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[bookmark: _Hlk144282492]Summary
Near-infrared photothermal cancer therapy has attracted increasing attention due to its non-invasiveness, high selectivity, and spatiotemporally controllable local treatment. A novel near-infrared photothermal agent was developed, consisting of a plasma membrane-adhesive indocyanine green conjugated with a polycation bearing quaternary ammonium salt groups, called adhesive indocyanine green, for locally administered near-infrared photothermal cancer therapy. In this study, the photothermal effects of adhesive indocyanine green on the plasma membrane were investigated using a rat gastric mucosal cancer cell line. Upon light irradiation, adhesive indocyanine green exhibited a photothermal effect without generating singlet oxygen. Due to electrostatic interaction, adhesive indocyanine green adhered to negatively charged polysaccharides on the plasma membrane of rat gastric mucosal cancer cells. When the cells were irradiated with near-infrared light at 808 nm at 108 J/cm², levels of intracellular reactive oxygen species significantly increased despite the absence of a detectable temperature rise in the cell culture medium. These results indicate the generation of intracellular reactive oxygen species by the photothermal effects of plasma membrane-adhesive near-infrared photothermal agents.

Keywords: reactive oxygen species, polycation, indocyanine green, photothermal, plasma membrane


1. Introduction
In recent years, the number of new patients with cancer and deaths from cancer has been increasing worldwide.(1) Cancer treatment mainly consists of surgery, radiation therapy, and drug therapy, which are combined in a multidisciplinary approach. Among these therapies, surgical treatment, which is a local therapy, is often very invasive, although minimally invasive treatments have been increasing in recent years. Additionally, drug-based therapies, such as chemotherapy, are sometimes limited by the patient's age or underlying disease. The development of noninvasive, localized therapies remains desirable in cancer treatment.
Recently, near-infrared photothermal cancer therapy (NIR-PTCT) has received much attention due to its non-invasiveness and spatiotemporally controllable local treatment.(2-6) Through NIR light irradiation, photothermal agents convert photon energy into heat and release that heat locally to directly kill cancer cells. Recent advances in NIR light-responsive organic and inorganic materials have garnered considerable attention.(7-10) Among these materials, the use of indocyanine green (ICG), which exhibits photothermal effects, has been gaining growing interest in the field of NIR-PTCT because ICG is widely used for the identification of sentinel nodes during surgery in clinical practice.(7, 11-13) However, even intratumor administration of ICG under light irradiation fails to show high antitumor efficacy due to diffusion throughout the cells.(14) Additionally, although tumor-targeted drug delivery system using nanoparticles such as liposomes that physically encapsulate ICG are promising, their current major limitation lies in the leakage of photothermal agents, leading to insufficient efficacy.(15)
Recently, we reported the development of a locally administered photothermal therapy for treating cancers using adhesive ICG (aICG) (Fig. 1).(14) aICG consists of ICG conjugated to polycation segment; thereby, completely preventing the release of ICG in vivo. In cases of breast and gastrointestinal cancers, the drugs can be locally injected under ultrasound-guided or endoscopy-guided injection.(16-18) A previous study demonstrated that NIR-PTCT with intratumor injection of aICG shows a higher antitumor effect upon light irradiation at 808 nm compared to low-molecular-weight ICG.(14) However, the photothermal effect when aICG adheres to the plasma membrane remains unclear. Therefore, in this study, we investigated the photothermal effect of aICG on the plasma membrane using a rat gastric mucosal cancer cell line (RGK1). As the plasma membrane possesses negatively charged polysaccharides on its surface, the positively charged aICG should adhere to those polysaccharides. By irradiating NIR light when aICG is attached only to the plasma membrane, the photothermal effect on the plasma membrane can be investigated.

2. Materials and Methods
[bookmark: _Hlk186150546]2.1. Chemicals
[bookmark: _Hlk146617150]ICG N-hydroxysuccinimide ester (ICG-NHS) was purchased from BioActs (Incheon, Korea). Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA), [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC), and N-(3-aminopropyl)methacrylamide hydrochloride (APMAA) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Methanol, Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 ham with 15mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) and sodium bicarbonate, without L-glutamine and Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham with 15mM HEPES and sodium bicarbonate, without L-glutamine and phenol red were both purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Gibco (Waltham, MA, USA). 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (WSCD-HCl) was purchased from Peptide Institute, Inc. (Osaka, Japan). 2’,7’-Dichlorodihydrofluorescein diacetate was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Singlet oxygen sensor green (SOSG) reagent was purchased from Thermo Fisher Scientific (Cleveland, OH, USA). PlasMem Bright Red and Hoechst33342 were purchased from Dojindo (Kumamoto, Japan).

2.2. Preparation and characterization of PMETAC-co-PAPMAA(ICG)
[bookmark: _Hlk146617326]PMETAC-co-PAPMAA(ICG), called aICG, was synthesized according to a previously reported method.(19) The aICG was dissolved in phosphate-buffered saline (PBS) at a concentration of 2.5 mg/mL, corresponding to an ICG concentration of 13 μM. Ultraviolet-visible (UV-vis) spectra were recorded using a UV-2600 UV-visible spectrophotometer (Shimadzu Corp., Japan). Fluorescence spectra were collected using an FP-8500DS fluorescence spectrophotometer (JASCO Corp., Tokyo, Japan). The photothermal performance was evaluated using NIR laser irradiation (CivilLaser, Hangzhou, China) at an intensity of 0.9 W/cm2, and the increase in temperature was measured using an electronic thermometer (As One Corp., Tokyo, Japan). Three samples were analyzed for each quantitative measurement.

2.3. Detection of singlet oxygen
A total of 10 μL of SOSG (Thermo Fisher, Cleveland, OH, USA) was added to 90 µL of aICG solution (2.5 mg/mL) to achieve a final concentration of 5 µM. The mixture was irradiated with an 808 nm laser at 0.9 W/cm2 for a total fluence of 270 J/cm2 over 5 min. The fluorescence signal of SOSG was measured at an excitation/emission wavelength of 488/535 nm using a Spark multimode microplate reader (Tecan Trading AG, Switzerland).

2.4. Localization of aICG
RGK1 is a cell line derived from rat gastric mucosal cells (RGM1) that was transformed into a cancerous state by exposure to N-methyl-N′-nitro-N-nitrosoguanidine to become cancerous.(20) RGK1 cells were seeded onto a glass-bottom dish at a density of 3.0 × 103 cells per glass area and incubated overnight in a 5% carbon dioxide (CO₂) incubator at 37°C. After incubation, cells were washed once with cold PBS. The culture medium was replaced with 200 µL of medium without phenol red or FBS, containing the aICG (0.25 mg/mL), PlasMem Bright Red (5 μg/mL), and Hoechst33342 (5 μg/mL). At 5 min after the medium replacement, the cells were observed using a STELLARIS 8 confocal microscope (Leica Microsystems, Wetzlar, Germany). The excitation wavelengths of Hoechst33342, PlasMem Bright Red, and ICG were 405 nm, 560 nm, and 760 nm, respectively.

2.5. Intracellular ROS generation
RGK1 cells were seeded into a 24-well microplate at a density of 5.0 × 104 cells per well and incubated in a 5% CO2 incubator at 37°C for 2 days. 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) was added at a final concentration of 1.0 × 10-7 mM, and the cells were incubated for 15 min. After incubation, cells were washed thrice with PBS to remove extracellular DCFH-DA. The medium was then replaced with 300 µL of medium (without phenol red and FBS) containing a final concentration of 0.25 mg/mL aICG. At 5 min after the medium replacement, the cells were irradiated with an 808 nm laser at 0.9 W/cm2 for 2 min (108 J/cm2) at room temperature. Following irradiation, the cells were harvested using trypsin-EDTA treatment. The fluorescence intensity within the cells was quantified using a BD Accuri™™ C6 flow cytometer (BD Biosciences San Jose, CA, USA).

2.6 Evaluation of cell membrane damage and cytotoxicity 
[bookmark: _Hlk209017656]RGK1 cells were seeded at a density of 3.0 × 10⁴ cells per well in a 24-well microplate and cultured for 2 d. The medium was replaced with 400 mL of medium containing aICG at a final concentration of 0.25 mg/mL. After 5 min, cells were irradiated with an 808 nm laser (0.9 W/cm²) at room temperature for 2 min (108 J/cm²), followed by staining with CytoCalcein Violet 450, Apopxin Green Indicator and 7-AAD, which are commercially available as Apoptosis/ Necrosis Assay Kit (Cat. No.: ab176749, Abcam, United Kingdom), according to product instruction. The stained cells were observed by a fluorescence microscope (BZ-710; Keyence, Osaka, Japan). Number of stained cells by CytoCalcein Violet 450, Apopxin Green Indicator, and 7-AAD was counted. The mean and SEM were calculated from three independent experiments (≧ 100 cells).

2.7. Statistical analysis
Statistical comparisons among more than three groups were conducted using a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (GraphPad Prism, version 10); the difference was considered to be significant when p < 0.05. Statistical analysis to check the linearity was achieved with a normality Shapiro–Wilk (W) test and homoscedasticity test using GraphPad Prism.


3. Results
3.1.  Characterization of aICG
The chemical structure of the aICG used in this study is shown in Fig. 1. The average molecular weight of the polycation bearing quaternary ammonium salt groups was approximately 20 kDa and contained approximately 100 units of the positively charged monomer, METAC. Fig. 2a shows the absorption spectrum of aICG in PBS, which exhibited a peak at 780 nm. Fig. 2b shows the fluorescence spectrum of aICG in PBS, which displayed a peak at 800 nm.
The photothermal performance of aICG at a concentration of 2.5 mg/mL (equivalent to 13 µM of ICG) was assessed under NIR laser irradiation at 808 nm for 5 min. Before irradiation, both PBS and aICG solutions were maintained at approximately 28°C. Although PBS showed no significant temperature increase after irradiation (rising to 30°C), aICG alone demonstrated a marked temperature elevation, reaching 43°C (Fig. 3a). To evaluate the generation of singlet oxygen in aICG, SOSG reagent was used to confirm the generation of singlet oxygen from aICG using laser irradiation at 808 nm.(21) SOSG emits green fluorescence upon reacting with singlet oxygen. However, no notable difference in fluorescence intensity was observed between aICG and PBS in either irradiated or non-irradiated samples (Fig. 3b). These results indicate that aICG did not generate singlet oxygen under NIR light irradiation under the present conditions.

3.2.  Localization of aICG
As demonstrated in our previous study, aICG containing polycations exhibited a significantly higher therapeutic effect than low molecular weight ICG. This enhancement was attributed to the distinct cellular distribution of aICG. Although aICG is rapidly internalized and diffuses uniformly throughout the cytoplasm, aICG tends to adhere to the plasma membrane, potentially leading to enhanced cancer cell-killing efficacy. However, in previous experiments, fluorescence signals from aICG were detected in endolysosomes 24 h after treatment rather than on the plasma membrane.(14) Given that positively charged aICG can electrostatically interact with negatively charged polysaccharides on the plasma membrane, aICG should initially adhere to the plasma membrane. In this study, we first performed microscopic observations immediately after adding aICG to the cell culture medium to obtain evidence that aICG was attached to the plasma membrane. For visualization, PlasMem Bright Red and Hoechst 33242 were used to stain plasma membrane glycans and nuclei, respectively. As shown in Fig. 4, PBS-treated cells displayed membrane-localized fluorescence of PlasMem Bright Red. In aICG-treated cells, fluorescence signals from aICG clearly overlapped with those from PlasMem Bright Red, indicating that aICG rapidly adhered to the plasma membrane upon exposure. Notably, dot-like aICG fluorescence signals were observed in the cytoplasm after 15 min (data not shown), suggesting rapid internalization of aICG via endocytosis following initial membrane adherence. For comparison, the low molecular weight ICG was also added to the cell culture medium and observed under similar conditions. However, even 5 minutes after addition, it was taken up into the cells and was not localized solely to the cell membrane (Fig. S1). This is because ICG itself is a highly hydrophobic compound with its molecular weight of 774.96 g/mL and permeates the cell membrane. Therefore, it localized in the cytoplasm even at 5 min after its addition. On the other hand, aICG is a polycation with a molecular weight of about 20 kDa, which cannot permeate the cell membrane and is initially electrostatically adsorbed on negatively charged polysaccharides on the cell membrane. Since the purpose of this study was to investigate the photothermal effect of aICG that only adheres to the membrane, only aICG was used for further investigation in this study.

3.3.  Intracellular ROS generation
As mentioned above, only aICG was localized on the plasma membrane after its addition to the cell culture medium. To investigate the photothermal effect on the plasma membrane, light was irradiated and the photothermal effect on the cell membrane was evaluated when aICG was attached to the cell membrane. aICG was added to the cell culture medium at a final concentration of 0.25 mg/mL, and the temperature of the cell culture medium was measured immediately after irradiation. Before NIR exposure, the average temperature of the medium was 26.3°C (Fig. 5a). Following irradiation, the temperature of the medium without and with aICG rose to 27.8 and 27.7°C, respectively, indicating no significant difference. To assess intracellular reactive oxygen species (ROS) generation, DCFH-DA was used. This probe is deacetylated by intracellular esterases to yield nonfluorescent 2', 7'-dichlorodihydrofluorescein (DCFH), which is subsequently oxidized by ROS to the highly fluorescent compound DCF. The fluorescence intensity of DCF was measured as an indicator of intracellular ROS levels. Comparisons were made between non-irradiated and irradiated RGK1 cells treated with PBS or aICG. The irradiated aICG group showed a significantly higher fluorescence intensity compared to both the non-irradiated aICG group and the irradiated PBS group (Fig. 5b). These results suggested that NIR irradiation of membrane-bound aICG induced intracellular ROS generation.

[bookmark: _Hlk209017989]3.4 Evaluation of cell membrane damage and cytotoxicity 
The cell membrane damage and cytotoxicity were evaluated by three fluorescence dyes: CytoCalcein Violet 450, Apopxin Green Indicator and 7-AAD. Viable cells can be stained by CytoCalcein Violet 450. Alteration in cell membrane integrity can be evaluated by 7-AAD. The translocation of phosphatidylserine from the inner to the outer layer of the plasma membrane can be detected through the Apopxin Green Indicator. These staining results allow us to evaluate not only cell viability but also changes in the cell membrane due to the photothermal effect of aICG on the cell membrane. Compared to other groups, in aICG-treated and irradiated group, the proportion of cells stained with only CytoCalcein Violet 450, which is intact cells, was significantly decreased. In addition, in aICG-treated and irradiated group, the proportion of cells stained with CytoCalcein Violet 450 and 7-AAD, which means visible cells with increased cell permeability, was significantly higher than the other groups. These results indicate that approximately 80% of the cells were alive, but the permeability of the cell membrane increased in approximately 60% of the cells by the photothermal effect of aICG. This indicates evidence of aICG-induced photothermal damage of the cell membrane in RGK1 cells. Notably, although there was no significant difference, the proportion of cells stained with 7-AAD and Apopxin Green Indicator tended to be increased. This result suggests that aICG-induced photothermal effect caused the exposure of phosphatidylserine to the cell surface, leading to apoptosis in approximately 20% of the cells.

4. Discussion
aICG was developed for locally administered NIR-PTCT, where light can be directly delivered to tumor tissue using an optical fiber, and a photothermal agent can be administered locally within or near the tumor site.(14, 22) Subsequent light irradiation to tumor tissue leads to cancer cell death. Although low molecular weight photothermal agents such as ICG can increase the temperature, these agents fail to raise the temperature locally, limiting their therapeutic efficacy.(14) In contrast, aICG adheres to the plasma membrane, contributing to its higher anti-cancer effect.(14) Previous experiments revealed the accumulation of aICG in lysosomes, likely due to translocation via the endocytic pathway after final adhesion to plasma membranes through electrostatic interactions.(14)
In this study, to investigate the photothermal effect of aICG on the plasma membrane, light was irradiated onto aICG before it entered the endosome through endocytosis, and the production of intracellular ROS was examined. As shown in Fig. 4, aICG was detected only at the plasma membrane and not within lysosomes. Light irradiation under these conditions allowed for the evaluation of effects caused specifically by temperature increases at the plasma membrane. Upon light exposure, intracellular ROS levels increased significantly despite no observable increase in the temperature of the surrounding medium. These results demonstrate that localized heating at the plasma membrane can enhance intracellular ROS production. Here, change in the cell membrane due to the photothermal effect of aICG attached to the cell membrane were confirmed. As shown in Fig. 6, the aICG-treated group upon light irradiation significantly increased in plasma membrane permeability, which was detected by staining with 7-AAD. This proves that aICG attached to the cell membrane raises the temperature near the cell membrane, causing changes in the structure of the cell membrane. Furthermore, although no significant difference was observed, there was a tendency for phosphatidylserine to be exposed to the cell surface. This also suggests that the temperature increase in the cell membrane caused by aICG reduces the stability of the cell membrane, causing phosphatidylserine in the inner membrane to migrate to the outer membrane. These results demonstrate that increasing the temperature near the cell membrane by aICG causes changes in the membrane. As there has so far been no technology that can selectively increase the temperature near the cell membrane, the mechanism by which intracellular ROS increases due to structural changes in the cell membrane is still unknown. In future, we would like to elucidate its mechanism. In addition, after adhering to the cell membrane, aICG is taken up into the cell by endocytosis, and then, part of aICG reaches lysosomes. Therefore, by considering the timing of light irradiation, it would be possible to improve the anti-cancer effect of aICG.
In conclusion, this study demonstrated that aICGs, when attached to cell membranes through electrostatic interactions, significantly increased intracellular ROS following NIR light irradiation despite the absence of a temperature increase in the surrounding cell culture medium. These findings indicate that a local temperature rise at the cell membrane induces intracellular ROS. Furthermore, the results suggest that photothermal agents can generate intracellular oxidative stress even when localized on the cell membrane rather than internalized. Although mechanistic analysis of these phenomena is needed, aICG holds promise as a novel photothermal agent for topically administered NIR-PTCT, offering a new strategy for inducing intracellular oxidative stress.
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Figure legends
Fig. 1. Chemical structure of aICG. A copolymer of poly[2-(methacryloyloxy)ethyltrimethylammonium chloride] and poly[N-(3-aminopropyl)methacrylamide hydrochloride] conjugated with indocyanine green [PMETAC-co-PAPMAA(ICG)] is referred to as aICG. In this structure, indocyanine green is conjugated to a polycation bearing quaternary ammonium salt groups. The average molecular weight of the polycation was approximately 20 kDa and contained approximately 100 units of the positively charged monomer, 2-(methacryloyloxy)ethyltrimethylammonium chloride. aICG, adhesive indocyanine green.

Fig. 2. Characterization of aICG. (a) Ultraviolet-visible absorption spectrum of aICG in PBS. (b) The fluorescence emission spectrum of aICG in PBS (excitation at 760 nm). aICG was dissolved in PBS at a concentration of 2.5 mg/mL, corresponding to 13 μM of ICG. aICG, adhesive indocyanine green; PBS, phosphate-buffered saline.

Fig. 3. Photothermal and photodynamic properties of aICG. (a) Temperature changes of aICG solution (2.5 mg/mL) upon NIR light irradiation at 808 nm (0.9 W/cm2) for 5 min (270 J/cm2). (b) Singlet oxygen generation by aICG under NIR light irradiation was detected using the singlet oxygen-sensitive dye SOSG. The fluorescence intensity of SOSG was measured after irradiation at 808 nm (0.9 W/cm2) for 5 min (270 J/cm2). (-), without light irradiation; (+), with light irradiation. Data were expressed as means ± standard deviation (n=3). aICG, adhesive indocyanine green; NIR, near-infrared; SOSG, singlet oxygen sensor green.

Fig. 4. Intracellular localization of aICG in RGK1 cells. Upper images: fluorescence signal of aICG.
Middle images: Plasmem Red staining of the plasma membrane. Lower images: Hoechst 33342 staining of cell nuclei. aICG was used at a concentration of 0.25 mg/mL, corresponding to 1.3 μM ICG. aICG, adhesive indocyanine green; RGK1, rat gastric mucosal cancer cell line.

Fig. 5. Effects of NIR light irradiation on aICG-treated cells. (A) Temperature of the cell culture medium after light irradiation. Data were shown as mean ± SEM (n = 3). * p < 0.05 compared to other groups. (B) ROS generation in aICG-treated RGK1 cells was detected using DCFH-DA. Median fluorescence intensity (arbitrary units, a.u.) was measured in cells treated with PBS or aICG, with or without NIR light irradiation. Data were shown as mean ± SEM (n = 3). * p < 0.05 compared to other groups. NIR, near-infrared; aICG, adhesive indocyanine green; PBS, phosphate-buffered saline; DCFH-DA, 2′,7′-dichlorodihydrofluorescein diacetate; ROS, reactive oxygen species; SEM, standard error of the mean.

Fig. 6. Alteration in cell membrane of aICG-treated cells upon light irradiation. (A) Microscopic observation of the cells stained by CytoCalcein Violet 450, 7-AAD and Apopxin Green Indicator. Living cells were stained by CytoCalcein Violet 450. In cells with increased cell membrane permeability, 7-AAD translocates into the nucleus and emits red fluorescence. The cells with exposure of phosphatidylserine to the cell surface are stained by Apopxin Green Indicator. (B) The percentage of cells stained by CytoCalcein Violet 450, 7-AAD, and Apopxin Green Indicator (green). Number of stained cells by CytoCalcein Violet 450, Apopxin Green Indicator, and 7-AAD was counted. The mean and SEM were calculated from three independent experiments (≧ 100 cells).

Fig. 1.
[image: ダイアグラム

AI によって生成されたコンテンツは間違っている可能性があります。]

Fig. 2.
[image: ]



Fig. 3.
[image: ]



Fig. 4.
[image: ]



Fig. 5.
[image: ]



Fig. 6.
[image: テキスト

AI 生成コンテンツは誤りを含む可能性があります。]
image3.tif
oc)

.

.

.

.

N

e

.
.
.
.
.
.
.

.

I
e

.

I

N

I

-

.

R

R

I

I

.





image4.tif
Plasma





image5.tif
*l .
.
.
—_
\@0
.
. .
.
e
. — .
. B B . @
e
e e e e e
e e e e
. e e e
e . e .
. . e
A.s.wv
.
i e
m %\o -
N N
@o\ .&,o\
. . .
. .
R
e e e .A\\
. e«o
.




image6.tiff




image1.tif




image2.tif
. -
. e

I B
D .
D .
I .
. D
I I
I D
D .
- ' ' ' N . .
N . . . .

I e




