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The cationic Ga(III) and Zn(II) phthalocyanines carrying N-methyl-pyridinium groups at eight peripheral -
positionshave been synthesized. These complexes are highly soluble in dimethyl sulfoxide (DMSO) and mod-
erately soluble in water and phosphate buffered saline (PBS); both Ga(III)Cl and Zn(II) complexes have shown no
aggregation in water up to 1.2 x 10~ % and 1.5 x 10~ > M, respectively. A higher water-solubility of Ga(II[)Cl
complex as compared to Zn(II) complex is ascribed to the presence of an axially coordinated chloride. The
spectroscopic properties, photogeneration of singlet oxygen (*0,), and cytotoxicity of these complexes have been
investigated. The absolute quantum yields (PAapsoiute) for the photogeneration of singlet oxygen using Ga(III)Cl
and Zn(II) complexes have been determined to be 4.4 and 5.3%, respectively, in DMSO solution. The cytotoxicity
and intracellular sites of localization of Ga(III)Cl and Zn(II) complexes have been evaluated in human HEp2 cells.
Both complexes, localized intracellularly in multiple organelles, have shown no cytotoxicity in the dark. Upon
exposure to a low light dose (1.5 J/cm?), however, Zn(II) complex has exhibited a high photocytotoxicity. The
result suggests that Zn(II) complex can be considered as a potential photosensitizer for Photodynamic therapy

(PDT).

1. Introduction

Phthalocyanines (Pcs) and their metal complexes have attracted
much attention because of their characteristic physicochemical prop-
erties ascribed to their expanded ni-conjugation system [1]. One of such
characteristics is their intensive absorption band in the near-IR region,
called as the Q-band, with a typical molar extinction coefficient (¢) of
ca. 10°M~*em ™. Pcs and their metal complexes have multiple ap-
plications such as photoconductivity agents in photocopying machines
and dye-sensitized solar cells in photovoltaics [2-3]. Furthermore, the
development of Pcs and their metal complexes as photosensitizers in
photodynamic therapy (PDT) for cancer and other diseases is a parti-
cularly active research field since PDT is a very important and pro-
mising methodology already in use in many countries [4-7]. The re-
active oxygen species (ROS) such as singlet oxygen (*O,) and free
radicals generated during PDT treatment are responsible for killing the
cancer cells. Water-soluble Pcs and their metal complexes are promising
photosensitizers to be used in PDT, owing to their intensive Q-band in

* Corresponding authors.

near-IR region (670-750 nm) and their ability for generating ROS upon
light activation; near-IR light can penetrate deeply into living tissues
[8-10]. However, most of the water-soluble Pcs containing hydrophilic
groups around the Pc core show strong molecular aggregations in
aqueous media, which weakens the molar absorption coefficient of the
absorption band and consequently decreases the 0, generation. To
minimize Pc aggregation and to increase their photodynamic activity,
several amphiphilic groups and bulky axial ligands have been in-
troduced at the macrocycle periphery and the metal site, respectively
[11-13]. Of particular interest are positively charged Pcs, since such
molecules should target highly vulnerable intracellular sites and cause
an effective DNA photodamage [14-16]. Furthermore, positively
charged Pcs have been successfully used for the photoinactivation of
Gram-negative and -positive bacteria [17-19].

Because of the unique properties of positively charged Pcs, the novel
cationic Pcs including pyridinium substituted phthalocyanines still
have been synthesized and researched [20-22].

Among the cationic Pcs, those containing pyridinium groups are
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Scheme 1. Synthesis of phthalocyanine complexes. (i) DBU, n-pentanol, 145 °C, 24 h; (ii) CHsl, 45 °C, 24 h.

particularly interesting, since these complexes can be easily obtained by
the alkylation of the pyridyl nitrogen atoms. We have previously re-
ported the synthesis of Si(IV) and Zn(II) Pcs bearing pyridyloxy groups
at eight peripheral -positions and bulky axial ligands at the metal site
and converted them to the corresponding water-soluble cationic com-
plexes by the N-methylation of pyridyl nitrogen atoms. They have
shown less aggregation in aqueous media such as water and phosphate
buffered saline (PBS) solutions [23].

To obtain further examples of cationic Pcs showing no aggregation
in aqueous media, synthesis of new water-soluble cationic Ga(IIl) and
Zn(II) complexes have been planned, as shown in Scheme 1. Herein, we
report the synthesis, spectroscopic properties, and aggregation behavior
of these complexes in aqueous media using absorption and fluorescence
spectroscopy. We also report the photo-generation of singlet oxygen by
means of UV-Vis and ESR spectroscopy together with the reaction
mechanism and absolute quantum yield for the formation of singlet
oxygen. In the last part of this manuscript, we have discussed the cy-
totoxicity and intracellular sites of localization of these complexes by
using human HEp2 cells. Based on the results of these experiments, we
confirmed that Zn(II) complex could be considered as the potential
photosensitizer for PDT.

2. Experimental section
2.1. Instrumentation

All solvents and reagents were purchased from commercial sources
and used without preparation. All reactions were performed under N,
atmosphere. Elemental analyses for carbon, hydrogen, and nitrogen
were conducted using a Yanako CHN CORDER MT-6. UV-Vis absorp-
tion spectra were recorded on a Shimadzu UV-3100 spectrometer.
Photoluminescence (PL) spectra were recorded on a Shimadzu RF-
5300PC spectrofluorometer. 'H NMR spectra were recorded on a JEOL
delta ECX-500 spectrometer operating at 500.1 MHz. Chemical shifts
for 'H NMR spectra were referenced to CDCl3 (§ = 7.26 ppm), CD»Cl,
(6 = 5.32ppm) and D50 (§ = 4.79 ppm). Electrospray ionization mass
(ESI-TOF-MS) spectra were recorded on a Bruker microTOF using an
acetonitrile solution method with sodium formate as a reference.
Matrix-assisted laser desorption/ionization time-of-flight mass (MALDI-
TOF-MS) spectra were recorded on a bioMérieux VITEK® MS.
Fluorescence quantum yields were evaluated using an absolute PL
quantum yield measurement apparatus (C9920-02, Hamamatsu
Photonics). A Xenon lamp (Asahi Spectra, MAX-301) was used as a light
source to induce photosensitized singlet oxygen evolution reaction.
Light intensities were measured with an Optical power meter (ADCMT,
8230E) equipped with an optical sensor (ADCMT, 82311B). EPR spectra

were recorded on a Bruker EMX Plus spectrometer operating at room
temperature.

2.2. Syntheses

2.2.1. 4,5-bis(4’-methylpyridin-3’-yloxy)phthalonitrile (3)

4,5-Dichlorophthalonitrile (1.0g, 5.3 mmol) and 5-hydroxy-2-me-
thylpyridine (1.4 g, 12.4 mmol) were dissolved in 15mL of dry N,N-
dimethylformamide at 80°C under N,. Potassium carbonate (4.5g,
32.6 mmol) was added to the reaction solution in 5 portions every
5 min. The reaction mixture was heated for 3 h at 80 °C, then cooled to
room temperature, and poured into 100 mL of ice-water. The title
compound was extracted for the reaction liquid using 50 mL of CHCl; at
3 times. After filtration under vacuum, the title compound was obtained
as a white powder. Yield, 1.8g (97% (based on 4,5-
Dichlorophthalonitrile)). Anal. Calc. for CyoH;4N405: C; 70.17, H; 4.12,
N; 16.37. Found: C; 69.93, H; 4.21, N; 16.08%. HR-MS (ESI-TOF):
Found 343.1190 m/z. [M + H]* (caled. for CooH14N40- 343.1191). 'H
NMR (CD,Cly): § = 8.31 (s, 2H, Ar-H), 7.34 (d, 2H, J = 8.4 Hz, Ar-H),
7.26 (d, 2H, J = 8.4 Hz, Ar-H), 7.23 (s, 2H, Ar-H), and 2.57 ppm (s, 6H,
CH3).

2.2.2. 2,3,6,7,10,11,14,15-Octakis-[ (4-methyl-3-pyridyloxy)
phthalocyaninato] chloro gallium(IIl) (2GaCl)

A reaction between phthalonitrile 3 (0.45g, 1.3 mmol) and anhy-
drous gallium(IIl) chloride (0.12g, 0.682mmol) was induced in n-
pentanol (10 mL) in the presence of 0.3 mL of 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) under N,. The mixture was heated at 145 °C for 24 h
and then concentrated under reduced pressure to dry residue. The crude
product was redeposited using a methanol / H,O mixed solution. The
precipitate was obtained as a blue-green solid. Yield, 0.40g (83%
(based on phthalonitrile 3)). Anal. Calc. for CgoHs6ClGaN;¢0g - H20: C,
64.37; H; 3.92, N; 15.01. Found: C; 64.67, H; 4.05, N; 14.86%. MALDI-
TOF: Found 1439.367 m/z. [M — CI]* (caled. for CgoHssGaN;¢0g
1439.371). UV-vis  (DMSO):  Amax(e/mol”'dm®cm™') = 356
(8.0 x 10%), 370 (9.2 x 10%), 617 (4.2 x 10%), 655 (3.7 x 10%, sh), and
685nm (2.5 x 10°). 'H NMR (CD,Cl,): 6 = 8.70 (s, 8H, Pc a-H), 8.62
(s, 8H, Py-H), 7.55 (d, J = 8.2Hz, 8H, Py-H), 7.23(d, J = 8.4 Hz, 8H,
Py-H), and 2.60 ppm (s, 24H, CH3).

2.2.3. 2,3,6,7,10,11,14,15-Octakis-[ (4-methyl-3-pyridyloxy)
phthalocyaninato] zinc(Il) (2Zn)

Zinc phthalocyanine 2Zn was synthesized by a same synthetic route
of Ga(II)Cl phthalocyanine 2 GaCl. Phthalonitrile 3 (0.45 g, 1.3 mmol)
and zinc acetate dihydrate (0.14 g, 0.64 mmol) were used in macro-
cyclization reaction. Zinc phthalocyanine 2Zn was obtained as a blue-
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green solid. Yield, 0.28 g (58% (based on Phthalonitrile 3)). Anal. Calc.
for CgoHseN160gZn: C, 66.97, H; 3.93, N; 15.62. Found: C; 66.88, H;
4.06, N; 15.45%. HR-MS (ESI-TOF): Found 1433.3774m/z. [M + H]*
(caled. for CgoHsgN160gZn 1433.3831). UV-vis (CHCl3): Apax(e/
mol " 'dm*em ™) = 359 (5.9 x 10%), 611 (2.3 x 10%), 647 (2.1 x 10%
sh), and 677nm (1.3 x 10%. 'H NMR (CDCl; + 10% Pyridine-ds):
8 = 8.75 (s, 8H, Ar-H), 8.45 (s, 8H, Py-H), 7.40 (d, J = 8.3 Hz, 8H, Py-
H), 7.06 (d, J = 8.4 Hz, 8H, Py-H), and 2.47 ppm (s, 24H, CH3).

2.2.4. 2,3,6,7,10,11,14,15-Octakis-[N-methyl-(4-methylpyridinium-3-
yloxy)phthalocyaninato] chloro gallium(II) iodide (1GaCl

Gallium(III) chloride phthalocyanine 2GaCl (0.10 g, 0.068 mmol)
and 10 mL of CH;3I were stirred at 45 °C under N». After 1 day, CHsI was
removed under reduced pressure. The crude product was washed with
acetone to obtain the cationic compound as a green solid. Yield, 0.17 g
(90% (based on phthalocyanine 2GaCl)). Anal. Calc. for
CesHgoGaCllgN; 0 - 2H,0: C; 39.94, H; 3.20, N; 8.47. Found: C; 39.65,
H; 2.98, N; 8.27%. UV-vis (Hy0): Agax(e/mol™'dm*em™1) = 359
(8.5 x 10%, 612 (3.2 x 10%, 652 (3.2 x 10*, sh), and 679nm
(2.1 x 10%). 'H NMR (D,0): § = 9.37 (s, 8H, Pc a-H), 8.91 (br, 8H, Py-
H), 8.40 (br, 8H, Py-H), 7.95 (s, 8H, Py-H), 4.19 ppm (s, 24H, Py-CH3)
and 2.76 ppm (s, 24H, Py-CHy).

2.2.5. 2,3,6,7,10,11,14,15-Octakis-[N-methyl-(4-methylpyridinium-3-
yloxy)phthalocyaninato] zinc(II) iodide (1Zn)

Cationic Zn(II) phthalocyanine 1Zn was synthesized by a same
synthetic route of cationic Ga(III)Cl phthalocyanine 1GacCl.

Zinc phthalocyanine 2Zn (0.10 g, 0.070 mmol) and 10 mL of CHsl
were used in quaternization reaction. Cationic Zn(II) phthalocyanine
was obtained as a green solid. Yield, 0.12g (65% (based on phthalo-
cyanine 2Zn)). Anal. Calc. for CggHgolgN;¢0gZn - 3H,0: C; 40.27, H;
3.30, N; 8.54. Found: C; 40.24, H; 3.12, N; 8.34%. HR-MS (ESI-TOF):
Found 729.0312m/z. [M — 3I1** (calcd. for [CggHgolsN160sZn - 3113
729.0281). UV-vis (Hy0): Aax(e/mol ~*dm®em™1) = 351 (7.1 x 10%),
607 (2.8 x 10%), 645 (3.0 x 10% sh), and 673 nm (1.8 x 10°). "H NMR
(D20): § = 8.45 (s, 8H, Ar-H), 7.94 (br, 8H, Py-H), 7.77 (br, 8H, Py-H),
7.40 (s, 8H, Py-H), 4.10 ppm (s, 24H, m-CH3) and 2.63 ppm (s, 24H, p-
CHj).

2.3. The singlet oxygen generation

The singlet oxygen generation of 1GaCl and 1Zn via photoirradia-
tion was demonstrated in DMSO and PBS solution. Sample solutions in
quartz cuvette were irradiated with monochromatic light (670 nm)
through a band-pass filter (Asahi Spectra, MX0670) from Xe lump
(Asahi Spectra, MAX-300). Sample preparation was carried out in the
dark. 1,3-Diphenylisobenzofuran (DPBF) and 9,10-Antracenediyl-bis
(methylene) dimalonoic acid (ADMA) were used as scavengers of active
oxygen species in DMSO and a PBS solution, respectively. Sample so-
lutions contains 1.5 mL of phthalocyanine solution at 2.0 X 10~ °M and
1.5mL of singlet oxygen scavenger solution at 2.0 X 10 >M. The
photochemical reactions were followed spectrophotometrically by ob-
serving the decrease of absorption peak at 417 nm and 380 nm of DPBF
and ADMA, respectively. Quantum yield of decomposition of scavenger
(®Aapsolute) Was defined as

(number of decomposed scavenger molecule)
(number of adsorbed photon) (€D)]

q)AAbsolu[e -

and then number of adsorbed photon was calculated from following
equation
AEA

(number of adsorbed photon) = “he @

Journal of Inorganic Biochemistry 192 (2019) 7-16

where AE was adsorbed energy calculated from power of irradiated
light and transmitted light measured with an Optical power meter
(ADCMT, 8230E) equip with an optical sensor (ADCMT, 82311B). A is
wavelength of irradiated light, h is Planck constant and c is speed of
light, respectively.

2.4. Cell study

All tissue culture medium and reagents were purchased from
Invitrogen (Carlsbad, CA). The HEp2 cells were purchased from ATCC
and cultured using 50:50 DMEM/Advanced MEM augmented with 10%
fetal bovine serum (FBS) and 1% antibiotic (penicillin-streptomycin). A
32 mM stock solution of each Pc complex was prepared by dissolving in
DMSO containing 1% Cremophor EL.

2.4.1. Dark cytotoxicity

The HEp2 cells were plated in a Corning Costar 96-well plate and
allowed to grow for 48 h. The 32mM 1GaCl and 1Zn stock solutions
were diluted with culture medium to concentrations of 0, 3.125, 6.25,
12.5, 25, 50, 100 and 200 uM. The cells were treated with the 1GaCl or
1Zn at the different concentrations (100 uL/well), for 24h at 37 °C.
Immediately following incubation the loading medium was removed,
and the cells were washed with PBS to remove any residual Pc. The cells
were then fed medium containing 20% CellTiter Blue (Madison, WI)
and incubated for 4 h. Cell viability was determined by fluorescence
intensity at 570/615nm using a BMG FLUOstar OPTIMA microplate
reader. The dark cytotoxicity is expressed as a percentage of viable
cells.

2.4.2. Photocytotoxicity

HEp2 cells were plated and allowed to grow as described above. The
Pc concentrations used for testing photocytotoxicity were 0, 3.125,
6.25, 12.5, 25, 50 and 100 pM. As for the dark toxicity assay, the cells
were treated with each Pc and incubated at 37 °C for 24 h. Immediately
following incubation the loading medium was removed and the cells
were washed to remove any residual Pc. The cells were then fed fresh
medium and exposed to light for 20 min using a 600 W Quartz Tungsten
Halogen lamp (Newport Corporation, Irvine CA) to generate a light
dose of approximately 1.5J/cm? During light exposure, the plate was
chilled using an Echotherm IC50 chilling/heating plate (Torrey Pines
Scientific, Carlsbad CA) set to 5°C to maintain ambient temperature.
Following light exposure the cells were incubated for another 24h,
after which the media was removed and replaced with 20% CellTiter
Blue and subsequently incubated for 4h. The cell viability was de-
termined by fluorescence intensity at 570/615nm using a BMG
FLUOstar OPTIMA microplate reader. The cell photocytotoxicity is ex-
pressed as a percentage of viable cells.

2.4.3. The intracellular localization of photosensitizers

HEp2 cells were plated in a 35 mm tissue culture dish (CELLTREAT,
Pepperell MA) and allowed to grow for 24 h. The cells were then ex-
posed to each Pc at a concentration of 10 uM for 6 h. Organelle tracers
were obtained from Invitrogen and used at the following concentra-
tions: LysoSensor Green 50 nM, MitoTracker Green 250 nM, ER Tracker
Blue/White 100 nM, and BODIPY FL C5 Ceramide 1 uM. The images
were acquired using a Leica DM6B microscope with 40 X water ob-
jective lens and DAPI, GFP, and Texas Red filter cubes (Chroma
Technologies).
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(b)

Fig. 1. Crystal structure of 2Zn-(3-Me-Py), (a: top view, b: side view).
Hydrogen and solvents atoms are omitted for clarity. CCDC number: 1869572.

3. Results and discussion
3.1. Synthesis and characterization

The 4,5-bis(4’-methylpyridin-3’-yloxy)phthalonitrile (3) was pre-
pared in 97% yield from commercially available 4,5-di-
chlorophthalonitrile and 5-hydroxy-2-methylpyridine using the method
previously described in the literature [24]. The subsequent macro-
cyclization and quaternization reactions were achieved by methods
described in the literature [23-26]. The neutral Pc complexes 2GaCl
and 2Zn containing a 4-methylpyridyl group at eight peripheral Pc § -
positions were prepared from phthalonitrile 3 and the corresponding
metallic salts. These reactions were catalyzed by DBU in anhydrous n-
propanol, and the isolated yields of complexes 2GaCl and 2Zn were 83
and 58%, respectively. Elemental analysis and spectroscopic data (‘H
NMR and MALDI-TOF mass spectra) confirmed the assigned structures
for complexes 2GaCl and 2Zn.

The crystal structure of complex 2Zn - 3-methylpyridine is shown in
Fig. 1. The crystal data, bond distances and bond angles are shown in
Table S1 and S2 in supporting information. This crystal was obtained by
recrystallization of 2Zn in 3-methylpyridine/hexane. This crystal
structure involves 3-methylpyridine coordinating the zinc atom of 2Zn
and co-crystallized 2 molecules of 3-methylpyridine. The peripheral
substituents 4-methylpyridyl groups showed no coordination with the
zinc atom. The central zinc atom of the Pc adopts five coordination

10
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structures, which correspond to the reported structures of zinc(II) Pc
complexes axially coordinated by a pyridine molecule [27-30]. The
bond length between the N atom (N17) and the zinc atom is 2.108(4) A.
The five N atoms (N1, 3, 5, 7, 17) coordinate in a pyramidal geometry
with the zinc atom. The zinc atom also lies 0.453 A out of the square-
plane which is composed by the four Pc inner N atoms (N1, 3, 5, 7)
bonded to the central Zn atom.

Quaternization of the 4-methylpyridine groups at the Pc periphery
of complexes 2GaCl and 2Zn using an excess of methyl iodide (CHsI) at
40 °C, led to the formation of the cationic Pc complexes 1GaCl and 1Zn
with yields of 90 and 65%, respectively. After methylation, the cationic
complexes 1GaCl and 1Zn were highly soluble in DMSO, moderately
soluble in water and PBS solutions and slightly soluble in organic sol-
vents, such as dichloromethane and chloroform. Generally, Pc com-
plexes are poorly soluble in most polar and protic solvents. However,
the introduction of eight N-methyl-pyridinium groups around the Pc
macrocycle increases its solubility in polar solvents. Complexes 1GaCl
and 1Zn were identified by "H NMR spectroscopy, mass spectrometry
and elemental analysis. The analyses are consistent with the assigned
structures, as described in the Experimental section. The ESI and
MALDI-TOF mass spectra did not show the molecular ion for complex
1GaCl. The 'H NMR spectra of complexes 1GaCl and 1Zn were ob-
tained in D,O at room temperature. In the 'H NMR spectrum of com-
plex 1GaCl, the a-proton signal of the Pc ring shows a sharp singlet at
8 = 9.37 ppm integrating for 8 protons. The proton signals of the N-
methyl-(4-methylpyridinium-3-yloxy) groups appear at § = 8.91, 8.40,
and 7.95 ppm, integrating for 8 protons, and their methyl proton signals
appear at § = 4.19 and 2.76 ppm, integrating for 24 protons. On the
other hand, in the 'H NMR spectrum of complex 1Zn, the a-proton
signal of the Pc ring shows a sharp singlet at § = 8.45 ppm integrating
for 8 protons. The proton signals for the N-methyl-(4-methylpyr-
idinium-3-yloxy) groups appear at § = 7.94, 7.77 and 7.40 ppm, in-
tegrating for 8 protons, and their methyl proton signals appear at
8 = 4.10 and 2.63 ppm, integrating for 24 protons.

3.2. Absorption and florescence spectra

The UV-vis and fluorescence spectra of cationic Pcs 1GaCl and 1Zn
are shown in Fig. 2. The UV-vis and fluorescence spectra were mea-
sured in DMSO, water, and PBS solution. At 1.5 X 10~ °M concentra-
tion, the Q-bands of 1GaCl were observed as a sharp absorption in
DMSO and water, respectively, at 681 and 679 nm. At 1.5 x 10"°>M
concentration, the Q-bands of 1Zn were observed as a sharp absorption
in DMSO and water, respectively at 678 and 673 nm. The fluorescence
emission of complex 1GaCl appeared at 684 and 685 nm and the ab-
solute fluorescence quantum yield (®F) of complex 1GaCl was 0.12 and
0.17 in DMSO and water, respectively. In complex 1Zn, the fluores-
cence emission peak appeared at 684 nm in both solvents and ®F was
0.15 and 0.17 in DMSO and water, respectively. These spectroscopic
properties of cationic Pcs 1GaCl and 1Zn in DMSO and water are
characteristic for monomeric Pc complexes in solution [1,26,31-36]. In
the measurements of the UV-vis spectra in PBS solution at a
1.5 X 10> M concentration, the sharp Q-band absorption of complex
1GaCl was observed at 679 nm. However, the Q-band absorption for
1Zn was observed at 631 and 666nm as broadening bands. The
broadening Q-bands of 1Zn indicate the formation of aggregates. Ag-
gregated Pcs exhibit limited applicability in photocatalysis because the
aggregates convert electronic excitation energy into vibrational energy,
due to the closeness of the individual molecules, thereby reducing the
excited state lifetimes of Pcs and the ability to generate singlet oxygen
[37,38].

In a PBS solution, 1GaCl formed no aggregates owing to the effect of
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Fig. 2. Absorption and fluorescence spectra of complex 1GaCl and 1Zn in DMSO, water and PBS.

10 15
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Fig. 3. Aggregation behavior of complex 1GaCl and 1Zn in water and PBS. A
show the absorbance of 1 GaCl in water, ® show the absorbance of 1 GaCl in
PBS and m show the absorbance of 1 Zn in water.
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Table 1
Photophysical and photochemical parameters of complex 1GaCl and 1Zn.
Pc Solvent Amax (Nm) Agm (nm) SS (nm) [ors
1GaCl DMSO 681 684 3 0.12
Water 679 685 6 0.17
PBS 679 686 7 0.14
1Zn DMSO 678 684 6 0.15
Water 673 684 11 0.17
PBS 631, 666 - - -

@ ®F were evaluated using an absolute PL quantum yield measurement ap-
paratus described in the literature [52].

steric hindrance between the peripheral groups and the Cl atom, being
its axial ligand. As mentioned above, the formation of aggregates de-
creases the ability of the Pc to generate singlet oxygen, therefore the
exploration of the concentrations that lead to aggregate formation is
very significant. Therefore, the aggregation behavior induced by the
concentration of complexes 1GaCl and 1Zn in aqueous media was in-
vestigated. The results of the aggregation behavior investigations are
shown in Fig. 3 and S3, respectively. In the investigations of the ag-
gregation behavior, quartz cells with cell length of 10 mm, 1 mm,
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Scheme 2. The reaction mechanism of PDT.

Photosensitizer

0.1 mm were used. The absorbance values were calculated on the basis
of the absorbance of quartz cell with cell length of 10 mm.

The cationic 1GaCl strictly follows the Lambert-Beer law up to
1.2 x 10™*M in water and 6.0 X 10~°M in a PBS solution. On the
other hand, cationic 1Zn follows the Lambert-Beer law up to
1.5 X 107°M in water. However, 1Zn remains aggregated in a PBS
solution. These results reveal that complex 1GaCl has high solubility
and non-aggregation behavior in aqueous media, and that the in-
troduction of an axial ligand (Cl) largely affects the solubility and ag-
gregation behavior of metallo-Pcs, in agreement with previous studies
[23]. While a number of cationic PBS-soluble Pcs are known, 1Gacl is
the first cationic Pc that shows no aggregation even at high con-
centrations in a PBS solution [39-45]. The fluorescence emission peak
of complex 1GacCl also appeared at 686 nm in a PBS solution. The ab-
solute fluorescence quantum yield (®F) of complex 1GaCl was de-
termined to be 0.14 in a PBS solution. These values are characteristic of
Pcs [46-51]. The results of the UV-vis and fluorescence spectra of ca-
tionic Pc complexes are listed in Table 1.

3.3. ESR measurement

Scheme 2 shows the two reaction mechanisms that lead to ROS
formation in PDT. The two reaction mechanisms are distinguished ac-
cording to the reactive oxygen species (ROS) which attacks the tumor
cells. The Type I reaction leads to the formation of free radicals such as
the superoxide anion radical (O, +) and the hydroxyl radical (OH-).
The Type II reaction leads to the formation of singlet oxygen [8,9,53].
The generation of ROS is critical in the evaluation of the potential
photosensitizers for PDT, 1GaCl and 1Zn. The generated ROS were
identified by ESR measurements. 2,2,6,6-Tetraethyl-4-piperidone (4-
Oxo-TEMP) was used as a spin trap reagent of singlet oxygen. 4-Oxo-
TEMP and singlet oxygen react to generate 2,2,6,6-tetraethyl-4-piper-
idone- N-oxy-radical (4-Oxo-TEMPO). 4-Oxo-TEMPO can be identified
by ESR measurement, because 4-Oxo-TEMPO has a nitroxide radical.
The detection of 4-Oxo-TEMPO provides evidence of generation of
singlet oxygen. The obtained ESR spectra are shown in Fig. 4. When the
mixed DMSO solution of complex 1GaCl and 4-Oxo-TEMP was irra-
diated, an ESR spectrum of triplet peaks with g = 2.014, 2.006 and
1.997, characteristic of a nitroxide radical, was observed. The obtained
ESR spectrum is consistent with the reported ESR spectrum of the
nitroxide radical. The irradiation of the mixed DMSO solution of ca-
tionic 1GaCl and 4-Oxo-TEMP formed 4-Oxo-TEMPO [54-57]. To ob-
tain additional evidence of the generation of singlet oxygen, 1,4-dia-
zabicyclo[2,2,2]octane (DABCO) was added to the mixed DMSO
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Fig. 4. Photo induced ESR spectra. Top: mixed DMSO solution of 1GaCl and
TEMP on light. Middle: sample solution added DABCO. Bottom: sample solution
on dark.

solution of cationic 1GaCl and 4-Oxo-TEMP. DABCO is known as a
specific scavenger of singlet oxygen [58]. The irradiation of the mixed
DMSO solution of complex 1GaCl and 4-Oxo-TEMP with DABCO in-
duced the decrease of the intensity of the ESR spectrum derived from 4-
Oxo0-TEMPO.

Under similar conditions, cationic 1Zn also showed a similar ESR
spectrum derived from 4-Oxo-TEMPO. These results indicate that
complexes 1GaCl and 1Zn can generate singlet oxygen through irra-
diation.

3.4. Singlet oxygen generation properties

The ability of 1GaCl and 1Zn for generating singlet oxygen (10,)
upon light irradiation via a Type II reaction mechanism of PDT were
evaluated. In the PDT reaction mechanism, multiple factors, including
the triplet state lifetime of the photosensitizer, the singlet oxygen
quenching abilities of the substituents and solvent, the efficiency of
energy transfer between the photosensitizer and the oxygen molecules,
and the probability of collision of molecules affect the process of PDT
reactions [8-10].

The absolute quantum yields (®A,psolute) Obtained from the oxida-
tive decomposition of a scavenger by the singlet oxygen generated
through photoirradiation of the Pc complexes were used as indicators
for '0, generation. The ®A,peue Was determined by a chemical
method using the singlet oxygen scavengers, DPBF and ADMA. The
DAgbsolute Was calculated using Eq. (1) taking into account the number
of molecules of decomposed scavenger and the photon number ab-
sorbed by the photosensitizer. The observed changes in the UV-vis
spectra during irradiation for mixed solutions of each complex, 1GaCl
or 1Zn, and scavenger are shown in Fig. 5.

The values of the @A, pso1ute Of Pc complexes are listed in Table 2. In
the reaction between complex 1GaCl and DPBF in a DMSO solution, the
absorption band at around 417 nm due to DPBF significantly decreased
during photo irradiation. This result indicated that the irradiation for
the 1GaCl induces the generation of 10, and decomposition of DPBF.
The value of ®A,pso1ute Of complex 1GacCl for DPBF in DMSO was cal-
culated to be 4.4%. A similar spectral change was observed in the
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Fig. 5. The absorption spectral changes of 1GaCl and 1Zn during photo irradiations. (inset: the plots of absorbance of DPBF at 417 nm or ADMA at 380 nm versus

time.)

Table 2

The values of the absolute quantum yields (®Aapsolute)-

Pc Scavenger Solvent DAabsolute [%] DAelative [%]

1GaCl DPBF DMSO 4.4 29
ADMA PBS 0.029 -

1Zn DPBF DMSO 5.3 34
ADMA PBS 0.0090 -

ZnPc DPBF DMSO 10.3 67

GaClPc DPBF DMSO 6.5 42

2 Data from reference [47].

Table 3
Cytotoxicity ICsq values for 1GaCl and 1Zn. (CellTiter Blue assay, 1.5J/cm?).
Pc Dark toxicity (ICso, tM) Photocytotoxicity
(ICs0, HM)
1GaCl > 100 > 100
1Zn > 100 5.3

13
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Fig. 6. Photocytotoxicity of 1GaCl (a) and 1Zn (b) in HEp2 cells using 1.5 J-cm ~2 light dose.

reaction between complex 1Zn and DPBF in a DMSO solution, which
indicates that complex 1Zn also generates 'O, and decomposes DPBF.
The value of ®A,psoiute 0f complex 1Zn for DPBF in DMSO was even
higher, 5.3%. Under the same conditions, the ®A,pso1ute Values for non-
substituted zinc phthalocyanine (ZnPc) and gallium phthalocyanine
(GaClPc) are 10.3 and 6.5%, respectively. The comparison of the
DA psolute Values for the non-substituted metallo-Pcs and those of syn-
thesized cationic 1GaCl and 1Zn shows that the ®A s Values for
1GaCl and 1Zn are smaller than those for the non-substituted metallo-
Pcs. The smaller ®A,pso1uce Values obtained for complexes 1GaCl and
1Zn could be caused by the energy loss due to the vibration of the
peripheral substituents.

We also calculated the relative quantum yields (®Aejative) from the
oxidative decomposition of DPBF through photo irradiation of the ca-
tionic 1GaCl and 1Zn using a standard value. The standard value used
was @Agq. = 67% for the oxidative decomposition of DPBF through
photo irradiation of non-substituted ZnPc [47]. The calculation method
for ®Acjative Was the method previously described in the literature [26].
The values obtained for ®A ,¢ave Of 1GaCl and 1Zn for DPBF in DMSO
were 29% and 34%, respectively. These @A |cjative Values for 1GaCl and
1Zn are similar to those reported for non-aggregated Pc complexes
having similar substituents in DMSO [26,31,32,49,59].

In the reaction between complex 1GaCl and ADMA in a PBS solu-
tion, the decrease of only the absorption band due to ADMA at around
380 nm was observed during photo irradiation. In the reaction between
complex 1Zn and ADMA in a PBS solution, the Q-band derived from
1Zn also changed in comparison with the observed Q-band of 1Zn in
PBS. This change could be due to the coordination of ADMA to the Zn
atom of this Pc. By coordination with ADMA, the aggregation behavior
of 1Zn became weak, and 1Zn showed a Q-band typical of a monomeric
species. The decrease in the absorption band due to ADMA at around
380 nm also was observed.

The determined ®A,pso1uce Values for complexes 1GaCl and 1Zn for
ADMA in a PBS solution were 0.029 and 0.009%, respectively. These
results indicate that both complexes 1GaCl and 1Zn can generate 'O, in
a PBS solution. Thus, complexes 1GaCl and 1Zn are expected to be
promising photosensitizers for PDT.

3.5. Cell study

The dark toxicity and photocytotoxicity of the complexes 1GaCl and
1Zn were evaluated in human carcinoma HEp2 cells using the Cell Titer
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Blue assay, and the results of these studies are summarized in Figs. S4,
6, and Table 3. The dark toxicity results in Fig. S2 show that both 1GaCl
and 1Zn are nontoxic toward HEp2 cells in the dark. Various con-
centrations up to 100 pM were evaluated in this study. On the other
hand, the two complexes showed distinct properties upon photo-irra-
diation with a low light dose of approximately 1.5J/cm? as shown in
Fig. 6. While 1GaCl exhibited no photocytotoxicity up to 100 uM, 1Zn
was highly phototoxic, with a determined ICso = 5.3 uM from the dose-
response curves. This ICsy value is within the same range of values
previously reported for cationic Pcs bearing pyridyloxy groups [23]. In
the case of 1Zn, the combination of low dark cytotoxicity, high pho-
tocytotoxicity and effective generation of 1O, in a PBS solution suggest
that this compound is very promising as a photosensitizer for PDT ap-
plications.

Aiming to determine the cause of the high photocytotoxicity ob-
served for 1Zn, the preferential sites of intracellular localization of
1GaCl and 1Zn were evaluated in human carcinoma HEp2 cells using
fluorescence microscopy. The results of these studies are shown in
Figs. 7 and 8 for 1GaCl and 1Zn, respectively, and summarized in
Table 4. These studies were performed using the organelle-specific
probes ER Tracker Blue/White (ER), BODIPY Ceramide (Golgi), Mito-
Tracker Green (Mitochondria), and LysoTracker Green (Lysosomes),
and then merging the fluorescent images of these probes with the
fluorescent images of the photosensitizers 1GaCl or 1Zn. As shown in
Figs. 7 and 8, the overlay of these images revealed that both 1GaCl and
1Zn were found to localize in multiple organelles within the cell, in-
cluding the ER, Golgi apparatus, lysosomes and the mitochondria.
However 1Zn was observed in greater amounts in the ER, Golgi, and
lysosomes indicating that this compound is more efficient at cellular
internalization and localization in organelles that are important targets
for PDT-induced cell death.

4. Conclusion

The cationic Pcs 1GaCl and 1Zn bearing eight N-methyl-(4-me-
thylpyridinium-3-yloxy) groups around the Pc macrocycle were syn-
thesized. The obtained cationic Pcs were highly soluble in DMSO,
moderately soluble in water and PBS solutions. In a PBS solution, 1GaCl
formed no aggregates owing to the effect of steric hindrance between
the peripheral groups and the Cl atom, being its axial ligand. The ca-
tionic 1GaCl is the first cationic Pc that shows no aggregation even at
high concentrations in a PBS solution. The cationic Pcs 1GaCl and 1Zn
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Fig. 7. Subcellular localization of 1GaCl in HEp2 cells at 10 uM for 6 h. (a)
Phase contrast, (b) the fluorescence of 1GaCl, (c) ER Tracker Blue/White, (d)
overlay of 1GaCl and ER Tracker, (¢) BODIPY Ceramide, (f) overlay of 1GaCl
and BODIPY Ceramide, (g) MitoTracker Green, (h) overlay of 1GaCl and
MitoTracker, (i) LysoSensor Green, and (j) overlay of 1GaCl and LysoSensor
Green. Scale bar: 0-25 pm.

also exhibited singlet oxygen generation ability in DMSO and PBS so-
lution. The absolute quantum yields (®A.psolute) for the photogenera-
tion of singlet oxygen using 1GaCl and 1Zn have been determined to be
4.4 and 5.3%, respectively, in DMSO solution.

The cytotoxicity and intracellular sites of localization of 1GaCl and
1Zn were evaluated in human HEp2 cells. These studies showed that
both compounds are not cytotoxic in the dark (ICsp > 100 mM) and
localize intracellularly in multiple organelles, including the ER, Golgi
apparatus, lysosomes, and to a smaller extent in the cell mitochondria.
Upon exposure to a low light dose (1.5 J/ecm?), 1Zn revealed high

Journal of Inorganic Biochemistry 192 (2019) 7-16

Fig. 8. Subcellular localization of 1Zn in HEp2 cells at 10 uM for 6 h. (a) Phase
contrast, (b) the fluorescence of 1Zn, (c) ER Tracker Blue/White, (d) overlay of
1Zn and ER Tracker, (e) BODIPY Ceramide, (f) overlay of 1Zn and BODIPY
Ceramide, (g) MitoTracker Green, (h) overlay of 1Zn and MitoTracker, (i)
LysoSensor Green, and (j) overlay of 1Zn and LysoSensor Green. Scale bar:
0-50 pum.

Table 4
Major (+ + +) and minor (+) subcellular sites of localization in HEp2 cells.

Pc ER Golgi Mitochondria Lysosomes

++ ++ + ++
+

phototoxicity in human HEp2 cells. This is probably due to its enhanced
ability for cellular internalization and generation of singlet oxygen
within cells. We concluded that 1Zn could have the potential of pho-
tosensitizer for PDT.
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