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In this study, the new phthalonitrile derivative 3-(4-(3-oxobutyl)phenoxy)phthalonitrile (1) and its non-
peripheral metallophthalocyanine derivatives [zinc (2), copper (3), cobalt (4), manganese (5), gallium (6),
and indium (7)] were synthesized. The newly synthesized phthalocyanines were characterized by standard
spectroscopic methods, such as FT-IR, *H NMR, UV-Vis, fluorescence spectroscopies, and MALDI-TOF
spectrometry. Aggregation behaviors of the novel phthalocyanines were investigated by UV-Vis spec-
troscopy. The effect of pH change on the electronic and emission spectra of the newly synthesized
phthalocyanine derivatives was studied in THF media. The electronic spectra of the new zinc (2), copper
(3), and cobalt (4) phthalocyanines exhibited bathochromic shifts in acidic pH values due to the presence
of monoprotonated forms. Surprisingly, the same effect was not observed for manganese (5) and indium
(7) phthalocyanines. On the other hand, gallium (6) showed a slight red-shifted band with the addition of
HCl to the medium. Also, it was determined that the synthesized zinc (2) and gallium (6) phthalocyanines
had a selective phototoxic effect on the MCF-7 breast cancer cell line compared to the MCF-10A healthy
breast cell line. The ICsq values of zinc (2) and gallium (6) phthalocyanines were determined for MCF-7
and MCF-10A cell lines. The ICsq values of MCF-7 for compounds 2 and 6 were found to be 1.721 +
0.4 ug mL~t and 7.406 + 0.32 ug mL™?, respectively. The ICsq values of MCF-10A for phthalocyanines 2
and 6 were found to be 48.90 + 0.69 ug mL™* and 14.77 + 1.09 pug mL™%, respectively. In the LDH (lactate
dehydrogenase)-ELISA study, the LDH levels that formed on a cellular basis after the application were
measured, and it was observed that the cells were directed towards apoptosis. In addition, it was observed
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that cancer cells underwent more apoptosis than healthy cells as a result of this application with cell-
cycle and dead cell kits performed by flow cytometry. This research shows that non-peripheral substi-
tuted gallium and zinc phthalocyanine derivatives (2 and 6) can be suitable photosensitizers for the

rsc.li/dalton photodynamic treatment of breast cancers.

application areas."™ One of the most important among these
is medical applications due to the rapid increase in anti-

1. Introduction

Phthalocyanines (Pcs), one of the important aromatic macro-
cycles, have a conjugated 18 n-electron system, and this conju-
gation gives it superior properties such as thermal and chemi-
cal stability. Therefore, Pcs are studied in a wide range of
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microbial resistance in recent years. Thus, the synthesis and
characterization of compounds used in medical applications
continue to be up to date. Also, considering the superior pro-
perties of Pc molecules and the need for medical applications,
it is important to synthesize and assess their potential. Recent
studies have shown that Pc compounds are one of the most
promising compounds for photodynamic therapy (PDT),
which is being used as a new generation of cancer treatment
methods.””

Cancer is one of the most important health problems today.
Cancer begins with the uncontrolled proliferation of abnormal
cells and can lead to death if left untreated. Cancer treatments
require a multidisciplinary approach, including different
options such as surgery, radiotherapy, chemotherapy, and

This journal is © The Royal Society of Chemistry 2022
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PDT. Undesirable side effects from chemotherapy and radio-
therapy have led to the research and development of different
cancer treatment methods. PDT has emerged as one of these
methods.>®° Although it was approved by the FDA (US Food
and Drug Administration) about 30 years ago, it has not been
used effectively.'® However, especially in recent years, the effec-
tiveness of PDT against cancer, and its use with other treatment
methods, has become more important. PDT facilitates the dis-
tribution of the developed therapeutic molecule by administer-
ing it to the body and concentrating it in the cancerous area.
After accumulation in the cancerous region, the developed
molecule is excited by irradiating the selected region at high
wavelengths, and reactive products are produced. These reactive
products work as therapeutic agents by destroying the cancer-
ous cells, enabling the removal of cancer from the patient.'

It is well known that different types of aggregation are
observed in phthalocyanines, and are known as H- and J-type.
Since it affects the photophysical and photochemical pro-
perties, the aggregation behaviors of the synthesized Pc deriva-
tives were examined by researchers. Compared to H-type aggre-
gation, J-type aggregation is less common.'>** Within the
scope of this study, it was found that non-peripheral substi-
tuted Pcs with the 4-(4-hydroxyphenyl)butane-2-one group
have good solubility in common organic solvents.
Furthermore, their electronic spectra tend to show red-shifted
bands depending on the acid being added to the medium due
to the presence of the monoprotonated forms.">*®

In this context, 3-(4-(3-oxobutyl)phenoxy)phthalonitrile (1)
as a new phthalonitrile derivative was synthesized. The non-
peripheral metallophthalocyanine derivatives [zinc(u) (2),
copper(n) (3), cobalt(u) (4), manganese(u) (5), gallium(u) (6),
and indium(u) (7)] were prepared by use of this ligand. The
obtained new compounds were characterized by common
spectroscopic techniques. The effects of pH change on the
electronic spectra of the novel types of non-peripheral metal-
lophthalocyanine derivatives were investigated. Compounds
(2), (3), and (4) showed clearly red-shifted bands in acidic pH
values due to protonation. Furthermore, cytotoxicity studies of
all compounds were performed to determine their biological
activity. Many different compounds have been synthesized for
photodynamic therapy studies, and studies have been carried
out on different types of cancer. In this study, the effects of the
newly synthesized promising Pc structures on breast cancer
cell lines with photodynamic therapy were examined.
Cytotoxicity tests were performed by applying the synthesized
compounds on breast cancer cell lines (MCF-7) and healthy
cell lines (MCF-10A). After 24 h of incubation in the dark, the
death pathways of cancerous cells (e.g., apoptosis, necrosis)
were investigated by irradiation at high wavelengths. The
results herein and the toxic effects of all phthalocyanine struc-
tures were compared with the aim to find the most suitable
metallophthalocyanine structure that can be used in photo-
dynamic therapy for breast cancer. As a result, a new thera-
peutic agent candidate(s) with the potential to be used in the
treatment process of breast cancer with photodynamic activi-
ties will be presented.
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2. Experimental

2.1. Materials and methods

The chemical substances used in the reactions and purifi-
cation processes, such as 4-(4-hydroxyphenyl)butane-2-one,
3-nitrophthalonitrile, 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), K,CO3, methanol (MeOH), ethanol (EtOH), chloroform
(CHCL), dichloromethane (CH,Cl,), diethyl ether, toluene,
n-hexane, n-hexanol, tetrahydrofuran (THF), dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), Zn(CH;COO)s,
CuCl,, CoCl,, MnCl,, GaClz, and InCl; were acquired from
commercial companies, such as Merck and Alfa Aesar. The
purchased chemical compounds were used as received without
additional purification. Electronic spectra of the novel Pcs
were recorded by an Agilent Model 8453 diode array spectro-
photometer. Vibrational spectra of the newly synthesized com-
pounds were obtained by PerkinElmer spectrum two FT-IR
spectrophotometers. 'H NMR and *C NMR spectra were
acquired by a Bruker 300 spectrometer instrument.
Fluorescence spectra of related Pcs were obtained by a Hitachi
S-7000 fluorescence spectrophotometer.

2.2. Synthesis

2.2.1. Synthesis of the 3-(4-(3-oxobutyl)phenoxy)phthaloni-
trile (1). 4-(4-Hydroxyphenyl)butane-2-one (1.04 g, 6.35 mmol)
was dissolved in dry DMF (15 mL) with anhydrous K,COj;
(5.36 g, 38.88 mmol) in the solution. The obtained mixture
was stirred for about 30 minutes under N, atmosphere. Then,
3-nitrophthalonitrile dissolved in DMF (1 g, 5.78 mmol) was
added dropwise to the solution. This mixture was efficiently
stirred under N, at 45 °C for three days. After completing the
reaction, the obtained reaction mixture was poured into ice
water (250 mL). The solid product was filtered, and washed
with water and diethyl ether several times. Further purification
was made by column chromatography using CH,Cl, as a
mobile phase. The yield of 3-(4-(3-oxobutyl)phenoxy)phthalo-
nitrile (1) is 1.43 g (85%). Chemical formula: C;3H;4N,0,
(molecular weight: 290.32 g mol™"). Calculated elemental
analysis: C, 74.47; H, 4.86; N, 9.65; O, 11.02, found: C, 74.41;
H, 4.92; N, 9.57. FT-IR (opma/em™'): 3101, 3065, 3038, 2982,
2940, 2905, 2877, 2227, 1683, 1586, 1488, 1411, 1313, 1250,
1208, 1166, 1082, 956, 852, 803, 566, 523. 'H NMR (300 MHz,
chloroform-d) § 7.61-7.53 (m, 1H), 7.46 (dd, J = 7.7, 1.1 Hz,
1H), 7.31-7.24 (m, 2H), 7.08 (dd, J = 8.7, 1.1 Hz, 1H), 7.05-7.00
(m, 2H), 2.94 (dd, J = 8.3, 6.4 Hz, 2H), 2.81 (td, J = 7.4, 6.9, 1.7
Hz, 2H), 2.19 (s, 3H). Mass: m/z: 291.68 [M]', 329.78 [M + K]".

2.2.2. General procedure for the synthesis of phthalo-
cyanines (2-7). The mixture of 3-(4-(3-oxobutyl)phenoxy)
phthalonitrile (1) (0.10 g, 0.34 mmol) and the anhydrous metal
salts (Zn(CH;COO), (16.51 mg, 0.09 mmol), CuCl, (12.15 mg,
0.09 mmol), CoCl, (11.7 mg, 0.09 mmol), MnCl, (11.34 mg,
0.09 mmol), GaCl; (15.84 mg, 0.09 mmol) or InCl; (19.9 mg,
0.09 mmol)) were heated in n-hexanol (2 ml) and DBU media
at 150 °C under N, atmosphere for 8 h. After the reaction was
completed, it was cooled to room temperature, and the deep
green compound was precipitated with MeOH and filtered.
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The obtained green-yellow Pc derivatives were washed several
times with MeOH, EtOH, hexane, and diethyl ether. Column
chromatography was used for further purification. Chloroform
was used as a mobile phase in chromatographic purification
processes. The novel synthesized Pc derivatives are soluble in
common organic solvents, such as CHCl;, CH,Cl,, THF, DMF,
and DMSO.

2.2.2.1. 1(4),8(11),15(18),22(25)-Tetrakis(4-(3-oxobutyl Jphenoxy)-
phthalocyaninato zinc(u) (2). The phthalocyanine (2) yield is
0.033 g (32%). Chemical formula: C;,H;sNgOsZn (1226.67 g
mol™). Elemental analysis: calculated; C, 70.50; H, 4.60; N,
9.13; 0, 10.43; Zn, 5.33 found; C, 70.59; H, 4.56; N, 9.78. FT-IR
(Vmax/em™): 3065, 3031, 2954, 2919, 2856, 1711, 1600, 1502,
1474, 1432, 1361, 1243, 1201, 1160, 971, 817, 748. 'H NMR
(300 MHz, chloroform-d) § 7.67-6.72 (m, 28H), 3.14-2.45 (m,
16H), 2.38-1.88 (m, 12H). UV-Vis (THF): Amax, DM 692
(Q-band), 624 (n-n*) 326 (B-band). MS (MALDI-MS, 2,5-dihy-
droxybenzoic acid as matrix): 1227.98 [M + H|', 1274.85 [M +
2Na + HJ".

2.2.2.2. 1(4),8(11),15(18),22(25)-Tetrakis(4-(3-oxobutyl Jphenoxy)-
phthalocyaninato copper(n) (3). The phthalocyanine (3) yield is
0.030 g (30%). Chemical formula: C,,H5cNgOgCu (1224.81 g
mol™). Elemental analysis: calculated; C, 70.60; H, 4.61; Cu,
5.19; N, 9.15; O, 10.45, found; C, 70.98; H, 4.45; N, 9.75. FT-IR
(Vmax/em™): 3031, 2961, 2929, 2850, 1711, 1592, 1502, 1474,
1250, 1208, 1160, 1119, 1082, 977, 803, 740. UV-Vis (THF):
Amax, DM 691 (Q-band), 620 (n-n*) and 330 (B-band). MS
(MALDI-MS, 2,5-dihydroxybenzoic acid as matrix): 1225.935
[M +H]", 1311.701 [M + 2Na + K + H]".

2.2.2.3. 1(4),8(11),15(18),22(25)-Tetrakis(4-(3-oxobutyl Jphenoxy)-
phthalocyaninato cobalt(n) (4). The phthalocyanine (4) yield is
0.036 g (35%). Chemical formula: C;,H;sNgOgCo (1220.20 g
mol ™). Elemental analysis: calculated; C, 70.87; H, 4.63; Co,
4.83; N, 9.18; O, 10.49, found; C, 71.01; H, 4.47; N, 9.38. FT-IR
(vmax/em™): 3184, 3073, 2961, 2919, 2850, 1725, 1708, 1697,
1613, 1508, 1474, 1389, 1369, 1306, 1264, 1201, 1160, 1062,
971, 824, 754. UV-Vis (THF): Amax, Nm 696 (Q-band), 631 (n-n*)
342 (B-band). MS (MALDI-MS, 2,5-dihydroxybenzoic acid as
matrix): 1221.365 [M + H]".

2.2.2.4. 1(4)8(11),15(18),22(25)-Tetrakis(4-(3-oxobutyl Jphenoxy)-
phthalocyaninato manganese(m) chloride (5). The phthalocyanine
(5) yield is 0.0040 g (38%). Chemical formula:
C;2H56NgOgMnCl (1251.65 g mol_l). Elemental analysis: calcu-
lated; C, 69.09; H, 4.51; Cl, 2.83; Mn, 4.39; N, 8.95; O, 10.23,
found; C, 70.01; H, 4.56; N, 9.15. FT-IR (0a/cm™): 3038,
2954, 2905, 2877, 1711, 1586, 1502, 1480, 1327, 1243, 1201,
1160, 1118, 1062, 1013, 971, 803, 740. 'H NMR (300 MHz,
chloroform-d) § 8.13-6.76 (m, 28H), 3.07-2.56 (m, 16H),
2.34-1.82 (m, 12H). UV-Vis (THF): Amax, nm 745 (Q-band), 507
(CT), 668 (n-n*) 353 (B-band). MS (MALDI-MS, 2,5-dihydroxy-
benzoic acid as matrix): 1218.086 [M — Cl + H]', 1240.348 [M —
Cl+Na +HJ', 1252.98 [M + H]".

2.2.2.5. 1(4),8(11),15(18),22(25)-Tetrakis(4-(3-oxobutyl Jphenoxy)-
phthalocyaninato gallium(m) chloride (6). The phthalocyanine (6)
yield is 0.036 g (34%). Chemical formula: C,,H;sNgOgGaCl
(1266.44 g mol™"). Elemental analysis: calculated; C, 68.28; H,
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4.46; Cl, 2.80; Ga, 5.51; N, 8.85; O, 10.11, found; C, 67.73; H,
4.58; N, 9.06. FT-IR (vpa/cm™): 3065, 3031, 2961, 2919, 2856,
1711, 1600, 1502, 1467, 1403, 1341, 1229, 1160, 1082, 1048,
949, 824, 748. "H NMR (300 MHz, chloroform-d) § 8.02-6.68
(m, 28H), 3.05-2.40 (m, 16H), 2.45-1.84 (m, 12H). UV-Vis
(THF): Amax, nm 711 (Q-band), 641 (n-n*) 334 (B-band). MS
(MALDI-MS, 2,5-dihydroxybenzoic acid as matrix): 1231.982
[M — Cl + H]', 1267.495 [M + H]".

2.2.2.6. 1(4)8(11),15(18),22(25)-Tetrakis(4-(3-oxobutyl Jphenoxy)-
phthalocyaninato indium(m) chloride (7). The phthalocyanine (7)
yield is 0.039 g (35%). Chemical formula: C,,H5cNgOgInCl
(1311.53 g mol™"). Elemental analysis: calculated; C, 65.94; H,
4.30; Cl, 2.70; In, 8.75; N, 8.54; O, 9.76, found; C, 66.87; H
4.38; N, 8.89. FT-IR (vma/cm™): 3073, 3045, 2926, 2850, 1711,
1676, 1641, 1600, 1361, 1250, 1215, 1116, 1104, 1013, 949, 796,
748. "H NMR (300 MHz, chloroform-d) § 8.14-6.72 (m, 28H),
3.20-2.52 (m, 16H), 2.52-1.88 (m, 12H). UV-Vis (THF): Amax,
nm 714 (Q-band), 648 (n-n*) 377 (B-band). MS (MALDI-MS,
2,5-dihydroxybenzoic acid as matrix): 1277.323 [M — Cl + HJ',
1312.665 [M + H]".

2.3. Fluorescence quantum yields

The fluorescence properties of the zinc, gallium, and indium
Pcs were determined in THF solution at room temperature.
Fluorescence quantum yields (@) of novel Pcs were calculated
by the following eqn (1) in THF at room temperature.'”"'®

F-Aga -1

Pp=Pp,, ————
¢ Foa -A - Nsta®

(1)
In eqn (1), @r is the quantum yield of the novel synthesized
compounds, and @ (Std) is the quantum yield of the reference
compound. F and Fgq are the areas under the fluorescence
emission curves of the novel Pcs and unsubstituted ZnPc as a
standard, respectively. The absorbance of the reference and
sample compounds are Asyq and A, respectively. n® and ng.4>
are the refractive indices of solvents used for the sample and
standard, respectively. According to the literature, the
quantum yield of the used reference compound (unsubstituted
ZnPc) can be defined as &g = 0.23 in THE."”

2.4. Singlet oxygen quantum yield

Singlet oxygen quantum yields of ZnPc (2), GaPc (6), and InPc
(7) were determined by the relative method with one reference
and 1,3-difenilizobenzofuran (DPBF) as a chemical quencher,
using the eqn (2):

R- IStd
@) = ¢SAtd abs (2)
Rstd * Tabs

where @5 is the singlet oxygen quantum yields for the stan-
dard unsubstituted ZnPc (@5 = 0.67 in DMSO). R and Rgq are
the DPBF photobleaching rates in the presence of the respect-
ive samples and standard, respectively. I,,s and I’g{)‘i are the
light absorption rates by the samples and standard, respect-
ively. Solutions that contain DPBF were prepared in the dark
and irradiated in the Q band region. The degradation of DPBF

This journal is © The Royal Society of Chemistry 2022
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at 417 nm was monitored after each 5 s irradiation.””*>*' The
light intensity of 7.05 x 10"® photons s™* cm ™ was used for @,
determinations. The absorption band of DPBF is reduced by
light irradiation.*>>*

2.5. Cell culture

Human epithelial breast adenocarcinoma (MCF-7) (ATCC®
HTB-22™) and healthy human breast epithelial (MCF-10A)
(ATCC® CRL-10317™) cells were purchased from ATCC.
DMEM (with r-glutamine and NaHCO; cat. no.. D0819)
medium containing 10% fetal bovine serum (FBS) (Sigma-
Aldrich) and 1% penicillin-streptomycin (100 units) was used
in the cell culture as the medium. Cells were incubated and
multiplied at 37 °C in an incubator containing 5% CO, and
95% humidity. Unlike other cell lines, the MCF-10A cell line
was grown by adding extra components to the medium. The
cell line could be grown by adding 5% mL of horse serum, 20
ng ml™" of EGF, 0.5 ug ml~" of hydrocortisone, 100 ng ml™" of
cholera toxin, 1% penicillin-streptomycin (100 units), and
10 pg ml™ of insulin into the previously prepared 500 mL
medium DMEM-F12.% The cells were stained with Trypan blue
after passage, and cell count was done with an Olympus R1
device.

2.6. Phototherapeutic application

2.6.1. Dark toxicity assay (cytotoxic effect of the photosen-
sitizers without laser irradiation). All cells were seeded in
96-well plates at a density of approximately 2 x 10" cells per
mL. Cells were allowed to attach overnight at 37 °C in a
humidified atmosphere with 5% CO,. After 24 h, the cells were
incubated with various concentrations (1-100 pg ml™") of
GaPc, ZnPc, InPc, MnPc and CuPc at 37 °C in a humidified
atmosphere with 5% CO, in the dark for 2 h. A control
(untreated cells) for all cells that were not exposed to any of
these phthalocyanines (0 pg ml™") was included for each set of
experiments. After 2 h, the photosensitized cells were washed
twice with PBS and the cell viability was measured using the
XTT colorimetric assay.

2.6.2. In vitro photodynamic therapy. For the photo-
dynamic therapy experiments of the synthesized compounds,
2 x 10" cells were cultivated in each well. The healthy
(MCF-10A) and cancer cell lines (MCF-7) were seeded in
96-well plates, and then incubated for 24 hours. All newly syn-
thesized Pcs were dissolved in DMSO and added to the cells
such that they did not exceed 2% concentration, which is a
nontoxic dosage for the cells. All compounds were applied to
96-well plates at different concentrations (1-100 pg ml™") and
incubated for 2 hours. Each compound was run at its concen-
tration in 3 replicates. After 2 hours, each well was irradiated
with a red diode laser (670-750 nm). A light dose of 4.5 J cm™
was given to each well with a 90 mW power and 1 cm radius
light source. All of these processes were carried out in a dark
environment at room temperature.>® After the application, the
cell lines were incubated in a CO, oven for 24 hours. The com-
pounds were then removed from the wells and washed with
Phosphate Buffer Solution (PBS) five times, and the XTT (2,3-

This journal is © The Royal Society of Chemistry 2022
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bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[( phenylamino)carbo-
nyl]-2H-tetrazolium hydroxide) (Cell Proliferation Assay) kit
was applied. At the end of the experiment, absorbance values
for each well were measured by reading at 450 nm wavelength
in a microplate reader, and cell viability was calculated by
taking the average absorbance values of the results studied in
triplicate.

2.6.3. Flow cytometry. Flow cytometric Annexin V (apopto-
sis) and DNA content (cell cycle) analyses were performed with
the MUSE flow cytometry device, wherein the ICs, results
obtained were evaluated. Compounds 2 and 6 caused selective
toxicity in the MCF-7 cancer cell line compared to MCF-10A.
Therefore, the main pathways of compounds 2 and 6 in the
cells were determined with MUSE (Annexin V) and MUSE (cell
cycle) kits. Cell lines were seeded in sterile 6-well plates. After
24 hours of incubation, appropriate extract doses were given
and irradiated at high wavelengths (90 mW power and 4.5 ]
cm™? light dose). After the second incubation of 24 hours, the
plate contents were removed. Cells washed with PBS were
lifted with trypsin-EDTA, and centrifuged at 800 rpm for
5 min. After the obtained cells were counted with Trypan blue,
5 pL of Annexin V were added. It was incubated in the dark at
room temperature for 15 min. After incubation, 400 pL of
binding buffer was added to the Eppendorf tubes, and
measurements were made in flow cytometry (MUSE) (emission;
530 nm, excitation; 488 nm).

2.7. LDH

The lactate dehydrogenase (LDH) molecule, which converts
lactate to pyruvate during glycolysis, is a stable enzyme found
in all cells. It is rapidly released into the medium upon
damage to the cell membrane. An increase in the amount of
dead cells or cells with damaged cell membranes results in
increased LDH activity in the medium. This increase in LDH
activity also causes an increase in the amount of colored for-
mazan crystal formed at the end of the experiment, resulting
in higher absorbance.”” Following the steps in the SunRed
Human (LDH) ELISA (cat. no.: 201-12-0748) kit procedure, the
LDH levels formed by the cells after photodynamic therapy
were measured.

2.8. Statistical analysis

Data are expressed as the mean and standard deviation (x =+
SD). The ANOVA and Tukey statistical analyses were used to
reveal the relationships between groups. According to the stat-
istical programs used, the differences between the groups were
considered significant for p < 0.001. Graph Pad 8.0 program
was used in drawing the graphs, and at least three indepen-
dent data were taken in the experiment.

3. Results and discussion
3.1. Synthesis and spectroscopic characterization

The starting material 3-(4-(3-oxobutyl)phenoxy)phthalonitrile
(1) was synthesized from 4-(4-hydroxyphenyl)butane-2-one and
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Scheme 1 The synthesis of 3-(4-(3-oxobutyl)phenoxy)phthalonitrile (1)
and its novel type metallophthalocyanine derivatives (2-7).

3-nitrophthalonitrile by the aromatic Sy2 substitution reaction.
The synthesis of novel Pcs (2-7) was achieved by cyclotetramer-
ization reaction of the new phthalonitrile derivative. The reac-
tion was achieved by heating dry n-hexanol using DBU as the
base and the related anhydrous metal salts (Zn(CH;COO), or
CuCl, or CoCl,, or MnCl, or GaCl; or InCl;) at 150 °C in 8 h
(Scheme 1). Newly synthesized 3-(4-(3-oxobutyl)phenoxy)phtha-
lonitrile and its Pc derivatives were purified by column chrom-
atography with CH,Cl, as an eluent. After the aromatic Sy2
substitution reaction between 4-(4-hydroxyphenyl)butan-2-one
and 3-nitrophthalonitrile, the nitro group peaks at 1536 cm™"
and 1348 cm™' disappeared, and the one related to the C=N
vibration was shifted from 2234 cm™" to 2227 cm™". Aromatic
peaks between 3200-3000 cm ™" and aliphatic peaks between
3000-2800 cm ™" were observed (Fig. 1). After the synthesis of
novel type Pcs by the cyclotetramerization reaction, the C=N
vibrational peak at 2227 ecm™" of compound (1) disappeared.
The FTIR spectra of all metallophthalocyanine derivatives
(2-7) are very similar, except for small stretching shifts
(Fig. S17).

UV-Vis spectroscopy is a simple and beneficial technique
for the characterization of Pcs due to the extended conjugated
n-system. It is well known that Pcs have characteristic peaks in
electronic spectra, which are called the Q-band and the
B-band. The Q-band appears at 650-700 nm due to the n-n*
transition, while the B-band appears at 300-400 nm due to the
deeper n-n* transition. In addition, the fact that the Q band is
single or double gives clues about whether the Pcs are metal
or metal-free.”® The electronic spectra of novel Pcs were
recorded in THF at room temperature using the Agilent Model
8453 diode array spectrophotometer. The Q-band absorption
values of the novel type non-peripheral Pc derivatives (2-7)
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Fig.1 FT-IR spectra of 3-nitrophthalonitrile, 4-(4-hydroxyphenyl)
butan-2-one and 3-(4-(3-oxobutyl)phenoxy)phthalonitrile (1).

appeared at 692 nm, 691 nm, 696 nm, 745 nm, 711 nm, and
714 nm, respectively (Table 1 and Fig. 2). When these values
were compared with the substituted Pcs from their peripheral
positions, they were found to be about 20 nm red-shifted as
expected.”?® The B-band values of the non-peripheral Pc
derivatives (2-7) in electronic spectra were observed at
326 nm, 330 nm, 342 nm, 353 nm, 334 nm, and 377 nm,
respectively (Table 1 and Fig. 2). Pcs are versatile building
blocks in material production due to their delocalized
n-electronic structure. Their conjugation properties and
ability to form macrocyclic compounds with many metal ions
provide them with fascinating physical properties. They can
show different colors even according to the atom in the
center. Fig. 3 shows the colors of the solutions prepared in
THF of the synthesized compounds. The color differences
occur with the change of transition metal atoms in the
center. This color change is consistent with the electronic
spectra of the newly synthesized Pc derivatives. NMR spec-
troscopy was also used to characterize the structures of the
synthesized compounds. The NMR spectra of the compounds
were taken in a deuterated dimethyl sulfoxide (de-DMSO)
solution. The aromatic and aliphatic protons for 3-(4-(3-oxo-
butyl)phenoxy)phthalonitrile (1) confirmed the expected
structure (Fig. S21). In the 'H NMR spectra of diamagnetic
phthalocyanines, the protons in the aromatic region could be
obtained broadly due to the n-x interactions in high concen-
trations. 'H NMR spectra of Pcs (3) and (4) could not be
obtained due to the paramagnetic properties of the structures
containing Cu®* and Co”" ions in the phthalocyanine
ring.'®*® MALDI-TOF mass spectrometry has been used to
characterization of the Pcs. The protonated or sodium and
potassium adduct peaks of the newly synthesized Pcs were
observed in the mass spectra (Fig. S4-S87).

This journal is © The Royal Society of Chemistry 2022
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Table 1 Spectral parameters and photophysical properties (@f) of novel synthesized metallophthalocyanines (2-7) in THF

Absorbance Fluorescence
A3bs (nm) 23S (nm) 2355 (nm) Aem (nm) 8¢ (nm) A2 (nm) Dy, % &, (singlet
Pcs (Q-band) (B-band) (n-n*) (emission) (excitation) (Stokes shift) (quantum yield) oxygen)
2 692 326 624 708 693 16 0.18 0.92
3 691 330 620 — — — — —
4 696 342 631 — — — — —
5 745 353 668 — — — — —
6 711 334 641 728 708 17 0.09 0.56
7 714 377 648 732 715 14 0.11 0.72
ZnPc? 666 342 673 666 7 0.23 0.67
GaPc? 680 691 680 11 0.30 0.41
InPc? 686 700 689 14 0.018 0.67
“ From ref. 17. ” From ref. 22.
2005 g However, the addition of bulky functional groups to their peri-
S pheral or non-peripheral locations can prevent or reduce their
1’75_ : : (“ 19 Nm . . . .
. aggregation tendency. Based on this information, the aggrega-
150 eo4ig i tion behaviors of the new non-peripheral substituted Pcs were
= investigated in the solvent medium. For this purpose, elec-
S 1,25 , y o . . .
S 12 Y _(Z:ticc (é)) tronic spectra of Pcs at different concentrations were recorded
& 1,001 CoPc (4) by UV-Vis spectroscopy. As the concentration increased, the
é - gzgg ((g)) intensity of the Q-bands at 692 nm for (2) (Fig. 4a), 691 nm for
§ ’ ——_InPc (7) (3) (Fig. S91), 696 nm for (4) (Fig. S10t), 745 nm for (5)

T 1
600 900

Wavelength (nm)

T
500

Fig. 2 UV-Vis spectra of novel synthesized phthalocyanines (2-7) in
THF (inset: the region of the electronic spectra between 600 nm and
850 nm).

3.2. Aggregation studies

In Pcs, aggregation formation reduces the solubility and its
effectiveness as a photosensitizer. Therefore, aggregation has a
negative effect on its biological properties. The main reason
for the aggregation of Pcs is their high n-conjugation systems.

Fig. 3 Digital photograph of phthalocyanine solutions (2—-6) in THF media.

This journal is © The Royal Society of Chemistry 2022

(Fig. S11%), 711 nm for (6) (Fig. S12}), and 714 nm for (7)
(Fig. S13%) increased, and no new band formation was
observed due to aggregation. The increase of the Q-band with
concentration behaved following the Lambert-Beer law.
R-Squared values of synthesized Pc derivatives (2-6) were calcu-
lated at about 0.99 for all compounds.

3.3. Fluorescence properties

Fluorescence properties of the novel synthesized ZnPc (2), GaPc
(6), and InPc (7) were investigated in THF at room temperature,
and the obtained results are summarized in Table 1.
Fluorescence emission peaks of Pcs (2, 6, and 7) were observed
at 708 nm for (2), 728 nm for (6), and 732 nm for (7) (Fig. 4b for
2, Fig. 4c for 6, and Fig. 4d for 7). Fig. 4 shows that the absorp-
tion and excitation spectra are similar. The similarity in the
absorption and excitation spectra of wavelength for Pcs 2, 6,

Dalton Trans., 2022, 51,15996-16008 | 16001
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(a) Electronic spectra of ZnPc (2) at different concentrations in THF (inset: Q-band absorbance versus concentration). (b) Absorbance, exci-

tation, and emission spectra of ZnPc (2) and the change of the emission spectra after the addition of acid (1ex = 661 nm). (c) Absorbance, excitation,
and emission spectra of GaPc (6) and the change of the emission spectra after the addition of acid (lex = 680 nm). (d) Absorbance, excitation, and
emission spectra of InPc (7) and the change of the emission spectra after the addition of acid (1ex = 685 nm).

and 7 indicates that the nuclear configurations of the excited
state and ground state are not affected in THF due to excitation.
In addition, the emission spectra of the novel Pcs are the mirror
image of the excitation spectrum. The Stokes shift values of
these compounds were found to be 16 nm for 2, 17 nm for 6,
and 14 nm for 7 (Table 1). The fluorescence quantum yield and
Stokes shift values of ZnPc (2), InPc (5), and GaPc (6) are con-
sistent with the literature.”® Fluorescence quantum yields (&)
for ZnPc (2), GaPc (6), and InPc (7) were found to be 0.18, 0.09,
and 0.11, respectively (Table 1). The quantum yield for ZnPc (2)
is lower than that for the unsubstituted ZnPc in THF.>" This
value shows that the non-peripheral substitution of Pcs with
4-(4-hydroxyphenyl)butane-2-one groups caused the reduction
of the fluorescence quantum yield.” Moreover, for GaPc (6) and
InPc (7), the fluorescence quantum yields are lower than those
for ZnPc (2) and unsubstituted gallium or indium Pc due to the
heavier atom effect in these Pc derivatives. The heavy atoms
caused a decrease in quantum yield due to the enhancement of
intersystem crossing.*

3.4. The effect of pH change upon the UV-Vis and
fluorescence spectra of phthalocyanines

The change of the UV-Vis and fluorescent spectra of syn-
thesized Pcs was also investigated by the titration of HCl. For

16002 | Dalton Trans., 2022, 51,15996-16008

this, HCI solutions were prepared at a concentration of 107>
M. Pcs were prepared at a concentration of 107> M in THF-
H,0 (9:1 v/v). After the stepwise addition of 10 pL acid solu-
tions to the Pc solutions, the electronic spectra of the mixtures
were recorded, and the pH of the solution was measured with
the help of a pH meter. The newly synthesized phthalocyanine
derivatives had characteristic Q- and B-bands as expected in
electronic spectra. However, the addition of HCI caused red-
shifted bands for ZnPc (2) (Fig. 5), CuPc (3) (Fig. 6), and CoPc
(4) (Fig. 7), while the same effect was not observed for MnPc
(Fig. S14%), GaPc (Fig. S15f) and InPc (Fig. S16f). The
maximum absorption peaks of ZnPc (2), CuPc (3), and CoPc
(4) at 692, 691, and 696 nm, respectively, gradually decreased
with increasing pH towards acidic values, and new peaks
formed at 741, 745, and 756 nm in the red-shifted region. This
indicates that the electronic spectra of ZnPc (2), CuPc (3), and
CoPc (4) are sensitive to pH changes. In particular, ZnPc (2)
showed very high sensitivity to pH change when compared to
the other Pcs. A small change in pH caused severe changes in
the electronic spectrum for ZnPc (2). Therefore, it has the
potential to be used as a pH sensor. The difference in pH also
caused significant changes in the fluorescence emission spec-
trum of ZnPc (2). The approach of pH towards acidic values
caused quenching of the emission peak at 721 nm and a shift

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 UV-Vis spectra of ZnPc (2) at different pH values (inset: the
change of the Q-band and J-band absorbance versus pH value).

25 691 nm
2,5+ (] -—_g l
20 [ ]
3 g
§ 15 a
< B Qband at 691 L}
204 8 10 © Jbandat47s om u
2 o ®0°
— < 05 ° ®
3
L 154
[0]
o
C
©
£
o 1,04
[%2]
Q
<
0,5
0,0

Wavelength (nm)

Fig. 6 UV-Vis spectra of CuPc (3) at different pH values (inset: the
change of the Q-band and J-band absorbance versus pH value).
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Fig. 7 UV-Vis spectra of CoPc (4) at different pH values (inset: the
change of the Q-band and J-band absorbance versus pH value).
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towards 744 nm (Fig. 4b). The emission spectra of GaPc (6)
and InPc (7) were not significantly affected by pH change. Only
some decrease in emission intensity at 728 nm for 6 and
732 nm for 7 were observed by bringing the pH from 7-8 to
acidic values (Fig. 4c for 6 and Fig. 4d for 7).

3.5. Singlet oxygen generation measurements

PDT is a cancer treatment method that uses singlet oxygen
produced by a photosensitizer to destroy tumor cells. Pcs are
widely studied as photosensitive compounds for PDT appli-
cations due to their high singlet oxygen generating capacity. In
PDT, the molecule, which is sensitive to light, is first excited to
the singlet state and then turns to the triplet state with the
intersystem transition. It contributes to singlet oxygen pro-
duction by transferring the light-sensitive molecular energy in
the triplet state to the ground state oxygen. The singlet oxygen
produced acts as a cytotoxic species for cancer cells, and kills
tumor cells by type II mechanism.*® The amount of singlet
oxygen produced by the photosensitive material is found by
calculating the singlet oxygen quantum yield (®,). The &,
values of the newly synthesized ZnPc (2), GaPc (6), and InPc (7)
were investigated in DMSO at room temperature. For singlet
oxygen quantum yield measurements, ZnPc (2), GaPc (6), and
InPc (7) were dissolved in DMSO. 1,3-Diphenylisobenzofuran
(DPBF) was used as the quenching agent. UV-Vis spectra of the
solution exposed to light at 5-second intervals were recorded.
Changes in absorption at 417 nm of DPBF were examined
(Fig. 8 for 2, Fig. S177 for 6, and Fig. S187} for 7). Since DPBF is
a light-sensitive compound, care was taken to keep the solu-
tion in a dark environment. During the &, determinations,
the intensity of the Q-band, characteristic of Pc molecules, did
not change significantly, even remaining at nearly the same
intensity. This shows us that the compounds do not degrade
during singlet oxygen studies. The @, values of non-peripheral
phthalocyanine derivatives containing 4-(4-hydroxyphenyl)
butane-2-one groups were found to be 0.91 for ZnPc (2), 0.56
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Fig. 8 Absorption changes of ZnPc (2) during the determination of the
singlet oxygen quantum yield in DMSO (inset: plot of DPBF absorbance
vs. time).
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for GaPc (6) and 0.72 for InPc (7). In general, it can be said
that the synthesized non-peripheral substituted zinc, gallium,
and indium Pc derivatives (2, 6, and 7) are suitable for PDT
applications as they produce reasonably high singlet oxygen
yields.

3.6. Dark toxicity

The effects of all newly synthesized compounds on cell viabi-
lity at different concentrations as a result of dark toxicity tests
were investigated. As a result, it was determined that ZnPc (2)
and GaPc (6) were not toxic without irradiation. The results
obtained for these two compounds are shown in Fig. 9. Since
other structures have toxic effects on healthy and cancer cell
lines without irradiation, they were not studied in the next
steps.

LDH Levels
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Enzyme Activity (mU/mL)
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Fig. 11 LDH enzyme activity values of ZnPc (2) and GaPc (6) on MCF-7
cells.
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3.7. Cell culture

The ICs, doses of the synthesized Pcs were determined by the
XTT method, and the obtained data were calculated with the
Graph Pad 8.0 program. In this direction, the statistical
relationships of the ICs, values were evaluated and interpreted
with Tukey’s multiple comparison test in the GraphPad 8.0
program. When the statistical data were examined, the data
between MCF-10A and MCF-7 cells given ZnPc (2) and the data
between MCF-10A and MCF-7 cells given GaPc (6) were found
to be significant (p < 0.0001). MCF-10A treated with ZnPc (2)
had an ICs, of 48.90 + 0.69 pg mL™", while the ICs, value of
MCF-7 was 7.406 + 0.32 pug mL™". The ICs, value of MCF-10A
administered with GaPc (6) was 14.77 + 1.09 pg mL™", while
the ICs, value of MCF-7 was 1.721 + 0.4 pg mL™". With these
results, the effects of ZnPc (2) and GaPc (6) synthesis on
MCF-10A and MCF-7 cells were investigated in the next stages
of the study (Fig. 10).

3.8. LDH enzyme activity

When the activity results were examined, a significant increase
was observed in the cell lines given ZnPc (2) and GaPc (6) com-
pared to the LDH level in the MCF-7 cell line, which was not
treated. Statistically, there is a significant increase in the cell
lines in which the newly synthesized Pcs were given compared
to the living cells (p < 0.0001). However, 5-FU (fluorouracil),
which is used in cancer treatment, was used as a positive
control. Agreement was found in the LDH levels in the MCF-7
cell lines to which this drug was applied and that for the cell
lines where the new synthesis structures were applied (Fig. 11).

3.9. Flow cytometry

In healthy cells, one of the membrane lipids, phosphatidyl-
serine (PS), is present on the cytoplasmic surface of the cell
membrane. If the cell undergoes apoptosis, PS molecules that
are normally located on the inner surface are translocated to
the outer surface of the cell membrane. This displacement
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Fig. 12 Flow cytometry results of ZnPc (2) and GaPc (6) against the MCF-7 cell line with irradiation.
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Fig. 13 The death cells resulting from the interaction of MCF-7 cells
with ZnPc (2) and GaPc (6).

occurs early in apoptotic cell death when the cell membrane
integrity is not compromised. Since Annexin V is a protein that
can bind to phosphatidylserine translocated to the cell’s outer
surface, the apoptotic cell can be made visible by labeling it
with a fluorescent substance (e.g., FITC).** In ineffective cancer
drugs, the drug kills the cell by causing apoptosis.*® Therefore,
an increase in the apoptosis/necrosis ratio indicates that the
drug’s efficacy is increased (Fig. 12). When the results obtained
from the molecules studied in this study were examined, it was
seen that the rate was high. As a result of the study, it can be
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seen that Pcs 2 and 6 have a toxic effect on the MCF-7 cancer
cell line after irradiation (Fig. 13).

3.10. Cell cycle

According to the obtained cell cycle analysis results, it was
observed that the cell cycle was significantly stopped in the
GO0/G1 phase (p < 0.0001) in the MCF-7 cell line stimulated at a
high wavelength after administration of ZnPc (2) and GaPc (6)
(Fig. 14 for 2 and Fig. 15 for 6).

3.11. Evaluation of breast cancer cell lines results

Currently, studies on the development of Pcs are continuing in
the field of PDT due to their strong effects on the tissue and
their absorbance properties at high wavelengths.>® The most
important feature desired in photosensitive structures is
strong absorbance at high wavelengths (650-750 nm) with the
aim to reach all cancer cells with PDT by affecting the tissue
deeply. In addition, photosensitive structures are required to
show stable properties.®” It is well known that metallophthalo-
cyanine complexes have highly stable structures.*® The dark
toxicity tests demonstrated that only two of the newly syn-
thesized compounds (ZnPc (2) and GaPc (6)) given without
irradiation did not show toxic properties in both cancer and
normal cell lines, and studies on these structures continued.
Likewise, ZnPc (2) and GaPc (6) are effective in killing this
cancer cell line. In line with this study, IC5, doses under
4.5 J cm™? light dose were applied to the breast cancer cell
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Fig. 14 Cell cycle graphs of MCF-7 cells before and after photodynamic therapy with ZnPc (2).
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Fig. 15 Cell cycle graphs of MCF-7 cells before and after photodynamic therapy with GaPc (6).

lines, and the effects were observed. In our study, we observed
that ZnPc (2) and GaPc (6) were more effective on the MCF-7
cell line when IC5, doses were applied.

Since other compounds (CuPc (3), CoPc (4), MnPc (5),
InPc (7)) exhibited toxic properties without irradiation, studies
on these compounds were discontinued. In line with the ICsq
results obtained, lower values were obtained for the MCF-7 cell
line compared to the MCF-10A cell line.

In our study, no difference was observed between the ICs,
doses of ZnPc (2) and GaPc (6) against the positive control
(5-FU), but a significant increase in the LDH enzyme was
observed against the negative control. George et al>” used
Rubus extract and phthalocyanine structures together on
breast cancer cell lines. As a result, they observed apoptotic
cell death in cancer cells, and also decreased ATP proliferation
and increased LDH enzyme. George et al. stated that Annexin
V/PI results showed apoptosis-induced cell death by the PDT.
These values are given in Section 3.7. Data obtained as a result
of flow cytometry also showed a tendency toward apoptosis in
cancer cells after irradiation (Fig. 12). These results support
the data in our study.

4. Conclusions

In the present study, 3-(4-(3-oxobutyl)phenoxy)phthalonitrile
(1) and its non-peripheral Pc derivatives (2-7) were successfully

This journal is © The Royal Society of Chemistry 2022

prepared. The novel synthesized Pcs are not aggregated in solu-
tion media. The synthesized ZnPc (2), CuPc (3), and CoPc (4)
showed red-shifted bands in acidic pH values. In particular,
ZnPc (2) has a very high sensitivity to pH change when com-
pared to the other Pcs. A small change in pH causes severe
changes in the electronic spectrum of ZnPc (2). Therefore, it
has the potential to be used as a pH sensor. The electronic
spectra of MnPc (5), GaPc (6), and InPc (7) are not sensitive to
pH changes. Furthermore, the potential of ZnPc, GaPc and
InPc (2, 6 and 7) as photosensitizers in photodynamic therapy
was assessed on the basis of measuring various photochemical
and photophysical properties. The effects of the newly syn-
thesized ZnPc (2) and GaPc (6) on breast cancer cell lines by
photodynamic therapy were also investigated. The results show
that the ZnPc (2) and GaPc (6) structures were effective on the
MCF-7 cell line. By applying the examples in the aforemen-
tioned studies, it is predicted that these structures can be
made more easily accessible to the target cancer tissue by
applying different coating methods, and they have a high
potential to be used in breast cancer as an effective cancer
treatment method.
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