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Abstract

:

Photodynamic therapy (PDT) is a curative method, firstly developed for cancer therapy with fast response after treatment and minimum side effects. Two zinc(II) phthalocyanines (3ZnPc and 4ZnPc) and a hydroxycobalamin (Cbl) were investigated on two breast cancer cell lines (MDA-MB-231 and MCF-7) in comparison to normal cell lines (MCF-10 and BALB 3T3). The novelty of this study is a complex of non-peripherally methylpyridiloxy substituted Zn(II) phthalocyanine (3ZnPc) and the evaluation of the effects on different cell lines due to the addition of second porphyrinoid such as Cbl. The results showed the complete photocytotoxicity of both ZnPc-complexes at lower concentrations (<0.1 μM) for 3ZnPc. The addition of Cbl caused a higher phototoxicity of 3ZnPc at one order lower concentrations (<0.01 μM) with a diminishment of the dark toxicity. Moreover, it was determined that an increase of the selectivity index of 3ZnPc, from 0.66 (MCF-7) and 0.89 (MDA-MB-231) to 1.56 and 2.31, occurred by the addition of Cbl upon exposure with a LED 660 nm (50 J/cm2). The study suggested that the addition of Cbl can minimize the dark toxicity and improve the efficiency of the phthalocyanines for anticancer PDT applications.
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1. Introduction


Photodynamic therapy (PDT) has been well accepted as an emergency curative method with prompt therapeutic results and as an appropriate approach to diminish the development of drug resistance of tumor cells [1,2]. Phthalocyanine complexes (MPcs) have been recognized as promising PDT agents with several advantages over the firstly clinically approved porphyrin derivatives [3,4,5]. Previous studies showed that some tetra- substituted cationic MPcs have much higher efficacy than the related octa-substituted MPcs analogues [6]. This could be due to the larger size of the molecules of the octa-substituted MPcs, but also due to the binding to the lipopolysaccharides (LPS), which could prevent MPcs cellular internalization [7]. The comparison study of MPcs with the different position of the methylpyridinium-4-yl moieties suggest that the non-peripheral MPcs are more effective for PDT due to advanced photophysical parameters, while the peripheral MPcs show only a modest reduction in survival [8]. Zinc(II) phthalocyanines (ZnPcs) have been reported with relatively high PDT activity on tumor cells [9]. The mechanism of photosensitization (Type II) with the participation of phthalocyanines involves the singlet oxygen generation [10]. Type II photosensitization includes the production of triplet state molecules (3PS*) which react or annihilate themselves by an energy transfer with the formation of highly reactive singlet oxygen (1O2*), which is harmful to the tumor cells.



A previous study reported that the tumor cellular resistance can occur due to PDT upon treatment with numerous photosensitizers on different tumor models [11]. Previous studies showed that PDT along with sulfonated Zn(II)-phthalocyanine (ZnPcS4) resulted in the resistant tumor cells after many sets of PDT treatments but without necessary viability of the cells [12]. It was observed that the formation of viable MCF-7 cells due to PDT was the result of the increased p-glycoprotein expression which may prevent the further cellular uptake [13]. The observations about the resistance of cancer cells suggested that it is an interning property of the primary tumor that drains by various phenotypic and genotypic alterations [14].



Cobalamins (vitamin B12) were isolated and their complex structure was clarified after more than a century of research and developments on these compounds [15,16]. Chemically, four cobalt corrin complexes are known with structures that have different one axial substitution group, namely cyano (CN), hydroxyl (OH), methyl (CH3), or 50-desoxyadenosyl (Ado), and a second axial group of 5,6-dimethylbenzimidazole. There are two known synthetic forms, such as cyanocobalamin (CNCbl) and hydroxycobalamin (OHCbl), and two natural derivatives, such as methylcobalamin (MeCbl) and 50-deoxyadenosylcobalamin (AdoCbl). The typical very low photostability was determined for MeCbl and AdoCbl, with a tendency to produce the stable OHCbl at room temperature and in aqueous solution [17].



The therapeutic role of cobalamins (vitamin B12) in cancer treatment is attributed to an increase in the effectiveness of other antitumor agents [18,19,20,21,22]. However, there are no previous studies on phthalocyanines and cobalamin for PDT applications. A recent study reported the property of B12 to improve porphyrin delivery and cellular accumulation because of an uptake pathway via a receptor typical for cobalamin [19]. This study also reported the cell surface molecule (CD320) which can facilitate the porphyrins entry in cancer cells. Moreover, considering that Cbl as an essential co-factor for DNA synthesis, the surface expression of CD320 increases upon proliferation. This could contribute to the accumulation of porphyrins in the tumor cells and can be a useful approach for the enhancement of drug selectivity. The recent studies demonstrated the chemically functionalized hybrid such as vitamin B12 on a microalgae’s surface and a photoactive rhenium(I) tricarbonyl anticancer complex with enhanced anticancer activity [20,21]. The targeted delivery to cancer cells, while leaving the healthy tissue undamaged, can reduce general toxicity of anticancer drugs [23]. Most studies with vitamin B12 have proven that, when it is used in combined therapy, it contributes to increasing the effectiveness of anticancer drugs [24]. Moreover, the deficiency of B12 is known to correlate with increased micronucleus formation and carcinogenesis. Additionally, it was shown that B12 contributes to a distinctive mechanism of cell death known as paraptosis-like cell death.



The current study aims to investigate the anticancer photodynamic potential of two tetra- methylpyridiloxy substituted Zn(II)-phthalocyanines, which are differing in the position of the substituents, namely the non-peripheral for 3ZnPc and the peripheral for 4ZnPc complex (Figure 1). Both zinc(II) phthalocyanines (3ZnPc and 4ZnPc) were evaluated as photosensitizers for PDT on two breast cancer cell lines (MCF-7 and MDA-MB-231) and a non-tumorigenic cell line (MCF-10A) as the normal breast cells. The efficacy and selectivity of 3ZnPc was examined in comparison to the previously studied 4ZnPc [25,26]. The cytotoxicity for the mixture with Cbl was evaluated for the more toxic in the dark condition of 3ZnPc complex. The photo-safety tests were carried out on an embryonal mouse fibroblast cell line (BALB/c 3T3) as a well-known model cell line with higher sensitivity than adult cells upon investigation of the new compounds. The soft irradiation (10 J/cm2) was applied using a LED Helios-iO solar simulator with a wide spectrum (360–960 nm). The specific irradiation was used in red visible spectrum from a LED 660 nm (50 J/cm2 and 100 mW/cm2) for PDT studies with phthalocyanines.




2. Results


The synthesis of two tetra-methylpyridiloxy substituted Zn(II)-phthalocyanines (3ZnPc and 4ZnPc) which differ in the position of the substitution groups were carried out according to a recently published synthetic procedure [27,28]. The synthesis of non-peripherally methylpyridiloxy substituted Zn(II)-phthalocyanines (3ZnPc) is shown in Scheme 1. The cyclotetramerization included the preparation of lithium phthalocyanine (Li2Pc) which further continued with a metal insertion. This step permits to shorten the reaction time. The next step of an addition of zinc salt was applied in order to obtain the zinc complexes. This pathway permits to use Li2Pc as a starting compound in the further reactions of synthesis of different metal phthalocyanine complexes. The quaternization reaction was done with dimethylsulphate to obtain the final water-soluble compounds with non-peripheral substitution groups to macrocycle.



A hydroxycobalamin (Cbl) was used after an additional purification step of the commercial product for the study of absorption spectra and photobiology of the photodynamic activity of both ZnPcs. The Cbl compound was also studied for the photo-safety on normal cells and for the cytotoxicity study on both breast cancer model cell lines by an application of the light source with a solar light spectrum of irradiation. Considering the complex ring structure of Cbl, the compound was also evaluated as a photosensitizer for photodynamic therapy (PDT).



The absorption spectra of 3ZnPc and Cbl are presented in Figure 1. As can be seen, the absorption maxima of the single compound 3ZnPc and of the mixture with Cbl compounds (3ZnPc and Cbl) are overlapped in the UV region with an increment of optical density because of the absorption of Cbl. Both spectra were recorded in biocompatible solvents such as dimethylsulfoxide (DMSO) for concentrations of 10−5 M.



The dark and photocytotoxicity of the complexes 3ZnPc and 4ZnPc were studied on a normal cell line BALB 3T3 (Figure 2a). The results on normal cells BALB 3T3 showed a lower photo-safety (high phototoxicity) for the non-peripherally substituted 3ZnPc as compared to the peripherally substituted 4ZnPc. There is a slight difference after irradiation of the normal cells with 4ZnPc which suggests the lack of phototoxicity of peripherally substituted 4ZnPc. The results for the normal cell line BALB 3T3 showed a similar behavior with a huge concentration gap between the samples with and without irradiation. As can be seen, a higher phototoxicity was observed for 3ZnPc by irradiation at very low concentrations (<0.1 µM) and a significant dark toxicity for a concentration of ~100 µM (Figure 2a).



The phototoxicity of 4ZnPc was observed for concentrations between 0.1–1 µM and almost without dark toxicity on a non-tumorigenic cell line MCF-10A (Figure 2b). The results were observed upon irradiation with a specific for PDT light emission diode with a maximum at 660 nm (LED 660 nm) specific for PDT and the properly selected parameters (60 mW/cm2 and 50 J/cm2). The non-peripherally substituted 3ZnPc was evaluated for both cell lines with the high phototoxic effect for low concentrations around 0.1 µM (>50% cell viability). The studies on tumor cell lines with 3ZnPc and 4ZnPc showed the phototherapeutic index (PI) for both the tumor cell lines (MCF-7 and MDA-MB-231); the index PI was 180 and 162, respectively, for peripheral 4ZnPc, while 112 for MCF-10A. The values of PI for tumor cells were significantly higher as compared to the values for the normal cell line, which suggested the high impact of phthalocyanine compounds as a photoactive agent. The relatively high phototoxic effect was observed on MCF-10A treated with 4ZnPc (PI = 294). The studies showed very low photo-safety and a high photocytotoxicity for non-peripheral 3ZnPc, as well as reduced toxic action by one order for peripheral 4ZnPc. This means that for the cells located in the light spot after proper irradiation, the normal tissues can also be damaged to a higher extent by 3ZnPc. Furthermore, the observed phodynamic effect of 4ZnPc was determined as relatively weak for more aggressive tumor cell line MDA-MB-231 (PI = 53). Though, the significant dark toxicity of 3ZnPc is a limitation for PDT applications.



Cobalamin (vit. B12) was evaluated to have low cytotoxicity independent of the applied light irradiation. The obtained results for the non-tumorigenic MCF-10A cells, as well as for the normal cell line BALB 3T3, in the dark and after irradiation, showed similar curves (Figure 3a). The cytotoxic effect of Cbl on both tumor cell lines (MCF-7 and MDA-MB-231) was determined in a dose-increasing condition with a difference between the sigmoidal curves, which was not significant considering the photo- and dark cytotoxicity. The calculated mean CC50 values (0.8–1.5 µM) indicated very low levels of cytotoxicity for this porphyrin-like compound. The tested tumor and normal cells were determined as typical for non-phototoxic compounds PIF~1. Moreover, up to a concentration of 200 µM Cbl, there was a minimal difference of p < 0.001 as compared to the negative control. This suggests that Cbl has minimal cytotoxicity as well as on the studied tumor cell lines independent of the light exposure for the applied wide concentration range. Similar results were obtained for both the tested tumor cell lines incubated with Cbl for the concentrations >5 mM, which suggested the selectivity behavior of Cbl (Figure 3b). The lack of difference in the toxicity of Cbl suggested the non-photodynamic mechanism of action on tumor cells.



Non-peripherally substituted 3ZnPc was evaluated as a more powerful photosensitizer in comparison to peripherally substituted 4ZnPc for the tested tumor cell lines. The presented curves for 3ZnPc on tumor cell and the non-tumorigenic cells showed a concentration gap between the samples with and without irradiation for both of the tested ZnPcs (Figure 4).



The addition of a second compound, such as Cbl, showed a tendency to minimize the high dark toxicity of 3ZnPc due to lower concentrations for the similar efficiency (Figure 5). An improvement to the selectivity between tumor normal cells was observed for the mixture of 3ZnPc and Cbl. As can be seen, 3ZnPc showed complete cell death for concentrations <0.1 µM at the irradiation only with LED 660 nm (100 mW/cm2 and 50 J/cm2). The calculated results for 3ZnPc are summarized in Table 1. They showed that the addition of a biologically active compound, such as Cbl, increased the photodynamic effect (PI) of 3ZnPc for lower concentrations. Moreover, the highest efficiency of the combined application of compounds Cbl and 3ZnPc was observed for the more aggressive MDA-MB-231 cells (PI = 500). In addition, the mixture of 3ZnPc + Cbl was shown to lead to a high selectivity of the photocytotoxicity tumor vs. normal cells (SI = 2.31). The results of Cbl to 4ZnPc suggested that Cbl was not advanced by the cytotoxicity; moreover, the phototoxicity on normal cells was overlapped with the obtained for the tumor cell lines.



Figure 6 shows the images obtained by the means of a confocal laser scanning microscope (CLSM). The study showed the accumulation of 3ZnPc in cytoplasmic reticulum. Upon irradiation with LED 660 nm, the re-localization of the compound was observed. As can be seen, the red signals are not very intensive because of the fluorescence spectrum in the region 670–780 nm. Both ZnPcs showed no significant difference in the localization, re-localization, and the fluorescence intensity of the signals.




3. Discussion


The present study showed the impact of cobalamin (Cbl) which is a popular vitamin (B12) on antitumor efficacy of two Zn(II)-phthalocyanines with methylpyridiloxy substitution groups on non-peripheral (3ZnPc) and peripheral positions (4ZnPc). The stable form hydroxycobalamin (Cbl) was used in the study due to the biological and photo-activity of this porphyrinoid-like compound (Figure 1). A high phototoxic action was observed even at low concentrations of 3ZnPc and 4ZnPc on both BALB 3T3 and MCF-10 as normal cell lines (Figure 2). The curves for dark toxicity showed the higher toxicity for 3ZnPc in comparison to 4ZnPc. The used Cbl was evaluated with high photo-safety on four tested cell lines (Figure 3). The antitumor activity of both complexes was tested on two breast cancer cell lines, which suggested the high effect at a lower concentration of 3ZnPc (Figure 4). However, the dark toxicity was also high for the photosensitizers. The addition of Cbl was observed to lower the dark toxicity. The effects of selectivity and a high photocytotoxicity were evaluated for lower 3ZnPc concentrations. These observations can be explained with the receptor mediated uptake and tumor-specificity of cobalamins. This reduction of 3ZnPc concentration beneficially led to minimizing the dark cytotoxicity to the normal cells (Figure 5). These observations can be explained by the non-covalent electrostatic and π–π interaction between both macrocycles with an extra production of the triplet excited state molecules, and by the cellular receptor for Cbl on the surface of tumor cells. The studies with confocal fluorescence microscope showed the ZnPcs localization in the cytoplasmic organelles with slight re-localization due to the light application (Figure 6).



The previous studies with different peripherally substituted Zn(II)-phthalocyanines (ZnPcs) suggested their efficiency for photodynamic therapy (PDT) on breast cancer cells [25,29]. Nevertheless, while there have been clinically accepted phthalocyanines since the early years of this century, the studies of these dyes are very actual because of some undesirable side effects [30,31]. One possible approach to minimizing a limitation such as high toxicity, is by the addition of the cell specific and photoactivable complex ring compound. Cobalamins have been a well-accepted form of medication acting as cofactor for DNA synthesis. However, very recently, B12 was reintroduced as a tunable and light-responsive stand in for well-known therapeutic agents [32]. The resistance problem was shown also to occur in some extent in PDT procedure, but its development was observed to happen not so rapidly after 10 cycles of PDT procedure, and with not as much survived cells as in the case of the chemotherapies [33,34]. Both chosen cancer cell lines (MCF-7 and MDA-MB-231) were previously evaluated with resistance towards some chemotherapeutic drug, such as cisplatin and doxorubicin. The isolation and an initial characterization of human MCF-7 cells with resistance to PDT was recently reported [14]. In the experiment, 20 μM phthalocyanine (ZnPcS4) and irradiation with a specific laser (20 J/cm2) was used. The PDT protocol was repeated in order to observe so-called MCF-7/PDT cells. According to the results using ZnPcS4-PDT, the conditions must be rigorous, intense, and prolonged to obtain PDT-resistant cells with high cellular viability. This study suggested that after 10-times repetitive procedure, the generation of resistance to the PDT protocol can be observed [14]. The mechanism of cellular killing includes the ability to induce apoptosis in response to PDT [35]. A selective tumor progression led to some re-growth of the cells which suggested the resistance to the applied treatment regime. The earlier results with actual PDT photosensitizers porphyrins were similar, as for example, the PDT-resistant tumor cells were isolated after treatment with clinical drugs Photofrin and ALA [36]. Although numerous anticancer drugs for breast cancer treatment have been developed over the years, it remains a therapeutic challenge to overcome the resistance problem with new original attempts [37,38]. The cancer cells were reported to initiate the metastasis and to become resistant to certain drugs, as well as exhibit lesions of recurrence after surgery. PDT has an advantage of limited toxicity and minimal side-effects through a procedure, and it also has a fast response with low ability for the development of resistance.




4. Materials and Methods


4.1. Photoactive Compounds


Zn(II)-phthalocyanines with methylpyridiloxy substitution groups have been synthesized following a recent synthetic scheme [25,26]. The chemical and solvents were used after an additional purification step. The study presented a synthesis of a non-peripheral Zn(II)- phthalocyanine (3ZnPc). The used hydroxycobalamin (Cbl) was a product of Sigma-Aldrich purchased from FOT (Sofia, Bulgaria) in a seated vial. Before the study, an additional purification step of Cbl was applied. It was used as a Soxhlet extraction with several organic solvents with increasing polarity to remove the decomposed compound and some other by-products. The final washing was done with an excess of hot ethanol. The pure compound was collected by centrifugation. Then, it was dried at 80 °C in a glass oven under argon.



4.1.1. 2,(3),9(10),16(17),2 3(24)-Tetrakis-[(2-pyridyloxy) Phthalocyaninato]zinc(II), (2)


A few cuttings of lithium were dissolved in 1-pentanol (3 mL) at 60 °C. Then, 2-pyridyloxyphthalonitrile (0.221 g, 1 mmol) was added to the mixture. The temperature was risen to 137 °C and the reaction was kept under argon. After 3 h, a zinc acetate dihydrate (0.252 g, 1.15 mmol) was added and the stirring continued for 3 h. Then the mixture was cooled and the solution was dropped in cold n-hexane to form a fine sediment. The green solid was collected by centrifugation with a replacement of solvent until its transparency. The crude product was purified by column chromatography (SiO2) using DCM-MeOH (9:1). Yield: 0.120 g (54%). IR [νmax/cm−1]: 3097 (Ar-CH), 1652 (C=C), 1568, 1523, 1510, 1389, 1327, 1287, 1258, 1132, 1112 (C-O-C), 1045, 805, 744. 1H-NMR (CDCl3): δ, ppm 7.68–7.24 (14H, m, Pc-H and Pyridyl-H), 7.08–6.41 (14H, m, Pc-H and Pyridyl-H). MALDI-TOF-MS m/z: Calc. 948.16 for C52H28N12O4Zn; Found [M]+ 948.16; [M + Na]+ 971.12




4.1.2. 2,(3),9(10),16(17),13(24)-Tetrakis-{[(2-(N-methyl)pyridyloxy]phthalocyaninato} Zinc (II) Sulphate (3ZnPc)


Phthalocyanine 2 (100 mg, 0.1 mmol) was heated to 120 °C in freshly distilled DMF (0.5 mL) in a closed apparatus and dimethyl sulphate (0.2 mL) was added dropwise. The reaction mixture was stirred at 120 °C overnight. Then, it was cooled to room temperature and the product was poured in a hot acetone. The formed fine hail was collected by centrifugation. The green solid was washed with an order of solvents such as hot ethanol, ethyl acetate, THF, chloroform, n-hexane, and diethyl ether. The hygroscopic product was dried over phosphorous pentoxide at 80 °C. Yield: 0.080 g (67%). IR [νmax/cm−1]: 3076 (Ar-CH), 1635, 1572 (C=C), 1531, 1471, 1326, 1223 (S=O), 1178, 1106 (S=O), 1026 (C-O-C), 931, 835, 764, 661 (S-O). 1H-NMR (DMSO-d6): δ, ppm 7.99–6.82 (28H, m, Pc-H and Pyridyl-H), 4.39 (12H, m, CH3). UV/Vis (DMSO), λmax, nm (log ε): 318 (4.36), 623 (4.11), 662 (4.21). MALDI-TOF-MS m/z: Calc. 1201.53 for C56H40N12O12S2Zn; Found 301.383 [(M + 4)/4]+.





4.2. Light Sources


Light-emitting diode lamp Helios-iO (SERIC Ltd., Tokyo, Japan) was applied in this study as an irradiation source. The fluence rate was determined by measurements with a power meter PM 100D with a sensor S120VC (Thorlabs Inc., North Newton, KS, USA). The working capacity was considered the spectrum between 200–1100 nm, with power in the range 50 nW–50 mW. The linearity of the sensor is ±0.5% for the used spectral area (280–980 nm) with lower than ±5%. The diameter of the sensors’ aperture is 9.5 mm. The determination of the intensity of the radiation light was achieved for the distance of 25 cm. Nevertheless, the natural diffuse light in the experimental area was relatively low (≈1.16 W/m2); all measurements were conducted in the dark place. The second light source used for PDT experiments was a light-emitted diode LED 660-nm (ELO Ltd., Sofia, Bulgaria) with a power density of 100 mW/cm2 and a light dose 50 J/cm2 applied in the experiments with phthalocyanines.




4.3. Cells’ Cultures and Cultivation


The mice embryonal fibroblasts BALB/c 3T3, A31 (ATCC® CCL-163TM); the non-tumorigenic cell line from epithelium of breast MCF-10A (ATCC® CRL-10317™); the luminal adenocarcinoma from breast gland MCF-7 (ATCC® HTB-22™), type A (ER+, PR+, HER2-), and the triple negative carcinoma of breast gland MDA-MB-231 (ATCC® HTB-26™), (ER-, PR-, HER2-) were used. The cultivation of the adhered cell cultures was done in DMEM medium (4.5 g/L glucose), 10% fetal calf serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin in plastic dishes with a working area of 25 cm2 and 75 cm2. The cells were kept in logarithmic phase of grown at 37 °C in 5% CO2 atmosphere. The cells’ samples for in vitro tests were prepared from the cells in an exponential stage of grown-up. After trypsinization, the cells were brought to the required concentration so that the cell density in each of the 96-well plates was fixed to 1 × 104 cells per well. The cultivation was performed for 24 h. Then, the cells were incubated with compounds.




4.4. Photodynamic and Cytotoxicity Studies


Neutral red uptake in vitro test (NRU-assay) was applied to register the results after treatments. This is a color method for the evaluation of the cells’ viability in vitro. As is known, the method is based on the ability of the alive cells to accept in their lysosomes the dye neutral red. The mouse embryonal fibroblast cells (BALB/c 3T3, clone A31) were cultivated in dishes with an area of 75 cm2 as monolayer cells’ cultures at the standard conditions. The cells with a density of 1 × 104 cells in 100 μL culture medium per well in 96-well plates were cultivated. The cell incubation was performed for 24 h at standard conditions to achieve a good adhesion. Then, they were treated with the studied phthalocyanines (3ZnPc and 4ZnPc) and cobalamin (Cbl), following the double increase of the concentration. The study was carried out separately in two plates simultaneously. One of the tested plates was kept in the dark place in order to study dark toxicity of photoactive compounds. The second plate for phototoxicity study was irradiated with LED Helios-iO with a constant dose of 0.64 J/cm2. The culture medium containing neutral red was added during the incubation time of 24 h. The wells were washed 3 h later with PBS, pH 7.4, and a solution of ethanol/ acetic acid. Distilled water in the ratio 49/1/50 was added. The optical density was measured by using the TECAN microplate reader, λ = 570 nm. The cellular toxicity was calculated following the Equation (1):


Cytotoxicity (%) = (1 − (OD570 (treated sample)/OD570 (negative control)) × 100



(1)








4.5. Parameters Determined from Cytotoxicity Studies


The evaluation of SI value (SI = CC50 of non-malignant cell line/CC50 of tumor cells) for any compound is very crucial for determining whether further works can be continued. For evaluating any anticancer activity of a sample, its cytotoxicity against a non-malignant cell line must be determined in order to calculate the SI value [39,40]. Weerapreeyakul et al. [41] proposed a lower SI value (>3) for the classification of a prospective anticancer sample. Rashidi et al. [42] considered the SI values of more than 2 as high selectivity.



The calculation of the measures of photocytotoxicity was performed on the basis of the set of discrete concentration-response values having to be approximated by an appropriate continuous concentration-response curve. The fitting of the curve to the data is commonly performed by a non-linear regression method. To assess the influence of data variability on the fitted curve, a bootstrap procedure is recommended.



A photo-irritation factor (PIF) is calculated using the following Formula (2):


PIF = IC50 (−Irr)/IC50 (+Irr)



(2)




where −Irr is the absence of light and +Irr is the presence of light.



Phototherapeutic indices (PI) are reported as the ratio of dark to light EC50 values and used as a measure of light-induced potency [43,44]. The ratio between the IC50 value (half maximal inhibitory concentration) of the resting and the IC50 value of the activated compound should be as high as possible [45]. Phototherapeutic index was defined as the dark EC50 value divided by the light EC50 value and calculated using the Equation (3).


PI = dark EC50/light EC50



(3)








4.6. Cellular Localization Study


The samples were prepared after seeding the cells with a density of 105 cells/mL on Teflon-coated diagnostic slides (Menzel-Glaser, Braunschweig, Germany) with volume 25 μL per well. The cultivation was continued for 24 h and after washing the further incubation (1.5 h) with ZnPcs. The samples of cells were fixed in ice-cold acetone for 20 min, dried, cleared in glycerol phosphate-buffered saline (PBS) (9:1 v/v), and three identical samples on a slide were prepared. The fixed cells were placed by using an oil immersion on a confocal laser scanning microscopy (CLSM) Leica TCS SPE microscope (Leica Microsystems, Mannheim, Germany). The cells were visualized at an excitation wavelength of 405 nm and an emission spectrum of 450–550 nm for the native autofluorescence. The phthalocyanine dye was visualized at an excitation of 635 nm and an emission spectrum of 670–780 nm with an amplification of ×63 (NA = 1.23).




4.7. Statistics


The experiments were carried out in triplicate and the data are presented as a mean value ± standard deviation (SD) by the Student’s test and the difference between two means was compared by an unpaired Student’s test. The values of p < 0.05 were considered as significant.





5. Conclusions


Two Zn(II)-phthalocyanines which are differing in positions of methylpyridiloxy substituents (3ZnPc and 4ZnPc) were studied as photosensitizers on breast cancer cell lines (MCF-7 and MDA-MB-231). The results showed much higher photo- and cytotoxicity for non-peripherally substituted complex (3ZnPc) in comparison to peripheral 4ZnPc. Both compounds were evaluated with dark toxicity for the tested normal cell lines. A second porphyrinoid, namely hydroxycobalamin (Cbl), was evaluated with high photo-safety at a solar spectrum of irradiation with a LED simulator (10 J/cm2) for the spectral range 360–960 nm. The cellular viability was not affected by the light exposure of cobalamin. The addition of Cbl to 3ZnPc resulted in the optimal PDT efficiency at lower concentrations of 3ZnPc, which diminished the dark toxicity of this compound. In addition, the improved selectivity of the cytotoxic action tumor vs. normal cells was observed. As general, PDT with two biologically and photo-active compounds (phthalocyanine and cobalamin) could have a positive effect on the selectivity and the dark toxicity of phthalocyanine complexes which are of interest for PDT applications.







Author Contributions


Conceptualization, V.M.; methodology, V.M. and I.I.; validation, I.I. and I.S.; analysis, I.I., I.S. and M.D.; investigation, V.M., I.I. and I.A.; resources, V.M.; data curation, V.M. and I.I.; writing—original draft preparation, V.M. and I.I.; writing—review and editing, V.M. and I.I.; project administration, V.M.; funding acquisition, V.M. and I.A. All authors have read and agreed to the published version of the manuscript.




Funding


Bulgarian National Science Fund with the projects KP-06-H23/8 and KP-06-H28/11, 2018.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors thank Anton Krill for the confocal laser scanning microscopy study and the Bulgarian National Science Fund for the financial support.




Conflicts of Interest


The authors declare no conflict of interest. The funder had no role in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.




References


	



Aniogo, E.C.; Plackal Adimuriyil, G.B.; Abrahamse, H. The role of photodynamic therapy on multidrug resistant breast cancer. Cancer Cell Int. 2019, 19, 91. [Google Scholar] [CrossRef] [PubMed]

	



Spring, B.Q.; Rizvi, I.; Xu, N.; Hasan, T. The role of photodynamic therapy in overcoming cancer drug resistance. Photochem. Photobiol. Sci. 2015, 14, 1476. [Google Scholar] [CrossRef] [PubMed]

	



Galstyan, A. Turning Photons into Drugs: Phthalocyanine-Based Photosensitizers as Efficient Photoantimicrobials. Chem. A Eur. J. 2021, 27, 1903–1920. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Zheng, B.-D.; Peng, X.-H.; Li, S.-Z.; Ying, J.-W.; Zhao, Y.; Huang, J.-D.; Yoon, J. Phthalocyanines as medicinal photosensitizers: Developments in the last five years. Coord. Chem. Rev. 2019, 379, 147–160. [Google Scholar] [CrossRef]

	



Sen, P.; Managa, M.; Nyokong, T. New Type of Metal-Free and Zn (II), In (III), Ga (III) Phthalocyanines Carrying Biologically Active Substituents: Synthesis and Photophysicochemical Properties and Photodynamic Therapy Activity. Inorg. Chim. Acta 2019, 491, 1–8. [Google Scholar] [CrossRef]

	



Akin, M.; Saki, N.; Guzel, E.; Orman, B.; Nalbantsoy, A.; Kocak, M.B. Assessment of in vitro Cytotoxic, iNOS, Antioxidant and Photodynamic Antimicrobial Activities of Water-soluble Sulfonated Phthalocyanines. Photochem. Photobiol. 2021, 98, 907–915. [Google Scholar] [CrossRef]

	



Mohammed, I.; Oluwole, D.O.; Nemakal, M.; Sannegowda, L.K.; Nyokong, T. Investigation of Novel Substituted Zinc and Aluminium Phthalocyanines for Photodynamic Therapy of Epithelial Breast Cancer. Dye. Pigment. 2019, 170, 107592. [Google Scholar] [CrossRef]

	



Ayari, S.; Saglam, M.F.; Şenkuytu, E.; Erçin, P.B.; Zorlu, Y.; Sengul, I.F.; Jamoussi, B.; Atilla, D. 3-Methylindole-substituted zinc phthalocyanines for photodynamic cancer therapy. J. Porphyr. Phthalocyanines 2019, 11, 1371–1379. [Google Scholar] [CrossRef]

	



Roguin, L.P.; Chiarante, N.; García Vior, M.S.; Marino, J. Zinc(II) phthalocyanines as photosensitizers for antitumor photodynamic therapy. Int. J. Biochem. Cell Biol. 2019, 114, 105575. [Google Scholar] [CrossRef]

	



DeRosa, M.C.; Crutchley, R.J. Photosensitized Singlet Oxygen and Its Applications. Coord. Chem. Rev. 2002, 233–234, 351–371. [Google Scholar] [CrossRef]

	



Singh, G.; Espiritu, M.; Shen, X.Y.; Hanlon, J.G.; Rainbow, A.J. In vitro induction of PDT resistance in HT29, HT1376 and SK-N-mc cells by various photosensitizers. Photochem. Photobiol. 2001, 73, 651–656. [Google Scholar] [CrossRef] [PubMed]

	



Chekwube, A.E.; George, B.; Abrahamse, H. Phototoxic effectiveness of zinc phthalocyanine tetrasulfonic acid on MCF-7 cells with overexpressed P-glycoprotein. J. Photochem. Photobiol. B 2020, 204, 111811. [Google Scholar] [CrossRef] [PubMed]

	



Aniogo, E.C.; George, B.P.A.; Abrahamse, H. Phthalocyanine induced phototherapy coupled with Doxorubicin; a promising novel treatment for breast cancer. Expert Rev. Anticancer Ther. 2017, 17, 693–702. [Google Scholar] [CrossRef] [PubMed]

	



Aniogo, E.C.; George, B.P.; Abrahamse, H. Characterization of resistant MCF-7 breast cancer cells developed by repeated cycles of photodynamic therapy. Front. Pharmacol 2022, 13, 964141. [Google Scholar] [CrossRef]

	



Balabanova, L.; Averianova, L.; Marchenok, M.; Son, O.; Tekutyeva, L. Microbial and Genetic Resources for Cobalamin (Vitamin B12) Biosynthesis: From Ecosystems to Industrial Biotechnology. Int. J. Mol. Sci. 2021, 22, 4522. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, Y.; Kohli, D.V.; Jain, S.K. Vitamin B12-mediated transport: A potential tool for tumor targeting of antineoplastic drugs and imaging agents. Crit. Rev. Ther. Drug Carrier Syst. 2008, 25, 347–379. [Google Scholar] [CrossRef] [PubMed]

	



Jones, A.R. The photochemistry and photobiology of vitamin B12. Photochem. Photobiol Sci. 2017, 16, 820–834. [Google Scholar] [CrossRef]

	



Elzi, D.J.; Bauta, W.E.; Sanchez, J.R.; Das, T.; Mogare, S.; Fatland, P.Z.; Iza, M.; Pertsemlidis, A.; Rebel, V.I. Identification of a novel mechanism for meso-tetra (4-carboxyphenyl) porphyrin (TCPP) uptake in cancer cells. FASEB J. 2021, 35, e21427. [Google Scholar] [CrossRef]

	



Quadros, E.V.; Sequeira, J.M. Cellular uptake of cobalamin: Transcobalamin and the TCblR/CD320 receptor. Biochimie 2013, 95, 1008–1018. [Google Scholar] [CrossRef]

	



Delasoie, J.; Rossier, J.; Haeni, L.; Rothen-Rutishauser, B.; Zobi, F. Slow-targeted release of a ruthenium anticancer agent from vitamin B12 functionalized marine diatom microalgae. Dalton Trans. 2018, 47, 17221–17232. [Google Scholar] [CrossRef]

	



Delasoie, J.; Schiel, P.; Vojnovic, S.; Nikodinovic-Runic, J.; Zobi, F. Photoactivatable Surface-Functionalized Diatom Microalgae for Colorectal Cancer Targeted Delivery and Enhanced Cytotoxicity of Anticancer Complexes. Pharmaceutics 2020, 12, 480. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Liang, Y.; Feng, X.; Liang, Y.; Shen, G.; Huang, H. Vitamin-B12-conjugated PLGA-PEG nanoparticles incorporating miR-532-3p induce mitochondrial damage by targeting apoptosis repressor with caspase recruitment domain (ARC) on CD320-overexpressed gastric cancer. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 120, 111722. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Xu, G.; Yang, X.; Liu, S.; Sun, Y.; Chen, L.; Liu, Q.; Liu, J. Dual-Activated Nano-Prodrug for Chemo-Photodynamic Combination Therapy of Breast Cancer. Int. J. Mol. Sci. 2022, 23, 15656. [Google Scholar] [CrossRef] [PubMed]

	



Solovieva, M.; Shatalin, Y.; Fadeev, R.; Krestinina, O.; Baburina, Y.; Kruglov, A.; Kharechkina, E.; Kobyakova, M.; Rogachevsky, V.; Shishkova, E.; et al. Vitamin B 12b Enhances the Cytotoxicity of Diethyldithiocarbamate in a Synergistic Manner, Inducing the Paraptosis-Like Death of Human Larynx Carcinoma Cells. Biomolecules 2020, 10, 69. [Google Scholar] [CrossRef] [PubMed]

	



Wöhrle, D.; Iskander, N.; Graschew, G.; Sinn, H.; Friedrich, E.A.; Maierborst, W.; Stern, M. Synthesis of positively charged phthalocyanines and their activity in the photodynamic therapy of cancer cells. Photochem. Photobiol. 1990, 51, 351–356. [Google Scholar] [CrossRef] [PubMed]

	



Mantareva, V.N.; Kussovski, V.; Orozova, P.; Dimitrova, L.; Kulu, I.; Angelov, I.; Durmus, M.; Najdenski, H. Photodynamic Inactivation of Antibiotic-Resistant and Sensitive Aeromonas hydrophila with Peripheral Pd(II)- vs. Zn(II)-Phthalocyanines. Biomedicines 2022, 10, 384. [Google Scholar] [CrossRef]

	



Kulu, I.; Mantareva, V.; Kussovski, V.; Angelov, I.; Durmus, M. Effects of metal ion in cationic Pd(II) and Ni(II) phthalocyanines on physicochemical and photodynamic inactivation properties. J. Mol. Struct. 2021, 1247, 131288. [Google Scholar] [CrossRef]

	



Mantareva, V.; Kussovski, V.; Orozova, P.; Angelov, I.; Durmus, M.; Najdenski, H. Palladium Phthalocyanines Varying in Substituents Position for Photodynamic Inactivation of Flavobacterium hydatis as Sensitive and Resistant Species. Curr. Issues Mol. Biol. 2022, 44, 1950–1959. [Google Scholar] [CrossRef]

	



Mantareva, V.; Kril, A.; Dimitrov, R.; Wöhrle, D.; Angelov, I. Selective photodynamic therapy induced by pre-irradiation of galactopyranosyl Zn(II) phthalocyanines with UV and red lights. J. Porphyr. Phthalocyanines 2013, 17, 529–539. [Google Scholar] [CrossRef]

	



Chen, D.; Song, M.; Huang, J.; Chen, N.; Xue, J.; Huang, M. Photocyanine: A novel and effective phthalocyanine-based photosensitizer for cancer treatment. J. Innov. Opt. Health Sci. 2020, 13, 2030009. [Google Scholar] [CrossRef]

	



O’driscoll, L.; Clynes, M. Biomarkers and multiple drug resistance in breast cancer. Curr. Cancer Drug Targets 2006, 6, 365–384. [Google Scholar] [CrossRef] [PubMed]

	



Jackowska, A.; Gryko, D. Vitamin B12 Derivatives Suitably Tailored for the Synthesis of Photolabile Conjugates. Org. Lett. 2021, 23, 4940–4944. [Google Scholar] [CrossRef] [PubMed]

	



Shell, T.A.; Lawrence, D.S. Vitamin B12: A Tunable, Long Wavelength, Light-Responsive Platform for Launching Therapeutic Agents. Acc. Chem. Res. 2015, 48, 2866–2874. [Google Scholar] [CrossRef] [PubMed]

	



Ostańska, E.; Aebisher, D.; Bartusik-Aebisher, D. The potential of photodynamic therapy in current breast cancer treatment methodologies. Biomed. Pharmacother. 2021, 137, 111302. [Google Scholar] [CrossRef] [PubMed]

	



Mishchenko, T.; Balalaeva, I.; Gorokhova, A.; Vedunova, M.; Krysko, D.v. Which Cell Death Modality Wins the Contest for Photodynamic Therapy of Cancer? Cell Death Dis. 2022, 13, 455. [Google Scholar] [CrossRef] [PubMed]

	



Casas, A.; Perotti, C.; Ortel, B.; Di Venosa, G.; Saccoliti, M.; Batlle, A.; Hasan, T. Tumor cell lines resistant to ALA-mediated photodynamic therapy and possible tools to target surviving cells. Int. J. Oncol. 2006, 29, 397–405. [Google Scholar] [CrossRef]

	



Adorno-Cruz, V.; Kibria, G.; Liu, X.; Doherty, M.; Junk, D.J.; Guan, D. Cancer stem cells: Targeting the roots of cancer, seeds of metastasis, and sources of therapy resistance. Cancer Res. 2015, 75, 924–929. [Google Scholar] [CrossRef]

	



Wu, Q.; Yang, Z.; Nie, Y.; Shi, Y.; Fan, D. Multi-drug resistance in cancer chemotherapeutics: Mechanisms and lab approaches. Cancer Lett. 2014, 347, 159–166. [Google Scholar] [CrossRef]

	



Indrayanto, G.; Putra, G.S.; Suhud, F. Validation of in-vitro bioassay methods: Application in herbal drug research. Profiles Drug Subst. Excip. Relat. Methodol. 2021, 46, 273–307. [Google Scholar]

	



Peña-Morán, O.A.; Villarreal, M.L.; Álvarez-Berber, L.; Meneses-Acosta, A.; Rodríguez-López, V. Cytotoxicity Post-Treat. Recovery, and selectivity analysis of naturally occurring podophyllotoxins from Bursera fagaroides var. fagaroides on breast Cancer cell lines. Molecules 2016, 21, 1013. [Google Scholar]

	



Weerapreeyakul, N.; Nonpunya, A.; Barusrux, S.; Thitimetharoch, T.; Sripanidkulchai, B. Evaluation of the anticancer potential of six herbs against a hepatoma cell line. Chin. Med. 2012, 7, 15. [Google Scholar] [CrossRef]

	



Rashidi, M.; Seghatoleslam, A.; Namavari, M.; Amiri, A.; Fahmidehkar, M.A.; Ramezani, A.; Eftekhar, E.; Hosseini, A.; Erfani, N.; Fakher, S. Selective Cytotoxicity and Apoptosis-Induction of Cyrtopodion scabrum Extract Against Digestive Cancer Cell Lines. Int. J. Cancer Manag. 2017, 10, e8633. [Google Scholar] [CrossRef]

	



McCain, J.; Colón, K.L.; Barrett, P.C.; Monro, S.M.A.; Sainuddin, T.; Roque III, J.; Pinto, M.; Yin, H.; Cameron, C.G.; McFarland, S.A. Photophysical Properties and Photobiological Activities of Ruthenium(II) Complexes Bearing π-Expansive Cyclometalating Ligands with Thienyl Groups. Inorg. Chem. 2019, 58, 10778–10790. [Google Scholar] [CrossRef] [PubMed]

	



Cole, H.D.; Roque III, J.A.; Shi, G.; Lifshits, L.M.; Ramasamy, E.; Barrett, P.C.; Hodges, R.O.; Cameron, C.G.; McFarland, S.A. Anticancer Agent with Inexplicable Potency in Extreme Hypoxia: Characterizing a Light-Triggered Ruthenium Ubertoxin. J. Am. Chem. Soc. 2022, 144, 9543–9547. [Google Scholar] [CrossRef]

	



Roque, J.A.; Barrett, P.C.; Cole, H.D.; Lifshits, L.M.; Shi, G.; Monro, S.; von Dohlen, D.; Kim, S.; Russo, N.; Deep, G.; et al. Breaking the barrier: An osmium photosensitizer with unprecedented hypoxic phototoxicity for real world photodynamic therapy. Chem. Sci. 2020, 11, 9784. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 04400 g001 550] 





Figure 1. Structures of the studied two Zn(II)-phthalocyanines (3ZnPc and 4ZnPc) and hydroxycobalamin (Cbl) (a). The absorption spectra of compounds in a concentration of 10−5 M in DMSO (the spectrum of Cbl on top is magnified) (b). 
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Scheme 1. Synthesis of non-peripherally substituted Zn(II)-phthalocyanine (3ZnPc). 
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Figure 2. Dark and photo-cytotoxicity of zinc(II) phthalocyanines with non-peripheral groups for 3ZnPc and peripheral groups for 4ZnPc studied on two normal cell lines: (a) normal BALB 3T3 cell line and (b) non-tumorigenic MCF-10A cell line. 
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Figure 3. Dark and photo-cytotoxicity curves of cobalamin (Cbl) studied on: (a) normal BALB 3T3 cell line and non-tumorigenic MCF-10A cell lines; and (b) MCF-7 and MDA-MB-231 tumor cell lines. 
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Figure 4. Dark and photo-cytotoxicity of zinc(II) phthalocyanines differing in the position of substitution groups ((3ZnPc and 4ZnPc) presented as followed: (a) 3ZnPc and (b) 4ZnPc on two breast tumor cell lines (MCF-7 and MDA-MB-231) and a non-tumorigenic MCF-10A cell line. 
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Figure 5. Photocytotoxicity of non-peripherally substituted zinc(II) phthalocyanine (3ZnPc) by addition of 200 µM cobalamin (Cbl) on breast cancer cell lines MCF-7 and MDA-MB-231 in comparison to a non-tumorigenic MCF-10A cell line. 
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Figure 6. Confocal laser scanning microscope images of tumor cells with 3ZnPc: (a) MCF-7 cells (scale: exc: 405 nm; em: 450–550 nm); (b) incubated 3ZnPc (scale: exc: 635 nm; em: 670–780 nm); (c) MDA-MB-231 cells; and (d) 3ZnPc studied at the spectral conditions as (a,b) × 63. 
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Table 1. Mean values of CC50 ± SD (µM) for cell cultures treated with 3ZnPc and with two compounds (3ZnPc and Cbl).
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Cell Lines

	
Cytotoxicity

	
Phototoxicity

	
PIF *, PI **

	
SI ***




	
3ZnPc, CC50 ± SD (µM)






	
BALB 3T3

	
7.36 ± 0.12

	
1.58 ± 0.11

	
4.66 *

	
-




	
MCF-10A

	
8.96 ± 0.26

	
0.08 ± 0.005

	
112

	
-




	
MCF-7

	
21.6 ± 1.53

	
0.12 ± 0.008

	
180

	
0.66




	
MDA-MB-231

	
14.59 ± 0.26

	
0.09 ± 0.004

	
162

	
0.89




	

	
3ZnPc + Cbl 200 µM, CC50 ± SD (µM)

	

	




	
MCF-10A

	
28.74 ± 0.55

	
0.065 ± 0.005

	
440

	
-




	
MCF-7

	
9.41 ± 0.97

	
0.042 ± 0.001

	
225

	
1.56




	
MDA-MB-231

	
14.18 ± 0.22

	
0.028 ± 0.002

	
500

	
2.31








* PIF–Photo-irritation factor; PIF < 2 not phototoxic; 2 ≤ PIF < 5 slight phototoxicity; PIF ≥ 5 phototoxic; ** PI–Phototherapeutic index; *** SI–Selectivity index.
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