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The development of efficient photosensitizers with high singlet oxygen quantum yield, strong fluorescent emission, excellent photostability, and specific organelle targeting is in great demand for the enhancement of PDT treatment efficiency. This study designed and synthesized a new two-photon photosensitizer chlorophenyl thiophene axially substituted silicon (IV) phthalocyanine (CBT-SiPc). CBT-SiPc showed specific targeting of lysosomes in living cells and good biocompatibility. Furthermore, high 1O2 generation efficiency and high PDT efficiency in MCF-7 breast cancers under irradiation were also demonstrated. The novel CBT-SiPc showed great potential in the application of lysosome-targeted and two-photon bioimaging-guided photodynamic cancer therapy.
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1 INTRODUCTION
Photodynamic therapy (PDT) has attracted attention for its low dark toxicity and reduced side effects, controllability, and high cure accuracy (D'Alessandro and Priefer, 2020; Simoes et al., 2020). Phthalocyanines (Pcs) and their derivatives are promising second-generation photosensitizers owing to their extraordinary properties such as strong absorption in the near-infrared region, photostability, and high ROS quantum yield (Li et al., 2019; Galstyan, 2021). Silicon phthalocyanines with two axial substitutions reduce aggregation in solution and can be synthetically designed, thereby creating wide scope for modulation of their optical, chemical, and electronic properties (Li et al., 2019). However, their drawbacks include the easy formation of aggregates in aqueous solutions, leading to the low production of reactive oxygen species (ROS) and a lacking of targeting of cancer cells (Darwish, 2020). Many efforts have been focused on improving the PDT efficacies of Pcs by inducing various substitutions to their axial/peripheral positions (Chen Y. et al., 2018; Almeida-Marrero et al., 2021).
PDT efficacy has recently been shown to be associated with the amount of cancer cell uptake and subcellular localization of photosensitizers (Ming et al., 2021). Because the ROS lifetime is short and the action radius is limited (Luo et al., 2021), only photosensitizers proximal to the organelle are directly affected by PDT (Darwish, 2020).
Most PSs are preferentially localized in the plasma membrane (Kim et al., 2014), Golgi apparatus (Soriano et al., 2014), endoplasmic reticulum (Yu et al., 2018), nucleus (Gao and Lo, 2018), mitochondria (Valli et al., 2019), and lysosomes (Miretti et al., 2021). The most common PDT strategies are photo-damage of the mitochondria and lysosomes. In particular, lysosomes have attracted attention because they are involved in the maintenance of cellular homeostasis and regulation or interaction with other organelles (Liu et al., 2010; Zou et al., 2017; Chen et al., 2019). The induction of cancer cell programmed necrosis by nano-drugs with lysosome-targeting capability has been reported and has become a hot topic for overcoming cancer resistance to apoptosis and therapy (Yu et al., 2012; Meng et al., 2019). Lysosome-dependent cell death (LDCD) exploits lysosomal membrane permeabilization (LMP) to translocate lysosomal contents to the cytoplasm and then executes tumor cell death (Wang et al., 2014; Ding et al., 2018).
Bioactive molecules including benzothiophene derivatives have been widely used in agrochemical, medicinal agent, and chemical sensor applications (Elkanzi, 2018; Agoni et al., 2020; Mishra et al., 2020). Moreover, some benzothiophene derivatives can label organelles to improve PDT efficacy. For example, benzo[b]thiophene substituted porphyrin accumulated in the mitochondria and nucleus and damaged the function of these organelles to induce the death of MCF-7 breast cancer cells (Mohareb et al., 2016).
This study prepared a novel di-((3-chlorophenylthiophene-2-ester)hexafluorophenoxy) axial substituted silicon phthalocyanine (CBT-SiPc). Thanks to the chlorophenyl thiophene groups, CBT-SiPc showed hindrance that reduced the aggregation of silicon phthalocyanines to some extent and showed specific lysosome targeting. The heavy atom S in the chlorophenyl thiophene groups also promoted intersystem crossing (ISC), which increased the ability to produce ROS for silicon phthalocyanine (Cai et al., 2017; Bai et al., 2021). We also studied the structures, photophysical and photochemical properties, organelle targeting ability, and in vitro photodynamic efficacy of CBT-SiPc.
2 EXPERIMENTAL SECTION
2.1 Materials and equipment
3-Chloro-benzo[b]thiophene-2-carboxylic acid, hexafluoro bisphenol A, 4-dimethylaminopyridine (DMAP), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC·HCl) were supplied by Energy Chemical Company (Shanghai, China). 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA), LysoTracker green, and the Apoptosis Detection Kit with Annexin V-FITC and propidium iodide were purchased from Beyotime Biotechnology (Shanghai, China). Cell Counting Kit-8 (CCK-8) was obtained from GlpBio Biotechnology Co. (Shanghai, China). Dichloride silicon phthalocyanine (SiPcCl2) and unsubstituted zinc (II) phthalocyanine (n-ZnPc) were prepared as we described previously (Ding et al., 2013). Phosphate-buffered saline (PBS), fetal bovine serum (FBS), and Dulbecco’s minimum essential media (DMEM) were obtained from Gibco Life Technologies (USA). MCF-7 breast cancer cells were supplied by Shanghai Kefeng Biological Technology Co. (Shanghai, China). Other chemicals were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
A Perkin Elmer spectrometer was used to measure the infrared radiation (IR) spectra. 1 H nuclear magnetic resonance (NMR) spectra were recorded on a Varian Unity-400 NMR spectrometer. Mass spectra were recorded on a Bruker mass spectrometer. UV-Vis was recorded on a Cary 50 UV-Vis spectrophotometer, and fluorescence spectra were measured on an FL900/FS920 steady-state fluorescence spectrometer. High-performance liquid chromatography (HPLC) (SHIMADZU Essentia LC-16P) was used to analyze the CBT purity using acetonitrile: water (v/v = 40:60) as the mobile phase and a Zorbax SB-Aq C18 (4.6 × 250 mm, 5 μm) reversed-phase column as the solid phase at 25°C with a flow rate of 1 mL/min. High-resolution mass spectrometry was measured on an Agilent 6550 iFunnel Q-TOF LC/MS System (Japan).
2.2 Synthesis of 3-chloro-benzothiophene-2-ester hexafluorophenol (CBT-OH)
3-Chloro-benzo[b]thiophene-2-carboxylic acid (0.43 g, 2.00 mmol), hexafluoro bisphenol A (0.67 g, 2.00 mmol), DMAP (70.00 mg, 0.6 mmol), EDC HCl (0.50 g, 2.60 mmol), and dichloromethane (CH2Cl2) (40.00 mL) were refluxed at room temperature for 24 h with monitoring of the reaction by thin layer chromatography (TLC). The reacted mixture was washed with water. The collected organic phase was dried with anhydrous MgSO4 and then filtered. The organic phase was collected, and the organic solvent was evaporated under reduced pressure to obtain the crude solid product. The crude product was further purified on a silica gel chromatography column using CH2Cl2/ethanol (v/v = 5:1) as eluent twice. A white solid with a yield of 38.6% was obtained, with the following characteristics: IR/cm−1: 3446, 1610, 1499, 1192, 1059, 958, 926, 802, 744, 698, 586; 1H NMR (CDCl3, 400 MHz, δ/ppm): 5.21 (s, 1H; H1), 12.16–12.18 (m, 2H; H2), 12.47–12.49 (d, J = 8 Hz, 2H; H4), 12.71–12.80 (m, 4H; H3), 12.87–12.96 (m, 2H; H6), 13.28–13.37 (m, 2H; H5). ESI-MS for C24H13ClF6O3S (m/z): 571. Found: 571.58 [M + K]+.
2.3 Synthesis of bis-((3-chlorobenzothiophen-2-ester)hexafluorophenoxy) axially substituted silicon phthalocyanine (CBT-SiPc)
A mixture of CBT-OH (0.12 g, 0.20 mmol), SiPcCl2 (0.06 g, 0.10 mmol), anhydrous K2CO3 (0.69 g, 5.00 mmol), and toluene (40 mL) was added to a 100-mL flask and stirred at 140°C for 48 h. with monitoring by TLC. After being cooled to room temperature, the reaction mixture was filtrated, and the filtrate was evaporated under reduced pressure. The crude product obtained was separated and purified on a silica gel chromatography column using CH2Cl2 as an eluent, and a blue solid was collected. Yield: 30%, with the following characteristics: IR/cm−1: 1741, 1504, 1272, 1176, 1081, 1045, 928, 872, 738.1H NMR (CDCl3, 400 MHz, δ/ppm): 5.61–5.63 (m, 4H; H5), 6.52–6.58 (m, 4H; H1), 6.77–6.81 (m, 4H; H2), 7.18–7.35 (m, 4H; H3), 7.60–7.65 (m, 4H, H4), 7.89–7.96 (m, 2H; H6), 8.10–8.12 (m, 2H; H7), 8.38–8.42 (m, 8H; H8), 9.63–9.67 (m, 8H; H9). ESI-MS for C80H44Cl2F12N8O6S2Si (m/z): 1599. Found: 1599.89 [M + H]+. Calculated percentages of C80H44Cl2F12N8O6S2Si: C 60; H 2.75; N 7; S 4; found: C 61.99; H 4.23; N 6.98; S 4.23.
2.4 Cell uptake of CBT-SiPc in MCF-7 breast cancer cells
MCF-7 breast cancer cells were cultured in DMEM containing 10% FBS and 1% penicillin–streptomycin at 37°C with 5% CO2. CBT-SiPc was dissolved in DMSO to make a stock solution (1.0 mM). The cells were seeded into 35 mm confocal dishes at a density of 1.0 × 104 cells per dish for 24 h and then treated with CBT-SiPc-containing medium (3.0 μM) for 10 h. Next, the medium was removed and the cells were washed twice with PBS. Fluorescence images of CBT-SiPc in MCF-7 breast cancer cells were obtained using a confocal laser scanning microscope (CLSM).
2.5 Subcellular localization
The MCF-7 breast cancer cells were seeded into 35 mm confocal dishes at a density of 1.0 × 104 cells per dish for 24 h and then treated with CBT-SiPc-containing medium (3.0 μM) for 10 h. After incubation, the medium was removed and the cells were washed twice with PBS. LysoTracker Green (50 nm) was then added to dishes to stain the lysosomes of the cells for 30 min before rinsing three times with PBS. The experimental procedure was similar to that described previously (Forteath et al., 2012).
2.6 Intracellular ROS generation
DCFH-DA was used as the probe to determine the intracellular ROS generation ability in MCF-7 cells (Zhang et al., 2014; Karaoğlu et al., 2018). MCF-7 cells were seeded in four-well plates at a density of 1.0 × 104 cells per dish for 24 h. The cells were co-incubated with CBT-SiPc (3.0 μM) for 10 h. After that, the cells were irradiated with a 671 nm laser (100 mW/cm2) for 10 min and then treated with DCFH-DA for 1 h at 37°C. Next, the medium was removed and the cells were washed three times with PBS. Finally, the production ability of ROS was visualized by CLSM.
2.7 Annexin V-FITC/PI flow cytometry
The MCF-7 breast cancer cells were seeded into 35 mm confocal dishes at the density of 1.0 × 104 cells per dish for 24 h and then treated with CBT-SiPc-containing medium (3.0 μM) for 10 h. After incubation, the cells were exposed to laser irradiation (671 nm, 100 mW/cm2) for 0, 5, 10, 15, and 20 min, respectively. Then, the cells were observed by CLSM.
The apoptosis/necrosis mechanism of CBT-SiPc-mediated photodynamic therapy was detected by flow cytometry analysis with double staining using an Annexin V-FITC Apoptosis Detection Kit (Meng et al., 2019). MCF-7 cells were seeded in four-well plates (1.0 × 104 cells/well, 24 h) and subsequently incubated with CBT-SiPc (3.0 μM) for 10 h. The blank group was directly cultured in fresh DMEM medium instead of the old medium for 10 h. After treatment, the cells were exposed to a 671 nm laser (100 mW/cm2) for 10 min and then incubated for another 4 h. The resulting cells were stained with the mixture of Annexin V-FITC (5 µL) and propidium iodide (PI) (10 µL) for 15 min, and the mixture was analyzed with flow cytometry to assess the number of apoptotic cells. All experiments were performed in triplicate.
2.8 Photodynamic efficacy of CBT-SiPc against MCF-7 cells
The photodynamic therapy efficacy of CBT-SiPc against MCF-7 cells was determined by CCK-8 assay (Alshammari et al., 2020). MCF-7 cells were cultured in a cell culture medium containing 1% penicillin, streptomycin, and 10% bovine serum albumin at 37°C with 5% CO2. MCF-7 cells with a density of 1 × 104 cells per well were cultured in 96-well plates with 100 μL of culture medium for 24 h. The cells were then treated with various concentrations of CBT-SiPc (0, 1, 2, 3, 4, and 5 μM) for 24 h. Next, the cells were exposed to the absence and presence of laser (671 nm, 100 mW/cm2, 10 min). Finally, the surviving cells were measured by CCK-8. The relative cell viability was calculated using Eq. 5 (Özdemir et al., 2020).
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3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization
The scheme for the synthesis of chlorophenyl thiophene silicon phthalocyanine (CBT-SiPc) is shown in Figure 1A. 3-Chloro-benzoaryl thiophene-2-carboxylic acid reacted with hexafluoro bisphenol A to produce the precursor CBT-OH. CBT-OH coupled with silicon phthalocyanine dichloride (SiPcCl2) via nucleophilic substitution to obtain CBT-SiPc. CBT-SiPc was soluble in common organic solvents such as dimethyl sulfoxide (DMSO), N, N-dimethylformamide (DMF), and tetrahydrofuran (THF). The structures of CBT-OH and CBT-SiPc were confirmed by 1H NMR, IR, ESI-MS, and HRMS.
[image: Figure 1]FIGURE 1 | (A) Synthesis scheme for chlorophenyl thiophene silicon (IV) phthalocyanine (CBT-SiPc). (B) UV/Vis spectra for different concentrations of CBT-SiPc. (C) Fluorescence spectra of different concentrations of CBT-SiPc (λex = 615 nm). (D) Fluorescence decay curves of CBT-SiPc in DMF. (λex = 405 nm, C = 10 uM).
The CBT-SiPc purity was confirmed by 1H NMR, HPLC, and HRMS spectra. Resonances at 9.63 and 8.38 ppm were assigned to signals of the phthalocyanine ring with 16 protons. The three resonances at 5.61–5.63, 7.89–7.96, and 8.10–8.12 were designated to the six aromatic protons of chlorophenyl thiophene, while the four sets of resonances at 6.52–6.58, 6.77–6.81, 7.18–7.35, and 7.60–7.65 were ascribed to the aromatic protons of the hexafluoro bisphenoxy groups (Supplementary Figure S5). The ESI-MS and HRMS spectra of CBT-SiPc showed an intense singlet-charged molecular ion peak (Supplementary Figures S6, S7), which conformed to the corresponding proposed structure. The CBT-SiPc purity was further confirmed by HPLC. Only one structure isomer peak was observed for CBT-SiPc, with a retention time of 3.00 min (Supplementary Figure S11).
3.2 Photophysical and photochemical properties of CBT-SiPc
The UV/Vis spectra of CBT-SiPc in DMF are shown in Figure 1B. CBT-SiPc exhibited typical spectra for phthalocyanine with a B band at about 356 nm and a Q band at about 680 nm, which is redshifted compared to the spectra for SiPcCl2 (Davies et al., 2012). The Q band intensity rose with increasing CBT-SiPc concentration, indicating that CBT-SiPc mainly existed as a monomer in DMF. This could be attributed to the steric hindrance effect caused by CBT groups in the axial position of silicon phthalocyanines, which reduced CBT-SiPc aggregation to some extent.
The fluorescence spectra of CBT-SiPc in DMF are shown in Figure 1C and Supplementary Figure S9. The fluorescence decay curve is shown in Figure 1D. Upon excitation at 610 nm, the maximum emission of CBT-SiPc was located at 689 nm, and the fluorescence intensities rose with increasing CBT-SiPc concentration. The fluorescence quantum yield (ΦF), fluorescence lifetime (τs), and singlet oxygen quantum yield (ΦΔ) of CBT-SiPc were measured according to the literature (Chen X. et al., 2018). The fluorescence quantum yield of CBT-SiPc was 0.121, the calculated fluorescence lifetime was 7.26 ns (Figure 1D), and the singlet oxygen quantum yield (ΦΔ) was 0.30 (Supplementary Figure S9).
3.3 Lysosome colocalization assay in MCF-7 breast cancer cells
The cellular uptake of CBT-SiPc by MCF-7 cells was visualized through two-photon fluorescence imaging (Figure 2A). After incubation with CBT-SiPc for 24 h (Supplementary Figure S10), the cells showed strong red fluorescence upon excitation by 860 nm fs laser, indicating the good biocompatibility of CBT-SiPc. The confocal lambda scan spectrum of the red fluorescence was consistent with the fluorescence spectra of CBT-SiPc in solution, which demonstrated that the red fluorescence belonged to CBT-SiPc (Figure 2B).
[image: Figure 2]FIGURE 2 | Two-photon fluorescence images of CBT-SiPc in MCF-7 breast cancer cells. (A) Two-photon fluorescence images of CBT-SiPc in MCF-7 breast cancer cells (2 μM, red fluorescence, excited by 860 nm fs laser. The fluorescence was monitored at 650–700 nm). (B) Confocal lambda scan spectra of CBT-SiPc in MCF-7 breast cancer cells excited by an 860 nm fs laser.
Two-photon confocal laser scanning microscopy was used to investigate the intracellular distribution of the CBT-SiPc in MCF-7 cells. Commercial LysoTracker (LysoTracker Green), MitoTracker, and lipid droplet trackers BODIPY were incubated with CBT-SiPc, respectively, to assess organelles targeting by CBT-SiPc through two channels. As shown in Figure 3A, the red fluorescence was from CBT-SiPc, and the green fluorescence from the commercial LysoTracker Green, MitoTracker, and lipid droplet trackers BODIPY, respectively. The Pearson’s correlation coefficients were 0.97, 0.36, and 0.48, respectively. These results indicated that CBT-SiPc perfectly overlapped with LysoTracker. The co-localization curves of CBT-SiPc with LysoTracker and MitoTracker further confirmed these results (Figure 3B). The Mander’s overlap coefficient for CBT-SiPc with LysoTracker was 0.99. The CBT-SiPc targeting of lysosomes could be explained by the interaction of the S atoms of the CBT groups with the protein residues containing S atoms through S–S intermolecular interactions (Gleiter et al., 2018; Brilkina et al., 2019; Liu et al., 2021; Liu et al., 2022).
[image: Figure 3]FIGURE 3 | Subcellular localization of CBT-SiPc in MCF-7 breast cancer cells. (A) Intracellular distribution of CBT-SiPc in MCF-7 cells. Lysosomes, mitochondria, and lipid droplets were stained with commercial LysoTracker (Lyso-Green), MitoTracker (Mito-Green), LipidTracker (BODIPY), and merged images observed by CLSM; (B) co-localization curves of CBT-SiPc with LysoTracker (Lyso-Green), MitoTracker (Mito-Green), and LipidTracker (BODIPY) (CBT-SiPc, excited by 860 nm fs laser). The fluorescence was monitored at 650–750 nm. Lyso-Green was excited at 552 nm, and the fluorescence was monitored at 580–620 nm. Mito-Green was excited at 488 nm, and the fluorescence was monitored at 500–530 nm. BODIPY was excited at 488 nm, and the fluorescence was monitored at 490–590 nm.
3.4 In vitro photodynamic therapy efficacies of CBT-SiPc against MCF-7 cells
The photodynamic efficacy and dark toxicity of CBT-SiPc against MCF-7 cells were evaluated using CCK-8 assays (Figure 4A). CBT-SiPc was nearly non-cytotoxic in the absence of laser irradiation (Figure 4A), demonstrating its high biocompatibility. Upon irradiation with a 670 nm laser (100 mW/cm2) for 10 min, CBT-SiPc showed phototoxicity with an IC50 of 4.16 μM in MCF-7 cells. The cell viability also decreased to 33.14% when at a 5 μM concentration of CBT-SiPc after irradiation by a 671 nm laser (100 mW/cm2) for 10 min.
[image: Figure 4]FIGURE 4 | In vitro photodynamic therapy efficacy of CBT-SiPc against MCF-7 breast cancer cells. (A) Concentration-dependent phototoxicity of CBT-SiPc against MCF-7 cells before and after irradiation (671 nm, 100 mW/cm2, 10 min). (B) Confocal fluorescence images of intracellular ROS generation by CBT-SiPc (671 nm, 100 mW/cm2, 10 min) in MCF-7 cells before and after irradiation using CM-H2DCFDA as the probe (λex = 488 nm; λem = 490–590 nm). (C) Flow cytometry analysis of CBT-SiPc-mediated, PDT-induced MCF-7 cells apoptosis/necrosis mechanism before and after irradiation (671 nm, 100 mW/cm2, 10 min). (D) Morphological changes of MCF-7 cells (co-incubated with CBT-SiPc) by confocal microscopy upon laser irradiation (671 nm, 100 mW/cm2 and 0, 5, 10, 15, and 20 min, respectively).
Confocal laser scanning microscopy was used to image the ROS generation of CBT-SiPc in MCF-7 cells using DCFH-DA as the probe. As shown in Figure 4B, without irradiation, no green fluorescence was observed in the cells even with CBT-SiPc. Obvious green fluorescence was observed in cells treated with DCFH-DA and CBT-SiPc upon laser irradiation. These results indicated that upon appropriate laser irradiation, CBT-SiPc efficiently generated ROS in MCF-7 cells.
To understand the cell death mechanism induced by CBT-SiPc after PDT treatment, Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) co-staining was performed (Shobeiri and Sankian, 2022) and analyzed by flow cytometry. As shown in Figure 4C, without light irradiation, most of the cells were viable, with only about 18% of cells showing apoptosis, indicating that CBT-SiPc was non-toxic in the absence of light. Upon light irradiation (671 nm, 100 mW/cm2, 10 min), only 17% of cells were viable and 83% were apoptotic. As the percentage of necrotic cells was negligible, we concluded that apoptosis was the major cell death pathway for CBT-SiPc-mediated PDT.
The morphological changes in MCF-7 cells were observed by CLSM (Figure 4D). Before irradiation, CBT-SiPc accumulated in the lysosomes. After irradiation for 10 min, the red fluorescence of CBT-SiPc in the lysosomes had dispersed, the cells shrank and distorted, and the membranes blebbed, indicating that the organization of the lysosomes in the cells was destroyed after PDT. Therefore, the lysosome dysfunction by PDT ultimately led to cell apoptosis.
4 CONCLUSION
This study designed and developed chlorophenyl thiophene silicon (IV) phthalocyanine (CBT-SiPc). Due to the properties of the chlorophenyl thiophene groups, CBT-SiPc selectively targeted lysosomes, as tracked by its two-photon fluorescence. CBT-SiPc also generated ROS in the lysosomes of MCF-7 cells in situ, which showed impressive photodynamic activity by inducing cell apoptosis through lysosome dysfunction. These findings demonstrate that CBT-SiPc is a promising photosensitizer for photodynamic therapy.
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