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ARTICLE INFO ABSTRACT

The interest in research to enhance the ability of sensitizers to generate singlet
Keywords: oxygen using light and/or ultrasound in cancer treatment has increased significantly
Sensitizer in recent years, and studies have attracted considerable interest. In addition,
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phthalocyanines (Pcs) have become increasingly important as sensitizers in
photodynamic therapy (PDT) (stimulation source: light) and/or sonodynamic therapy
(SDT) (stimulation source: light and ultrasound). Sonophotodynamic therapy
(SPDT), a new technique that gives more effective results than PDT, is now gaining
in importance. Although there are published articles on SPDT studies, studies in this
field are limited. In this context, we synthesized a zinc(ll) phthalocyanine molecule
bearing 4-(pyridine-4-ylthio) substituents to determine its potential as a sensitizer in
SPDT applications as well as PDT applications, and the structure of the synthesized
complex was illuminated using FTIR,1H-NMR, UV-Vis, and MS spectroscopic
techniques. When light and ultrasound were combined, the calculated ®A value for
zinc (I1) phthalocyanine (3) increased to greater than 1, even though it was 0.76 after
light excitation. When evaluating the two methods, it was observed that singlet
oxygen production was greatly enhanced by the SPDT method. In this way, the
research will add to the enhancement of knowledge on the subject of the SPDT
method's enhancement of singlet oxygen generation.

1. Introduction

Cancer is a complex disease that requires careful
consideration of treatment options.
Chemotherapy, radiotherapy, and
immunotherapy available for cancer, as various
traditional treatment methods have been
developed and studied to determine their
effectiveness in combating different types of
cancer. These methods often do not provide
sufficient benefit due to the invasive and
damaging nature of cancer cells. The most
difficult process in cancer treatment is the harm
to both healthy and malignant cells during the
treatment phase. To overcome this issue,
researchers have turned to two new therapy
approaches in recent years: PDT and SDT, which
are novel, non-invasive, and regionally selective

treatment methods that could be used to treat
cancer [1, 2].

PDT and SDT are based on the principle that
when a sensitizer is irradiated with a stimulant, it
excites the sensitizer and generates reactive
oxygen species (ROS). Ultimately, this cause
irreversible damage to tumour cells [3]. The
difference between these two methods is the
energy source used to activate the sensitiser. PDT
uses a specific wavelength of light to stimulate
the sensitiser that accumulates in the tumour
cells, while SDT uses ultrasound at low intensity
and frequency [4-6]. The limited light and low
penetration into the tumor tissue is an important
disadvantage of PDT in comparison to SDT [7].
For this reason, SPDT method, which combines
the effects of PDT and SDT approaches, has been
developed as an alternative application. When
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ultrasound and light are combined to stimulate
the sensitiser, SPDT provides a more effective
treatment method [8-11].

Over the last four decades, Pcs have been
presented as highly promising photosensitizers
due to their ability to absorb red light in the
therapeutic window (650 nm-900 nm), high
efficiency in generating reactive oxygen.

Over the last four decades, Pcs have been
presented as highly promising photosensitizers
due to their ability to absorb red light in the
therapeutic window (650 nm-900 nm), high
efficiency in generating reactive oxygen species,
low dark toxicity, and low skin photosensitivity
[12-15]. However, the application of Pcs as SDT
sonosensitizers has been little studied [16-19].

The Pcs with different central metal ions and
functional groups have different structural and
physicochemical properties. Zinc(I)
phthalocyanine complexes have a high singlet
oxygen production capacity, which leads to their
usage as photosensitizers in PDT [20, 21]. One
of the most critical properties of the
photosensitizer for PDT therapies is its solubility
without any aggregation [21].

Pyridine and pyridine derivatives are
pharmacophores with a prototypical m-axis
heterocyclic structure, which is preferred in
medical chemistry, exhibiting both substrate and
reactive different chemistries [22]. Pyridine
derivatives are one of the most important
heterocyclic compounds due to their wide range
of biological activities, such as anticancer [23],
antiviral  [24], anticonvulsant [25], and
antidiabetic  [26]. Zinc(Il) phthalocyanines,
which are functionalized with pyridine
derivatives, have been proposed as effective
photosensitizers due to their high degree of water
solubility and their ability to generate high levels
of singlet oxygen [3, 27, 28] .

In this study, the tetra-pyridine derivative-
substituted zinc(I1) phthalocyanine complex was
prepared, followed by photophysicochemical
and sono-photochemical measurements. The
primary objective of this study is to achieve an
efficient increase in singlet oxygen production.
Because of this, the singlet oxygen quantum

yield of the studied complex was determined
with light and/or ultrasound as the source of
stimulating the photosensitizer and the results
were compared.

2. Experimental
2.1. Materials and equipments

The chemicals, materials and equipment utilized
are given as 'supporting information'.

2.2. Synthesis of compounds

2.2.1. 4-(pyridine-4-ylthio) phthalonitrile (2a)

4-nitrophthalonitrile (2.76 g, 16 mmol) (1) and
pyridine-4-thiol (1.55 g, 16 mmol) (2) were
dissolved in DMF (15 mL) and stirred at room
temperature for 30 minutes. The powdered
K2COs (8 g, 58 mmol) was added in pieces for 2
hours and then mixed at room temperature for 96
hours. When the mixing time is complete, the
reaction mixture is poured into 100 ml of ice
water and mixed for 30 minutes. The resulting
precipitate was filtered and washed thoroughly
with water until the wash water was neutral.
After drying in a vacuum oven, compound 1 was
crystallized in an ethyl alcohol solvent.

The resultant cream-colored compound was then
purified via column chromatography using
chloroform:methanol (10:1) solvent systems.

Yield: 3.094 g (%87.5). C13H7N3S

H NMR (500 MHz, DMSO-dg), (8: ppm): 8.61
(d, 2H, ArH), 8.35 (s, 1H, ArH), 8.22 (d, 1H,
ArH), 7.97 (d, 1H, ArH), 7.42 (d, 2H, ArH). FT-
IR (ATR, cm™): 3089 (Ar., C-H), 2234 (C=N),
1011-1067 (C-S-C), 705. MS (MALDI-TOF):
m/z = Calc.237.28; Found: 237.020 [M]*.

2.2.2. Tetrakis[4-(pyridine-4- ylthio)]
phthalocyaninato zinc(l1) (3)

A mix of 4-(pyridine-4-ylthio)phthalonitrile (2a)
(0.28 mmol, 0.066 g), DBU (0.50 mmol, 0.3
mL), and anhydrous zinc(ll) acetate (Zn(OAc)z2)
(0.28 mmol, 0.66 g) in n-pentanol (3 mL)
underwent stirring at 140°C in an argon
atmosphere for 18 hours. After the stirring time
was completed, the mixture was cooled to room
temperature, and the reaction mixture was
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gradually added to n-hexane and precipitated.
The resulting precipitate was collected by
centrifugation and washed sequentially with n-
hexane, methanol, and ethanol. The impure green
precipitate was  purified by  column
chromatography using a mixture of THF and
CHCl3 as eluent (1:10).

Yield: 0.035 g (50%). CsgH2sN12S4Zn

H NMR (500 MHz, DMSO-dg), (5: ppm): 8.53-
8.39 (m, 8H, ArH), 7.89-7.68 (m, 8H, ArH),
7.54-7.38 (b, 4H, ArH), 7.29-7.08 (m, 8H, ArH).
FT-IR (ATR, cm™): 3089 (Ar., C-H), 1648
(C=N), 1298 (C-S-C). MS (MALDI-TOF): m/z
= Calc.1014.170; Found: 1014.953 [M]".

2.3. Photophysicochemical studies

In order to investigate the aggregation behavior
and photophysicochemical properties of complex
3, all test solutions were prepared in DMSO used
as a drug delivery vehicle for various human and
animal diseases [29]. In photophysical studies,
the fluorescence property of the substance was
investigated, and the fluorescence quantum yield
(Dr) was calculated. In photochemical studies,
the singlet oxygen generation potential and
resistance to photodegradation were
investigated, and singlet oxygen quantum yields
(®a) and photodegradation quantum yield (®q)
were calculated. The photophysical and
photochemical properties of the synthesized
complex were investigated using the methods
and related formulas given in the 'Supporting
Information'.

3. Result and Discussion
3.1. Synthesis and characterization

Compounds 2a and 3 have been previously
published in another article [27]. In this study,
compound 2a was synthesized according to the
procedure in this article, and compound 3 was
synthesized in a different solvent medium. Figure
1 summarizes the synthesis pathway of
compounds 2a and 3. The synthesis of tetra-
substituted phthalocyanine 3 was conventionally
carried out by cyclotetramerization of 4-(pyridin-
4-ylthio)-substituted phthalonitrile (2a) in the
presence of K>COs, Zn(OAc),, and DBU as
catalysts. The chemical structures of synthesized

compounds  were certified by various
spectroscopic  techniques. The  predicted
structure of compounds 2a and 3 is in agreement
with their spectral information. The spectral data
of compounds 2a and 3 are presented in the
‘Supporting Information’.

In the FT-IR spectrum of 2a (Figure S1), at
3063.90 and 2234 cm™!' peaks belong to the
aromatic C-H and characteristic C=N vibrations
corresponding to, respectively.

After the conversion of 2a to 3 by the
cyclotramerization reaction, the characteristic C-
N of 2234 cm™ of 2a has disappeared in the FT-
IR spectrum of 3 (Figure S1), which is an
indication of the formation of
metaloftalocyanine. Characteristic vibrations
corresponding to the C-S-C group were observed
in 698 cm™* (for 3). The structure of the 2a ve 3
compounds was confirmed by the detection of
the molecules in their own regions of the protons
belonging to the structures in the *H NMR
spectrum. In the *H NMR spectra of 2a (Figure
S2), the aromatic protons were observed within
the resonance region of 7.61-8.42 ppm. In the H
NMR spectra of complex 3 (Figure S3), the
phthalocyanine ring protons appeared as
unresolved multiplets in the range of 9.50-7.00

ppm.

N H
L Q=
O,N N N K2COs, rt
1

2

SN S. N
SReS

Figure 1. The synthesis procedure for compounds
2a and 3.

In the Mass spectra, molecular ion peaks of the
compounds 2a and 3 show m/z peak at 237.020
[M]* (Figure S4) and 1014.953 [M]* (Figure S5),
respectively. The results of mass spectrometry
approved the desired structure for the
compounds.
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3.2.The ground state electronic absorption
spectra and aggregation studies

The chemical and electronic properties of the Pc
ring rely on the 18z electron system. In Pcs'
absorption spectra, a single absorption band (Q
band) of the metal phthalocyanine with Dan
symmetry is generally observed around 650-750
nm, and in addition, a less intense absorption
band called Soret band (B band) is observed
around 300-400 nm [30]. The Q band's position
and intensity prove important in determining the
application of Pc derivatives. The spectral
properties are mainly influenced by the central
metal ion, aggregation, T-conjugation, molecular
symmetry and substituents.

The electronic spectrum of compound 3
displayed identifying absorption bands at 685 nm
and 320-370 nm within the Q-band and B-band
regions. These regions are typical for
metallophthalocyanines present in DMSO (Table
1) [30]. In Table 1, it is evident that the addition
of 4-(pyridine-4-ylthio) groups to the zinc(ll)
phthalocyanine framework resulted in a 13 nm
red-shifted absorption within DMSO in
comparison to standard ZnPc (Amax = 672 nm)
[31]). The aggregation results from high
concentrations of compounds or the use of polar
solvents. Increasing the rate of phthalocyanine
compound forming aggregates in solution
reduces its photosensitizing effectiveness;
Therefore, aggregation study is important before
a molecule can be recommended as a usable
photosensitizer in PDT applications. [31].

To determine the aggregation tendency of 3, its
solutions at different concentrations (1x107° to
5x107°) were prepared in DMSO, and its
absorption spectra (Figure 2) were monitored
using a UV-Vis spectrophotometer. As seen in
Figure 2, complex 3 did not form aggregates in
DMSO and conformed to the Lambert-Beer law.
Thus, complex 3 is a potential photosensitizer for
PDT applications as it does not aggregate in the
studied solvent environment.
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Figure 2. Aggregation properties of complex 3 in
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3.3. Photophysical studies
3.3.1. Fluorescence quantum yield (®F)

One important parameter in assessing the
suitability of a molecule as a photosensitizer for
PDT applications is to ascertain its fluorescence
properties. The fluorescence characteristics of
such  molecules are critical for the
photosensitizer's traceability within biological
systems. Therefore, the solution of complex 3
(solvent: DMSO) was stimulated at 617 nm, and
the fluorescence behavior was studied. Emission
bands at 698 nm (Figure 3) were observed, and
®r value was calculated 0.15 (Table 1). The
fluorescence quantum yield of complex 3 in
DMSO shows a lower value than that of
unsubstituted ZnPc (®r=0.20) [31]. The data
supports that complex 3 facilitates intersystem
crossing (ISC) to a greater extent than
unsubstituted-ZnPc, hence increases singlet
oxygen production while reducing fluorescence
efficiency [6].
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,"’ N \ - L 0,4
600 A ’ll \‘ v = = = Excitation
1y |“‘ (A yex= 685 nm) F 03

p \ “ = = = Absorption
il 0\ N (p=6850m)

K=
[

Intensity (a.u.)
=)
38
~—o
Absorbance

200 4 ’; 1 vV \\_
.-”‘_r_lt 7/ \ \\ ..... 0,1
/ AREN ~
0 = — T 0
625 675 725 775

Wavelenght (nm)

Figure 3. Absorption, excitation and emission
spectra of complex 3 in DMSO
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Table 1. Spectral and photophysical features of 3 in

DMSO.
MAbs lOg & AEm Astokes (013
(nm) (m)  (nm)
685 4.42 698 13 0.15

3.4. Photochemical studies
3.4.1. Singlet oxygen quantum yield (®a)

Singlet oxygen (*0,), which is one of the three
components of PDT, has a direct relationship
with cancer cell death. Hence, the efficiency of
PDT is directly linked to the sensitiser
responsible for O, production. The ®a is
defined as the ratio of the number of O
molecules produced to the number of photons
absorbed by the sensitiser. The quantify is
utilized for determining the This quantity is used
to determine the 'O production capacity of the
photosensitiser to be used in PDT applications
for effective treatment.

Although singlet oxygen production is associated
with the sensitizer, the stimulation method is also
significant. Singlet oxygen production has been
noted to increase significantly, particularly when
using the method, combining ultrasound and

light (SPDT) as the sensitiser activation
technique [12].
Two different methods were utilized to

investigate the effect of the stimulating method
on the production of singlet oxygen in complex
3, namely photodynamic and sonophotodynamic
techniques. Using 1,3-diphenylisobenzofuran
(DPBF) as the chemical singlet oxygen quencher
and unsubstituted zinc phthalocyanine as the
standard, the ® of complex 3 was computed for
both applications.

To evaluate the potential of sensitizers, in PDT,
solutions containing 3 and DPBF were exposed
to light (intensity of 1.15 x 10 photons s™! cm ™)
every 5 seconds; In SPDT, the solutions were
excited with 5 seconds of ultrasound (35 kHz)
following 5 seconds of light irradiation, and the
change in the absorbance of quencher at 417 nm
was monitored using UV-Vis
spectrophotometry. All @, values are listed in
Table 2 and all relevant spectra are shown in
Figure 4. In addition, the study seen no change in
absorption band intensities during photochemical

and sonophotochemical measurements,
indicating that 3 did not degrade during singlet
oxygen studies. Molecular stability may
potentially be affected by light and ultrasound.
Figure 3 demonstrates that the Q-band intensity
of molecule 3 remained consistent throughout the
photochemical and sonophotochemical
investigations, indicating that the compound is
stable to light and/or ultrasound [32].

Table 2. Photochemical and Sonophotochemical
parameters of 3 in DMSO.

Method LOJN LO N
Photochemical 0.76 7.02x10*
Sonophotochemical 1.14
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Figure 4. Absorption spectral changes in DMSO
during the determination of singlet oxygen
quantum yields for complex 3 using
sonochemical (a), photochemical (b), and sono-
photochemical (c) methods. (Appendix: DPBF
absorbance versus time plots).
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As a result of photochemical measurements
using only light source excitation, the @ value
of complex 3 in DMSO was calculated as 0.76.
When this value was compared to unsubstituted
ZnPc (dA =0.67 in DMSO), it was observed that
substituent molecules increased the singlet
oxygen yield [33]. In particular, phthalocyanine
molecules carrying pyridine derivative groups
were theoretically found to contribute positively
to singlet oxygen production in PDT [28, 29].
As a result of sonophotochemical measurements
using ultrasound and light source excitation, the
@, value of complex 3 in DMSO was found to be
greater than 1.

The singlet oxygen production obtained by the
sonophotochemical method was also found to be
compatible with the photochemical method.
According to the results obtained from the
aforementioned methods, it has been determined
that simultaneous excitation of complex 3 by the
synergistic effect of light and ultrasound
provides singlet oxygen production much more
efficiently. In this way, it has been theoretically
demonstrated that the synergistic effect of PDT
and SDT on phthalocyanine molecules
contributes  positively to singlet oxygen
production [11, 34].

3.4.2. Photodegradation quantum yield (®q)

One of the important properties of a
photosensitiser suitable for use in photodynamic
therapy is its resistance to photodegradation
caused by UV radiation. Photodegradation
studies as well as singlet oxygen quantum yields
are used to determine the photochemical
properties of Pcs. In order to determine the
stability of metallophthalocyanine 3 was exposed
to light (intensity of 4.92 x 10 photons s™' cm ™)
every 60 seconds the changes in the intensity of
the characteristic bands were monitored by
measurements (Figure 5) by taking UV-Vis
spectra and the @4 value calculated. The ®q4 value
depends on the structure of the molecule, the type
of solvent and light [28].

The photodegradation quantum yield (®q) value
for the complex is shown in Table 2 and is of the
order of 10™*. Stable ZnPc molecules have
values as low as 10, while unstable molecules
have values in the order of 102 [28]. This

indicates that the molecule is moderately stable
in solvent used. In agreement with this, it was
found that the addition of a pyridine derivative
molecule to the standart zinc phthalocyanine ring
increases the degradation resistance of the
molecule against light exposure. The synthesised
compound was found to be more stable than
standard ZnPc (0.26 x 10™*[28]) in DMSO.
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1,78 y=-8E-05x+1,7748
& R=09974
..

——60 sec
120 sec

——180 sec
0 150 300

Time (sec) 240 sec

Absorbance

——300 sec

300 400 500 600 700 800
Wavelenght (nm)

Figure 5. Representative absorption spectral
changes during photodegradation studies in DMSO
(Appendix: plot of complex 3 absorbances

versus time).

4. Conclusion

The nature of the sensitizer and the methods of
irradiating the sensitizer are important factors in
singlet oxygen production. In PDT and SPDT
studies, the use of a highly efficient singlet
oxygen-producing sensitizer is very important. In
this study, the @4 of sensitizer was compared by
applying different methods with irradiation
sources: photodynamic and sonophotodynamic
methods. When the singlet oxygen quantum
yields were examined, the @4 value in the sono-
photochemical study reached 1.14, with a 50 %
increase when compared to the @, value (Pa =
0.76) in the photochemical study. Inaddition, the
molecule's stability under light exposure and
high singlet oxygen production make it an ideal
sensitizing agent for PDT and SPDT
applications. Based on these results, it can be
concluded that the synthesized pyridine-derived
substituted zinc phthalocyanine molecule is a
remarkably promising potential candidate as a
sono-photosensitizer for malignant  tumor
elimination.
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