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Abstract

The synthesis and characterization of novel Zn(ll) and Co(ll) phthalocyanines 4 and 5,
respectively containing four o-carborany! units (40 boron atoms, 32.5% boron by weight) at
the peripheral positions are described. The phthalocyanines (Pcs) were synthesized by
cyclotetramerization of the previously prepared precursor 4-(2-thiol-o-carboranyl)thiolato-
phthalonitrile 3 with the presence of metal salt in boiling dry DMF under a dry nitrogen
atmosphere. They were characterized by elemental analysis, UV-Vis, FT-IR, MALDI-TOF
mass and ‘H-NMR spectrometry. To elucidate the structural, spectroscopic and bonding
properties of the obtained compounds, calculations with DFT/TD-DFT(Density Functional
Theory/Time Dependent-Density Functional Theory) were performed. The cytotoxic effects
of 4 and 5 on cancer cells and epithelial cells were determined. The targeted cytotoxicities of
both compounds against cancer cells were analyzed with the cell viability test. Although, 4
caused less PDT (Photodynamic therapy) based decrease in cell viability of cancer cell line in
comparison to 5, it showed comparatively high cytotoxicity against cancer cells but not
epithelial cells. The ICsy (half maximal inhibitory concentration) values indicate that 4 with
PDT shows 17.3 fold more cytotoxicity to breast cancer cells than epithelial cells. The
selectivity in cytotoxicity of 4 makes it a good candidate for cancer treatment. Interestingly, 5
was found to be highly cytotoxic for both cancer and epithelial cell lines. Considerably, 5
might be used as a cancer drug when combined with targeting agents such as antibodies and

aptamers.

Keywords: Metallophthalocyanine, o-Carborane, Photodynamic therapy, Cytotox,

Density Functional Theory.



1. Introduction

As a global problem, cancer is still fatal for a greater number of patients worldwide in
spite of the progress in the basic research and therapy techniques. The mortality of cancer
generally results from late diagnosis, inefficient therapies and tumor resistance to cancer
drugs. Although a few drugs have very promising results, generally new generation cancer
drugs and new clinical trials have culminated with only small progress in the treatment
outcomes [1,2]. There are a low number of new clinically approved drugs [3]. A group of
cancer treatment modalities based on irradiation of photosensitizers (PS) has been explored
and named as Photodynamic therapy (PDT). PDT is recognized as a minimally invasive and
highly selective anticancer therapeutic technique [4-7]. It consists of three essential
components: photosensitizer (PS), light and oxygen [8,9]. Phtalocyanines (Pcs) are
administered in body via the oral or intravenous route and once they are photoexcited,
reactive oxygen species (ROS) are generated and this causes an irreversible damage to cancer
tissue [10]. Among the PDT photosensitizers, porphyrin derivatives and organic dyes from the
family of Pcs have gained a great deal of interest [11,12]. Zinc phthalocyanine (ZnPc) which
exhibits high photo- and chemical stability as required by chemical modifications as well as in
vitro and in vivo applications, is a promising class of photosensitizers for PDT [13-18] due to
its relatively high Photodynamic efficacy and high molar absorption coefficient (& ~ 10° M’
'em™) in the red part of the spectrum (ca. 630-730 nm), which allows increased tissue
penetration of the activating light [19]. Interestingly, owing to their extended flat hydrophobic
aromatic surface, these macrocycles can interact with each other by attractive n—m stacking

interactions [20], leading to aggregation in solution.
Upon irradiation, ZnPc generates ROS within the range of 650-900 nm that leads
penetration through target tissue [21-24]. Various ligands, antibodies and drug carrier systems

are used to provide selectivity of them in order to improve effectiveness and on the other



hand, decrease cytotoxicity against non-target tissue [25-27]. Hence, there has been a growing
interest in the synthesis of metallophtholocyanines (MPcs) carrying carboranyl units as
models to develop radiosensitizers due to their selectivity of accumulation in tumor over
many normal tissues to target tumoral tissue in boron neutron capture therapy (BNCT)
treatment [28]. For the treatment of tumors by means of a combination of BNCT and PDT
[29] have reported that two tetrasubstituted ZnPc bearing four carboranyl units have good
photosensitizing efficiency. Recently, the enhancement of the Photodynamic efficacy of ZnPc
has been achieved by conjugation of ZnPc with different numbers of lysine residues [30]. In
addition, the low toxicity of Pcs makes these dyes very promising agents for PDT applications
as photosensitizers [31]. In the past decade, new materials involving carbon substituted
carboranes have been used in theoretical studies [32], preparation of organic and
organometallic compounds for the production of polymeric materials [33,34], and biological
and medicinal research [35]. These compounds have been proved to be useful in BNCT for
cancer therapy [36-39].

Due to their potential use, polyhedral heteroboranes have been investigated
intensively for more than 40 years. One of the subgroups of these compounds is dicarbo-
closo-dodecaboranes, generally known as carboranes that have potential use in many different
areas, especially in medicinal chemistry; BNCT [29,40,41]. Carboranes are generally very
stable toward heating as exemplified by o-carborane which remains unaffected up to 400 °C
This makes o-carboranes very useful in biomedical applications.

It is the main objective of this paper to investigate the influence of the thio-o-
carboranyl substituents on the photochemical properties of the phthalocyanines mentioned
above. This is a fundamental prerequisite if such compounds to be used for bimodal therapies

of tumor.



We report on the synthesis, characterization and phototoxicity of two novel ZnPc
and CoPc bearing four o-carboranyl units at peripheral positions (Fig. 2). Moreover, we carry
out Density Functional Theory (DFT) and Time Dependent-Density Functional Theory (TD-
DFT) studies to shed light on their structural and electronic properties. Furthermore, we report
a comparative study of the cytotoxic effects of phthalocyanines 4 and 5 on MCF7 breast
cancer cells HTB-22™ and HEK 293 human embryonic kidney cells as cancer and epithelial
cells.

2. Materials and methods

2.1. Materials

Reagent grade quality reagents and solvents were used throughout all the
measurements. Commercial 1,2-dithiol-o-carborane (1) and 4-nitrophthalonitrile (2) were
used as received. All reactions were carried out under a dinitrogen atmosphere.
2.2. Characterization techniques

Microanalyses were performed using a CHNS-932 (LECO) Elemental Analyzer. The
'"H-NMR spectra were recorded on a Agilent-NMR-vnmrs 600 spectrometer or VARIAN-
INNOVA-600 MHz. Chemical shift values for 'H-NMR were referenced relative to Si(CHs)a.
The UV-Vis spectra were recorded on a Perkin-Elmer lambda 35 spectrophotometer, with 1
cm quartz cuvettes at room temperature. The IR spectra were obtained as KBR pellets on a
Perkin Elmer Spectrum FT-IR Spectrophotometer. Mass spectra were obtained on a VVoyager-
DE™ PRO MALDI-TOF-MS (Applied Biosystems, USA) having a nitrogen UV-Laser. The
mass spectra were acquired in linear mode at various laser shots between 50 and 100. MALDI
matrix, DHB was prepared in THF:H,O:DMSO mixture in 3:1:1 (v/v/v) ratio at a
concentration of 5 mg/mL and trifluoroacetic acid (0.2%) added. MALDI samples were
prepared by mixing a sample (1 mg/mL in THF:H,O:DMSO in 3:1:1 (v/v/v) including 0.2%

trifluoroacetic acid) and the matrix solution (1:10; v/v) in a 0.5 mL microtube. At the last step,



0.5 uL of the final solution was applied to the sample target and dried prior to mass
spectrometric analysis.

MCF7 breast cancer cells HTB-22™ and HEK 293 human embryonic kidney cells
(CRL- 1573™) were obtained from ATCC (USA). Dulbecco’s Eagle Modified Medium
(DMEM) and Roswell Park Memorial Institute (RPMI) 1640 medium were purchased from
Merck (USA). Fetal Bovine Serum (FBS) and Trypsin-EDTA solution was purchased from
Sigma (USA). Penicillin/Streptomycin and Gentamycin sulfate were purchased from Bl
(USA). DPBS was purchased from Gibco-Thermo Fisher (USA). Alamar blue cell viability
reagent was purchased from Thermo Fisher Scientific (Waltham, USA). Spectrophotometric
data for the cytotoxicity experiments were obtained using Thermo Scientific Multiskan GO
Microplate Spectrophotometer.

2.3. Chemical synthesis
Synthesis[1-sulfide-4-phtalonitrile-2-thio-o-carborane] 3.

Finely ground anhydrous Cs,CO3 (1.0 g, 8.0 mmol) was added to the solution of 1 (0.2
g, 1.0 mmol) and 4-nitrophthalonitrile 2 (0.36 g, 2.0 mmol) in acetonitrile (ACN) (25 ml).
This solution was refluxed at 80 °C for 72 h under dry N, atmosphere. The solution was
cooled to room temperature before filtration to remove unreacted reagents and also impurities.
The obtained crude product was finally precipitated by addition of petroleum ether. The
precipitate was washed with petroleum ether. It is readily soluble in polar solvents as
acetone, tetrahidrofuran (THF), dimethlysilfoxide (DMSO), dimethlyfuran. Yield:
0.26 g (78%). Mp. 114 °C; Anal. Calculated for C10H14N2S2B10: C, 35.91; H, 4.22; N, 8.38%,
found C, 34.8; H, 4.5; N, 8.3%. UV-Vis (DMSO): Ama/nm (log ¢): 261 (4.04), 305 (3.48); *H
NMR (acetone-dg) o ppm): 7.62 (d, 1H, J = 8.7 Hz); 7.14 (s, 1H); 7.03 (d, 1H, J = 8.7 Hz);

6.13 (br s, 1H, SH). IR (KBr): vma/cm™, 3484 and 3380 (H20), 3094 (Ar-CH), 2539 (Ar-



BH), 2334 (S-H), 2227 (Ar-C=N), 1634, 1593, 1574, 1491 (Ar-C=C), 1346, 1113, 1260 (Ar-
C-N), 1224, 863, 836 (S-H), 721 (C-S), 523. MALDI-TOF MS: m/z 335.17[M + H]".
Synthesis[2,10,16,24-tetrakis-(1-sulfide-2-thio-o-carboranyl) phthalocyaninato Zn(Il)] 4.
A mixture of 3 (0.10 g, 0.30 mmol) and Zn(AcO),-2H,O (0.02 g, 0.08 mmol) was

dissolved in DMF under dry N, atmosphere, in a sealed glass tube. Then this was heated for
24 h at 155 'C. After cooling the mixture to room temperature, the green-dark product
was obtained and purified by washing with plenty of hot DMF, THF, ethyl acatate,
chloroform, ether, ethanol and water. Finally, it was dried in a vacuum oven at 105 "C. This
compound is soluble in warm DMSO. Yield: 0.03g (28 %). Anal. Calculated for
CaoHs6NgSgB4oZn-2H,0: C, 33.38; H, 4.20; N, 7.79%, found C, 32.8 ; H, 4.30; N, 7.6%. UV-
Vis (DMSO): Ama/nm (log ¢): 350 (4.32), 673 (3.80), 698 (3.89). *H NMR (dmso-ds, 5, ppm,
TMS): 8.27 (s, 4H, Ar-H); 7.93 (s, 8H, Ar-H); 6.38 (s, 8H, S-H). (KBr, vmadcm™): 3610,
3300-3200 (H,0), 3192 (Ar-CH), 2529 (B-H), 1647 (Ar-C=N), 1599 (Ar-C=C), 1457 (Ar C-
N), 1393, 1105 (Ar-C=N), 1066 (S-H); 826 (C-S). MALDI-TOF MS: m/z 1403.8 [M + H] *
Synthesis [2,10,16,24-tetrakis-(1-sulfide-2-thio-o-carboranyl)phthalocyaninato Co(ll)] 5.

This was synthesized in the same way as described for 4, only with the exception of
Co(Ac0),-4H,0 was used instead. The obtained green-dark mixture was washed succesively
with hot DMF, THF, ethyl acatate, chloroform, ethanol, water and ether. Finally, it was dried
in a vacuum oven at 105 'C. This compound is soluble in warm DMSO. Yield: 0.02 g (22%).
Anal. Calculated for C4oHs6NsSsB4oCo-4H,0: C, 32.71; H, 4.39; N, 7.63%, found C, 33.4; H,
4.2; N, 7.5%. UV-Vis (DMSO): hma/nm (log &): 325 (5.38), 615 (4.9), 678(5.2). IR (KBr),
vmadcm™): 3620, 3192 (H,0), 2988 (Ar-CH), 2541(B-H), 1601 (Ar-C=N), 1579 (Ar-C=C),
1442 (Ar-C-N), 1393, 1312, 1105 (Ar-C=N), 1066 (S-H); 832 (C-S). MALDI-TOF MS: m/z
1397.2 [M + H]".

2.4. Cell Culture



HEK 293 human embryonic kidney cells and MCF7 breast cancer cells were used as
epithelial and cancer cell models, respectively. HEK 293 cells have been extensively used in
cell biology research many years because of their reliable growth as an epithelial cell line.
Also MCF 7 is the one of the first and mostly used breast cancer cell line as a cancer model.
MCF 7 cells were grown in RPMI Media supplemented with 10% FBS, 1% Penicillin-
Streptomycin, and 0.1% Gentamycin sulfate. HEK 293 cells were grown in complete DMEM
supplemented with 10% FBS and 1% Penicillin-Streptomycin. All cells were cultured in a 25
cm? cell culture flask with humidified atmosphere and 5% CO; at 37 °C. For subculturing
media of cultured monolayers at 80% Confluency were discarded. The cells were washed
with DPBS, then detached from the polystyrene surface using 2 mL trypsin—~EDTA solution
and incubated in humidified CO, incubator for 5 min. In order to inhibit cell surface damage
caused by a further trypsin reaction, the reaction was stopped with 6 mL complete culture
medium. The suspended cells have been counted using Thoma cell counting chamber. The
cells were diluted with complete medium to have approximately 10° cell/mL, and agitated
intermittently in order to prevent precipitation. Then the suspended cells were taken and
placed in a sterile reservoir. For experimental purposes, the cells were cultured in 96-well
plates (100 uL of cell suspension per well). The cells were incubated for attachment for 6 h
before the treatment.

2.5. Cell Viability Assay

Stock solutions of 4 and 5 were prepared in DMSO as 40mM, 20mM and 5mM for
cell viability assay. Media containing increasing concentrations (25, 100 and 200 uM) of 4
and 5 were prepared by addition of 5 pL of 5 mM, 20 mM and 40 mM solutions of 4 and 5
into separate tubes containing 995 pL of fresh medium, respectively. Each solution was
filtered using 0.2 um sterile filter before use in cell culture. Two different cell lines (MCF7

and HEK 293) were seeded on 96 well plates (10000 cells/well) and incubated for 6 hours in a



CO; incubator at 37°C to enable attachment. Media of the cells were discarded and 100 uL of
previously prepared fresh media containing 4 and 5 (in %0.5 DMSO) were added into each
well with designated increasing concentrations (0, 25, 100 and 200 puM). Negative control
wells (only cell and only media) contained 0.5% DMSO in order to eliminate the effect of
DMSO. Also an experiment on the cytotoxicity of DMSO was carried with increasing
concentrations of DMSO prior to selection of 0.5 % DMSO as a solvent in cytotoxicity
experiments (Figure S8). The samples were prepared in two groups and in triple repeats. One
of the groups was exposed to light irradiation (20 J/m2) at 37°C for 55 min and then
incubated in the dark (95% humidified CO; incubator, at 37°C) for 17 hours. OAI Trisol
(class AAA) solar simulator coupled with an AM1.5 filter was used as the light source and the
amount of radiation with 20 J/m? was applied to cell in all light intensity before each
application. The other group was incubated in the dark at 37°C for 18 hours directly after
addition of the drugs. Alamar blue reagent was added into the wells (1:10, v/v) and
spectrophotometric measurements were carried out at 570 nm and 600 nm. Cell viabilities of
each sample were calculated and significant differences between different concentrations
were detected with multivariate non parametric Kruskal Wallis analysis method, using SPSS
17.0. Since more than two samples (0, 25, 100 and 200 uM concentrations) were intended to
be compared, a multivariate comparison test was required. Each sample had three replicates
and since three data points were achieved for each sample a non parametric test was preferred
for analysis, with no assumption of normal distribution. Kruskal wallis method satisfied these
requirements. Mann Whitney U test, a non parametric test used to compare two sample
means, was used for the detection of significant differences between the treatment methods
(PDT (+) and PDT(-)). The results were evaluated at a 95% confidence interval and the level
of significance was 0.05 (p<0.05). The ICso values of both 4 and 5 with and without PDT

were calculated using linear regression analysis.



2.6. DFT studies

Gaussian09 [42] and Gaussview5.0 [43] and Spartan08 [44] programs were used in the
calculations. DFT [45] was used to optimize the ground state geometries. The hybrid DFT
Becke’s three-parameter nonlocal exchange functional [46,47], with Lee-Yang-Parr
correlation functional (B3LYP) [48] was used for DFT calculations with-6-31G(d,p) basis set.
All optimized structures were verified as minima by frequency analysis. The calculations
were repeated in DMSO and in water for the most stable structures obtained from gas phase
calculations. The TD-DFT calculations were carried out with ©B97XD and B3LYP
functionals using 6-31G(d,p) basis set with the ground-state geometries obtained from
B3LYP/6-31G(d,p). First 60 singlet excited states were used in calculations. UV-Vis spectra
and molecular orbital energies of the studied systems were illustrated using ground state
geometries. Electrostatic potential values were mapped to obtain total electron density surface
of molecules in gas phase and in DMSQO. Polarizable Continuum Model (PCM) [49] was used
in all DFT and TD-DFT calculations and the effects of solvent on the electronic transitions
were investigated in DMSO and in water.
3. Results and discussions

The synthesis of the target Pcs, 4 and 5, was shown in Scheme 1. The key precursor 3
was obtained with a high yield of 77% after work-up. The detailed synthesis procedures as
well as the characterization data are presented in the Experimental Section. The characteristic
WC=N) stretching band at 2227 cm™ shows obvious evidence for the nucleophilic
displacement of the nitro group, thus the formation of the 3. The IR spectrum displays the
typical UB—H) absorption frequency at 2539 cm™, characteristic of closo-carboranes [50,51].
The new broadband appeared at 2334 cm™ is attributed to the S—H stretching vibration. The
characteristically broad "H NMR signal of the polar S—H unit in the carborane cage appears at

6.14 ppm, which is highly deshielded compared to that of 1-methyl-2-thiol-1,2-dicarba-closo-
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dodecarborane [52] (Fig. S1). This is consistent with the DFT calculations which shows that
S—H has a positive charge (vide infra). This observed deshielding may be due to the very high
acidity of the carbrorane [53] and also intermolecular hydrogen bonding between the adjacent
molecules and the NMR solvents used. The aromatic protons appear as a singlet and two
doublets in the expected range with the right integral values. The coupling constants are in
complete agreement with the structure. The MALDI-TOF MS spectrum (Fig. S2) confirmed
the expected value of the protonated molecular ion at m/z 335.17 (calc. m/z 335.19).

Compound 3 was readily converted to the novel Pcs 4 and 5 via cyclotetramerization
in anhydrous DMF with the corresponding metal salts Zn(OAc),-2.H,O or Co(OAc),.4.H,0,
respectively as depicted in Scheme 1. All Pcs exhibit good solubility in warm DMSO. The
first direct evidence for the synthesis of 4 and 5 is provided by the IR spectra which show the
complete disappearance of the cyano stretching band at 2227 cm™ which is presented in 3.
The IR spectra of 4 and 5 are almost identical, and are in good agreement with the proposed
structures. The characteristic strong B=H stretching vibration appears at 2529 cm™, and
compared well with that of 3. In the IR spectra, the new broad bands in the range of 3190 and
3400 cm™ correspond to intermolecular hydrogen bond resulting from O-H stretching
vibrations which indicates that both 4 and 5 are highly hydrated in the solid state as revealed
by the Microanalysis as well. The *H-NMR spectrum of 4 shows two signals in the aromatic
region at 8.27 and 7.93 ppm in a 1:2 ratio in complete agreement with the structure as shown
in Scheme 1, (Fig.S1). They appear as singlets due to a statistical mixture of the obtained
phthalocyanines. The singlet at 6.38 ppm can be assigned to the S—H, which is more deshilded
in comparison to that 3, as expected. H-NMR analysis of 5 was excluded due to its
paramagnetic nature.

MALDI-MS spectra of the phthalocyanines 4 and 5 (Fig.S2 and S3, respectively) were

only obtained in linear mode. From positive ion linear mode MALDI-MS spectra, it is clearly
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noticed that the complexes are very pure and only protonated molecular ion signals were
observed beside the very limited number of the low molecular weight signals because of the
fragment ions or clusters resulted from MALDI matrix. The precursor 3 and the metal
complexes of phthalocyanines 4 and 5 were observed in DHB (Dihyroxybenzoic acid) at
higher intensities compared to the other MALDI matrices. These results showed that the
corresponding metallophthalocyanines were synthesized in the desired manner.

The intermolecular interactions of dimeric molecules can lead to the formation of
hydrogen bonds between the hydrogen atom of the polar group and isoindole nitrogen atom of
neighboring one. This is mainly caused by aggregation of the Pc molecules in the solution
[50].

UV-Vis spectra of the new boronated phthalocyanines 4 and 5 in warm DMSO are
presented in Fig.1. The spectra of both display characteristic absorptions of phthalocyanines,
with Q-bands at between 698 and 678 nm, respectively, whereas the B-band absorptions were

observed at around 370-250 nm.

Fig. 1.

In order to evaluate the electronic transitions, structures of the related systems should
be known. The nature and types of electronic transitions merely depend on the structures. The
optimized ground-state molecular structures of 4 and 5 are given in Fig. 2 in DMSO at
B3LYP/6-31G(d,p) level. While carborane-SH groups are oriented up and down, Pcs keep
their planar structure (the most stable conformer; Table S1, Fig. S4). These two directions

from Pc have an approximate angle of 105° (C-S-C angle) in the gas phase and in DMSO.
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Another important observation is the S-H...B distance which is measured as 2.86 A and it
indicates a nonclassical hydrogen bonding. The distances between S-H groups and indoles are

around 4 A and make the intramolecular charge transfer (ICT) easier.

Fig. 2.

Complexation energies for the investigated systems were calculated in gas phase and
in solution according to the synthesis reactions in Scheme 1 and the stabilities of the formed
complexes were determined. Table S2 shows dipole moments (U4, Debye), total electronic
energies including zero point correction energies (Eeec+ZPE, Hartree), total electronic
energies including free energy changes (Ecec+AG, Hartree), complexation energies (AEc) and
reaction free energies (AAG) of studied compounds in the gas phase, in DMSO (g = 46.826)
and in water (¢ = 78.355), calculated at B3LYP/6-31G(d,p) level. Stable complexes are
characterized by negative complexation energies in gas phase and in solvents. 5 forms the
most stable complexes in both media. The negative AAG values observed in solvents indicate

that the complexes are more easily formed in solution than the gas phase.
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Scheme 1. Synthesis of 3, 4 ZnPc and 5 CoPc (i) Cs,COs, N,, ACN, 80 °C, 72 h, (ii) or
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Zn(OAc),2H,0 or Co(OAC)»4H,0 155 °C , DMF, Ny, 24 h.

Electron affinity and ionization potential are in correlation with lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), respectively.
Fig. S5 displays the HOMO-LUMO transition energies for the complexes in the gas phase and
in DMSO. HOMO-LUMO levels and energy gaps, AEy.. are also given for comparison.
Because of the unoccupied single electron of Co(ll), single occupied molecular orbital
(SOMO) was shown for compound 5.

HOMO and LUMO energies of all studied molecules have very small negative values
in gas phase and in solvents both with ®B97XD/6-31G(d,p) and B3LYP/6-31G(d,p) levels.
Lower energy gaps enable intramolecular charge transfer much more easily by supporting
intramolecular charge transfer interactions (vide supra, electronic UV-Vis discussion).
HOMO and LUMO are located on the conjugated rings of MPcs (Fig. S5). HOMO-LUMO
energy gap of 4 is smaller than that of 5 in gas phase and in solvents with both methods.
SOMO-LUMO energy gap for 5 has the highest value as 5.31 eV in the same level in DMSO.
Thus, 4, able to make a charge much easier, is more suitable than 5 for charge transfer
systems.

Optimized ground state geometries were used to calculate the excitation energies and
absorption wavelengths of all studied systems from Sy to Sgp States using TD-DFT at
®B97XD/6-31G(d,p) level. Selected electronic transitions are discussed in Table S3 using the
highest occupied and the unoccupied molecular orbitals in DMSO (Fig. S6).

So—S; transition with high oscillator strength (655 nm in DMSO) has n—n* character
between HOMO and LUMO orbitals at ®«B97XD/6-31G(d,p) level. This peak was calculated
as 623 nm in DMSO at B3LYP/6-31G(d,p) level. The experimental UV-Vis data also show a

peak at 697 nm, Q-band for Pcs (Fig.1). The ®B97XD values are in better agreement with the
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experimental values in DMSO; therefore, the following discussion is based on ®B97XD/6-
31G(d,p) results unless otherwise stated.

Metal-to-ligand charge transfer (MLCT) peak appeared in So—S3 transition (374 nm)
between HOMO-2 and LUMO in DMSO (Fig. 3). Because of very low oscillator strength,
this peak was not observed in experimental spectra. Additionally, charge transfer from S atom
(between carborane and Pc) to Pc (ICT1) and local excitation of Pc (LE) have also
contribution at this transition. Sp—S, transition has also similar characteristics with low
oscillator strength between HOMO-2 and LUMO+1 orbitals. A third intramolecular charge
transfer from S-H in carborane groups and phenyl groups to Pc core (ICT2) was observed
with low contribution between 316-331 nm in DMSO. Local excitaion of Pc (LE) became
again more significant with high oscillator strength at 299 nm (B-band). Before B-band
(between 200-300 nm) additional charge transfers are observed: intramolecular charge
transfer from Pc to C-S (ICT3), from Pc to carborane (ICT4, 213-317 nm) and finally from
carborane to Pc (ICT5, 211 nm). Computational UV-Vis spectrum calculated in water
displays similar properties (Fig. 3)

The UV-vis absorption spectra of phthalocyanines show the characteristic absorptions
of monomolecular phthalocyanines in solution, with Q-band (rm-n*) at 650-700 nm and a
Soret-band (B-band) around 300-400 nm Fig.1. B-band is less intense and broader m-n*
transition for Phthalocyanines. B-band was affected by the modification of carborane groups
and single-bond S-H of Pc. n-o* ve n-n* transitions from non-bonding electrons in S in
carborane and S between phenyl and carborane could increase the strength of B band.
Therefore, the carborane modification does influence the absorption behaviour. This situation
has been proved by the computational study which shows electron moves from S-H groups to
Pc. Experimental UV data also showed two peaks at 678 nm, and 325 nm Fig.1 for 5. The

calculated UV-Vis absorption spectra of 5 was not well resolved for all transitions. The
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wavelength range of solar simulator spectra is from 400 nm to 1100 nm. Q-band (n-7*) of
phthalociyanine molecule in absorption spectra is well matched with spectral range of light
source. B-band (300 nm — 400 nm) of phthalocyanine molecule remains out of range of light
wavelength. Therefore, n-n* electronic transitions in Q-band of phthalocyanine molecule is
dominant in cell viability assay.

Fig. S7 illustrates the total electron densities for the investigated systems in the gas
phase and in solution. The electrostatic potential surface is used to map total electron
densities. The colors represent the quantity of the electron density: red, electron rich, partialy
negative charge; yellow, slightly electron rich region; green, neutral; light blue, slightly
electron deficient; blue, electron deficient, partialy positive charge. The electron density was
calculated using the Mulliken charge distribution. The maximum and minimum ranges of the
total electron density values for the used colors are also given in Fig. S7 In 4, the positive
electrostatic potential (blue area) is localized around the Zn atom in the middle ring. S-H

substituent has a positive charge. Carborane carries slightly negative charges.

Fig. 3.

Total electron distribution revealed that electrons are mostly localized away from zinc
and S-H on carborane both in gas phase, in DMSO and in water. The distribution is increased
in water. Carborane has slightly negative charge. These distributions and the calculated results
show that —SH groups on carborane moiety may be responsible for n-n* transitions and n-m*

transitions.
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Fig. 4.

After 18 h incubation with Pcs with and without PDT, cell viabilities of HEK 293 and
MCEF 7 cells were analyzed by cytotoxicity test in Fig.4. Both cell lines and the Pcs show
different viability profiles with the same therapy conditions. Without PDT, 4 (200 uM)
decreased the cell viability of MCF 7 to 66.7+4.3% but HEK 293 to 90.1+4.8%. Upon
application of PDT to 4 cell viabilities of MCF 7 and HEK 293 was 35.2+2.7% and
89.3£5.3%), respectively. This shows that 4 has selectively and significantly higher toxicity to
cancer cells than epithelial cells with and without PDT. Also PDT increases the cytotoxicity
of 4 further 31% causing more cells to undergo apoptosis.

Phthalocyanine 5 shows more dramatic effects on both cell lines and showed higher
toxicity in each condition applied. Without PDT, 5 (200 uM) decreased the viability of MCF
7 t0 20.6+4.3 and HEK 293 to 47.2+2.8. When PDT applied with 5, viability of both cell lines
was lower than 9%. This result shows us that 5 is not selective as 4 on the cancer cells and
causes toxicity to both cell lines. Both 5 and 4 show higher toxicities with increasing the
concentrations. Also PDT increases the toxicity in each case and the concentration. This
shows that both photosensitizers are suitable for PDT but selectivity of 4 on the cancer cell
line makes it a better candidate.

The ICs values show that 4 is 3.7 fold more cytotoxic for breast cancer cells than for
the epithelial cells Table 3. On the other hand, although 5 is more cytotoxic for both cell lines,
the ICso values for two cell lines are closer. Upon PDT treatment, there was no significant
difference in cytotoxicity of 4 for HEK 293 cells; but the cytotoxicity increased by further 4.5

fold for MCF 7 cells; which means PDT together with 4 treatments selectively affected the
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viability of the breast cancer cells. Also, it is obvious that 17.3 fold increase in 1Csy value of
MCF 7 PDT(+) 4 when compared to HEK 293 PDT (+) 4 shows its effectiveness. PDT
treatment applied with 5 treatment showed approximate cytotoxicity for both cell lines.
Table 3. ICsq values of 4 and 5 treatments with (PDT(+)) and without (PDT(-))

PDT for MCF7 and HEK?293 cells

MCF 7 HEK 293
PDT(+) [PDT(-) |PDT(+) [PDT(")
4 7455 |337.82 |1290.48 | 1248.59
5 8155 |90.04 |81.58 |166.31

Kruskal Wallis data showed that there was no significant difference between 0, 25, 100
and 200 UM concentrations of 4 with and without PDT (p>0.05), proving that the treatment
has no cytotoxic effect on HEK 293 epithelial cells (Table 4). All other treatments were

significantly affected the viability of the cells in a dose dependent manner (p<0.05).

Table 4. Kruskal Wallis method was used to detect concentration dependent significant

differences of drugs with and without PDT treatment.

HEK
p values MCF 7 |293
4, PDT(-) 0.019 |0.118
4, PDT(+) 0.016 |0.053
5, PDT(-) 0.016 |0.016
5, PDT(+) 0.016 |0.016

Mann Whitney U test showed that MCF 7 viabilities vary significantly due to PDT
when 4 was used in 100 uM and 200 uM, while there was no significant difference in HEK
cell viabilities in all concentrations (Table 5). On the other hand, 5 showed significant
difference in cell viabilities when PDT applied in 100 pM and 200 pM, regardless of cell

type. Only for 25 uM, a selective decrease in MCF 7 viability could be seen.

Table 5. Mann Whitney U test was used to detect significant differences between cell
viabilities of PDT (+) and PDT (-) therapies for each concentrations of 4 and 5.
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MCF 7 HEK 293
pvalues e MI100 M 1200 i [25 IMITL00 HMI200 [
2 0,275]0,049 0,049 |0,827 |0513 | 0,513
5 0,049 0,049 |0,049 0,127 0,049 |0,049

The cytotoxic effects of 5 and 4 on the cancer cells and the epithelial cells were
compared and cytotoxicities of these two compounds against the cancer cells were shown.
While both compounds have cytotoxic effects on the cancer cells, compound 4 selectively
decreased the viability of the cancer cells. When used in combination with PDT, the
selectivity of 4 treatment increased. Besides 4 showing higher PDT based decrease in cell
viability when compared to 5, it also shows aselective increase in cytotoxicity against the
cancer cells. This makes this compound a potential drug candidate. On the other hand, with its
significant cytotoxicity, 5 could also be used as a drug in combination with targeting agents
such as antibodies and aptamers. As an example, teraphthal, a catalytic sensitizer with a main
component of cobalt phthalocyanine was shown to destroy tissues after adding ascorbic acid,
and because of its ferromagnetic properties. It can also be used with magnetic liposomes in
order to improve their magnetic properties [54]. Moreover, gold nanoparticles were used to
avoid non-specific cytotoxic effects of metal free phthalocyanines and also increase their
biocompatibility [55]. Modification of photosensitizer with thiol tether enables
photosensitizers to attach on the surface of gold nanoparticles and makes them dissolve in
polar solvents while keeping their hydrophobic character which is essential for tumour
targeting and PDT efficacy [56].

4. Conclusions

In the present work, we report syntheses of novel type of phthalocyanines with o-
carboranyl units. Their structural and electronic properties have been studied in details by
experimental techniques, such as CHN, UV-Vis, FT-IR, *H NMR, and MALDI-TOF mass

spectroscopy, and also by DFT and TD-DFT methods in gas phase, in DMSO and in water.
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The calculated data are in good agreement with the experimental results. The cell viability
tests have shown that these compounds 4 and 5 have a marked cytotoxicity against the cancer
cells used; which make them very promising agents for cancer therapy.
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Figure Caption

Fig. 1. UV-Vis absorption spectra of 3 (blue line), 4 (black line) and 5 (red line).

Fig. 2. Optimized structures of 4 and 5 in DMSO at B3LYP/6-31G(d,p) level.

Fig. 3. Calculated UV/Vis absorption spectra of 4 with oscillator strength values in DMSO
and in water at ®B97XD/6-31G(d,p) level.

Fig. 4. Cell viabilities of (a) MCF 7 (p<0.05 for all four treatments), and (b) HEK 293 cells
(p>0.05 for 4, PDT(+) and PDT(-)) after incubation with 4 and 5, with (PDT (+)) and

without (PDT(-)) light irradiation.
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