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Abstract Singlet oxygen quantum yields (©4) of different
perylene diimides (PDIs) containing phenyl (PDI-Ph), pyrene
(PDI-Pyr), and indole (PDI-In) units in bay positions of the
ring were determined using 1,3-diphenylisobenzofuran
(DPBF) method in toluene/methanol (99:1) system. Pyrene-
substituted PDI were the most efficient singlet oxygen gener-
ator among the investigated photosensitizers with a quantum
yield of ®5=0.93 in toluene/methanol. Additionally, their
binding affinities to G-quadruplex DNA structure were inves-
tigated by steady-state measurements. There were marked red
shifts of absorbance bands for PDI-Pyr/DNA strand com-
plexes with respect to the absorption maxima of DNA-free
solution of PDI-Pyr in phosphate buffer at pH 6.

Keywords Perylene diimide - Pyrene - Charge transfer -
G-quadruplex DNA - Singlet oxygen - DPBF method

Introduction

One of the more novel and beneficial application of singlet
oxygen in medicine is the cure of tumors. Today, photody-
namic therapy (PDT) has become a potential candidate for the
major utilization in the modern operation of cancer [1-4].
Singlet oxygen and other reactive oxygen species generated
during the PDT processes can potently damage to tumor cells.
These species are formed by the excitation of the special
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photosensitizers under visible light irradiation within tumor
tissues in the presence of molecular oxygen [5].

Hematoporphyrin derivatives, a mixed composition of dif-
ferent porphyrins, are widely used photosensitizers in PDT.
Porphyrins have gained some special properties such as high
singlet oxygen production capacities, good solubilities in wa-
ter, long wavelength absorptions and high extinction coeffi-
cients in visible region for PDT applications [5—8]. Another
novel potential candidate for PDT applications is PDI deriva-
tives [9], chemically more suitable photosensitizers with re-
spect to porphyrins. PDIs are reviewed in versatile dyes and
pigments class because of their excellent photochemical prop-
erties. PDIs are used mainly in high technological applications
such as solar cells [10, 11], organic light-emitting diodes [12],
organic field-effect transistors [13] and molecular switches
[14]. Because of their long wavelength absorptions [15], high
extinction coefficients in visible region [16], good singlet
oxygen formation efficiencies [17, 18], and good photo [19]
and chemical stabilities [20], they are currently used in both
G-quadruplex stabilization [21, 22] and telomerase inhibition
in cancer cells [23]. Their absorption spectra cover the 400—
450 nm and 500-700 nm regions which are more crucial
ranges for absorption of the solar photons which then initiates
the singlet oxygen production by energy or electron transfer
processes. An effective light absorption of the photosensitizer
in tissues is a serious problem to overcome sufficient excita-
tion. PDIs with high molar extinction coefficients and near-
infrared absorbing properties are also good candidates for this
purpose in PDT applications.

Activity of human telomerase, which is responsible for
growth of cancer cells, is high level in most tumor tissues
[24]. Telomerase accelerates the uncontrolled growth of tumor
cells by adding DNA back to the telomeres [25]. Guanosines
at the end of the telomeres are critical structures for maintain-
ing the telomeres [26]. When the box-like structure of guano-
sines decomposes, the chromosomes start to unravel. G-
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quadruplex formation directly inhibits telomerase elongation
in vitro [27].

Targeted photodynamic therapy is a new strategy that aims
to direct the photosensitizers specifically towards the tumor
tissues to enhance the efficiency and specificity of PDT.
Tumor selectivity of the photosensitizer in tissues is essential
point to get good results for PDT applications, otherwise
undesirable location of the drug in healthy tissues causes some
photoallergic or phototoxic reactions. There are different strat-
egies to overcome the specific accumulation of the drugs at
desirable location of the tumor tissues. In these techniques, the
drugs can be conveyed to the target cells when they combine
with specific ligands [28]. One of the pathways is the use of G-
quadruplex as a drug carrier to target cancer cells for PDT.
Shieh et al. have reported the binding affinity of porphyrin to
the G-quadruplex aptamer conjugates and investigated the
delivery of porphyrin sensitizer into cancer cells. The results
have showed that the G-quadruplex-porphyrin complex ex-
hibits a higher porphyrin accumulation in breast cancer cells
than in normal epithelium cells. After treated with light for
180 s, the photodamage in cancer cells has been larger than in
normal cells [29]. This is a good tactic for targeted photody-
namic therapy. Also, the oxygen concentration in tumor tissue
is a critical point for obtaining the desired photosensitization.
Singlet oxygen and other reactive oxygen species could more
potently kill diseased cells.

Taking into account the requirements for an effective PDT
agent, we plan to synthesize new G-quadruplex stabilizers,
mainly composed of unsymmetrical PDIs with phenyl, pyrene
or indole units as shown in Fig. 1. Defect structure of chro-
mosomes is a target area for PDI structure. We expect that
singlet oxygen quantum yields of these combined agents will
increase because pyrene [30] and indole [31] units can im-
prove the singlet oxygen generation efficiency. Substitution at
the bay positions of the ring improves the solubility of the
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agent. By using these unsymmetrical PDIs, preferred locali-
zation in the defect structure of tissues is expected. We have
studied herein the singlet oxygen generation capacities of the
agents and investigated the binding affinities of dyes to G-
quadruplexes in phosphate buffer solution at pH 6.

Experimental Section
General Procedures

N-(2,6-diisopropylphenyl)-N'-(3-carboxy-2-pyridyl)-1,7-bis
(4-hydroxyphenoxy)perylene-3,4,9,10-tetracarboxylic diimide
(PDI-Ph), N-(2,6-diisopropylphenyl)-N'-(3-carboxy-2-pyridyl)-
1,7-bis {4-[(4-pyrene-1-ylbutanoyl)oxy]phenoxy} perylene-
3,4,9,10-tetracarboxylic diimide (PDI-Pyr), and N-(2,6-
diisopropylphenyl)-N'-(3-carboxy-2-pyridyl)-1,7-bis {4-[(4-in-
dole-3-ylbutanoyl)oxy]phenoxy}perylene-3,4,9,10-
tetracarboxylic diimide (PDI-In) dyes were synthesized as de-
scribed previously [32] and used as PDT agents in experiments.
Solvents used in the spectroscopic studies were of spectrophoto-
metric grade.

The five oligonucleotides were used to define the G-
quadruplex DNA binding selectivity of the ligands. These
oligonucleotides were single-stranded DNA (ss-DNA)
[d(TTT TTT)], double-stranded DNA (ds-DNA) [d(CGC
GCG ATA TCG CGC @G)],, intermolecular G-quadruplex
DNA (G4-DNA) [d(TAG GGT TA)],, intramolecular G-
quadruplex DNA (G4-DNA) [d(TTA GGG)4] and dimeric
hairpin quadruplex DNA (hp-DNA) [d(GGG GTT TTG
GGQG)],. The oligonucleotides were synthesized on a Thermo
Electron DNA synthesizer and purified by reversed phase
HPLC.

Determination of Singlet Oxygen Quantum Yields (® )

Singlet oxygen quantum yields were obtained by the mea-
surement of DPBF degradation in the presence of the dyes
under photolysis with reference to that of the same conditions
of Methylene Blue photosensitizer (P, =0.51) [33] in toluene/
methanol (V/V =99:1) solvent system. Irradiation was done in
a PTT QM1 fluorescence spectrophotometer equipped with a
Xe lamp at the excitation wavelength of 510 nm for 50 min.
UV-visible measurements were performed with a JASCO
V-530 UV-vis spectrophotometer. All the experiments were
carried out at 25 °C.

DNA Preparation

DNA solution was prepared in below manner given in the
literature [34]. Phosphate buffer solution was prepared in a
H,O/acetone (V/V = 95:5) solution. Oligonucleotides were
dissolved in a 70 mM potassium phosphate/100 mM
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potassium chloride/l mM EDTA buffer at pH 6 (170 mM
phosphate buffer), and then heated to 95 °C in a water bath for
3 min. Then, the solution was cooled to room temperature.
Two micromolar of each of the G-quadruplex structures was
added to the solution of about 2uM of the ligand. The total
volume was equal to 3 mL. Then, the reaction vessels were
transferred into an incubator where they remained for 2 h at
37.2 °C. After the incubation, UV—vis absorption spectra of the
G-quadruplex-ligand complexes were compared to the nucleotide

free solution of every ligand in phosphate buffer solution at pH 6.

Calculation of Binding Constants

Values of binding constants (K) of the ligands to the appro-
priate sites of the PDI-Pyr dye were calculated based on light
absorption of the ligands at wavelength of 351 nm (Soret
maximum) from the Eq. 1 given below [35]:

CLf = nK—Kr (1)

where r is the number of moles of PDI-Pyr dye bound to one
mol of G-quadruplex DNA structure, Cy is the concentration
of free dye and n is the number of equivalent binding sites. r is
calculated from the Eq. 2 [35, 36],

Cy

r= 2
Cpna @

where C, is the concentration of bound perylene dye and
Cpna 1s the nucleotide concentration. Also, concentration of
free perylene dye (Cy) was calculated from the Egs. 3 and 4
given below [36]:

Cr=Cx (1-q) 3)

C, =C-Cs (4)

where C is the total perylene dye concentration (2 uM). a, the
fraction of bound perylene dye, was calculated using the Eq. 5
[36],

A=A
o =
A f_Ab

(5)

where Ar and A, are the absorbance of the free and fully
bound perylene dye at 351 nm, respectively and A is the
absorbance at 351 nm at any given point during the titration.

Results and Discussion
Vis Absorption and Fluorescence Emission Properties

Normalized steady-state absorption and fluorescence emis-
sion spectra of PDI-Pyr dye in 170 mM phosphate buffer
solution at pH 6 (70 mM potassium phosphate/100 mM po-
tassium chloride/1 mM EDTA buffer) were depicted in
Fig. 2a. The dye showed characteristic absorption peaks at
591 and 429 nm attributed to the absorption of perylene
chromophore and also, a small shoulder peak at 342 nm
denoted to absorption of pyrene group attached to the
bay positions of the perylene ring. PDI-Pyr dye gave
two emission signals at 620 and 723 nm when the
perylene chromophore was excited at 515 nm. Structure-
lessness of the emission bands and the large shoulder
observed in the absorption spectra at the visible region
in phosphate buffer at pH 6 might be attributed to the
aggregation of the dye. When PDI-Pyr dye was excited
at 317 nm which wavelength of pyrene group absorbs
strongly, strong emission signals were observed at 381
and 394 nm which belong to pyrene monomer emission.
Also, new emission peaks around 752 and 791 nm
appeared. These new minor peaks were attributed to
the charge-separated states generating from the electron
transfer from the donor pyrene to the acceptor perylene
core. No perylene emission signal was observed in
phosphate buffer at pH 6. Solvatochromism with in-
creasing solvent polarities on PDI-Pyr dye had been
investigated in detail in our previous study [32].

Evaluation of Binding of the Ligands to G-quadruplex DNA

PDIs carrying with different positively-charged side chains
interact with G-quadruplex, depending on side chain basicity
[37-39]. The first dissociation constant related to indole ring
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Fig. 2 Normalized visible absorption (black line), short-wavelength
excited (Aexc=317 nm) emission (dashed line) and long-wavelength
excited (Aexc=515 nm) emission spectra (dotted line) of PDI-Pyr in
170 mM phosphate buffer (70 mM potassium phosphate/100 mM KCI/
1 mM EDTA) at pH 6
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in PDI-In (pK,;~17.3) is doubled as compared to that of the
value for phenol ring in PDI-Ph (pK,;~9.6, calculated with
ACDLABS ChemSketch). Nitrogen and oxygen atoms in the
rings are partially positively charged so that they show suit-
able feature to interact with G-quadruplex. Our studied PDIs
contain nicotinic acid group which is partially positively
charged at small fractions (pH 6) at one side of the molecule.
Carboxylic acid group in the dyes loses a proton and changes
into the carboxylate group with an acidity value of pK,,~2.6.
Dissociation of the proton from the nitrogen atom in pyridine
ring gives much lower acidity constant of pK,3~0.9, leading
to unfavorable interaction side of the studied dyes for G-
quadruplex sensitivity. However, carboxylic acid attached to
pyridine ring enhances the solubility of the molecules in buffer
solution. Isopropyl alkyl chains which are present on the other
side of the molecule give rise to satisfactory solubility of the
compounds.

Absorption spectra of PDI-Ph, PDI-Pyr, and PDI-In alone
and interaction of various DNA structures in 170 mM phos-
phate buffer solution at pH 6 were given in Fig. 3a—c. No
obvious spectral changes were observed from the absorption
spectra of PDI-Ph between in the presence and absence of the
nucleotides. Interaction of PDI-In with nucleotides causes
absorbance decrease without any important wavelength shift,
leading to an affinity for the studied ligands under experimen-
tal conditions. The most intrinsic absorbance decrease
(=14 %) was observed in the presence of ds-DNA at the
wavelength of 602 nm. Remarkable enhancements in peak-

to-valley ratio at maximum absorption band were observed
from 6.54 in the absence of nucleotides to 21.5 and 17.3 in the
presence of G4-DNA and G4'-DNA, respectively. Absor-
bance decrease seen below 400 nm in the presence of ss-
DNA indicates the electrostatic interaction between the indole
side of the dye and the polymeric backbone of thymine group.

In the presence of the nucleotides, the absorption spectrum
of PDI-Pyr gave a marked red shift of 20 nm at 0—1 transition
of perylene compared to the spectrum of nucleotide-free so-
lution in phosphate buffer at pH 6. In pyrene absorption
region, absorbance value of PDI-Pyr around 342 nm reduces
by the addition of the nucleotides. Also, more gradual
bathochromic shift from 591 nm to 604 nm were observed
for PDI-Pyr in the presence of nucleotides. The peak-to-
valley ratio at maximum absorption band enhanced from
1.35 in the absence of nucleotides to 1.51 and 1.40 in the
presence of G4-DNA and G4'-DNA, respectively. These
shifts could be explained by different interactions of PDI
chromophores with nucleotides. Partially positive charged
sites of PDIs cause electrostatic interactions with negatively
charged phosphate groups. Also, this kind of binding may be
explained by the -7 interaction between the aromatic rings
and the 7 electron systems of guanines. Wengel and co-
workers studied pyrene and perylene as fluorescence reso-
nance energy transfer (FRET) pair when coupled to DNA
and reported in 90 % FRET efficiency when the two chromo-
phores were in close contact [40]. Also, pyrene-modified
guanosine was used as a duplex-sensitive probe and
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investigated in the DNA-mediated electron transfer processes
in the literature [41]. Similar studies with perylenes revealed
that these kind of ligands showed good binding selectivity to
G-quadruplex by aggregating on the polymeric backbone of
the DNAs [42]. Photoinduced energy or electron transfer
process between the pyrene and perylene chromophores in
PDI-Pyr molecule caused the rapid binding to the nucleo-
tides. Also, ligand aggregation on DNA backbone might
facilitate the binding selectivity to the nucleotides.

Singlet Oxygen Quantum Yields

Singlet oxygen quantum yields of the dyes were determined
by the decay of the intensity of the 0—0 transition of DPBF.
The solutions of 5 M dyes in toluene/methanol (V/V = 99:1)
containing 50 uM DPBF were acrated with a small aquarium
pump for 5 min before irradiation. The decrease in the absorp-
tion of DPBF at 418 nm was monitored with a UV—visible
spectrophotometer. Figure 4a displays the decrease in the
absorbance of DPBF used as singlet oxygen scavenger. Also,
Fig. 4b shows semi-logarithmic plots for the absorptions of
DPBEF versus time. The observed rate constants (ko) were
calculated from In (Ay/A)=Kkqps x t formula. Comparison of the
slopes for the samples with the reference yielded the singlet
oxygen quantum yield in a straightforward manner [43, 44] as
given in Eq. 6.

kobs(dye)  PA(dye) 6
kobs(ref)  DA(ref) (6)

With our photolysis system, @5 values of PDI-Ph, PDI-
Pyr, and PDI-In were found to be about 0.52, 0.93 and 0.33,
respectively. PDT effect of perylene and perylenequinonoid
pigments have long been known in the literature, because they
show high capacity of singlet O, production and also generate

Optical Absorption

0.0

300 350 400 450 500 550 600 650 700
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Fig. 4 a Decrease in absorption maxima of DPBF (50 M) at 418 nm in

toluene/methanol (V/V = 99:1) under illumination in the presence of

5uM PDI-Pyr for 50 min after the solution was saturated with an air

oxygen. Inset shows the comparison of the absorption change of DPBF in

dye-free solution (l/ight circle) with in PDI-Pyr solution (dark circle) at

other reactive oxygen species which are important in PDT
process [45—47]. Also, pyrene [48] and indole [49] structures
are efficient photosensitizers generating singlet oxygen under
irradiation. Activated indole-3-acetic acid under illuminating
with red light in the presence of dyes enhanced the efficacy of
photodynamic cancer therapy for hypoxic tumors by forming
reactive cytotoxins rather than oxygen [50]. We could com-
bine pyrene or indole group with PDI into a molecule with
new functions. These new materials with higher capacity of
singlet oxygen formation might be good candidates for PDT
applications.

The energy of singlet state of oxygen lies 0.98 eV above the
ground state [51]. The energy difference between the excited
and ground state of PDI-Pyr dye (1.29 eV) [32] is much
higher than that of singlet energy level of molecular oxygen
so that singlet oxygen might be generated from energy transfer
process. This energy transfer requires the spatial overlap of the
orbital so that the excited state of the dye and the molecular
oxygen are in close contact.

DNA Binding Experiments

Figure 5a shows the decrease in absorbance value of PDI-Pyr
dye at 351 nm in titration experiment with the addition of G4-
DNA or G4'-DNA to the phosphate buffer solution at pH 6.
Figure 5b gives the static quenching data PDI-Pyr dye with
G4-DNA or G4'-DNA structures at the pyrene excitation of
317 nm. At this wavelength, intramolecular energy or electron
transfers occur in PDI-Pyr structure from pyrene donor to
PDI acceptor. Marked enhancements of the dye emission with
the addition of nucleotides were observed at the emission
wavelength of pyrene monomer around 380-395 nm. When
the dyes were titrated with nucleotides in the solution, excited
states of pyrene (mostly pyrene cation) began to interact with
the DNA strands and relaxed to its steady-state emission.
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10 min

15 min 0.154
20 min
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<
30 min > 0.10
35min 2

40min 5
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Time / min

the same conditions. b Semilogarithmic plots for the absorption decays of
DPBF (50 uM) (InAy/A) versus time at the same experimental conditions
(PDI-Ph: 0.00226 X+0.00741 R*: 0.98; PDI-Pyr: 0.00403 X — 0.00786
R? 0.99; PDI-In: 0.00144 X — 0.00362 R*: 0.98; MB: 0.00220 X+
0.01053 R*: 0.98)
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Fig. 5 a UV-vis absorption a
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Equation 7 was used to analyze the fluorescence quenching
experiments using Stern—Volmer equation given below
[52-55]:

170:1+kq><70><[Q] (7)

where I and I are the fluorescence intensities in the absence
and presence of quenchers, respectively, and kq is the
quenching constant and 7, (6.4 ns) [32] is the radiative lifetime
in the absence of the quencher. Quenching rate constants for
titration experiments with G4-DNA and G4'-DNA structures
were calculated to be about 5.16x10° and 5.92x10° M s !,
respectively. These values were below the diffusion controlled
quenching rates and indicated the energy transfer process from
pyrene group to the DNA strands. Similar values were report-
ed in the literature. Oligodeoxynucleoside fluorophores con-
taining varied combinations of perylene and pyrene were
prepared and the high efficiency of quenching was established
by their large Stern—Volmer constants around 10%—
10°M "5 [56].

Also, we focused on the binding of PDI-Pyr dye to two
different quadruplex sequences such as G4-DNA and G4'-
DNA structures. Scatchard plots (Fig. 6) of the quenching data
give the typical binding constants between the PDI dye and

2x10° - E

2x10°

2x10°

r/Cg

2x10°

6
210 = G4-DNA

" 0 G4'-DNA
1x10° : : . . ; ;
06 08 10 12 14 16 18 20

r

Fig. 6 Scatchard plots of r/Cy versus r for the absorption titrations of
PDI-Pyr with G-quadruplex DNA (G4-DNA) (R?: 0.95) or intramolec-
ular G-quadruplex DNA (G4'-DNA) (RZ: 0.91)
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DNA Concentration (mol/L)

G4-DNA or G4'-DNA bases about 1.41x10° and 0.27x
10° M, respectively. Also, maximum number of PDI-Pyr
molecules bound into G4-DNA and G4'-DNA were found to
be 2 and 8, respectively. Similar binding constant values for
PDI and pyrene derivatives interacting with oligonucleotides
were obtained in literature survey. PDI derivatives as the
complexes with (TG4T), gave the order of binding constant
K, ranges between 10° and 10" M' [57]. Also, some pyrene
derivatives showing binding activity to the targeted DNA
structure gave the binding constants between 10° and
10° M " in the literature [58].

Figure 7 figures out the schematic illustration of possible
singlet oxygen formation from the excited state of PDI-Pyr
dye at the excitation wavelength of PDI. Energy transfer from
the perylene core to the pyrene moieties was unlikely at the
excitation wavelength of 510 nm, because S1 state of PDI
chromophore was lower than S1 state of pyrene [32]. How-
ever, close contact between the spatial pyrene rings and the
molecular oxygen in PDI-Pyr facilitates molecular oxygen
localization [59]. Then, the most probable intermolecular
energy transfer from PDI dye to the molecular oxygen pro-
duces the singlet oxygen. Also, pyrene is known as a good
candidate as a fluorescence probe because of its complex
forming ability with anionic ss-DNA or intercalation mode
into the ds-DNA by change in its monomer or excimer emis-
sion [60—62]. Pyrene interacts with DNA mainly via the
groove binding mode supported by the intercalation into the
base pairs of DNA [58]. In PDI-Pyr structure, binding
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Fig. 7 Possible mechanism for explaining the singlet oxygen generation
by PDI-Pyr sensitization
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performance of pyrene group to DNA strands is an emerging
approach of improving the PDI transfer to the targeted cancer
tissue, then starting the PDT process with singlet oxygen.

Conclusion

The results of present study have demonstrated that phenyl-,
pyrene-, or indol-modified PDIs could produce singlet oxygen
with high quantum yields. PDI-Pyr and PDI-In dyes could
bind to DNA from their side chains with substituted nitrogen
or oxygen groups, presented in their cationic forms. Among
the studied dyes, PDI-Pyr has shown good binding affinity to
G-quadruplex structure with its excited state form of cationic
pyrene. Fluorescence enhancements of PDI-Pyr emission
observed in titration experiments are responsible for rapid
binding of pyrene group to DNA, supporting the possibility
of tumor-localizing property of PDI chromophore. This pre-
liminary study has also indicated the delivery of the synthe-
sized dyes into cancer cells via G-quadruplex binding, then
the singlet oxygen could be produced with enhancing the
specificity of PDT.
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