apoptosis. HeLa cells treated with CTCH + L + US (pH = 6.5) displayed maximal green
fluorescence intensity, denoting a significant reduction in MMP and severe mitochondrial damage. These findings suggest that
elevated intracellular Ca®* concentration induced by CTCH + L + US (pH = 6.5) can effectively cause mitochondrial dysfunction.
Overall, the results indicate that under acidic conditions calcium overload combined with CDT/PTT/SDT synergistic effects could
result in increased ROS production leading to reduced MMP and mitochondrial apoptosis, achieving effective tumor therapy.

Cytotoxicity Measurements of CTCH

HcerEpiC cells were used to evaluate the intracellular biosafety of CTCH. The survival rate of HcerEpiC cells after
incubation with CuS, TAPP, or CTCH for 12 h was above 80% (Figure 4D). After treatment with ultrasound, laser
irradiation, or both, there was almost no damage to HcerEpiC cells, suggesting that the material has biological safety
demonstrating excellent biosafety of the material (Figure 4E).

The killing effect of CTCH on HeLa cells was further evaluated (Figure 4F). Vitamin C (Vc¢) was used to inhibit the CDT
of CTCH for detecting the therapeutic effect of calcium overload, and the dark toxicity of CTCH was used to detect the killing
effect of the synergistic effect of calcium overload and CDT. The cells were treated with ultrasound (CTCH+US group), 808
nm laser irradiation (CTCH+L group), or both (CTCH+US+L group) to evaluate the effects of SDT, PTT, and synergistic
therapy. At a specific concentration of CTCH (50 pg/mL), the cellular viability under conditions of calcium overload was
63.93%, whereas the survival rate of the cells in the CTCH+US+L group was only 32.43%. Additionally, the survival rate of
cells in the CTCH+US+L group was 20% under acidic conditions (pH = 6.5). These results indicate that CTCH released more
Ca*" in an acidic environment, which enhances the killing effect of CDT.

The killing effect of CTCH on HeL a cells was also evaluated visually by Calcein-AM/PI double staining (Figure 4G). The
cells in the control group showed green fluorescence, indicating good cell viability. In the CTCH group, the green fluorescence
decreased and the red fluorescence increased, which demonstrated partial cell death. This might be because CTCH had the
synergistic therapeutic effect of calcium overload and CDT. Compared with the CTCH group, CTCH + L and CTCH + US
groups showed weaker green fluorescence and greater red fluorescence, indicating that CTCH had good PTT and SDT effects.
The cells in the CTCH + L + US group showed even stronger red fluorescence, suggesting that the synergistic therapy of
calcium overload and CDT/PTT/SDT significantly enhanced the killing effect of the tumor. There was almost no green
fluorescence in the CTCH + L + US group (pH = 6.5), indicating that calcium overload and CDT/PTT/SDT synergistic
treatment exhibited the most obvious killing effect on tumor under acidic conditions. Figure 4H showed the corresponding
quantization of the fluorescence intensity. The above results were consistent with the MTT results.

In vivo Combined Antitumor Efficacy Evaluation
Biochemical indexes, such as AST, ALT, Cr and BUN were selected to evaluate the liver and kidney function of the five
groups. Liver and kidney function indexes did not show statistically significant differences among the five groups, suggesting
that CTCH has a favorable biosafety (Figure S9). After the nude mice were euthanized, the hearts, livers, spleens, lungs, and
kidneys of mice from each group were then collected for further analysis by pathological sections. No obvious abnormalities
were found in all organs of the five groups, which further indicates that the physical stimulation and CTCH in the experiment
will not cause tissue damage and CTCH has good biosecurity (Figure S10). Blood was collected from the eyeballs of nude
mice during anesthesia, and the biocompatibility of CTCH was studied by using blood cells. Compared with the positive
control group, as the concentration of CTCH increased, CTCH showed only weak hemolysis, indicating that CTCH exhibits
good biocompatibility in the blood (Figure S11) and could be used as a tumor drug.

Infrared thermal imager was used to take thermal pictures at different times after caudal vein injection for the study of the
tumor accumulation capability. With the extension of time (Figure 5A), the temperature gradually increased, reached the
highest level (55°C) after 8 h of drug ingestion, and then gradually decreased, which may be due to drug metabolism.

International Journal of Nanomedicine 2024:19 hetps: 7317
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=464981.docx
https://www.dovepress.com/get_supplementary_file.php?f=464981.docx
https://www.dovepress.com/get_supplementary_file.php?f=464981.docx
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

A 0h 2h 4h 6h —— B
30°C 51 —e—pBs-L
~ —4&—CTCH
N . -
8h 12h 24h 48h E "
[ T R A -
55°C =
36 ———
0 2 ] 8 0
Time (min)
0 min 4 min 6 min 8 min 10 min 30°C

CTCH

CTCH+L

D PB PBS+L+US CTCH CTCH+L CTCH+US CTCH+L+US

ﬁq‘ "

IR o T hi

.AJumhmlnh'nul i

I3 T

7 Days j y >
\ . f
g |v|||’ m‘mmmm ‘:‘! I l!lg :|.=m;v e, AN ‘ﬁysq:y‘y i ey 31:_!\|‘-_. ﬂ 1 m.u‘.u...- v » vy
PRSP P PR R |i um.n-.dummnlnuu Wl il vl Eaee e Ll sl di
i N [

e ,.u im mul

U R U] IH{-‘\] T nmg
P z P |

Mu.AAulhulmm Wl Hl:gmnn\vluullllwl Mhhuﬁum W ull-ulllvnn
F 1000
—=— PBS
E ° I~ ——PBS+L+US
£8001 —+ crcm
g CTCH+L
o 600] —*CICH:US
g —4—CTCH+L+US
=
g 400 -
N 5 P
Q3<V £ 200
S g | ==
0 T e
0 2 4 6 8 10 12 14 16
Days
0.7 24
= [ H —=— PBS
0.6 4 —e—PBS+L-US
oD 224 ——CTCH
5005 C) CTCH-L
N -’
=
E004 1 = 20
g 20
£ 0.3 [
s 4 18
] 3 18 1
E 0.2 3
0.14 M
= 16 4
0.0 4
S S S 14 4= T T T T T T T
* sxv*‘\ o’i& 0‘3’ w“ 6 3 0 2 4 6 8 10 12 14 16
<%

Days

Figure 5 In vivo accumulation in tumor and photothermal capability of CTCH. (A) In vivo fluorescence images of tumor-bearing mice after intravenous injection with CTCH
at different time points; (B) Photothermal imaging of CTCH in vivo; (C) Photothermal statistics in vivo; (D) Pictures of each group recorded at day 0, 7, and 14 during the
treatment period; (E) Representative tumor images from each group after treatment; (F) Tumor volume changes of each group during treatment (**P < 0.01); (G) The
tumor weight in each group after treatment (**P < 0.01); (H) The body-weight change of nude mice during treatment.
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In vitro experiments showed good PTT properties of CTCH. In order to further study, the photothermal effect of
CTCH in vivo, CTCH was injected through the caudal vein for 8 h and then irradiated with an 808 nm laser (1.5 W/cm?)
for 10 min (Figure 5B). No significant temperature change was found in the PBS, PBS + L, and CTCH group, while the
temperature of the tumor site in the experimental group increased to 52°C. The corresponding temperature curve
indicates that CTCH possessed great photothermal imaging ability (Figure 5C).

When the tumor volume of the nude mice reached about 100 mm?, they were randomly divided into six groups composed
of PBS, PBS + L + US, CTCH, CTCH + L, CTCH + US, and CTCH + L + US. After intravenous injection of CTCH, the
CTCH + L, the CTCH + US, and CTCH + L + US groups were irradiated with 808 nm laser (1.5 W/cmz) for 10 min, treated
with ultrasound (0.8 W/cm?) for 5 min and both laser and ultrasound, respectively. Figures 5D—F showed that the tumor
volume in the PBS group and the PBS + L + US group increased to 755 mm® during the 14-day treatment period.

In the CTCH group, the tumor volume increased to 610 mm? induced by CDT treatment. Additionally, the tumor volume
in CTCH + L and CTCH + US groups decreased significantly and reached 500 mm? originating from the effect of the PTT or
SDT. Compared with the control group, the tumor weight in the CTCH + L + US group was close to zero, indicating that the
tumor was almost eliminated in the CTCH + L + US group (Figure 5G). The changes in both tumor volume and tumor weight
demonstrate excellent antitumor effects of CTCH. More importantly, the body weight of nude mice in the six groups increased
slightly during treatment and no death occurred (Figure SH), indicating that CTCH has good biocompatibility.

Conclusion

In this study, pH-responsive nanomaterial CTCH was designed and synthesized to enable collaborative, targeted and biosafe
cancer therapy. Under acidic environment and excessive H,O,, CTCH can produce -OH, and CTCH also has the properties of
PTT and SDT. Cell experiments have shown that CTCH can effectively respond to TEM and release Ca®" to further enhance
the mitochondrial damage induced by calcium overload, thus having a more obvious killing ability on cancer cells. In vivo
experiments in mice have proved that CTCH has good anti-tumor effect, and there is no obvious pathological damage in the
tissue sections, and CTCH has good biocompatibility. The construction of CTCH nanomedical drugs provides a new
therapeutic strategy for the treatment of tumor in response to the acidic environment of tumor, which is of great significance.
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