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This study reports the synthesis and characterization of two new mono- and di-substituted phthalonitriles
namely 4-((9H-carbazol-3-yl)oxy)-5-chlorophthalonitrile and 4,5-bis((9H-carbazol-3-yl)oxy)phthalo-
nitrile, respectively. Cyclotetramerization of the new phthalonitriles in the presence of zinc(i) acetate
resulted in related zinc(i) phthalocyanines. To study the effect of the position and number of substituents
on the biological properties of the phthalocyanines, peripherally or non-peripherally tetra-substituted
zinc() phthalocyanines bearing (9H-carbazol-3-yl)oxy groups, as well as axially di-substituted silicon
phthalocyanines containing the same groups, were prepared. Since gold nanoparticles are well-known as
efficient drug delivery agents, the surface of these metal nanoparticles was functionalized with all the
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compounds. This modification also improved the solubility of the phthalocyanines in aqueous media. In
this study, the antioxidant, DNA cleavage, and toxic/phototoxic activities of the resultant nanoconjugates
were examined. With a combination of metal ion and substituent (nature, number, and position) effects,

rsc.li/dalton the silicon(iv) phthalocyanine exhibited the highest biological properties.

Introduction

Carbazole is a nitrogen-containing tricyclic system that is well-
known as an essential structure of synthetic and natural bio-
logically active materials." Although these heterocyclic struc-
tures are similar to those of cyclic organic hydrocarbons, they
can exhibit different properties from their hydrocarbon
analogs. Generally, the identity, number, and location of
heteroatoms are vital factors that result in various physical and
biological features. There are a number of studies reporting
different biological properties of carbazoles. Antibacterial,
anti-cancer, antifungal, anti-HIV, anti-inflammatory, anti-pro-
tozoan, and hepatoprotective activities are biological character-
istics that have been examined for carbazole-based
compounds.”™® A wide range of synthetic drugs contain a car-
bazole-based nucleus as a pharmacophore system playing a
vital role in the binding of the drug to the target structure.
Due to the immense potential of the carbazole derivatives,
their therapeutic properties have attracted attention for the
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design of new efficient mitigated drugs in recent years.
Benzocarbazoles,” furo-carbazoles,® imidazocarbazoles,’ indo-
locarbazoles,'® oxazinocarbazoles, pyrido-carbazolequinone,'*
pyridocarbazoles,'* tetrahydrocarbazoles,'® and thiazolocarba-
zoles* are a number of carbazole derivatives that display high
medical activities.'”> Additionally, some studies have reported
the biological features of carbazole-containing metal
phthalocyanines.'®*®

Phthalocyanines are one of the common porphyrin analogs
that consist of an extensive two-dimensional n-system. High
electron transfers arising from their zw-conjugated structure
result in excellent biological, chemical, electronic, and optical
properties.'®?° However, the lack of sufficient solubility in
common organic or aqueous media resulting from strong
n-stacking interactions is an obstacle to their use in many
scientific and high-tech fields. The structural flexibility of the
phthalocyanine ring makes possible the insertion of metal
ions into the phthalocyanine center and/or the addition of
various substituents to the phthalocyanine ring.”’>® These
architectural changes decrease the intermolecular interactions
and improve solubility. The presence of metal cations and sub-
stituents alters the characteristic properties of phthalo-
cyanines, as well.>’7*° Phthalocyanines have also been used for
the modification of gold nanoparticles in recent years. Obaid
et al. modified the surface of gold nanoparticles with
1,1',4,4',8,8',15,15',18,18',22,22'-tetradecakisdecyl-25,25"-(11,11’
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dithiodiundecyl) diphthalocyanine zinc (C11Pc) and lectin
jacalin and investigated their photodynamic therapeutic
activity against HT-29 human colorectal adenocarcinoma cells.
The nanoconjugates exhibited higher activity upon irradiation
compared with unmodified gold nanoparticles.>* Stuchinskaya
et al. designed 4-component gold nanoparticles conjugated
with C11Pc and studied their potential as a photodynamic
cancer therapeutic drug for the treatment of breast cancer
cells. The resultant nanoconjugates attack selectively the
cancer lesions.*?

The optical properties of gold nanoparticles have exten-
sively attracted attention for many years since the increase in
the ratio of surface-to-volume results in unique characteristics
of nano-sized materials that are not introduced in their bulk
forms.>® Also, the inert and non-toxic nature, ease of size
control and surface modification, and monodispersity of gold
nanoparticles are essential factors for their potent utility as
suitable biological agents. These metallic nanoparticles have
been well-known as strong delivery candidates for various com-
pounds ranging from small molecules to large biomolecules in
the cells.>® The encapsulation or incorporation of therapeutic
compounds on gold nanoparticles can be carried out through
surface conjugation or surface adsorption.>® The surface of
gold nanoparticles has been modified with various com-
pounds consisting of peptides, polymers, phthalocyanines,
DNAs, and rhodamines.***” The conjugation of gold nano-
particles and phthalocyanines results in the combination of
their extraordinary properties which, in turn, can promise the
design of efficient nanoconjugates for scientific applications.
Phthalocyanines mostly link to the surface of gold nano-
particles through Au-N bonds,*® Au-S bonds,® or electrostatic
interactions.”® They assemble on the surface of gold nano-
particles and form a monolayer.*!

Some biochemicals (enzymes, metalloproteins, metals, and
microorganisms) and physical parameters (heat and light) play
a vital role in lipid oxidation that, in turn, deteriorates food
quality.*> Additionally, lipids are normally oxidized in living
cells during aerobic metabolisms. However, the occurrence of
lipid oxidation in the presence of unsaturated fatty acids irre-
versibly results in cellular damage.*® Autoxidation, enzymatic
oxidation, thermal oxidation, and photooxidation of lipids
include some reactive intermediate species such as free rad-
icals. Therefore, the inactivation of these species significantly
prevents oxidative deterioration in biological systems and
foods.* Antioxidants inhibit oxidation processes, promote the
efficiency of nutritional drugs (dietary supplements and nutra-
ceuticals), and lead to food preservation and good body
health.”*® Gold is a diamagnetic metal in the block state;
however, gold nanoparticles exhibit ferromagnetic spin polar-
ization since the electronic structure of the metal can change
by decreasing the particle size. In the literature, some studies
report the antioxidant activities of gold nanoparticles against
hydroxyl radicals.”” On the other hand, metal phthalocyanines
display high antioxidant activities against different microor-
ganisms.*® Therefore, the modification of the surface of gold
nanoparticles with metal phthalocyanines can improve their
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individual properties. The antioxidant properties of phthalo-
cyanine-gold nanoconjugates have been included in our pre-
vious studies for the first time.**>°

The interaction of compounds with DNA molecules is
mostly studied to examine the potent activities of new drugs
and biological systems that can be utilized for cancer treat-
ments.>’ Cancer is an uncontrolled expansion of cells that
leads to remarkable human deaths all over the world.
Therefore, the prevention of cell division depending on their
DNA replication is an efficient way to control or fight cancer.
The linkages of organic or inorganic compounds to DNA mole-
cules can lead to the breaking of DNAs which is responsible
for the transfer of the codes of disorders.>® Organic/inorganic
compounds can interact covalently or non-covalently with DNA
molecules. The compounds non-covalently interacting with
DNAs link to these molecules through electrostatic inter-
actions, minor groove binding, or intercalation.>”*® Although
gold nanoparticles do not exhibit any interactions with DNAs,
modification of their surface with suitable compounds can
improve their interactions. Our group has studied the DNA
interaction of phthalocyanine-gold nanoconjugates for the
first time.**>°

This study aims to design efficient biochemical antioxi-
dants and anticancer agents. Carbazole is a potent antineo-
plastic compound exhibiting high biological activities as well
as gold nanoparticles and phthalocyanines. On the other
hand, the number and position of substituents can affect the
chemical and biological properties of phthalocyanines. Hence,
a series of peripherally/non-peripherally tetra-, peripherally
octa-, and axially substituted metal phthalocyanines bearing
chlorine and/or carbazole groups were prepared and character-
ized. To combine the biological features of carbazole, phthalo-
cyanine, and gold nanoparticles, the resultant carbazole-con-
taining metal phthalocyanines were used for the modification
of the gold nanoparticle surface for the first time. The singlet
oxygen production capacity of the nanoconjugates was evalu-
ated. Also, their DNA cleavage, antioxidant, and cytotoxic pro-
perties were investigated using the agarose gel, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), and 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assays.

Results and discussion
Synthesis

Compounds 1, 2, Pe1, and Pc2 were synthesized as described
in ref. 57 and 58 with some modifications (Scheme 1). New
phthalonitrile derivatives 3 and 4 were prepared by using the
combination of 9H-carbazol-3-ol and 4,5-dichlorophthalo-
nitrile through the nucleophilic substitution reaction
(Scheme 2). Characterization of the resultant compounds was
carried out by performing '"H NMR, *C NMR, and FT-IR spec-
troscopy. In the "H NMR spectra of compounds 3 and 4, the
respective protons of amine appeared at 11.42 and 11.43 ppm
as singlets assigned to 1H and 2H. The respective phthalo-
nitrile aromatic protons of compound 3 were observed at 8.56

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 The synthetic procedures for compounds (1, 2, Pcl and
Pc2). (i) K,COs and dimethylformamide (DMF); (i) Zn(CH3zCOO), and
DMAE.

and 7.61 ppm as singlets corresponding to Ar-H-O and Ar-H-
Cl, whereas those of compound 4 were observed at 8.57 ppm
as a singlet assigned to 2H. In the '"H NMR spectra of com-
pounds 3 and 4, the carbazole aromatic protons appeared
between 8.22 and 6.95 ppm. In the >C NMR spectra, the
carbon signals of compound 3 appeared between 158.03 and
102.87 ppm whereas those of compound 4 were observed
between 158.03 and 102.90 ppm. The carbon signals of the
nitrile groups of compounds 3 and 4 appeared at
115.51-115.40 and 115.38 ppm, respectively. In the FT-IR spec-
trum of compound 3, the bands appeared at 3406, 3078, 2238,
and 1120 cm™" corresponded to N-H, aromatic C-H, nitrile,
and C-O-C vibrations, respectively. In the FT-IR spectrum of
compound 4, the N-H, aromatic C-H, nitrile, and C-O-C
vibrations were observed at 3394, 3055, 2236, and 1118 cm™?,
respectively.

The cyclotetramerization of compounds 3 and 4 resulted in
macromolecules Pc3 and Pc4 in the presence of zinc acetate
(Scheme 2). Besides, 9H-carbazol-3-ol was replaced with chlor-
ine atoms of silicon(iv) phthalocyanine dichloride (Pc5) in the
presence of NaH as a strong base which resulted in the for-
mation of macromolecule Pc6 (Scheme 3). The newly syn-
thesized compounds were characterized using a number of

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 The synthetic procedures for compounds (3, 4, Pc3 and
Pc4). (i) and (ii) are identical: K,CO3 and dimethyl sulfoxide (DMSO); (iii)
Zn(CH3COO0), and N,N-dimethylaminoethanol (DMAE).

PcS Pe6

Scheme 3 The synthetic procedures for compound Pc6, (i) NaH and
toluene.

diverse spectroscopic methods such as 'H NMR, mass, and
FT-IR spectroscopy. In the related "H NMR spectra, the N-H
signals of compound Pe3 appeared between 11.39 and
11.17 ppm as multiplets whereas those of macromolecules Pc4
and Pc6 were observed at 11.40 and 11.91 ppm as singlets. In
the FT-IR spectra of the newly synthesized phthalocyanines,

Dalton Trans., 2023, 52, 7009-7020 | 7011
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the cyclotetramerization of the related phthalonitrile deriva-
tives led to the disappearance of the nitrile bands. Also, the
N-H vibrations appeared at around 3400 cm ™" whereas the aro-
matic C-H bands were observed between 3051 and 3063 cm™".
The respective C-O-C vibrations of macromolecules Pe3 and
Pc4 were observed at 1119 and 1116 cm™". In the MALDI-TOF
spectra of macromolecules Pc3, Pc4, and Pc6, the molecular
ion peaks appeared at 1436.65, 2074.52, and 558.16 m/z and
were assigned to [M — 4H]', [M + 2Na + H]", and [M + CHCA +
HJ*", respectively. All the obtained data were in accordance
with the target structures. The UV-vis spectra of macro-
molecules (Pc1-6) were recorded in DMSO at room tempera-
ture. The data of the electronic absorption spectra of Pc1-6
and Au-Pc1-6 are summarized in Table 1. The conjugation of
the compounds (Pc1-6) to the gold nanoparticles’ surface led
to the blue-shift of their electronic absorption spectra.

The transmission electron microscopic technique was
applied for the characterization of the gold nanoparticles
(AuNPs) and nanoconjugates (Au-Pc1-6). The TEM analysis was

Table 1 The data of the electronic absorption spectra of Pc1-6 and Au-
Pc1-6

Compound Amax Of B-band/nm (log ) Amax Of Q-band/nm (log ¢)
Pcl 328 (4.41) 702 (4.92)
Pc2 334 (4.49) 684 (4.87)
Pc3 332 (4.64) 685 (4.94)
Pc4 329 (4.90) 685 (4.76)
Pc5 330 (4.61) 676 (4.94)
Pc6 327 (5.00) 682 (4.64)
Au-Pcl 332 (4.36) 700 (5.02)
Au-Pc2 331 (4.61) 682 (4.92)
Au-Pc3 330 (4.66) 683 (4.99)
Au-Pc4 326 (5.00) 682 (4.82)
Au-Pc5 328 (4.65) 672 (4.92)
Au-Pc6 324 (5.02) 680 (4.80)
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carried out at the Middle East Technical University and the
related images are illustrated in Fig. 1. Fig. 1a demonstrates
well-dispersed spherical gold nanoparticles. The conjugation
of the gold nanoparticles with the compounds (Pc1-6) resulted
in aggregation and a considerable decrease in the distance
between the spherical particles (Fig. 1b-g). The size of unmo-
dified gold nanoparticles was found to be approximately
15 nm and enhanced by functionalization of the surface with
the phthalocyanines owing to H-aggregates originating from
the n-n interaction between the modified phthalocyanines.>®°
Additionally, the agglomeration of gold nanoparticles conju-
gated to the phthalocyanines led to the approach/association
of the particles. The modified gold nanoparticles were deter-
mined to be between 20 and 23 nm in size.

Singlet oxygen quantum yield (@,)

Generally, the singlet oxygen production capacity of a photo-
sensitizing agent is evaluated to measure its potent utility for
photodynamic therapeutic applications.®® In this study, the
singlet oxygen quantum yields of the nanoconjugates (Au-Pc1-
6) were determined in DMSO using the phosphorescence
signal of singlet oxygen at 1270 nm.** The results are summar-
ized in Table 2. The highest value was obtained for nanoconju-
gate Au-Pc6. Although the singlet oxygen quantum yields of
the nanoconjugates (Au-Pc4 and Au-Pc5) were found to be
lower than the standard (ZnPc; ¢, = 0.67 in DMSO), their
singlet oxygen quantum yields were sufficient for photo-
dynamic therapy compared with the literature.*"** Therefore,
all the nanoconjugates can be used as efficient photosensitizers
for photodynamic therapy (PDT) after further investigations.

Antioxidant properties

The 2,2-diphenyl-1-picrylhydrazyl scavenging activities of the
nanoconjugates (Au-Pc1-6) were studied using trolox as the

50 nm

Fig. 1 TEM images of nanoconjugates. (a) AuNPs; (b) Au-Pcl; (c) Au-Pc2; (d) Au-Pc3; (e) Au-Pc4; (f) Au-Pc5; (g) Au-Pc6.
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Table 2 The singlet oxygen quantum yields of nanoconjugates (Au-
Pc1-6)

Nanoconjugate Singlet oxygen quantum yield (¢,)
Au-Pc1 0.75
Au-Pc2 0.81
Au-Pc3 0.85
Au-Pc4 0.54
Au-Pc5 0.40
Au-Pc6 0.92

representative standard (SCs, = 0.001 + 0.000 mg mL™")
(Fig. 2). The determined SCs, values are summarized in
Table 3. The SCs, values of the nanoconjugates ranged from
0.003 = 0.000 to 0.078 + 0.016 mg mL™". Although all the nano-
conjugates exhibited high DPPH radical scavenging activities,
the highest activity was obtained for nanoconjugate Au-Pc6
(SCso = 0.003 + 0.000 mg mL™") and its SCs, value was so
closer to that of Trolox. However, the lowest scavenging activity
was obtained for nanoconjugate Au-Pcl (SCso = 0.078 *
0.016 mg mL™"). As a result, the presence of carbazole groups
in peripheral positions improved the antioxidant activities of
the phthalocyanines compared to the presence of the same
groups in non-peripheral positions. Also, an increase in the
number of substituents was followed by the refinement of the
antioxidant activities. The presence of chlorine atoms on the

Fig. 2 The general antioxidant activity of nanoconjugates (Au-Pc1-6).

Table 3 DPPH radical scavenging activities of nanoconjugates (Au-
Pc1-6)

Nanoconjugate DPPH method (SCs, value, mg mL™")
Au-Pc1 0.078 £ 0.016
Au-Pc2 0.034 + 0.011
Au-Pc3 0.046 + 0.008
Au-Pc4 0.028 = 0.005
Au-Pc5 0.015 + 0.003
Au-Pc6 0.003 = 0.000
Trolox 0.001 + 0.000

This journal is © The Royal Society of Chemistry 2023
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periphery of the phthalocyanine ring weakened its activity.
There are some similar studies in the literature. Alici et al
studied the antioxidant properties of non-peripherally and per-
ipherally substituted metal-free, zinc, and cobalt phthalo-
cyanines bearing 4-methoxy-phenoxy groups. The non-peripher-
ally- substituted zinc phthalocyanine did not exhibit anti-
oxidant properties whereas its peripherally-substituted analog
exhibited high activity.** Salehi and Karimi examined the anti-
oxidant properties of the newly synthesized metal phthalocya-
nines [M: Co(u), Cu(u), Zn(u), Mn(u)] bearing eight peripheral
2,6-di-tert-buthyl-phenol groups. All the nanoconjugates
exhibited good activities.®> Celik et al. synthesized new sym-
metric and unsymmetric axially di-substituted silicon phthalo-
cyanines and examined their antioxidant properties.
Symmetric silicon phthalocyanines bearing diclofenac groups
in the axial positions displayed higher antioxidant activity.®®
Compared with the literature, the nanoconjugates (Au-Pc1-6)
exhibited high antioxidant activities and can be used as suit-
able antioxidants after further investigations.

DNA cleavage studies

The DNA cleavage properties of the nanoconjugates (Au-Pc1-6)
and gold nanoparticles (AuNPs) were evaluated using an
agarose gel method. The obtained results are demonstrated in
Fig. 3. All the nanoconjugates cleaved the DNA molecules and
led to the formation of Form II at the studied concentrations.
Nanoconjugate Au-Pc5 exhibited higher DNA cleavage activities
since it resulted in the formation of Form III at all the studied
concentrations. The DNA converted to Form III in the presence
of 5 mg mL™" nanoconjugate Au-Pc6 whereas it formed Form
III in the presence of 2.5 mg mL™" nanoconjugates (Pcl, Pc2,
and Pc4). The DNA cleavage activity of the non-peripherally
tetra-substituted zinc phthalocyanine was approximately
similar to the DNA cleavage activities of the peripherally tetra-
and octa-substituted analogs. However, these activities were
weaker than those of the axially di-substituted silicon(iv)
phthalocyanines. Therefore, the presence of the ligands at the
axial positions improved the DNA cleavage. Additionally, the
carbazole group was more effective than the chlorine atom.
Gold nanoparticles (AuNPs) did not exhibit any DNA cleavage
activity.”” As a result, the modification of the gold nano-
particles’ surface with the compounds (Pc1-6) improved their
DNA cleavage activities. Some similar studies have been
reported in the literature. Barut et al. prepared tetra-substi-
tuted zinc(u) phthalocyanines bearing 2-(piperidin-1-yl)
phenoxy groups at peripheral or non-peripheral positions. The
peripherally tetra-substituted zinc(u) phthalocyanine exhibited
better DNA cleavage activity than its non-peripheral analogs.®®
Celik et al. synthesized a series of axially symmetric and di-
substituted silicon(iv) phthalocyanines bearing meloxicam, tri-
ethylene glycol monomethyl ether, or diclofenac units. The
silicon(iv) phthalocyanine containing different ligands at the
axial positions led to the conversion of Form I to Form III at
the studied concentrations. Compared to the literature, all the
studied nanoconjugates exhibited acceptable DNA cleavage
activities.®®

Dalton Trans., 2023, 52, 7009-7020 | 7013



Paper

Fig. 3

Dalton Transactions

(b)

1 2 345 67 89 101112

Form Il
Form Il
Form |

(a) The general DNA cleavage activity of nanoconjugates (Au-Pc1-6); (b) DNA cleavage activity of nanoconjugates (Au-Pc1-6) after 24 hours

of incubation. Lane (1) pBR 322DNA + 5 mg mL™ of Au-Pc1 + ddw. Lane (2) pBR 322DNA + 2.5mg mL™* of Au-Pc1 + ddw. Lane (3) pBR 322DNA +
5mg mL™! of Au-Pc2 + ddw. Lane (4) pBR 322DNA + 2.5 mg mL™! of Au-Pc2 + ddw. Lane (5) pBR 322DNA + 5 mg mL™! of Au-Pc3 + ddw. Lane (6)
PBR 322DNA + 2.5 mg mL™ of Au-Pc3 + ddw. Lane (7) pBR 322DNA + 5 mg mL™* of Au-Pc4 + ddw. Lane (8) pBR 322DNA + 2.5 mg mL™* of Au-Pc4
+ ddw. Lane (9) pBR322DNA + 5 mg mL™* of Au-Pc5 + ddw. Lane (10) pBR322DNA + 2.5 mg mL™* of Au-Pc5 + ddw. Lane(11) pBR322DNA + 5 mg
mL™ of Au-Pc6 + ddw. Lane (12) pBR322DNA + 2.5 mg mL™! of Au-Pc6 + ddw.

Cell culture

In this study, the DLD-1 and HepG2 cell lines were cultured
without any contamination. The control group cells main-
tained the original morphology during culture; however, the
incubation of the cells with the nanoconjugates (Au-Pc1-6) led
to the shrinkage of the structure and an abnormal morphology

(Fig. 4).
MTT assay

The cytotoxic activities of the nanoconjugates (Au-Pc1-6)
against the studied cell lines were examined using in vitro
MTT assays (Fig. 4). The obtained results are listed in Tables 4
and 5. The proliferative activities of the nanoconjugates (Au-
Pc1-6) were tested against two human cancer cell lines (DLD-1
and HepG2). The cell lines were incubated with different con-
centrations of the nanoconjugates (Au-Pc1-6) for 24 hours
under normal and white light irradiation. Cisplatin was used
as a positive control. The obtained results confirmed that all
the nanoconjugates exhibited a negative effect on cell prolifer-
ation in a dose-dependent manner. Nanoconjugate Au-Pc6 dis-
played the highest activity against the DLD-1 cell line under
white lamp irradiation (ICs, = 11.87 uM). Also, the lowest ICs,
of 25 pM was obtained against the HepG2 cell line for nano-
conjugate Au-Pc6 in the dark and under white irradiation. The
cytotoxic results of the nanoconjugates (Au-Pc1-6) are demon-
strated in Fig. 5 and 6.

DLD-1

Fig. 5 shows cell proliferation (%) at different concentrations
of the nanoconjugates (Au-Pc1-6) with and without white lamp
irradiation on the DLD-1 cell line. The calculated ICs, values
are listed in Table 4. As the concentration of the nanoconju-
gates (Au-Pc1-6) increased, the cell proliferation decreased.
Compared to Cisplatin, 200 pM nanoconjugates Au-Pc5 and
Au-Pc6 exhibited statistically different behavior in the dark
(PAu-Pc5-CisPt = 0.02; PAuPc6-CisPt = 0.01) and under white
light irradiation (PAuPc5-CisPt = 0.00; PAuPc6-CisPt = 0.02).

7014 | Dalton Trans., 2023, 52, 7009-7020

Moreover, there were statistical differences between the dark
and the white light irradiation groups for Au-Pc2 (P25 pM =
0.01 and P12.5 uM = 0.03), Au-Pe3 (P12.5uM = 0.04), and Au-
Pc5 (P200 pM = 0.05 and P25 pM = 0.02). Ozdemir et al. pre-
pared tetra-substituted zinc(u) and indium(i) chloride phthalo-
cyanines bearing bis(trimethylsilyl)amine units at peripheral
and non-peripheral positions. Their apoptotic, cytotoxic, and
genotoxic activities against colon cancer (LoVo cell lines) were
investigated. The non-peripherally substituted zinc phthalo-
cyanine displayed the highest apoptotic, cytotoxic, and geno-
toxic effects on the LoVo cell lines.®® Nkune et al. studied the
photosensitizing properties of zinc phthalocyanine tetrasulfo-
nic acid and its gold nanoconjugates using colorectal cancer
(CRC) cells. All the compounds especially the nanoconjugates
exhibited high activity.”® In our previous study, the effect of
the axial ligand length on the cytotoxicity/photocytotoxicity of
the silicon(wv) phthalocyanines against DLD-1 cell lines was
examined. Although the compounds displayed high activities
with/without irradiation, the highest activity was obtained for
the compound containing the longest axial length.”*

HepG2

The changes in cell proliferation of the HepG2 cell line in the
presence of different concentrations of the nanoconjugates
(Au-Pc1-6) in the dark and under white lamp irradiation are
portrayed in Fig. 6. The IC5, values are summarized in Table 5.
The increase in the concentration of the nanoconjugates was
followed by a decrease in the cell proliferation. Compared to
Cisplatin, nanoconjugate Au-Pc6 had a statistically different
effect on the darkness group (PAu-Pc6-CisPt = 0.00) at 200 pM
and 100 pM. However, nanoconjugates Au-Pc5 and Au-Pc6
exhibited statistically different properties (PAu-Pc5-CisPt =
0.00; PAu-Pc6-CisPt = 0.03) for the white light irradiation group
at 200 uM concentration. Besides, there was a statistical differ-
ence between the dark and the white light irradiation groups
in the presence of nanoconjugates Au-Pc3 (P100 uM = 0.05),
Au-Pc5 (P12.5 uM = 0.00), and Au-Pc6 (P200 pM = 0.01 and

This journal is © The Royal Society of Chemistry 2023



Dalton Transactions

(a) (b)

1 cancer agents

. AuNPs

| --

Healthy organ

Paper

Fig. 4

(a) The general anticancer activity of nanoconjugates (Au-Pc1-6); (b) the microphotographs of the DLD-1 cells. Cell morphological character

with 100 pM of each compound and control groups, for 24 hours, under inverted microscopy x10; (c) the microphotographs of the HepG2 cells.
Cell morphological character with 100 pM of each compound and control groups, for 24 hours, under inverted microscopy x10.

Table 4 ICsp values of nanoconjugates (Au-Pcl-6) on the DLD-1 cell Table 5 ICsq values of nanoconjugates (Au-Pc1-6) on the HepG2 cell
line line
IC5 values (uM) ICs, values (uM)
Darkness group Photodynamic therapy group Darkness group Photodynamic therapy group
Nanoconjugate  (without irradiation)  (white lamp irradiation) Nanoconjugate  (without irradiation)  (white lamp irradiation)
Au-Pc1 228.61 200 Au-Pcl 106.66 100
Au-Pc2 200 108.23 Au-Pc2 50 43.841
Au-Pc3 2371 106.75 Au-Pc3 180.48 53.264
Au-Pc4 240.63 233.48 Au-Pc4 219.88 100
Au-Pc5 58.682 25 Au-Pc5 45.952 50
Au-Pc6 47.227 12.5 Au-Pc6 25 96.155
AuNPs 248.49 81.513 AuNPs 100 100
Cisplatin 12.59 12.54 Cisplatin 10.82 10.63

P100 pM = 0.01). Zhou et al. synthesized four mono-substi-
tuted zinc(u) phthalocyanines bearing coumarin units at peri-
pheral or non-peripheral positions and examined their cyto-
toxic/photocytotoxic activities against HepG2. Although all the
compounds exhibited higher activities, non-peripherally sub-
stituted zinc phthalocyanines mostly displayed better activi-
ties.”> Sowa et al. prepared quaternized peripherally tetra- and
octa-substituted zinc(u) phthalocyanines containing haloge-

This journal is © The Royal Society of Chemistry 2023

nated 7-hydroxycoumarin(umbelliferone) units and studied
their phototoxic effects on HepG2 cells. An increase in the
number of substituents led to higher phototoxicity.”® Lo et al.
synthesized some symmetric and unsymmetric axially di-sub-
stituted silicon(iv) phthalocyanines bearing 1,3-bis(dimethyl-
amino) 2-propoxy group(s) and investigated their anticancer
potency. All the compounds especially unsymmetric phthalo-
cyanines exhibited high activities against HepG2.”*
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cyanine dichloride (Pec-5) was obtained from Sigma Aldrich
company.

Experimental
Materials

All the chemicals and solvents were purchased from commer- Synthesis
cial suppliers. They were of reagent-grade quality and con- 3-(9H-Carbazol-2-yloxy)-phthalonitrile (1), 4-(9H-carbazol-2-
sumed without any further purification. Silicon(v) phthalo-  yloxy)-phthalonitrile (2) and their zinc phthalocyanine deriva-

7016 | Dalton Trans., 2023, 52, 7009-7020 This journal is © The Royal Society of Chemistry 2023
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tives (Pc1 and Pc2) were synthesized as described in the litera-
ture with some modifications.’”*®

General procedure for the synthesis of compounds (3 and 4)

4,5-dichlorophthalonitrile (1.00 g, 5.08 mmol) and 9H-carba-
zol-3-ol {(3: 0.930 g, 5.08 mmol); (4: 1.860 g, 10.16 mmol)}
were dissolved in DMSO (15 mL). K,CO; (3.51 g, 25.38 mmol)
was added as the base catalyst. The reaction content was
stirred for 48 hours under an inert atmosphere. The content
was treated with the ice: water mixture (100 mL) and stirred for
1 hour. The pure product was recrystallized from ethanol.
4-((9H-Carbazol-3-yl)oxy)-5-chlorophthalonitrile (3). Yield:
1.05 g (60%). FT-IR: cm™' 3406 (N-H), 3079 (Ar-H), 2238
(C=N), 1120 (C-O-C). '"H NMR (500 MHz, ds-DMSO): 6/ppm
11.42 (s, 1H), 8.56 (s,1H), 8.22-8.19 (d,1H), 8.15-8.12 (d,1H),
7.61 (s, 1H), 7.51-7.49 (d, 1H), 7.40-7.36 (t, 1H), 7.19-7.16 (t,
1H), 7.19-7.16 (t, 1H), 6.98-6.95 (d,1H). **C NMR (500 MHz,
de-DMSO): §/ppm 158.03, 152.36, 140.99, 140.84, 136.53,
136.53, 128.97, 126.08, 122.52, 122.45, 121.02, 120.63, 119.52,
115.68, 115.51, 115.40, 111.53, 111.33, 109.73, 102.87.
4,5-Bis((9H-carbazol-3-yl)oxy)phthalonitrile (4). Yield: 1.70 g
(68%). FT-IR: em™' 3394 (N-H), 3055 (Ar-H), 2236 (C=N),
1118 (C-O-C). 'H NMR (500 MHz, d,-DMSO): §/ppm 11.43 (s,
2H), 8.57 (s, 2H), 8.22-8.20 (d, 2H),8.14-8.12 (d, 2H), 7.62 (s,
2H), 7.50-7.48 (d, 2H), 7.40-7.37 (t, 2H), 7.20-7.16 (t, 2H),
6.98-6.95 (d, 2H). C NMR (500 MHz, ds-DMSO): §/ppm
158.03, 152.34, 141.02, 136.50, 128.96, 126.07, 122.45, 122.42,
121.03, 120.61, 119.51, 115.66, 115.38, 111.55, 109.70, 102.90.

General procedures for the synthesis of zinc phthalocyanine
derivatives (Pc3 and Pc-4)

4-((9H-carbazol-3-yl)oxy)-5-chlorophthalonitrile ~ (100  mg,
0.291 mmol) or 4,5-bis((9H-carbazol-3-yl)oxy)phthalonitrile
(100 mg, mmol) and Zn (CH3COO), {Pc-3: (13 mg,
0.072 mmol); Pc-4: (9 mg, 0.050 mmol)} were dissolved in
DMAE (1.5 mL). The reaction content was stirred at reflux
temperature for 24 hours under a nitrogen atmosphere. The
content was poured into the ice: water mixture (20 mL) and fil-
tered off. The precipitate was washed with hot n-hexane several
times and dried in a vacuum oven. The product was purified
by applying a column chromatographic technique on silica gel.
An n-hexane : THF (4 : 1) mixture was used as the eluent.

Compound Pc-3. Yield: 0.055 g (52.50%), mp > 250 °C.
FT-IR: cm™" 3423 (N-H), 3051 (Ar-H), 1119 (C-O-C). 'H NMR
(500 MHz, de-DMSO): §/ppm 11.39-11.17 (m, 4H), 8.98-7.91
(m, 24H), 7.49-7.35 (m, 12H). MS m/z caled for [M]" 1440.46
found 1436.65 [M-4H]". UV-vis (DMSO): Aya/nm™" (log €) 332
(4.64), 685 (4.94).

Compound Pc-4. Yield: 0.060 g (58%), mp > 250 °C. FT-IR:
em™' 3432 (N-H), 3055 (Ar-H), 1116 (C-O-C). 'H NMR
(500 MHz, ds-DMSO): §/ppm 11.40 (s, 8H), 8.22-8.20 (d, 4H),
8.15-8.11 (m, 12H), 8.08 (s, 4H), 7.50-7.49 (d, 4H), 7.40-7.36 (t,
8H), 7.27-7.24 (m, 8H), 7.20-7.13 (m, 12H), 7.09 (s, 4H),
6.99-6.95 (d, 8H). MS m/z caled for [M]" 2027.47 found 2074.52
[M + 2Na + HJ". UV-vis (DMSO): Ana/nm ™" (loge) 329 (4.90),
685 (4.76).

This journal is © The Royal Society of Chemistry 2023
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Synthesis procedure for compound Pc-6

Silicon(iv) phthalocyanine dichloride (0.100 g, 0.163 mmol)
and 2-hydroxycarbazole (0. 060 g, 0.327 mmol) were dissolved
in toluene (3 mL, as a solvent). After the addition of sodium
hydride (0.020 g, 0.818 mmol), the reaction content was stirred
at 130 °C for 48 hours under an inert atmosphere. The solvent
was evaporated. The content was washed several times with
water and then hot n-hexane. The pure product was obtained
by performing column chromatography on basic alumina as
the stationary phase and THF as the mobile phase. Yield:
0.111 g (75%), mp > 250 °C. FT-IR: cm ™" 3416 (N-H), 3063 (Ar-
H). 'H NMR (500 MHz, d-DMSO): §/ppm 10.91 (s, 2H),
9.69-9.65 (m, 2H), 8.97-8.93 (m, 8H), 8.50-8.47 (m, 8H),
7.91-7.89 (d, 2H), 7.84-7.81 (d, 2H), 7.36-7.32 (d, 2H),
7.23-7.19 (t, 2H), 7.07-7.02 (t, 2H), 6.86 (s, 2H). MS m/z caled
for [M]" 905.03 found 558.16 [M + CHCA + HJ*". UV-vis
(DMSO): Amay/ nm™" (log €) 327 (5.00), 682 (4.64).

Preparation of nanoconjugates (Au-Pc-1-6)

Gold nanoparticles®® and the phthalocyanine-modified gold
nanoparticles were prepared according to the procedures that
have been extensively explained in the literature.””*>>°

Singlet oxygen quantum yield

The singlet oxygen generation capacity of the nanoconjugates
(Au-Pc1-6) was investigated in DMSO by studying the phos-
phorescence of singlet oxygen. The spectra were recorded on a
Horiba-Jobin-Yvon Fluorimeter with a Hama-matsu NIR PMT
5509.°% The singlet oxygen quantum yields were determined
using the below equation:

pA = Q)A(Std) ((pA X A(Std)/q’A(Std) X A)

where ¢, (std) is the singlet oxygen quantum yield of unsubsti-
tuted zinc(u) phthalocyanine (ZnPc; ¢, = 0.67 in DMSO). ¢, is
the area under the curve of the peak of singlet oxygen at
1270 nm and A is the related absorbance.

Biological studies
DPPH radical scavenging assay

DPPH radical scavenging activities of the nanoconjugates
(Au-Pc-1-6) were investigated according to the method exten-
sively described in Ref. 75. Trolox was utilized as the stan-
dard. 0.15 mL of DPPH (0.1 mM in methanol) was added to
0.15 mL of the prepared nanoconjugate solution (in DMSO).
The solution was kept in the dark for 50 min. The absor-
bance change was studied at 517 nm using a UV-visible
spectrophotometer (Spectra max-384, USA). All the determi-
nations were carried out three times. SCs, (mg compound
per mL) is the concentration of the samples which causes
50% scavenging of the DPPH radical. This value was used
for the expression of the radical scavenging activities of the
nanoconjugates.
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Cell culture and MTT assay

The anticancer activities of nanoconjugates (Au-Pc-1-6) against
DLD-1 (human colon adenocarcinoma cell line) and HepG2
(hepatocellular carcinoma cell line) were examined in this
study. Cells were cultured in high glucose DMEM sup-
plemented with 10% FBS, 1% penicillin-streptomycin, and 1%
L-glutamine. Then, the cells were maintained at 37 °C in a 5%
CO, humidified incubator. The cells were cultured in 75 cm?
flasks. As the cells reached 80% confluence, they were seeded
in 96 well plates as 5 x 10° cells per well.

Different concentrations of the nanoconjugates ranging
from 12.5 to 200 uM were exposed to three cell lines in tripli-
cate wells. Cisplatin was used as a positive control whereas the
non-treated cells were utilized as a control group. Then, the
plates were divided into two groups. The darkness group was
maintained under normal culture conditions; however, the
white light group was incubated for 1 hour under normal con-
ditions and then exposed to white light (3000 1x) for 2 hours.
The distance between the plate surface and the light source
was 4 cm. Furthermore, the plates were kept under normal
incubation conditions for 24 hours. The MTT solution (0.5 mg
mL~" in DPBS) was added to the wells. After 3 hours, the wells’
contents were extracted and 100 uL of DMSO was added to dis-
solve formazan crystals. The plates were monitored between
560 and 750 nm using an ELISA reader (Glomax, Promega,
USA). The half-maximal inhibitory concentration (ICs,) was
calculated by applying the obtained optical density (OD)
values. Statistical evaluation was carried out by performing a
T-Test.

Conclusions

In this study, two new phthalonitriles and their zinc(n)
phthalocyanines were synthesized and characterized. Also,
their non-peripherally tetra-substituted and peripherally tetra-
substituted zinc(u) phthalocyanines were prepared along with
axially di-substituted silicon(iv) phthalocyanine to compare the
influence of the metal ions and phthalocyanine periphery on
the biological features of carbazole-containing phthalo-
cyanines. All the nanoconjugates exhibited acceptable singlet
oxygen generation abilities for photodynamic therapy. The
presence of carbazole groups at the axial positions of the
silicon(wv) phthalocyanine led to the higher efficiency of singlet
oxygen production. Although the antioxidant activities of the
phthalocyanines were significantly affected by the position
and number of substituents, their DNA cleavage activities were
almost assigned to the positions of the ligands. The in vitro
cytotoxic properties of the newly synthesized phthalocyanine-
gold nanoconjugates were examined against DLD-1 and
HepG2 cell lines by applying an MTT assay. The obtained
results indicated that all the nanoconjugates exhibited cyto-
toxic and phototoxic activities against the studied cell lines.
Nanoconjugates Au-Pc2, Au-Pc3, Au-Pc5, and Au-Pc6 displayed
statistically different phototoxic effects under white light
irradiation compared to those in the dark. The cytotoxic and

7018 | Dalton Trans., 2023, 52, 7009-7020
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phototoxic features of the nanoconjugates were affected by the
irradiation time (48 and 72 hours) and a power source. Since
all the studied nanoconjugates displayed high cytotoxic and
phototoxic effects, they can be utilized as chemotherapeutical/
photodynamic agents after further investigations. The highest
IC5, values were obtained for nanoconjugate Au-Pcé6.
Particularly, this nanoconjugate exhibited high activity the
same as that of Cisplatin against the human cancer cell line
(DLD-1).
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