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Introduction: Nanophototherapy has emerged as a novel and promising therapeutic strategy for cancer treatment; however, its
efficacy in dermatological tumors and precancerous lesions remains severely limited. This study aimed to use the gas-liquid injection
technique to fully utilize the synergistic photodynamic therapy (PDT)/photothermal therapy (PTT) of nanomaterials to enhance the
antitumor effect.

Methods: A novel oxygen-generating nanocomposite (TSL-IR820-CAT) was synthesized by encapsulating the photosensitizer IR820
and catalase (CAT) using a matrix encapsulation method based on thermosensitive liposomes (TSL).—The liquid injection technology
enhances the treatment of cutaneous squamous cell carcinoma (cSCC). The combined PDT/PTT therapeutic effect of TSL-IR820-CAT
on ¢SCC was investigated using in vivo and in vitro experiments.

Results: TSL-IR820-CAT, with good stability, efficient drug release, and photothermal conversion ability, was successfully developed.
Nanoparticles injected through a needle-free syringe efficiently accumulate in the tumor tissue. As TSL-IR820-CAT was consumed by
A431 cells, some of it localized to the mitochondria and produced oxygen to relieve hypoxia, thereby enhancing the efficacy of PDT.
PDT/PTT combination therapy resulted in irreversible apoptosis and inhibited cSCC growth. TSL-IR820-CAT coupled with gas-liquid
injection was free from apparent systemic side effects.

Conclusion: This article discusses new strategies and ideas for treating skin tumors and has significant application value.
Keywords: skin squamous cell carcinoma, nanoparticles, gas-liquid injection technology, photodynamic therapy, photothermal
therapy

Introduction

Nanophototherapeutic systems have attracted growing interest as an effective cancer treatment strategy and have made
considerable progress in recent years, offering a unique combination of non-invasiveness, precision, and low systemic
toxicity as an opportunity to eliminate cancer.'™* The delivery of drugs and illumination are critical components of
a tumor therapy platform. Nanomaterials are often injected into the tail vein, and passive targeted delivery results from
the high permeability retention effect (EPR) after blood circulation reaches the site of the solid tumor.” Although EPR is
effective for accumulating drugs at the tumor site, it has the potential to deliver only a limited number of anticancer
agents to tumor tissues, thereby impairing the therapeutic effect of current nanophototherapy systems.®’ Most in vivo
experiments are conducted using a mouse subcutaneous tumor model, which produces tumors visible to the naked eye.*’

Choosing a light source with a specific tissue penetration depth is important.
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Gas-liquid injection technology uses a needle-free syringe close to the injection site and creates a high-speed jet
(often exceeding 100 m/s) with the aid of instantaneous high pressure. This ensures that the drug penetrates directly the
skin and diffuses into the subcutaneous, intradermal, and mucosal tissues.'® By pressing the trigger of a German INJEX
needleless syringe, the drug diffuses into the subcutaneous layer in less than 2 s under 3000 psi, with a penetration depth
of approximately 5-8 mm."" Needle-free injections can reduce the loss and aid in pushing them through the skin barrier,
allowing them to diffuse more quickly into the target tissue.

Additionally, the stratum corneum forms a major component of the skin barrier, and hyperkeratosis is often seen in
cutaneous squamous cell carcinoma (¢cSCC) and its precancerous lesions,'? making it difficult for light sources to
penetrate the skin barrier effectively to reach tumor cells. Near-infrared (NIR) light offers certain advantages, such as
guaranteeing a specific penetration depth and minimizing tissue damage.'**'* Thus, the cherry on top integrates gas-liquid
injection technology into a nanophototherapy platform and treating patients with NIR laser radiation.

In addition to photodynamic therapy (PDT), photothermal therapy (PTT) is a known phototherapy method.'>'® PDT
relies on a specific wavelength of excitation light to irradiate a photosensitizer (PS) in the presence of molecular oxygen
to generate singlet oxygen (ROS) and other reactive oxygen species, causing tumor cell necrosis and apoptosis.'”"'®
However, insufficient penetrating photosensitizers and low oxygen levels prevent photodynamic reactions from working
efficiently.'” ! Photothermal therapy (PTT) converts light energy into heat using photothermal conversion agents
(PTCAs), and the resulting heat energy destroys tumor tissue.”***> Although PTT appears to be a promising and highly
effective tumor therapy, it suffers from heat inhomogeneity in the tumor, which can lead to tumor recurrence.”*
Therefore, PDT or PTT cannot treat skin cancer effectively as a single therapy.>>*® Together, PDT and PTT can offer
synergistic treatment effects.

This study used gas-liquid injection technology to develop a synergistic antitumor nanotherapeutic system (TSL-
IR820-CAT). The nanoparticles take thermosensitive liposomes (TSL) as carriers, and catalase (CAT) and IR820 are
added, thereby exerting a synergistic antitumor effect through oxygen generation combined with photosensitivity and
photothermal effects. This system uses needle-free injection technology to facilitate the penetration of TSL-IR820-CAT
through the skin barrier, where it can rapidly diffuse and accumulate in the tissue of interest. Rapid diffusion, followed by
rapid penetration, has become a key point in the actual transformation at this stage. TSL is a novel tumor-targeted drug
carrier whose EPR in tumor vessels can be enhanced by local heating.?’® The phospholipids that make up the TSL
membrane are sensitive to temperature, and when the temperature exceeds the phase transition temperature (Tm), the
liposome membrane transitions from the “colloidal crystal state” to the “liquid crystal state.” TSL effectively utilizes the
dual advantages of liposomes and hyperthermia to improve the efficacy of ¢SCC treatment and reduce toxic side
effects.??> CAT boosts the effectiveness of PDT by producing oxygen in tumor tissue. IR820 has a dual identity. As
PTCA, it has strong NIR absorption and photothermal conversion ability, and as PS, it can generate more ROS under
NIR excitation to enhance the effect of PDT.>' Using a single 808 nm near-infrared light source can also penetrate deeper
tissue layers (the penetration depth is approximately 5-10 mm), thoroughly ensuring the excitation of nanomaterials
embedded within tumors.*? In this study, we conducted in vitro and in vivo studies to validate the high performance of
our intelligent and straightforward tumor therapy platform.

Materials and Methods

Synthesis of TSL-IR820-CAT
A matrix packaging strategy was used to prepare IR820-TSL-CAT.*® First, 3 mg of IR820 was accurately weighed,

added to 11 mL of pure water, and sonicated for 3 min until the substance was thoroughly mixed. A mixture
containing 30 mg of DPPC, 3 mg DSPE, 1 mg DSPE-mPEG2000, and 3.2 mg MSPC was weighed and dissolved in
8 mL of methanol and sonicated for 3 min to dissolve fully. Then, the IR820-H,O mixture was transferred into
a 50 mL eggplant-shaped bottle and placed on a magnetic stirrer for stirring at 230 rpm at a temperature of 30 °C.
The 8 mL methanol solution containing DPPC, DSPE, DSPE-mPEG2000, and MSPC was slowly added dropwise to
the eggplant flask. The mixture was stirred overnight at 30 °C in the dark to remove methanol components. The
next day, 1.2 mg of CAT was dissolved in 1 mL of pure water, added to the eggplant-shaped bottle mentioned
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previously, and hydrated for 1 h. Phacoemulsification (30%, 2 min) was performed using a sonicator (900 W) and
repeated six times. The mixture was then passed through 0.45-, 0.22, and 0.10 pm filter membranes in sequence and
repeated six times. A refrigerated centrifuge (4 °C, 4600 rpm, and 30 min) was used to separate the pellet from the
solution. PBS (4 mL) was added to resuspend the pellet to obtain IR820-TSL-CAT, stored in a refrigerator at 4 °C.

TSL-IR820, calcein-TSL-IR820 (c-TINP), and coumarin 6-TSL-IR820-CAT (f-TICNP) were prepared according to
the above synthetic method, except that CAT was not added to the processor in step 1 except by adding 2 mg of calcein in
pure water, or by adding 3 mg of coumarin 6 to methanol in step 2, the rest steps were not changed. c-TINP was used for
drug release experiments, while f-TICNP was used for cell uptake, intracellular colocalization, and animal in vivo
imaging experiments.

Characterization of TSL-IR820-CAT

The particle size, morphology, and stability of TSL-IR820-CAT were observed using transmission electron microscopy
(Tecnai G2 T12, FEI, USA). The particle size distribution was characterized using a laser particle size analyzer (Zetasizer
Nano ZS90, Malvern, UK). A multifunctional microplate reader (NanoDrop One, Thermo, USA) was used to measure
the amount of CAT encapsulated in liposomes at 562 nm. The ultraviolet absorption curves of CAT, IR820, and TSL-
IR820-CAT were recorded using an ultra-micro spectrophotometer (Multiskan GO, Thermo, USA). Standard concentra-
tion curves of free IR820 and calcein were plotted by recording different concentrations of IR820 or calcein to determine
the amount encapsulated in liposomes at 780 and 497 nm, respectively. The encapsulation rate was calculated as follows:
encapsulation rate (%) = actual drug content/initial addition amount x 100%.

Drug Release of Calcein-TSL-IR820

The release rate of TSL-IR820-CAT triggered by a near-infrared laser was investigated using calcein release
experiments.®* According to the step mentioned above, 2.3, the concentration of the drug was calculated to obtain the
standard curve of calcein. Calcein-coated c-TINP and c-TNP in PBS were incubated in a 96-well plate, treated with 4%
Triton X-100, or irradiated with an 808 nm laser (1.5 W/cm?) for different periods (0—10 min). The time-dependent
release rate calculation formula for c-TINP and c-TNP was triggered by an 808 nm laser: Eg = [(Cr-Cyp)/(C-Cp)] x100%.
Ckr is the concentration of calcein released from c-TINP or c-TNP triggered by a near-infrared laser, Cy, is the background
concentration, C, is the concentration of calcein released from c-TINP or ¢c-TNP treated with Triton X-100, and Cy, is the
background concentration after adding Triton X-100.

In vitro Photothermal Properties of TSL-IR820-CAT

TSL-IR820-CAT solutions containing IR820 at concentrations of 50, 75, 100, and 125 pg/mL were added to a quartz
cuvette. TSL-IR820-CAT solutions of different concentrations were irradiated with near-infrared light (1.5 W/cm?) at
a wavelength of 808 nm for 6 min. A TSL-IR820-CAT solution with the same concentration as IR820 (125 pg/mL) was
prepared. One mL of each was added to a small quartz cell, and 808 nm near-infrared light with energy intensities of
0.75, 1, 1.25, 1.5, and 1.75 W/cm? was used for irradiation for 6 min. The temperature changes at different irradiation
times were tracked using a non-contact infrared thermal imager (Fotric 220s, USA).

A43| Cell Culture and Tumor-Bearing Nude Mouse Model

The human skin squamous cell carcinoma cell A431 was obtained from Procell Life Science & Technology Co., Ltd. and
cultured in a high-glucose DMEM medium (10% FBS and 1% penicillin-streptomycin solution). When the cells were
90% confluent, they were subcultured at a 1:2 ratio for use in cell experiments and the establishment of tumor models.
All animals were purchased from the Charles River Laboratory Animal Technology Co., Ltd. Animal experiments were
examined and verified by the Laboratory Animal Ethics Committee of Xuzhou Medical University and conducted
following the Experimental Animal Center of Xuzhou Medical University on animal welfare guidelines (approval
number L20210226072). 4—-6-week-old female BALB/c-nu nude mice were housed in an SPF-level barrier system. To
construct the tumor-bearing nude mouse model, the A431 cell suspension (5x10” cells/mL, 100 puL) was subcutaneously
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injected into the right armpit of BALB/c nude mice. Tumor volume calculation method: V (mm®) = (d*<D)/2, where
d represents the short diameter of the tumor and D represents the long diameter of the tumor (mm).

Cytotoxicity Assay

A431 cell suspension (2 x 10* cells/well) was seeded in a 96-well plate. After overnight culture, each well was added to
a mixed medium containing different concentrations of TSL-IR820-CAT (0, 25, 50, 75, 100, 125, and 150 pg/mL)
according to the groups. Each group was provided six parallel holes. After 24 h of incubation, 10 uL of CCK-8 solution
was added to each well, and the cells were incubated in the dark for 30 min. The absorbance of the mixed solution in
each well at a wavelength of 450 nm was measured using a microplate reader, and the experimental results were recorded
simultaneously.

Cellular Uptake and Localization of Coumarin 6-TSL-IR820-CAT

A431 cells were seeded in 6-well plates at 1x105 cells/well density. After cell adhesion, they were incubated with
a complete medium containing different concentrations of f~-TICNP (0, 50, and 100 pg/mL) for 4 h. The cells were
washed thrice with PBS, and 1 mL of 4% paraformaldehyde was added to each well for 15 min. Then, 500 puL of DAPI
solution was used for nuclear staining. The results were observed and directly recorded using an inverted fluorescence
microscope. Alternatively, the collected cells were analyzed by flow cytometry to determine the uptake of different
concentrations of f~-TICNP).

Cells (1x10* cells/well) were seeded in culture plates, specifically used for confocal observation, for 24 h. Medium
containing 125 pg/mL f-TICNP was added to each plate and incubated for 4 h. In the dark, cells were incubated in an
HBSS solution containing MitoTracker Red for 20 min to label mitochondria or in an HBSS solution containing Lyso-
Tracker Red for 40 min to label lysosomes. The cells were fixed with 4% paraformaldehyde. In the dark, mitochondrial
or lysosomal localization results were observed by laser scanning confocal microscopy (Leica STELLARIS 5, Germany).
(coumarin 6: excitation wavelength:466 nm, emission wavelength:504 nm; MitoTracker Red/Lyso-Tracker Red: excita-
tion wavelength:579 nm, emission wavelength:599 nm).

Oxygen Production Characteristics of TSL-IR820-CAT in Cells

A431 cells, after routine digestion, were seeded in a 6-well plate at a density of 2x10° cells/well and incubated for 24
h. A fresh medium containing 5 uM [Ru(dpp);] Cl, was added to each well and incubated for 4 h. After rinsing with
PBS, a medium (125 pg/mL) containing PBS, TSL-IR820, and TSL-IR820-CAT was added, with three replicate wells in
each group, and incubated in the dark for 12 h. After fixation of the cells with 4% paraformaldehyde, DAPI solution was
added for nuclear staining. Fluorescence images were obtained using a confocal laser microscope.

Production of Intracellular ROS

The configured cell suspension (2x10° cells/well) was seeded into a 6-well plate. After 24 h of incubation, a complete
medium containing PBS or TSL-IR820-CAT (125 pg/mL) was added to the corresponding group for 4 h of incubation,
including the Control, Laser Only, TSL-IR820-CAT Only, Laser+TSL-IR820-CAT as PDT group, and Laser+TSL-
IR820-CAT+H,>0, as the PDT-H,0, group. The mixture was washed three times with PBS to remove free drugs and
floating cells. Subsequently, 20 uM DCFH-DA dye was added to each well, and 50 uM reactive oxygen species donor
(H,0,) was added to the positive group simultaneously. The cells were gently mixed to disperse them and incubated in
the dark for 30 min. After washing with PBS, 1 mL of phenol red-free medium was added to the wells for each group that
required laser irradiation and then irradiated with an 808 nm laser at a power of 1 W/em? for 10 min. Corresponding
images of ROS production were acquired immediately using an inverted fluorescence microscope. In addition, flow
cytometry was used to analyze the ROS production in the different groups.

In vitro Synergistic Tumor Cell Ablation
To evaluate the effectiveness of TSL-IR820-CAT, it was divided into five groups (Control, Laser Only, PDT, PTT, and
PDT+PTT). In the PDT group, laser irradiation was performed under ice incubation. A431 cells were pretreated with
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vitamin C in the PTT group to remove ROS.*>*® A431 cells were seeded in 6-well plates at a density of 2.5x10° cells per
well for 24 h. PBS and TSL-IR820 were added to the wells of control and PTT groups and incubated for 4 h, while TSL-
IR820-CAT was distributed to PDT and PDT+PTT groups and incubated with cells for 4 h. Cells were placed under laser
for 808 nm laser (1.5W/cm?) irradiation for 10 min and stained with a working solution of 2 pM calcein-AM (live cells)
and 8 uM PI (dead cells) for 30 min. Observations were conducted under an inverted fluorescence microscope to assess
the treatment effects.

In vivo FlI Imaging of Coumarin 6-TSL-IR820-CAT

After the subcutaneous tumors in nude mice reached approximately 300 mm?, an f-TICNP solution (50 uL) was instilled
in vitro through a needleless syringe into the tumor-bearing mice. FI images were captured at 0.5, 2, 4, and 6 h using
a small animal under visible light in an in vivo imaging system (PerkinElmer, USA). FI images collected before f-TICNP
injection in tumor-bearing nude mice served as controls.

Measurement of O, Production in vivo

Mice were randomly assigned to three groups of three mice each: control (control), TSL-IR820, and TSL-IR820-CAT.
After the subcutaneous tumor in each group grew to approximately 200 cm?, the drug was injected vertically into the
tumor using a needle-free syringe. The TSL-IR820 and TSL-IR820-CAT groups were injected with 50 pL of the
corresponding nano-solution, and the control group was injected with 50 pL of normal saline. After 24 h of needle-
free injection, each group was sacrificed by dislocation, and the complete tumor was dissected and placed in 10%
formaldehyde solution for 48 h of fixation. Photographs were taken and recorded using an inverted fluorescence
microscope after immunofluorescence staining.

In vivo Photodynamic Therapy and Photothermal Ablation

TSL-IR820-CAT was tested in 25 tumor-bearing mice to determine its therapeutic effect. Nude mice were randomly divided
into five groups of five mice each after the tumor reached a size of approximately 100 mm?®. The experimental groups
included the control, laser-only, PDT, PTT, and PDT+PTT groups. The control group was injected with 50 uL normal saline
using a needleless syringe (1). In the laser-only group, 50 pL normal saline was injected using a needleless syringe. The
tumor area was irradiated with an 808-nm laser transmitter for 10 min (power density of 1.5 W/cm?) (2). In the PDT group,
50 uL of TSL-IR820-CAT suspension with 125 pg/mL concentration was injected through a needleless syringe. Then an
808-nm laser was irradiated at a power density of 1.0 W/em? for 10 min (3). The PTT group was injected with a TSL-IR820
suspension (50 pL, 125 pug/mL) through a needleless syringe and then irradiated with an 808 nm laser (1.5 W/cm?) for
10 min (4). In the PDT + PTT group, TSL-IR820-CAT suspension (50 pL, 125 pg/mL) was injected with a needleless
syringe, and then laser irradiation was performed at a power density of 1.5 W/em? for 10 min (5).

In mice, tumor growth was assessed by measuring the tumor diameter and length two days per week for 18 days after
suspension and irradiation were administered. After 24 h of treatment in each group, the tumor site was dissected from
each mouse, and histopathological analysis was performed using H&E and TUNEL staining.

The control, PDT, and PDT + PTT groups received another mouse, and when the subcutaneous tumor grew to
approximately 300 mm?, each group received the corresponding treatment plan. The control group obtained near-infrared
thermal images and temperature information of the tumor area at each time point (0—7, and 10 min); a thermal imager
recorded PDT and PDT + PTT groups.

In vivo Toxicity Assessment
The growth of mice was reflected in their weights at two days per week. After the 18-day treatment cycle of 25 mice, the
mice were sacrificed, and major organs (heart, liver, spleen, lung, and kidney) were removed for H&E staining.

Statistics
All statistical analyses were performed using SPSS 22.0. Measurement data are presented as mean + standard deviation.
*P < 0.05, minimum level of significance of the data.
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Results and Discussion
Synthesis and Characterization of TSL-IR820-CAT

There has been a growing interest in nanomedicine owing to its unique functionality and controllability, and it has
become a hot research topic. Several nanotherapeutics are currently in clinical use that combines features of reduced
toxicity and improved circulation.®” Therapeutic nanoparticles (NPs) in cancer therapy have been approved for several
platforms, including liposomes, polymeric micelles, and albumin nanoparticles.®

The synthesis method and applications of TSL-IR820-CAT are presented in Scheme 1. In this study, the gas-liquid
injection technique was designed for precise targeting with a breakthrough skin barrier; TSL-IR820-CAT supplied
sufficient oxygen and exerted an enhanced PDT/PTT combined efficacy. As evident from the transmission electron
microscopy (TEM) image (Figure 1A), the structure of TSL-IR820-CAT was observed, showing a shell-core structure.
The same specimen was observed again after being placed for 30 days. The dispersion of TSL-IR820-CAT was still
optimal, the size was uniform, and the structure did not change significantly, indicating that the nanoparticles maintained
a stable structure for a relatively long time (Figure 1B). Dynamic light scattering (DSL) revealed that the average
hydrated particle size of TSL-IR820-CAT was 125.3 nm (Figure 1C), enabling them to achieve passive targeting by
enhancing the EPR.** The average zeta potential is displayed in Figure 1D, the TSL potential was positively charged, and
TSL-IR820 and TSL-IR820-CAT were negatively charged. The average zeta potential of TSL-IR820-CAT was —11.0 mV.
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Scheme | Schematic diagram of the synthesis process of TSL-IR820-CAT and the mechanism of enhancing synergistic PDT/PTT antitumor therapy.
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nm. (C) Size distribution of TSL-IR820-CAT as measured by dynamic light scattering; inset is a TEM image of an enlarged version of TSL-IR820-CAT. Scale bar: 25 nm. (D)
Zeta potential results of TSL, TSL-IR820, and TSL-IR820-CAT. (E) UV absorption spectra of CAT, IR820, and TSL-IR820-CAT. (F) UV absorption spectra of IR820 at different
concentrations. (G) Spectra of IR820 at the relative absorbance intensity wavelength of 780 nm in the UV absorption spectrum.

The maximum absorption peak of the free IR820 aqueous solution was 690 nm, and that of the CAT aqueous solution
was approximately 192 nm. The UV-vis absorption peaks of TSL-IR820-CAT were similar to those of free IR820 and
CAT, indicating that the drug was successfully entrapped in nanoliposomes (Figure 1E). To determine the actual content
of IR820 and CAT in TSL-IR820-CAT nanoparticles, the standard curves of IR820 (Figures 1F and G) and CAT
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(Supplementary Figure S1) were tested, and the encapsulation efficiencies of IR820 and CAT were calculated to be
approximately 40.7% and 25.8%, respectively.

Drug Release and in vitro Photothermal Properties of TSL-IR820-CAT

The fluorescence of calcein was automatically quenched at higher concentrations in the liposomes, but the fluorescence
quenching was relieved upon release from the liposomes. The release of c-TINP was detected after 808 nm irradiation.
Figure 2A depicts the absorption spectra of calcein at different concentrations, and a standard curve was obtained
(Figure 2B). During the photothermal-induced destruction of c-TINPs, calcein was released (Supplementary Figures S2A
and S2B). The drug release curve demonstrated that the drug release increased rapidly after 1 min of NIR irradiation. At
10 min, the cumulative release rate of calcein in the c-TINP group reached 78.8%, whereas that in the c-TNP group was
23.6% (Figure 2C). Near-infrared irradiation of IR820-containing nanoparticles can generate high-temperature conditions
that facilitate the effective release of their contents.

IR820 can be released from TSL-IR820-CAT after irradiation with near-infrared light, indicating that it can achieve
tumor-targeted drug release and exert photodynamic and photothermal therapeutic effects. To assess the photothermal
conversion ability of TSL-IR820-CAT, the temperature change under 808 nm near-infrared light was measured. As
illustrated in Figures 2D and Supplementary S3A, after 1.5 W/cm® near-infrared light irradiation for 6 min, the
temperature of TSL-IR820-CAT solution increased as the concentration increased, reaching a maximum temperature
of nearly 60 °C, while PBS solution temperatures remained stable Furthermore, for the TSL-IR820-CAT solution with
a fixed concentration of 125 pg/mL, photothermal effects were evaluated under different intensities of near-infrared light
irradiation. The TSL-IR820-CAT solution exhibited laser power-dependent photothermal properties, with an elevated
temperature of 32.2 °C under irradiation at a power of 1.75 W/cm? (Figures 2E and Supplementary S3B). As displayed in
Figure 2F, the TEM image of TSL-IR820-CAT heated to 42 °C under NIR irradiation demonstrates that nanostructures
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Figure 2 Drug release and temperature rise characteristics of TSL-IR820-CAT. (A) UV absorption spectra of calcein at different concentrations. (B) Spectra of calcein at the
relative absorbance intensity wavelength of 497 nm in the UV absorption spectrum. (C) The rate of calcein release from c-TINP and c¢-TNP into PBS after irradiation with
808 nm laser (I.5W/cm2) for different times. (D) Temperature changes of PBS and suspensions containing different IR820 concentrations of TSL-IR820-CAT under light
irradiation (808 nm, 1.5 W/cm?). (E) Temperature variation of suspensions of TSL-IR820-CAT under 808 nm lasers at different power densities with a fixed IR820
concentration (125 pg/mL). (F) TEM image of TSL-IR820-CAT heated to 42 °C under NIR irradiation. Scale bar: 50 nm.
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were destroyed. The experimental results indicate that TSL-IR820-CAT has optimal photothermal ability and promising
potential for photothermal therapy.

In vitro Cytotoxicity, Cellular Uptake, and Internal Localization of Nanoparticles
Biosafety is essential for developing and researching nanomaterials and their subsequent application in clinical treatment.
The cytotoxicity of TSL-IR820-CAT was detected using a CCKS8 cytotoxicity detection kit, and the cells used were
human skin squamous carcinoma cells A431. As revealed in Figure 3A, when the TSL-IR820-CAT concentration was
lower than 125 pg/mL, TSL-IR820-CAT demonstrated no obvious cytotoxicity to A431 cells. When the concentration of
TSL-IR820-CAT was increased to 150 pg/mL, the viability of A431 cells was 94.9%, and the cell viability decreased
slightly but was still higher than 90.0%. The synthesized TSL-IR820-CATdepicted no obvious toxicity to A431 cells, and
its biological safety met the experimental requirements at this stage.

The nanoparticles were labeled with the green fluorescent dye coumarin-6 (f-TICNP), and changes in cell staining
with concentration were observed by microscope and flow cytometer. After co-incubation of f~-TICNP with A431 cells
for 4 h, DAPI solution was applied for 3 min to depict fluorescence of the nuclei. Figure 3B displays that the
nanomaterial (green) enveloped the nucleus (blue), demonstrating that f~-TICNP was effectively taken up by A431
cells. Its intake increased with a concentration in a concentration-dependent manner. The flow cytometry results
quantified the uptake of A431 cells, and the results were indistinguishable from those obtained by inverted microscopy
(Supplementary Figure S4). The localization of f~-TICNP in A431 cells was observed using a confocal laser scanning

microscope. As the results demonstrated (Figures 3C and D), obvious green fluorescence can be seen in A431 cells, the
same as the above-mentioned inverted fluorescence microscope and flow cytometry detection results. After co-incubating
A431 cells with f-TICNP solution for 4 h, mitochondria were labeled with MitoTracker staining solution (red), and
lysosomes were labeled with Lyso-Tracker staining solution (red). Green f-TICNP overlapped with red mitochondria/
lysosomes, showing yellow fluorescence, and lysosome staining were more evident than mitochondrial staining
(Figures 3C and D). These results indicate that f-TICNP could be endocytosed into the cell interior through the cell
membrane and then transported to the mitochondria and lysosomes of the cell. As mitochondria are sensitive to ROS, this
may contribute to the phototoxic effect of PDT.*®

Detection of Oxygen Production Characteristics

In PDT, the efficacy is limited by the local hypoxic environment within the tumor, while in CAT, the high concentration
of H,0, in the tumor tissue can be used to generate oxygen.>® A red fluorescent dissolved oxygen indicator dye
calibrated the oxygen production capacity. The red fluorescence intensity of [Ru(dpp);] Cl, decreased under
a microscope and was mainly quenched by oxygen molecules. The intracellular oxygen production capacity of A431
cells treated with nanoparticles was determined using laser confocal microscopy. As displayed in Figure 4A, cells in both
the control and TSL-IR820 groups revealed obvious red fluorescence, while the fluorescence intensity of the TSL-IR820-
CAT group was significantly reduced. The fluorescence intensity of the TSL-IR820-CAT group was significantly lower
than that of the TSL-IR820 group (P < 0.01). These results indicated that TSL-IR820-CAT could catalyze oxygen
production from H,O, present in cells.

HIF-1 is a ubiquitous nuclear protein that is easily controlled by oxygen levels. Its subunit HIF-10 has been linked to
the proliferation and metastasis of tumor cells.** In vivo validation must demonstrate hypoxia after the corresponding
drug injection by detecting HIF-1a levels in tissue sites. As illustrated by the staining results in Figure 4B, the expression
levels of HIF-1a in the control and TSL-IR820 groups were higher. The expression of HIF-1a in the TSL-IR820-CAT
group was lower than in the other two groups. These results revealed that TSL-IR820-CAT could generate oxygen in the
tumor tissue and improve the hypoxic state of the tumor microenvironment.

Intracellular ROS Production

Using DCFH-DA as a labeled probe for ROS, ROS production in A431 cells by TSL-IR820-CAT was detected using an
inverted fluorescence microscope and flow cytometry. TSL-IR820-CAT can catalyze H,O, to generate oxygen, which is used
as a ROS source. As illustrated in Figure 5A, the fluorescence intensity of ROS produced by TSL-IR820-CAT was negligible
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Figure 3 Safety and colocalization of TSL-IR820-CAT in A431 cells. (A) CCK8 assay to determine the cytotoxicity of different concentrations of TSL-IR820-CAT in A431
cells. (B) Intracellular uptake of f-TICNP was observed by inverted fluorescence microscopy after incubation with different f-TICNP concentrations. Scale bar: 50 ym. (C)
Mitochondrial colocalization was observed with CLSM after 4 h incubation with f-TICNP. Scale bar: 20 pm. (D) Lysosomal colocalization was visualized with CLSM after 4
h incubation with f-TICNP. Scale bar: 20 pym.

in the absence of laser irradiation and was not significantly different from that of the control group. The intracellular green
fluorescence intensities of the PDT and PDT-H,0, groups were significantly higher than that of the laser-only group. Based
on flow cytometry analysis, the fluorescence intensity of ROS in the PDT and PDT-H,O, groups was significantly higher
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Figure 4 TSL-IR820-CAT improves hypoxia. (A) Oxygen production by TSL-IR820-CAT in A431 cells. Scale bar: 50 um. (B) Immunofluorescence staining observation of PBS,
TSL-IR820, or TSL-IR820-CAT after needle-free syringe injection to regulate the expression of HIF-10 in tumor tissue in vivo. Scale bar: 50 ym. * P < 0.05, **P < 0.01, ***P < 0.001.

than that in the other groups (Supplementary Figure S5), which is consistent with the above results, indicating that TSL-
IR820-CAT mediated PDT effects can effectively generate ROS to exert the antitumor effect of PDT.

In vitro Synergistic Antitumor Efficacy of TSL-IR820-CAT

To evaluate the in vitro therapeutic effect of TSL-IR820-CAT, live and dead cell staining experiments were used for
validation. Cells were stained with calcein-AM/PI; live cells demonstrated green fluorescence, whereas dead cells
displayed red fluorescence. In the PDT group, laser irradiation was performed under ice incubation. A431 cells were
pretreated with vitamin C in the PTT group to remove ROS.*'*? As presented in the results in Figure 5B, the cells in
control and laser-only groups had normal morphology and no apparent cell death, consistent with the results of the CCK8
experiment, indicating that the nanoparticles had optimal biocompatibility. In the PDT group, some cells died after laser
irradiation, and approximately half of the cells survived. In the PTT group, the number of dead cells further increased.
More importantly, the red fluorescent spots in the full field of view could be seen under the microscope of the treated
cells in the PDT+PTT group, indicating a significant tumor-killing effect.
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Figure 5 PDT and PTT effects of TSL-IR820-CAT in A431 cells. (A) Fluorescence microscopy images of ROS generated by different treatments (blue fluorescence
represents nuclear localization, green fluorescence represents ROS-positive staining). Scale bar: 200 ym. (B) Fluorescence microscopy images of A431 cells stained with
Calcein AM/PI for five groups of treatments (green fluorescence represents live cells, red fluorescence represents dead cells). Scale bar: 200 pm.
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TSL-IR820-CAT is required to accumulate within tumors to enhance tumor suppression. Therefore, fluorescence imaging
confirmed the in vivo distribution of the nanoparticles injected through a needle-free syringe. The fluorescent dye coumarin-
6 labeled nanoparticle f~-TICNP was used to observe the fluorescence images of A431 skin squamous cell carcinoma tumor-
bearing nude mice. At irradiation times of 0.5, 2, 4, and 6 h, it was evident that with time, the fluorescence in the tumor area
became more concentrated, and the signal did not weaken (Figure 6A). Moreover, the tumor, heart, liver, spleen, lung, and
kidney were collected from the mice after 6 h of observation to further observe the metabolism and aggregation of
nanomaterials. As illustrated in Figures 6B and C, the fluorescence signal intensity of the tumor tissue was the most
obvious, and a small amount of fluorescence signal existed in the liver and kidney, indicating the metabolic pathway of the
nanoparticles.

In vivo Photothermal and the Efficacy of Dual Therapy

The barrier between the inside and outside of the skin is mainly composed of the stratum corneum, but hyperkeratosis is
often seen in skin tumors and precancerous lesions.***** The direct application of photosensitizers to the skin is difficult,
which impedes their absorption of photosensitizers. To overcome the insufficient penetration depth and uneven diffusion
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Figure 6 (A) Fluorescence imaging of A431 squamous cell carcinoma tumor-bearing nude mice after needle-free syringe injection of f-TICNP. (B) Graph of ex vivo
fluorescence signals detected in tumors and major organs 6 h after needle-free syringe injection. (C) Infrared thermographic images of A43| squamous cell carcinoma nude
mice at different time points were collected by NIR laser irradiation (I or 1.5 W/cmz) for 10 min after injecting PBS and TSL-IR820-CAT with a needle-free syringe,
respectively. (D) 3D IR photothermal images of tumor sites in mice treated with PBS, PDT, and PDT+PTT at |0 min, respectively. (E) The corresponding real-time
temperature changes during NIR laser irradiation of the tumor site. * P < 0.05, ** P < 0.01, *** P < 0.001.
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of photosensitizers in treating skin tumors, a German INJEX needle-free syringe was employed in this study. TSL-IR820-
CAT was injected into the tumor tissue area of tumor-bearing mice using a needleless syringe, and temperature changes
were recorded using a thermal imager. After 10 min of 1.5 W/cm? laser irradiation, the body temperature of the tumor
site in the PDT + PTT group increased rapidly to 59.1°C, which exceeded the irreversible temperature in inducing tumor
ablation (Figure 6D). The rapid increase in temperature over a short period was attributed to the targeted aggregation of
nanoparticles after needle-free injection.

In contrast, the temperature of the tumor site in the PDT group reached 46.2 °C after 10 min of laser irradiation at
1W/cm?, which was much lower than that in the PDT + PTT group. As displayed in Figure 6E, the corresponding 3D
photothermal images of PBS, PDT, and PDT + PTT provided a three-dimensional analysis for determining the
temperature of mouse tumors. Temperature changes from the central region of the tumor to its borders can be observed
more intuitively. No noticeable increase in the tumor temperature was observed in the PBS group (Figure 6F). These
results indicated that TSL-IR820-CAT could provide significant PDT and PTT effects in vitro.

Next, we explored the antitumor efficacy of TSL-IR820-CAT in an orthotopic A431 cutaneous squamous cell
carcinoma mouse model based on circulation time and enhanced tumor targeting. The treatment regimen followed the
schedule illustrated in Figure 7A. The comparison of tumor volume and weight of tumor-bearing mice between separate
groups directly reflects the efficacy of antitumor therapy. The trend of the treatment effect in tumor-bearing mice was
evident on the 12th day after the different treatments (Figure 7B). The tumor growth status demonstrated that the volume
increased rapidly with time in the control and laser-only groups. After treatment in the PDT and PTT groups, the growth
rate of the tumor slowed but still revealed a continuous growth trend. Tumor growth in the PDT+PTT group was
significantly inhibited (Figure 7E). Tumors from the dissected mice were weighed and recorded after completing the
treatment cycle (Figures 7C and D). The results revealed differences in tumors among the groups, with the PDT+PTT
group having almost no tumors on day 18, consistent with the tumor growth curve results.

The TUNEL assay and H&E staining were used to further evaluate the ability of TSL-IR820-CAT-mediated PDT/
PTT combination therapy to induce apoptosis in mice. TUNEL staining of tumor tissue in Figure 7F displays that the
control and laser-only groups were negative. The positive areas of the PDT and PTT groups were higher than those of the
control and laser-only groups. However, many residual tumor cells continue to grow and develop, leading to recurrence.
The positive area in the PDT + PTT group was significantly more extensive than in the other four groups. H&E staining
of tumor tissues led to the same conclusion (Figure 7F). TSL-IR820-CAT was successfully transported into tumor cells
and enhanced the antitumor effects of PDT/PTT.

Long-Term Biosafety of TSL-IR820-CAT

By measuring the H&E staining of the major organs after the treatment cycle and by measuring the weight of mice during
the biological safety of the treatment cycle, the TSL-IR820-CAT treatment system was evaluated for biological safety.
Compared with the control group, after 18 days of PDT combined with PTT treatment, no pathological differences were
observed in the tissue sections of the main organs of the mice in each group under a microscope (Supplementary Figure S6).

Supplementary Figure S7 depicts that all mice did not lose significant body weight during the weighing procedure. The

results indicate that TSL-IR820-CAT, mediated by a needle-free syringe, has no systemic toxicity and offers qualified
biosafety and considerable therapeutic potential.

Conclusions

The TSL-IR820-CAT nanoreactor was successfully developed to deliver partially mitochondria-targeted and oxygen-rich
PDT directly into the tumor interior with a needle-free syringe and achieved simultaneous PDT/PTT for a single near-
infrared treatment. TSL acts as a “gatekeeper” by preventing premature release of IR820 and CAT integrated with its core
until the TSL phase transition temperature is reached. Using this strategy, hypoxia is effectively alleviated in the tumor
microenvironment, and hyperkeratosis of the skin due to squamous cell carcinoma does not interfere with the penetration
of photothermal agents or photosensitizers. Under 808 nm laser irradiation, the enhanced combined antitumor effect of
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Figure 7 In vivo anti-squamous cell carcinoma after TSL-IR820-CAT injection by needle-free syringe. (A) Schematic diagram of the treatment regimen. (B) Tumor
photographs of five groups of tumor-bearing mice were taken on the 12th day after different treatments. (C) Tumor anatomy photos of mice in five groups after different
treatments. (D) The observed tumor tissue weight after 18 days of treatment. (E) After different treatments, the tumor growth curves of the five groups are observed. (F)
TUNEL and H&E staining of different treatment groups. Scale bar: 50 ym. * P < 0.05, ** P < 0.01, *** P < 0.001.

PDT/PTT breaks the bottleneck of existing treatment modalities; that is, the treatment effect is insufficient due to a single
treatment modality. This study aimed to maximize the antitumor efficacy of PDT and PTT, expand the scope of needle-

free syringe applications, and develop an innovative method for treating squamous cell carcinoma.
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