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Abstract: The motivation of the current study is to develop a strategy providing targeted and effective
photodynamic therapy (PDT) on breast cancer cells by eliminating the limitations of PDT. For this
purpose, a disulfide bridged phthalocyanine with favorable wavelength absorbance that is activatable
in cancer cells was synthesized and encapsulated in liposome nanoparticles. The synthesized molecule
was characterized using Fourier transform-infrared (FT-IR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, Matrix-Assisted Laser Desorption/lonization Time of Flight (MALDI-TOF)
Mass Spectrometry, Ultraviolet-visible (UV-Vis) spectrophotometry, and particle size analyzer; and the
nano-formulation was tested on MCF-7 breast cancer cell line using MTT assay, fluorescence
microscopy, and flow cytometry. The results have illustrated that the synthesized disulfide bridged
phthalocyanine has a therapeutically active wavelength absorbance value (685 nm), the liposome
nanoparticles with the favorable characteristics (average size of 167.6 nm and polydispersity index
(PDI) of 0.108) containing the synthesized disulfide bridged phthalocyanine have low dark toxicity,
and significant light toxicity (P < 0.001 vs. dark toxicity) characterized with significant apoptosis (p <
0.05 vs. control group). Thus, for further investigations, these results suggest the great potential of the
nano-formulation towards targeted and effective PDT on breast cancer cells.

Keywords: phthalocyanine; photodynamic therapy; tumor-specific activation; disulfide-bridged
photosensitizer; liposome.
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1. Introduction

In this century, in every country of the world, cancer is expected to be the most
important cause of death and the biggest obstacle to an increase in life expectancy; recently,
over 10 million new cancer cases are diagnosed every year, for instance, over 18 million new
cancer cases and over 9.5 million deaths from cancer have been mentioned in 2018 estimates
[1-3]. In both sexes combined, with over 2 million new cases (11.6% of total cases) and over
625,000 deaths (6.6% of total cancer deaths) annually, among 36 cancers, breast cancer is
forecasted to be the second (behind lung cancer) and fourth (behind the lung, stomach and liver
cancers) in terms of incidence and mortality, respectively, in 2018; on the other hand, breast
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cancer is the most frequently diagnosed cancer among women and is the leading cause of
cancer deaths [1]. Therefore, as in other types of cancer, targeted and effective treatment
strategies with minimal side effects are crucial for breast cancer. Since conventional treatment
modalities have serious issues: in the case of chemotherapy, side effects like myelosuppression,
mucositis, alopecia, etc.; in the case of radiotherapy or chemotherapy, recurrence of certain
tumors and needs of surgery to remove the cancer cells completely; in the case of radiotherapy,
needs of a precise operation to the tumor site to minimize the damage to the surrounding normal
tissues; in the case of immunotherapy, the inconsistent therapeutic outcomes for different
patients [2, 4-7].

Photodynamic therapy (PDT) is a rapidly developing potent modality of the clinically
approved and minimally invasive alternate methods that do not require surgical intervention to
treat various cancers, such as bladder, esophagus, respiratory tract, and gynecologic cancers [2,
8]. PDT is based on the combined use of a photoactivatable drug called a photosensitizer (PS),
light (especially from lasers), and molecular oxygen; PS accumulates at the tumor tissues and
is activated by a light source with a specific wavelength, resulting in energy transfer cascades
yielding the formation of cytotoxic reactive oxygen species (ROS) (the main form of ROS
produced in PDT is singlet oxygen (*02)) in the presence of endogenous molecular oxygen, to
eventually cause cell death and vasculature damage leading to the destruction of tumor tissues
[2, 8-11]. With this promising mechanism, compared to traditional cancer treatment modalities,
PDT has several unique superiorities, including noninvasiveness, low toxicity, definite
efficacy, and no drug resistance, which has led to the translation of this modality into clinics
for the treatment of various tumors, such as bladder cancer, lung cancer, head and neck cancers,
and skin cancer [2, 12]. Also, clinical trials on other types of cancer, including breast cancer
(ClinicalTrials.gov: NCT02872064) are ongoing [13]; thus, PDT is a potent modality that can
be an alternative for conventional treatment modalities having serious issues for the treatment
of breast cancer.

On the other hand, PDT has some limitations: I- Low selectivity of PSs including
clinically approved PSs, such as porfimer sodium (Photofrin®) and meta-tetrakis(3-
hydroxyphenyl) chlorin (Foscan®), leading to side effects such as skin photosensitivity and
damage to neighboring healthy tissue [12]; II- The limited light or PS penetration leading to
difficulties in the treatment of bulky or deep-seated tumors, e.g., in the case of Photofrin®, the
limited penetration of the appropriate light prevents sufficient depth of tumoricidal action [13];
I11- Hydrophobicity of the most effective PSs leading to low solubility and aggregates, which
causes trouble for penetration into tumor tissue [13, 14]. Therefore, to fulfill the requirements
of an ideal photosensitizer as much as possible, the research on new photosensitizers with
optimum properties is still ongoing [15].

In this context, the current study's motivation is to develop a strategy providing targeted
and effective PDT on breast cancer cells by eliminating the above mentioned limitations of
PDT. For this purpose, we aimed to synthesize a novel molecule with wavelength absorbance
value within the range of 650-800 nm, to synthesize the dimeric form of this molecule as a PS,
and to encapsulate the synthesized PSs in liposome nanoparticles. According to the basic law
of photobiology, the longer the wavelength of light, the deeper the light penetrates biological
tissues [16]; an ideal molecule should have a strong absorption peak in the red to the near-
infrared spectral region (between 650 and 800 nm, a therapeutic window for clinical PDT
treatment, in which light can deeply penetrate the skin; to excite oxygen to its singlet state, the
energy provided by absorption with wavelengths longer than 800 nm is not enough) [17, 18].
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Therefore, we aimed to synthesize the novel molecule with wavelength absorbance value
within the range of 650-800 nm. Phthalocyanines are aromatic heterocycles consisting of four
isoindole rings bridged by nitrogen atoms and have many advantages in PDT applications due
to their long absorption wavelength maxima (Amax > 670 nm), high extinction coefficients (Emax
> 1 x 10° Mt.cm, two orders of magnitude higher than most porphyrins), strong absorption
in the phototherapeutic window, and low or no absorption at 400-600 nm where the intensity
of sunlight is the highest (this feature provides decreased levels of skin photosensitization
caused by daylight) [19, 20]. Therefore, we aimed to synthesize the novel molecule with
wavelength absorbance value within the range of 650-800 nm, which belongs to the
phthalocyanine group. The photochemical properties of phthalocyanines are strongly
influenced by the coordinated central metal ion; the presence of diamagnetic elements in the
central cavity gives them high triplet quantum yields (@1 > 0.4) with long triplet lifetimes (Tt
> 100 ps) and adequate triplet energies (Et1 = 1.2 eV), making them efficient generators of
singlet oxygen (®a > 0.4); zinc(ll) phthalocyanines have advantageous characteristics that
allow more effective PDT, such as low dark toxicity, high chemical, and photochemical
stability, high therapeutic effect (e.g., the complexing with zinc(Il) increases the amount of
singlet oxygen generated, causing an intensified photodynamic action), minimal skin
photosensitivity and excitation at wavelengths greater than 630 nm [20, 21]. Therefore, we
aimed to synthesize the novel molecule with wavelength absorbance value within the range of
650-800 nm, which belongs to the phthalocyanine group and contains zinc(1l) as a diamagnetic
element in its central cavity. On the other hand, despite these attractive features, as in other
molecules in the phthalocyanine group, zinc(ll) phthalocyanines have hydrophobic nature
leading to poor solubility and aggregates through m-m stacking, which causes trouble for
penetration into tumor tissue [13, 14, 19, 20]. Since photochemical activity is exclusively
associated with monomer species, aggregate formation reduces phthalocyanines' ability to
produce singlet oxygen [18, 20, 22]. Herein, we aimed to bind the synthesized zinc(ll)
phthalocyanine monomers to each other with disulfide bonds in order to convert the
aggregation handicap of phthalocyanines to cell-selective and activatable characteristics to
obtain targeted and effective PDT based on the well-known mechanisms in the literature: I-
Similar to the well-known effect of disulfide bond in many biological systems (e.g., the
secondary and tertiary structures of many proteins contain the disulfide bond that plays an
important role in the folding and stability of proteins) [23], the dimeric form formed by the
disulfide bond enhances phthalocyanine aggregation, which causes self-quenching and

inactivation of the synthesized phthalocyanine [24, 25]; IlI- It is well known that due to the
differentiation of metabolic pathways in tumor cells, they have four times higher glutathione
(GSH) concentration than that of normal cells [23, 26]; I11- It is well known that GSH cleaves

disulfide bonds; thus the cleavage of the disulfide bonds takes place selectively in tumor cells
due to the GSH concentration differences between tumor and healthy cells [23-25, 27]; IV- The
cleavage of the disulfide bonds results in activation of self-quenched phthalocyanine
complexes with disulfide bridges selectively in tumor cells by decreasing aggregation of the
phthalocyanines [24, 27]; V- After activation selectively in tumor cells, the phthalocyanine
molecules absorb irradiation or light beam, transfer their energy to molecular oxygen, resulting
in the production of singlet oxygen. Despite the abovementioned prominent strategies to enable
targeted and effective photodynamic therapy, there is a last handicap (hydrophobicity) of the
synthesized zinc(ll) phthalocyanine molecules under physiological conditions to overcome. In
this context, nanotechnological approaches provide promising alternatives to minimize the
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problems caused by hydrophobic molecules under physiological conditions [2, 12, 28-31]. To
this end, lipid-based nanoparticles, particularly liposomes, come to the fore with their highly
advantageous features such as the ability to improve the selectivity of cancer chemotherapeutic
agents by passive (the Enhanced Permeability and Retention (EPR) effect) and active targeting
to lower the cytotoxicity of anti-cancer agents to normal tissues, to carry neutral, hydrophilic
and hydrophobic molecules, to increase the solubility of hydrophobic molecules, to enable a
prolonged and controlled release of agents [29, 32, 33]. Thus, liposome nanoparticles enable a
promising system of the photosensitizers’ targeted delivery to the tumor tissue in PDT, which
has been illustrated by previous experimental and clinical studies, e.g., the liposomal
benzoporphyrin derivative monoacid (BPDMA) was approved by Switzerland and the USA
[34]. Due to the mentioned superior properties of the liposome nanoparticles, the dimeric form
of the synthesized zinc(ll) phthalocyanine molecules has been encapsulated in liposome
nanoparticles.

2. Materials and Methods
2.1. Synthesis of phthalocyanines.

Solid-phase synthesis of monofunctionalized “AB3-type” phthalocyanines was
performed at 130 °C under argon atmosphere and purified by column chromatography on silica
gel using dichloromethane (DCM)/ethanol. The yield of resultant monofunctionalized
phthalocyanine monomers (1771.61 g/mol) was 0.552 g (29%). 0.047x10 mmol of these
monomers (81 mg) were mixed by the same moles of dicyclohexylcarbodiimide (DCC) and
1,3-Dicyclohexylcarbodiimide-4-Dimethylaminopyridine (DMAP) for two hours. After
adding 0.016x10° mmol ethyl 2-hydroxyethyl sulfide, the mixture was incubated at room
temperature for four days by mixing. The reaction was ended by immersing the mixture in
water, and the product was purified by preparative thin-layer chromatography using
DCM/ethanol. The yield of resultant functionalized dimeric disulfide derivatives (3661.54
g/mol) was 0.010 g (17%).

To prepare a dimeric reference compound, 0.016x10° mol monofunctionalized
phthalocyanine monomers (30 mg) were mixed with 3.3 mg DCC, 0.016x10° mol DMAP (2
mg), 0.005x107 mol 1,6-Hexandiol (0.6 mg), and the mixture was dissolved in 6 ml DCM for
four days at room temperature. The reaction was ended by immersing the mixture in water, and
the resulting product was purified by preparative thin-layer chromatography using
hexane/ethanol (2:1). The yield of the resultant dimeric reference compound (3625.48 g/mol)
was 0.015 g (83%).

To prepare a monomeric reference compound, 0.008x10° mol monofunctionalized
phthalocyanine monomers (15 mg) were mixed with 0.004x10° mol DMAP (10 mg) and
dissolved in 0.004x10° mol propanol (3.1 pL) for four days at room temperature. The reaction
was ended by immersing the mixture in water, and the resulting product was purified by
preparative thin-layer chromatography using hexane/ethanol (2:1). The yield of the resultant
monomeric reference compound (1798 g/mol) was 0.008 g (57%).

2.2. Characterization of the synthesized products.

Various measurements were performed in triplicate to determine the suitability of
synthesized disulfide-bridged dimeric phthalocyanines for PDT by Fourier transform-infrared
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(FT-IR), nuclear magnetic resonance (NMR), Matrix-Assisted Laser Desorption/lonization
Time of Flight Mass Spectrometry (MALDI-TOF), UV-visible spectra, and Zetasizer.

The resulting chemical formula of the synthesized disulfide-bridged dimeric
phthalocyanine (ASG20) was C178H238N16030S14Zn2. All measured characteristics of the
synthesized ASG20 are given below:

FT-IR (v, cm™): 2928 (CH2), 1712 (C=0), 1462 (AR-CH), 1292 (SO), 1140 (C-O-C),
660 (S-S). UV-visible (DMSO): A, nm, 307, 685. MALDI-TOF-MS (DHB): m/z 3684
(calculated for [M+Na]+, 3661.54 g/ml).

The resulting chemical formula of the synthesized non-cleavable dimeric
phthalocyanine (REF1) was C180H242N16030S12Zn2, and all measured characteristics are
given below:

FT-IR (v, cm®): 2927 (CH2), 1624 (C=C), 1569(R-CHz3), 1309 (SO), 1242 (C-O-C).
UV-visible (DMSO): A, nm, 350, 704. MALDI-TOF-MS (TRANS): m/z 3661 (calculated for
[M+K]+ , 3625.48 g/mol).

The resulting chemical formula of the synthesized monomeric phthalocyanine (REF2)

was C90H122N8015S6Zn, and all measured characteristics are given below:
FT-IR (v, cm™): 2927 (CH2), 1570 (AR-CH), 1569 (R-CHs3), 1309 (SO), 1242 (C-O-C). 1H
NMR (CDCI3, 500 MHz): 6, ppm 8.88 (s, 2H), 8.84 (s, 6H), 8.21 (d, 6H), 8.11 (d, 2H), 7.76
(d, 3H), 7.28 (s, 2H), 4.67 (s, 3H), 4.33 (t, 2H), 3.23 (s, 2H), 3.0 (d, 6H), 2.95 (t, 12H), 2.75
(d,6H), 1.75 (s, 18H), 1.5 (s, 18 H), 1.25 (s, 18H), 1.0 (s, 18H). UV-visible (DMOS): A, nm,
380, 669. MALDI-TOF-MS (DHB): m/z 1841 (calculated for [M+K]+, 1798 g/mol).

Using the light-scattering technique, the hydrodynamic diameter size, particle size
distribution, and zeta potential of the liposome nanoparticles diluted in deionized water (300
pl of liposome solution in 6 ml of deionized water) were measured with a particle size analyzer
(Malvern Mastersizer 2000 and Malvern Nano ZS90, Malvern Instruments, Malvern, UK).

2.3. Cell Culture and maintenance.

MCEF-7 cells (Human malignant breast cancer cells) were obtained from American Type
Culture Collection (ATCC, USA) and were maintained under standard culture conditions. Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Sigma, USA) containing 1 % penicillin and streptomycin (Sigma, USA).

MCEF-7 cells were grown in T-25 flasks in a moisturized atmosphere maintained at 37
°C with 5% CO2. When reached 70-80 % confluency, the cells were passaged using trypsin-
EDTA (Sigma, USA).

The number of live cells was determined by the trypan blue exclusion test. Briefly, the
cell suspension is simply mixed with an equal amount of trypan blue and then visually
examined to determine whether cells take up or exclude dye.

2.4. Determination of optimal liposome concentration.

The empty liposomes at 3, 6, 12, and 27 mg/mL concentrations in DMSO (2% or 4%)
were analyzed by MTT assay to determine optimal liposome concentration that does not cause
a significant effect on the viability of MCF-7 cells; thus, it was aimed to evaluate the effect of
synthesized photosensitizers by using liposomes at the optimal concentration for encapsulation;
and the liposomes of this optimal concentration were used in all of the subsequent experiments.
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MTT assay was performed by applying the liposomes in four different concentrations
(3, 6, 12, and 27 mg/mL) to the MCF-7 cells (1 x 10* cells/well of 96 well plate) for 24 hours.
At the end of 24 hour-incubation, 10 ul MTT was added to the cell medium and incubated for
3 hours at 37 °C to examine the effects of the liposomes on cell viability. Cell viability was
measured at 540 nm using a spectrophotometer and then calculated according to the following
formula: Viability = (Sample-Blank) / (Control-Blank). Three different experiments were
carried out three times in three different weeks.

2.5. Liposomization of the synthesized phthalocyanines.

The liposomes were prepared according to a previous report [35]. Briefly, 3 mg
phospholipid (Lipoid S75, 78 g/mol) was dissolved in 470 ul ethanol, and 10 pl of this solution
was mixed with 90 ul of 2% dimethyl sulfoxide/phosphate-buffered saline (pH: 7.4)
(DMSO/PBS) solution containing 1 mg phthalocyanine (ASG20; 3661.54 g/mol). Liposomes
were examined microscopically under 100x magnification. The final concentration of
liposomes was 0.70 mM (6 mg phospholipid /ml EtOH) and phthalocyanine was 50 pM.

The above procedures were repeated for monomeric and dimeric reference compounds,
using REF2 (1798.71 g / mol) for the monomeric reference and REF1 (3625.48 g / mol) for the
dimeric reference, instead of ASG20. Liposomes were examined microscopically under 100x
magnification.

2.6. Photodynamic therapy.

A dark toxicity study was conducted to determine if the synthesized phthalocyanine
(ASG20) has any cytotoxic effects on MCF-7 cells in its inactive state (without any light). 1 x
10* cells were cultured for 24 h before being exposed to PSs in four different concentrations,
1, 5, 10, and 20 puM, prepared from the main stocks of phthalocyanine liposomes, which were
prepared according to the literature [36]. The culture medium was removed from each well; the
cells were washed with PBS and treated with PSs. For each set of experiments, cells were
divided into 5 groups as control group containing no liposomes; ASG20 group containing one
of four concentration of phthalocyanine liposomes; reference 0 (REFO0) containing liposomes
with a commercially available unsubstituted molecule without any functional group (Sigma,
CAS Number 14320-04-8, USA); reference 1 (REF1) containing liposomes with the
synthesized dimeric reference unbreakable with GSH; reference 2 (REF2) containing
liposomes with the synthesized monomeric reference. Each set of experiments and each
concentration was tested in triplicate. The plates were wrapped in aluminum foil and incubated
at a humidified temperature of 37°C in a 5% CO2 incubator for 24 h. The cells were collected
for viability and flow cytometric assays.

For phototoxicity studies, the cells were first cultivated with PSs for 24 h and then
photosensitized with an Efos LED (690 nm doses of 5, 10, 20 j/cm2), then collected and
analyzed for the cell viability and the levels of necrosis and apoptosis. Each set of experiments
and each concentration was tested in triplicate.

2.7. Cytotoxicity assay to evaluate the photodynamic therapy.

To evaluate the photodynamic therapy MTT assay was performed using the collected
cells (1 x 10* cells/well of 96 well plates) after the dark and light protocols described above.
10 pl MTT was added to the cell medium and incubated for 3 hours at 37 °C to examine the
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liposomes' effects on cell viability. Cell viability was measured at 540 nm using a
spectrophotometer and calculated according to the following formula: Viability = (Sample-
Blank) / (Control-Blank). Three different experiments were performed in triplicate in three
different weeks.

2.8. Flow cytometric assay to evaluate the photodynamic therapy.

The effects of phthalocyanine-containing liposomes on apoptosis and necrosis of cells
were determined using flow cytometric assay by staining with Annexin V / 7AAD technique.
FITC conjugated Annexin V allows the staining of phosphatidylserines released in the cell
membrane during activation of the apoptosis pathway, while 7AAD stains the cell nucleus
representing the late stage of apoptosis and necrosis. As a result, non-stained cells are
considered viable, cells stained with only Annexin V are considered as early apoptotic, cells
stained with the only 7AAD are considered as necrotic, and cells stained with both are
considered as late apoptotic.

Cells (8 x 10° cells/well) were seeded in 6-well plates containing 2 ml of medium and
incubated at 37°C for 24 hours. The determined amounts of apoptosis and necrosis at 24 hours
after applying PSs and light treatment were analyzed by flow cytometry (BD Accuri™ C6
Plus).

2.9. Statistical analyses.

All values were reported in descriptive statistics as mean £ SD. Comparison of two
unpaired variables was performed by unpaired t-test with Welch correction. Comparison of
more than two nonparametric variables was made by Friedman Test (Nonparametric Repeated
Measures ANOVA), and Dunn's Multiple Comparisons Test was used for a post hoc test.
Comparison of more than two parametric variables was made by One-way Analysis of
Variance (ANOVA), and Tukey-Kramer Multiple Comparisons Test was used for a post hoc
test.

For all the statistical analyses, p < 0.05 was used as the threshold for significance.
Analyses were performed using Graphpad Instat (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

3.1. Synthesis and characterization of the photosensitizer.

Our designed molecules were dimeric tetrapyrroles (ASG20) (Figure 1) that increase
their aggregation by binding tetrapyrol macrocycles to each other through disulfide bonds and
thereby self-quench their photophysical properties [24, 25].

In this study, FT-IR, 1H-NMR, 13C-NMR, MALDI-TOF, and UV-visible spectra were
used to determine the convenience of synthesized disulfide-bonded dimer for PDT.
Considering the FT-IR spectra of the synthesized monofunctionalized phthalocyanine complex
(Supplementary Figure S1), the peaks observed at 3080 cm™, 2930 cm™, 1738 cm™, 1462 cm"
11290 cm™ and 1140 cm™ represent O-H, aliphatic CH2, C=0, Ar-C-H, SO, and C-O-C
functional groups, respectively. Thus, all the FT-IR spectra characteristics (Supplementary
Figure S1) illustrate the successful synthesis of the monofunctionalized phthalocyanine
complex. The mass spectrum of the complex also confirmed the structure as m/z 1774
[M+2H]+ (Supplementary Figure S2).
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Considering FT-IR spectra of the synthesized ASG20 complex (Supplementary Figure
S1), the peaks observed at 2928 cm™, 1712 cm, 1462 cm™, 1290 cm™, 1140 cm™ and 660 cm”
! represent aliphatic CHz, C=0, Ar-C-H, SO, C-O-C, and S-S (specific to the dimeric PS)
functional groups, respectively. Thus, all the FT-IR spectra characteristics (Supplementary
Figure S1) illustrate the successful synthesis of the ASG20 complex. The mass spectrum of the
complex also confirmed the structure as m/z 3661 [M+]+ (Supplementary Figure S2). When
1H NMR and 13C-NMR spectra were examined, it was observed that symmetrical
phthalocyanines were intertwined, causing the spectra to not be seen clearly.

In our study, examination of all variables could be achieved by synthesizing reference
molecules in addition to the disulfide-linked dimer (ASG20 complex) that became active with
GSH in order to produce a meaningful outcome. One of the reference substances synthesized
was the analog dimer (REF1), which carries -C=C- instead of disulfide and does not interact
with GSH. The other analog reference was an “AB3 type” monomer (REF2) that forms by the
cleavage of the disulfide bridge of the ASG20 complex (Figure 1).

Considering FT-IR spectra of the synthesized reference dimer complex (REF1)
(Supplementary Figure S1), the peaks observed at 2927 cm™, 1624 cm™, 1569 cm™, 1309 cm-
L and 1242 cm™ represent aliphatic CH2, C=C (specific to this dimeric structure), aliphatic
CH3, SO, C-O-C functional groups, respectively. Thus, all the FT-IR spectra characteristics
(Supplementary Figure S1) illustrate the successful synthesis of the REF1 complex. The mass
spectrum of the complex also confirmed the structure as m/z TRANS 3661 [M+K]+
(Supplementary Figure S2). When 1H NMR and 13C-NMR spectra were examined, it was
observed that symmetrical phthalocyanines were intertwined, causing the spectra to not be seen
clearly.

Considering FT-IR spectra of the synthesized reference monomer complex (REF2)
(Supplementary Figure S1), the peaks observed at 2927 cm™, 1570 cm™® and 1309 cm™?
represent aliphatic CH2, Ar-C-H, and SO functional groups, respectively. Thus, all the
characteristics of the FT-IR spectra (Supplementary Figure S1) illustrate the successful
synthesis of the REF2 complex. The complex's mass spectrum also confirmed the structure as
m/z 1841 [M+K]+ (Supplementary Figure S2). When 1H NMR and 13C-NMR spectra were
examined, it was observed that symmetrical phthalocyanines were intertwined, causing the
spectra to not be seen clearly.

ASG20
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REF1

REF2

Figure 1. Molecular structures of the synthesized reference monomer analog (REF2), reference dimer analog
(REF1), and dimeric phthalocyanine complex (ASG20).
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Figure 2. UV-visible spectra of the samples prepared from the 10 M solution of ASG20 (a), REF1 (b) and

REF2 (c) dissolved in DMSO.
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The UV-visible spectrum of the samples prepared from the concentrated solution of
ASG20, REF1, and REF2 dissolved in DMSO showed that the intensity of absorption raised
in direct proportion to the increase in concentration (Figure 2). The UV-visible spectra of the
synthesized ASG20 complex illustrate that the complex with a wavelength absorbance value
of 685 nm is an ideal molecule for PDT since between 650 and 800 nm is a therapeutic window
for clinical PDT treatment, in which light can deeply penetrate the skin [17, 18].

3.2. Characterization of synthesized liposomes containing phthalocyanines.

In aqueous medium, hydrophobic PSs, including metal phthalocyanines (e.g., zinc(ll)
phthalocyanines in the current study) are photochemically inactive due to aggregation; hence,
to overcome this limitation and minimize the problems under physiological conditions, they
need to be encapsulated [2, 12, 28-31, 37]. In this context, due to their highly advantageous
features (such as enabling passive and active targeting, lowering the cytotoxicity of the agents
to normal tissues, carrying neutral, hydrophilic, and hydrophobic molecules, increasing the
solubility of hydrophobic molecules, and enabling a prolonged and controlled release of agents)
[29, 33], the dimeric form of the synthesized zinc(ll) phthalocyanine molecules have been
encapsulated in liposome nanoparticles.

1
E 08 =5+ T
S 06 - Iz
S 04 -
o 0,(2) I = m%2DMSO
N N N N % 4 DMSO
6‘0{(\ Qo\(’\‘ ¢}(° &\
KN P ¥
% Vv
Concentration of empty liposome

Figure 3. MTT assay of the empty liposome nanoparticles at different concentrations to adjust the optimal
liposome dose. Significant difference with respect to medium is denoted as *p-value < 0.05 and ***p-value <
0.001.

For this purpose, initially, the empty liposomes at 3, 6, 12, and 27 mg/mL
concentrations in DMSO (2% or 4%) were analyzed by MTT assay to determine optimal
liposome concentration that does not cause a significant effect on the viability of MCF-7 cells
(Figure 3). In this context, 6 mg/mL was determined as the optimal concentration of liposomes
to encapsulate the synthesized phthalocyanines (Figure 3).

Dimensions, distribution indexes (PDI), and zeta potentials of PS containing liposomes
were characterized by Zetasizer. The nanoparticles' average dimensions were found to be in
the range of 167.6 nm-226.4 nm (Figure 4 and Table 1). Through the EPR effect, nanomedicine
formulations with sizes typically in the 100-200 nm range attempt to target sites, but the
formulations with sizes up to 400 nm have demonstrated accumulation in tumors [38].
Therefore, liposome nanoparticles containing disulfide bridged phthalocyanines (ASG20) have
favorable sizes for effective therapeutic approaches. The PDI range was between 0.108-0.241,
which was less than 0.5, achieving the desired narrow distribution (Table 1). PDI is an indicator
of the distribution of size populations within a given sample; PDI value ranges from 0.0 to 1.0
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(0.0 represents a perfectly uniform sample distribution, 1.0 represents highly polydisperse
distribution) [26, 39, 40]. Thus, the PDI value that is close to zero illustrate that the liposome
nanoparticles have high aqueous stability in the conditions in which they are to be used; and
this stability makes the liposome nanoparticles containing disulfide bridged phthalocyanines
(ASG20) attractive vehicles for biomedical applications [26, 40-43].
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Figure 4. The average sizes of empty liposome nanoparticles, and ASG20, REF1 and REF2 containing liposom
nanoparticles recorded by Zetasizer.

Table 1. The average size and PDI values of empty liposome nanoparticles, and ASG20, REF2 and REF1
containing liposom nanoparticles measured by Zetasizer.

Average Size of Particle

Empty liposome
REFO

REF1

REF2

ASG20

226.4 nm
213.6 nm
198.4 nm
212.6 nm
167.6 nm

0.149
0.227
0.225
0.241
0.108

Polydispersity Index (PDI)

Zeta Polential Dstribution

100 0 100

Apparent Zeta Potential (mv)

Empty liposome

200

Zeta Potentiel Distribution
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Figure 5. The Zeta potential measurements of empty liposome nanoparticles and ASG20, REF2, and REF1
containing liposome nanoparticles recorded by Zetasizer.

The zeta potential is often considered as the effective charge on the particle, and the
zeta potential value of the nanoparticles is sensitive to the ambient pH value; acidic pH causes
a positive zeta potential value due to the increase in H+ ion concentration, while basic pH
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causes negative zeta potential value due to the increase in OH- ion concentration [26, 44-46].
Thus, as the environment changes from acidic (pH 6-7) to basic (pH 7-8), as seen in Table 2

(except for REF2, which may be due to its monomeric nature), the zeta potential is expected to
be more negative.

Table 2. The Zeta potential measurements of empty liposome nanoparticles and ASG20, REF2, and REF1
containing liposome nanoparticles recorded by Zetasizer.

Zeta Potential (mV) (pH 6-7) Zeta Potential (mV) (pH 7-8)
Empty liposome -1.15 -1.62
REF1 -1.47 -3.40
REF2 -3.96 -0.81
ASG20 -6.36 -7.12

3.3. Cytotoxicity of photosensitizers on MCF-7 Cells.

Since the gradual increase in cancer in the modern world makes it important to develop
an effective treatment strategy, third-generation PSs have been developed to provide selective
accumulation in cancer cells [47]. In addition to tumor targeting, tumor-specific activation
capability (dual effect) can help to reduce the amount of applied PS, can prevent any damage

to the healthy cells in the irradiated region, and may help to distinguish the tumor cell from
healthy cells.
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Figure 6. Survival ratios of MCF-7 cancer cells analyzed by dark toxicity assays using different concentrations
of liposome nanoparticles containing REFO, REF1, REF2 and ASG20. (a): Effects of different concentrations of
each compound on the viability of MCF-7 cancer cells; (b): Effects of different compounds at a specific
concentration on the viability of MCF-7 cancer cells. *P < 0.05, **P < 0.01 and ***P < 0.001 vs 0 uM group. a:
P <0.001 vs REFO, REF1 and REF2 groups; b: P <0.001 vs REFO and REF1 groups; c: P < 0.001 vs REF0

group.
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Thus, in this study, we developed a disulfide bridged phthalocyanine containing
liposomes, which accumulate selectively in cancer cells by EPR effect and especially active in
the tumor zone through dividing the disulfide bridges with the antioxidant property of GSH
(tumor cells have four times higher GSH concentration than that of normal cells [23, 26]), a
tripeptide containing thiol function in tumor cells; the dimeric PSs with the disulfide bridges
are in a self-damping (inactive) state for PDT until the disulfide bridges break.
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Figure 7. Survival ratios of MCF-7 cancer cells analyzed by phototoxicity assay using different concentrations
of liposome nanoparticles containing REFO, REF1, REF2 and ASG20 illuminated by 5j / cm2 dose of light. (a):
Effects of different concentrations of each compound on the viability of MCF-7 cancer cells; (b): Effects of
different compounds at a specific concentration on the viability of MCF-7 cancer cells. aP < 0.001, fP < 0.01 vs
0 UM group; bP < 0.05, cP < 0.01, dP < 0.001 vs 1 uM group; eP < 0.001 vs 5 uM group; gP < 0.0001 vs REFO
and REF1; hP < 0.01 vs REF1.

The dark toxicity results illustrated that cells' survival ratios decreased in proportional
to the concentration of phthalocyanine-containing liposomes (Figure 6). At a 10 uM
concentration, the viability decreased more than 40% in ASG20, REF2, and REF1 groups,
while it was more than 20% in REFO group (p < 0.001 for REFO vs. ASG20, REF2, and REF1
groups). At 5 uM concentration, a reduction of approximately 40% of viability was observed
in ASG20 and REF2 groups, and approximately 20% in REFO and REF1 groups (p < 0.001 for
REFO and REF1 groups vs. ASG20 and REF2 groups). REF2 was an active monomeric
molecule that was synthesized as a reference to prove that the cleavage of disulfide bridges of
ASG20 resulted in the activation of ASG20, which is a dimeric PS. If the disulfide bridges in
the ASG20 structure had not been broken, it would have had a similar toxic effect as REF1.
ASG20 showed similar toxicity to REF2; that is, ASG20 transformed into its active monomer

REF2 by cleavage of the disulfide bonds of ASG20 by GSH in cancer cells. On the other hand,
https://biointerfaceresearch.com/
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GSH cannot cleave carbon-carbon bonds in REF1 structures; hence REF1 could not be active
in cancer cells. These results illustrate that the synthesized disulfide bridged phthalocyanine
(ASG20) is an activatable molecule in MCF-7 cancer cells by the GSH activity.

In the present study, when a certain concentration (1, 5, 10 uM) of PS containing
liposomes were applied to MCF-7 cells, and when a light source (EFOS LED array ~ 690 nm,
5j / cm2) was used for light toxicity assays, it was observed that the viability of cells decreased
significantly with the increase in the dose (Figure 7). At 5 uM liposome concentration, the
viability of cells decreased by about 80% in the ASG20 and REF2 groups, while it decreased
by about 20% in the REF0 and REF1 groups (p < 0.0001 for REFO0 and REF1 groups vs. ASG20
and REF2 groups). Thus, light toxicity is suggested to begin at 5 uM concentration of PS-
containing liposomes.

One of the desirable properties of an ideal PS is to have minimum toxicity in the dark
and high toxicity in the light. According to MTT results of the present study, this was achieved
at a liposome concentration of 5 pM. Disulfide bridged phthlocyanine (ASG20) containing
liposomes applied at 5 uM concentration to MCF-7 cells showed minimal toxicity in the dark,
while the application resulted in a survival ratio of approximately 20% in light, which is
approximately one-third of the survival ratio (~60%) in the dark (Figure 8). As the desired
result, we suggest that the monomer reference (REF2) shows a similar survival rate with
ASG20, which is activated specifically in the tumor while the dimer reference (REF1) does not
show the same survival rate in comparison with ASG20. The fluorescent images obtained from
dark and light toxicity experiments by using a fluorescence microscope also prove this
statement (Figure 9). REF1 had no significant effect on the structures of cells and cell clusters
in the dark and light environment; however, probably due to the increasing levels of apoptosis
or necrosis, REF2 and ASG20 treatment resulted in shrinkage of cells that lost their
intercellular connections as well as a disruption in the cell clusters (Figure 9). To clarify these
cells' death pathway, we did flow cytometric analysis and presented it in the coming section.
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Figure 8. Survival ratios of MCF-7 cancer cells incubated with liposome nanoparticles containing 5 uM of
REF0, REF1, REF2, and ASG20, analyzed by dark and light toxicity assays. **P < 0.01, ***P < 0.001 vs dark
groups.

3.4. Apoptotic and necrotic findings of the flow-cytometric assay.

In the present study, a flow cytometric assay was performed to investigate the indexes
of programmed cell death preferred by cells incubated with liposomes containing 5 pM of PS
under the light of 5 j /cm 2. Since the percentages of necrotic cells were extremely low
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compared with the apoptotic cells, the induced cell death was mostly driven by apoptosis rather
than necrosis. The apoptotic rates of cells in ASG20 group was approximately 60%, which was
significantly (p < 0.05) higher than the rates of cells incubated with empty liposome. REF2
group showed an apoptotic rate of more than 40%, while REF1 group presented a rate between
30-40% (Figure 10).
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Figure 9. Fluorescent microscopic images of liposomes with photosensitizers representing dark-light toxicity
(Magnification: 20X, concentration of photosensitizers: 5 uM ).
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Figure 10. Flow cytometric graphs (a) and apoptotic indexes (b) of MCF-7 cells incubated with empty
liposomes and with liposomes containing 5 pM of REF0, REF1, REF2, and ASG20. *P < 0.05 vs empty
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In the very first place, hematoporphyrin was used as a first-generation PS for PDT of
cancers [48]. Albeit having a high singlet oxygen yield, this molecule has disadvantages of not
being absorption effective at low wavelengths and low selectivity in healthy cells. As a second-
generation PS, tetrapyrrole derivatives have been used, which are considered well-defined
uniform drugs in PDT [49]. Nowadays, the effectiveness of third-generation PSs has been
developed either by combining the effect of PS unit with its imaging feature or by increasing
the distribution of activation of PSs in tumors. Recent works have focused on the accumulation
of PSs together with their effectiveness at the tumor site [50]. Hence, the amount of the curing
PS can be reduced, and the radiation may be less damaging to healthy cells. As one of the main
issues of PDT, the patient becomes sensitive to the light as a result of penetration of the
medication to the healthy cells; hence the patient has to avoid sunlight for up to 6 weeks to be
cured [51]. Thus, with further verification studies, the synthesized disulfide-bridged dimeric
phthalocyanine (ASG20) containing liposomes have a great potential for modern PDT.

4. Conclusions

In conclusion, the results revealed by the current study illustrated that: I- The
synthesized disulfide bridged phthalocyanine (ASG20) has therapeutically active wavelength
absorbance value (685 nm); IlI- In terms of physicochemical characteristics such as
hydrodynamic size, zeta potential, and PDI values, the ASG20 containing liposome
nanoparticles are attractive vehicles for biomedical applications; Ill- In addition to the
attractive physicochemical properties, the ASG20 containing liposome nanoparticles have the
ability to be selectively activated in cancer cells depending on the high concentration of GSH
in cancer cells; V- Moreover, the ASG20 containing liposome nanoparticles have low dark
toxicity, and significant light toxicity (P < 0.001 vs. dark toxicity) characterized with
significant apoptosis (p < 0.05 vs. control group).

As a future consideration of the present study, in vitro studies with non-tumoral cells,
including ROS production measurements or even 3D cultures, would be interesting with the
appropriate controls. In fact, the ultimate approach may be determining the efficiency and
safety of the PDT comparing with or combining with other chemotherapies by performing in
vivo experiments in the future. Further investigations on these research topics are ongoing in
our laboratory.
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Figure S1. FT-IR spectra of (a) synthesized monofunctionalized phthalocyanine complex, (b) ASG20, (c)
REF1, (d) REF2.
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Figure S2. MS spectra of (a) synthesized monofunctionalized phthalocyanine complex, (b) ASG20, (c) REF1,
(d) REF2.
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