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Abstract

Pyrenethiosemicarbazone (PyTSC) and its copper(Il) complex (CuPyTSC) have been
synthesized and characterized by elemental analysis, 'H-NMR, IR, ESI-MS, cyclic voltammetry,
UV-Visible and fluorescence spectroscopy. Both the compounds interact with calf thymus (CT)
DNA via intercalation with apparent binding constant, Ky, of the order of 10°. CuPyTSC shows
photo-induced DNA cleavage of plasmid pBR322 DNA (74%) than PyTSC (14%). Mechanistic
investigations revealed involvement of singlet oxygen species in the DNA cleavage by both the
compounds. DFT calculations demonstrated more efficient generation of singlet oxygen by
CuPyTSC with decreased HOMO-LUMO gap (0.332 eV) than PyTSC (0.629 eV). The protein
binding ability has been monitored using Bovine Serum Albumin (BSA). The compounds show
green fluorescence revealing their uptake by the cells under fluorescence microscope. CuPyTSC

displayed better cytotoxic activity on photoexposure on B16F10 melanoma cells.
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1. Introduction

Thiosemicarbazones (TSCs) and their transition metal complexes have received
significant attention in coordination and medicinal chemistry due to their anti-inflammatory,
antibacterial, antimalarial, antioxidant and analgesic activities.'” This class of N, S donor
ligands with variable donor abilities yielded structurally diverse mono-, di-, tri- and polynuclear
complexes mainly because thiosemicarbazones can coordinate in either anionic or neutral form.®
The type of anion, nature of aldehyde, coligands, solvent, etc. further govern the bonding
characteristics and nuclearity of the complexes.””' A wide range of thiosemicarbazone
derivatives and their transition metal complexes endowed with rich coordination chemistry have
been reported in the literature in last two decades with emphasis on DNA-binding, DNA

22-34

cleavage, and anticancer/ antitumor activities. The underlying molecular interactions bring

about either DNA damage or inhibition of ribonucleotide reductase and topoisomerase II
enzymes which block the cell division leading to cell death.”>>® Different strategies have been
adopted for designing of the drugs to suit a particular application. Neutral Cu(Il)-
bis(thiosemicarbazone) complexes have shown selectivity to hypoxic cells compared to normal

39-41

cells. It has further been demonstrated that subtle changes in the backbone of ligand

42,43

dramatically alters the biological activity of these complexes which are used as blood flow

tracers in brain, kidney and heart, inhibiting the DNA and RNA synthesis.****

These complexes
can be utilized as theranostics allowing simultaneous diagnosis and ‘[herapy.%'50 A recent review
by Dilworth and Hueting summarizes the applications of coordination complexes of tridentate
and tetradentate thiosemicarbazones in therapeutic and/or diagnostic PET/ SPECT imaging.51

The discovery that DNA is the cellular target of cisplatin has led to investigations into the

mechanism of action of several platinum and non-platinum anticancer compounds. A large
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number of the copper complexes are reported as chemical nucleases wherein the DNA cleavage

52-68

occurs either by oxidative or hydrolytic mechanisms. In this regard, the number of copper

1°7* and by

complexes showing photo-induced DNA cleavage activity are relatively smal
including an appropriate photosensitizer in a ternary system the activity can be improved
significantly. Since copper (II) complexes are intrinsically non-fluorescent, tagging them with
fluorescent probes can provide insights into their entry, distribution and localization inside the
cell organelles using fluorescence microscopy.””’ Thus, development of dual modality
imaging/ therapeutic agents to induce DNA cleavage and/or cell death besides monitoring

1.7%% This strategy was used by Holland and coworkers®* who

cellular uptake will be beneficia
demonstrated that pyrene functionalized Cu(Il) complexes can be utilized as in vitro fluorescence
imaging agents.

Besides wide pharmacological properties, the choice of thiosemicarbazone is based on its
ability to act as a photosensitizer. It has been shown that thio- or thione containing moieties like
TSCs display efficient intersystem crossing on photo-irradiation with longer excited state
lifetimes thereby producing singlet oxygen species.”””*¥*¢ Our interest in pyrene is due to its
high fluorescence and planar aromatic structure which can intercalate into DNA. In addition,
pyrene has been shown to be more selective triplet photosensitizer.®” It has been shown that
bichromophoric compounds containing pyrene and benzoylthiophene moieties are a robust triplet
photosensitizers with efficient intersystem crossing and enhanced selectivity towards
photocatalysis of E-stilbene.*®

With the view that amalgamation of thiosemicarbazone and pyrene moieties would lead

to a conjugate with enhanced photosensitizing ability coupled with high emission intensity and

improved cytotoxicity, the present work focuses on the synthesis of pyrenethiosemicarbazone
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(PyTSC) and its copper(Il) complex (CuPyTSC). The compounds have been isolated and
characterized by elemental analysis, IH-NMR, ESI-MS, cyclic voltammetry, IR, UV-Visible and
fluorescence spectroscopy. Their DNA binding, DNA-cleavage and protein binding efficacy and
cellular uptake and cytotoxicity profile on BI6F10 melanoma cells has been evaluated. Density

functional theoretical studies have been carried out to gauge the photosensitizing abilities.
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Scheme 1 Synthesis of 1-pyrenecarboxaldehyde thiosemicarbazone and its copper(Il) complex.
2. Experimental Section
2.1 Materials and Methods:

Copper nitrate and thiosemicarbazide (AR grade, SD Fine Chemicals India),
Pyrenecarboxaldehyde (Sigma Aldrich), HPLC grade DMF, Bovine Serum Albumin (fraction V)
and Analytical Reagent Grade KH,PO4 and K;HPO, (SRL India) and plasmid pBR 322 DNA
(Chromos Biotech, India) were obtained and used as received. All the reagents used for the

synthesis were free from impurities.
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UV-VIS and fluorescence spectra were measured on a Shimadzu UV-1601
Spectrophotometer and JASCO FP-8200 spectrofluorimeter, respectively. The infrared spectra of
solid samples dispersed in KBr were recorded on a Shimadzu FTIR-8400 spectrophotometer. 'H
NMR spectra were obtained on a Varian-Mercury 300 MHz spectrometer with DMSO-ds as
solvent at room temperature and all chemical shifts are calculated relative to TMS. The
elemental analyses in positive ion mode were carried out on Thermoelectron Corporation, model
1112. Electrospray ionization mass spectral measurements were performed on Bruker Nano-
Advance UHPLCLC-MS-MS with TOF analyzer (PyTSC) and Thermo Finnigan LCQ
Advantage max ion trap mass spectrometer (CuPyTSC).

2.2 Synthesis of 1-Pyrenethiosemicarbazone (PyTSC)

The ligand 1-pyrenethiosemicarbazone (PyTSC) was synthesized as per the reported
procedure.® Thiosemicarbazide (0.52 mmol, 47.38 mg) and pyrenecarboxaldehyde (0.43 mmol,
100 mg) were refluxed in ethanol (1% acetic acid) for 4 h. The yellow product obtained was
filtered, recrystallized and dried over fused CaCl,. Yield= 80%. 'H NMR (300 MHz, DMSO-d):
S 11.596 (s, 1H, NH), 9.289 (s, 1H, CH=), 8.936 (d, 1H), 8.51-8.113 (m, 8H of pyrene). IR (KBr,
v em™): 3439 (NH,, asymmetrical stretching), 3273 (NH,, symmetrical stretching), 3153 (pyrene
H), 1600 (C=N), 1541 (=CN), 711 (C=S). UV-Visible Apax = 280, 370, 420 nm. Fluorescence
(Aex = 370 nm) A = 476 nm. Elemental analysis for C;gH;3N3S: calculated (%), C 71.26, H
4.31,N 13.85; Found C 70.78, H 4.27, N 13.08; ESI-MS (m/z) : [M + K]" = 342.0498.

2.3 Synthesis of [Cu(PyTSC)NOs], complex (CuPyTSC)

The Cu(NO3),.3H,0 (0.16 mmol, 39.81 mg) was slowly added to the solution of PyTSC

(0.32 mmol, 100 mg) in acetone and stirred for ~ 4 h. Brown coloured complex was obtained in

82% vyield. IR (KBr,v cm™): (NHa, asymmetrical stretching), 3273 (NH,, symmetrical
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stretching), 3153 (pyrene H), 1796 and 1740 (Av = 56, bidentate bridging mode of nitrate) ,1622
(C=N), 1541 (=CN), 713 (C=S). Fluorescence (Aex = 370 nm) Ae, = 450 nm. Elemental analysis
for C36H24NgOgS,Cu,.CH;COCH;3.H,0: calculated (%), C 50.26, H 3.46, N 13.64; found C
50.85, H 3.71, N 8.57. ESI-MS (m/z) : [M+ Acetone |"'=912.3, [ M"-NO,] = 808.2.

2.4 DNA Binding

The CT-DNA binding experiments were performed in phosphate buffer (pH 7.2) using
10% DMF solution of PyTSC and CuPyTSC. The concentration of CT DNA was calculated
from its absorption intensity at 260 nm (g = 6600 M cm™). A ratio of UV absorbance at 260 and
280 nm of a solution of CT DNA was found to be 1.8:1, suggesting that the DNA was
sufficiently free from protein. Intrinsic binding constant was calculated using equation (1):

[DNA] / [ea —&¢] = [DNA] / [er —&¢] +1 / Ky [0 —&1] (1)
where [DNA] refers to the concentration of DNA in base pairs, &, extinction coefficient
observed for the absorption band at the given DNA concentration, g extinction coefficient of the
complex free in solution, and ¢, is the extinction coefficient of the complex when fully bound to
DNA. A plot of [DNA] / [ea-€¢] versus [DNA] gave a slope 1/ [&, - &f] and Y intercept equal to
(1/Kp) [eb - €], respectively. The ratio of the slope to the intercept gave intrinsic binding
constant, Kj,.

Ethidium bromide (EB) quenching experiments were carried out by the successive
addition of 0-50 pM of PyTSC and CuPyTSC to CT-DNA (10 uM) solutions containing 10 uM
ethidium bromide (EB) in phosphate buffer. The changes in fluorescence intensities were
measured at 585 nm (545 nm excitation) of EB bound to DNA.

2.5 Viscosity measurements
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Viscosity measurements were carried out using a semi-microviscometer maintained at
28°C in a thermostatic water bath. Flow time of solutions in phosphate buffer (pH 7.2) was
recorded in triplicate for each sample and an average flow time was calculated. Data were

3 versus binding ratio, where 1 is the viscosity of DNA in the presence of

presented as (1/no)
complex and 1y is the viscosity of DNA alone.
2.6 DNA Cleavage:

DNA cleavage was studied on 1% agarose gel electrophoresed for 3 h at 60 V.
Supercoiled pBR 322 DNA was treated with the PyTSC and CuPyTSC (10-50 uM) and the
mixture was incubated for 30 min in dark followed by 20 min irradiation at 365 nm
(monochromatic light). The gel was stained with a 0.5 pg/mL ethidium bromide and visualized
by UV light and photographed for analysis. The extent of cleavage of the SC DNA was
determined by measuring the intensities of the bands using the Alpha Innotech Gel
Documentation System (Alphalmager 2200).

Cyclic voltammetric experiments were performed on a CH-electrochemical analyzer
model 1100A with a conventional three-electrode cell assembly with a saturated Ag/AgCl
reference electrode, glassy carbon electrode as working electrode and platinum wire as an
auxiliary electrode in the presence of tetrabutylammonium perchlorate as supporting electrolyte
in dimethyl formamide. The solutions were degassed for 1 h and blanketed with N, prior to
measurements.

Emission quantum yields (@) were calculated by integrating the area under the

fluorescence curves and by using the following formula

gpSample: {ODStandard/ODSample} x {A Sample/ A Standard} x gbStandard (2)
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where OD is optical density of the compound at the excitation wavelength (370 nm) and 4 is the
area under the emission spectral curve. Pyrenecarboxaldehyde was used as a standard for the
fluorescence quantum yield measurements.”
2.7 Computational Method

Optimized structures of Pyrenealdehyde (Py), Thiosemicaerbazone (TSC), PyTSC,
CuPyTSc were derived within the framework of density functional theory incorporating the
Becke’s correlation functional coupled with 3-parameter exchange given by Lee, Yang and Parr
(B3LYP).”'** The charge distributions in terms of Frontier orbitals have been derived for the
stationary point structures using the Gaussian-09 program’ with the internally stored 6-31G
(d,p) basis set.
2.8 BSA Interaction

Quenching of tryptophan residues of BSA were studied using PyTSC and CuPyTSC as
quencher. The titration was carried out in phosphate buffer of pH 7.2. The emission signals were
recorded at 340 nm and the excitation wavelength was 295 nm.
2.9 Cellular uptake and cytotoxicity

In vitro cellular uptake of PyTSC and CuPyTSC was monitored using fluorescence
microscope. Surface sterilized coverslips were kept in 6-well plates. BI6F10 cells were cultured
in these plates for 24 h which grew on the pre-laid coverslips, before addition of medium
containing fluorescent compounds. This was followed by incubation for another 8 h in dark and
images were recorded. Similarly, the cells were exposed to monochromatic UV-light of 365 nm
immediately after addition of the compounds and further incubated till 8 h before recording the
images. Photographs of control cells were also recorded on incubation in dark and on

photoexposure in a similar way to that of compounds to evaluate the effect of radiation on cells.
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To test the efficacy of the compounds on long term cell growth inhibition and cell
proliferation the compounds were dissolved in 5% DMSO and added to the cells seeded in 96-
well plates at different concentrations. The control well contained 5% DMSO and considered
during cell death calculations. The cytotoxicity was evaluated after 48 h incubation by the MTT
assay performed in triplicates.

5 mg MTT was dissolved in 1 mL PBS and filter sterilized using syringe filter. After
incubation for the stipulated time, 20 uL. of MTT solution was added to 200 uL of cell content
solution. The plate was incubated for 2 h in the CO, incubator. After incubation, the media was
removed and 200 p. DMSO was added to each well to dissolve the crystals. The plate was
incubated for another 5 min at 37°C before reading for absorbance at 540 and 620 nm on Thermo
Electron Corporation multiplate reader.

3 Results and Discussion
3.1 Synthesis and Characterization

Scheme 1 depicts the synthetic route of ligand pyrenethiosemicarbazone and its Cu(Il)
complex. The "H NMR spectrum of PyTSC recorded in DMSO-ds solvent reveals peak at 11.59
ppm assigned to the azomethinic H-N. Peak at 9.29 is assigned to CH in TSC while peaks in the
range 8.94 to 8.11 are assigned to the pyrene protons. The copper complex was prepared by
direct reaction of ligand with copper nitrate in acetone in 2:1 molar ratio. It was characterized by
elemental analysis, IR, UV-Vis, fluorescence and mass spectroscopy. Elemental analysis of the
complex indicates formation of a dimeric copper(Il) complex bridged by two nitrates”*”° as
depicted in Scheme 1. The mass spectrum of PyTSC shows a peak at m/z = 342.0498 which
corresponds to [M + K]". Cu(Il) complex shows a molecular ion peak at m/z = 912.3

corresponding to [M +acetone] and a base peak at m/z = 808.2 which matches to [M-NO,]"

10
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species. IR spectrum of PyTSC showed symmetric and asymmetric stretching vibrations of NH;
at 3439 and 3273 cm™ respectively (Table 2). The coordination mode of nitrate is also evident in
the IR spectrum of CuPyTSC. Frequency difference of vibrations Av = 56 (Av = 1796-1740 cm’
'Y indicate a bidentate, bridging coordination mode of nitrates.”**® The C=S and C=N
frequencies appear at 711 and 1600 cm’ respectively. In CuPyTSC all the peaks in IR were
observed at the same position except C=N and C=S, which were slightly shifted and observed at
1622 and 713 ecm™ respectively, indicating the involvement of nitrogen and sulphur in metal
coordination.

Table 1 Absorption and emission properties of PyTSC and CuPyTSC.

Absorption Emission

Compound DMF (nm) DMF (nm)

Aem (NM) Qe

PyTSC 280,380, 405 440 0.017

[Cu(PyTSC)NOs], 280, 365, 380,700 436 0.047

‘@ = emission quantum yield recorded in methanol

The absorption spectra of the compounds (100 uM) were recorded in DMF solvent and
the values are summarized in Table 1. The ligand spectrum is dominated by intra-ligand n—n*
and n—7* transitions, which are also observed in CuPyTSC. A low energy d-d transition at 700
nm was observed in the spectrum of concentrated solution (1 mM) of the complex (shoulder, Fig.
1A (inset)).

The emission spectra were recorded in DMF solvent (Fig. 1B) by exciting the solution at
370 nm with both excitation and emission slits set at 5. As displayed in the figure, emission

peaks of PyTSC ligand and CuPyTSC are observed at 440 and 436 nm respectively and the

11
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absence of the emission when excited at 700 nm of complex suggests ligand-based emission.
Further, the complex shows higher emission intensity than PyTSC. This can be attributed to

separation of excited states of Cu®" and pyrene via distortion in the geometry.

03
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Fig. 1. Absorption (A) and emission spectra (B) of PyTSC (100 uM, black) and CuPyTSC (100
uM, red) in DMF.

The thione-thiol tautomerism of thiosemicarbazone ligands is facilitated in the solution.
Therefore, the absorption spectra of ligand were recorded in protic (MeOH, EtOH) and aprotic
solvents (CH;CN, DMF, THF) (Fig. 2A). A red shift of ~20 nm was observed in the ligand in
aprotic solvents. On the contrary, CuPyTSC at 50 uM concentration show no such effect. The
emission spectra (Fig. 2B) of ligand revealed enhanced fluorescence in protic solvents (MeOH,
EtOH) contrary to aprotic solvents (CH3;CN, DMF and THF). It may thus be conjectured that
hydrogen bonding interactions between ligand and protic solvents inhibit the thione-thiol
tautomerism. On the contrary, thiol configuration stabilized by copper in CuPyTSC in aprotic

solvent emerge with fluorescence.

12
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Fig. 2. Effect of solvent polarity on absorption (A) and emission (B) spectra of 50 uM PyTSC;
absorption (C) and emission (D) spectra of 50 uM CuPyTSC.

3.2 Electrochemical investigations

Electrochemical studies of PyTSC and CuPyTSC have been carried out in dry dimethyl
formamide (DMF) and all the potentials were referenced to the standard Ag/AgCl reference

electrode. Voltammetric data for PyTSC and CuPyTSC are presented in Table S3 and the cyclic

voltammograms are displayed in Fig. 3.

13
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PyTSC exhibited an oxidation peak at 1.23 V vs Ag/AgCl which is assigned to
irreversible oxidation of pyrene unit into radical cation.”’ This process is irreversible due perhaps
to either the generation of a dimeric species through association of the oxidized pyrene with a
second pyrene subunit or via interaction with the solvent. Cyclic voltammogram of PyTSC
exhibits a quasi-reversible peak at —1.95 V which can be assigned to reduction of pyrene to
pyrene anion.”® Peak to peak separation for this quasi-reversible redox peak was 80 mV, slightly
more than that observed for one electron reversible Nernstian process (59 mV). The
corresponding peak in pyrene was observed at -2.16 V vs SCE recorded in 1:1

99,100 e .
* In addition, three smaller reduction waves

acetonitrile/anhydrous benzene solvent mixture.
observed in PyTSC at -0.37, -0.73 and -1.1 V respectively can be attributed to the formation of
other byproducts from subsequent fast chemical reactions. On potential cycling an insoluble film
was formed on the working electrode in PyTSC which suggests tendency to form polymeric
species” unlike for the copper complex. In CuPyTSC, a peak at 0.75 V is assigned to
irreversible oxidation of copper center. A reduction peak centered at 0.098 V further can be
assigned to delayed reduction of the oxidized species. Complexation with copper shifted the
redox potential of pyrene anion by ~ 0.5 V. It may thus be inferred that coordination of copper
reduces the reversibility of the redox system as a result of increased charge transfer from pyrene

unit in PyTSC to coordinated copper center. Similar shifts in cobalt complexes are observed in

PR T0)
other pyrene derivatives.

14
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Fig. 3. Cyclic voltammograms of 10~ M solutions of (A) PyTSC and (B) CuPyTSC in DMF

solvent using 0.1 M tetrabutylammonium perchlorate as a supporting electrolyte at scan rate 100
mV/s.

3.3 DNA binding studies

DNA is a key target of many antitumor drugs and therefore ability of a drug to bind DNA

is often studied by different spectroscopic techniques.'® Electronic absorption spectroscopy is

15
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the most useful technique for understanding metal complex-DNA interactions. With this
perspective absorption spectral titration of PyTSC and CuPyTSC with CT DNA was carried out
by monitoring the ligand-based UV transition bands (320-450 nm, Fig. S1). The hypochromism,
characteristic of intercalative binding as a result of stacking of planar aromatic pyrene moiety
between DNA base pairs'” was observed for the ligand as well as the Cu complex. The intrinsic

binding constant, Ky, turns out to be of the order of 10° for both the compounds.

Table 2 Electronic absorption data upon addition of CT-DNA.

Compound Hypochromism, H (%) K, (M)

PyTSC 8.5 1.04 x 10°

CuPyTSC 14.4 1.20 x 10°

3.4 Ethidium Bromide Displacement Assay

EB is a classical intercalator whose fluorescence intensity is enhanced upon
complexation with DNA.'™ To ascertain the mode of binding of PyTSC and CuPyTSC to the
calf thymus DNA (CT-DNA), a competitive ethidium bromide (EB) displacement assay was
performed. Changes in emission intensity of EB bound to CT-DNA were monitored as a function
of ligand or complex concentration. A considerable decrease in the fluorescence intensity of the
EB-DNA complex upon addition of PyTSC and CuPyTSC was attributed to intercalation of
pyrene ring into DNA (Fig. 4). The apparent binding constant (Kapp) was calculated using
following equation(3)

KEB[EB] = KAPP [Complex] (3)

16
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Where Kgg 1s 1 % 10’ M™! and the concentration of EB is 10 uM; [complex] is the concentration
of the complex causing 50% reduction in the emission intensity of EB. The Kapp values for
PyTSC and CuPyTSC are 4.0 x 10° and 6.6 x 10° M respectively. The large Kapp suggests that

these compounds bind to DNA by intercalation.
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Fig. 4. Effect of addition of (A) PyTSC and (B) CuPyTSC on the emission intensity of the CT-
DNA bound ethidium bromide (10 pM) at different concentrations in 10% DMF- phosphate
buffer (pH 7.2).

3.5 Viscosity studies

To verify the interaction of PyTSC and CuPyTSC with DNA, viscosity measurements
were carried out in phosphate buffer of pH 7.2. A significant increase in the viscosity of DNA on
the addition of complex was observed due to lengthening of DNA helix which is indicative of
intercalation.'®’On the other hand, no change in DNA solution viscosity is expected if complex
binds in DNA grooves by partial and/or nonclassical intercalation. The effect of increasing
concentration of the ligand and complex on the relative specific viscosity of DNA has been
displayed in Fig. 5. Increase in viscosity proportional to increasing concentration of PyTSC and

CuPyTSC corroborates the earlier inference of intercalation.'®

17
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Fig. 5. Effect of increasing amount of PyTSC (m), CuPYTSC (¢) and EtBr (A) on the relative
viscosities of calf thymus DNA at 28 °C, [DNA] =100 uM.

3.6 DNA Cleavage Studies

It is known that DNA cleavage depends on relaxation of supercoiled circular
conformation of pBR322 DNA to nicked circular or linear conformations. The fastest migration
will be observed for DNA of closed circular conformations (Form II) when potential is applied to
circular plasmid DNA. The supercoil relaxes to form a slower moving nicked conformation
(form II) if one of the strand is cleaved. The cleavage of both strands leads to a linear
conformation (Form IIT) which migrates between supercoiled and the nicked circular forms.'”'%”
Incubation of PyTSC and CuPyTSC with pBR322 DNA in dark shows no cleavage of DNA (Fig.
S2). However, photoirradiation of CuPyTSC at 365 nm displays ~74 % DNA cleavage compared
to ~14 % in case of PyTSC. Similar observations were made by Chakravarty et al. using pyrenyl-
terpyridine(py-tpy) lanthanide complexes wherein py-tpy has shown only 15% DNA cleavage

compared to its corresponding La(IIT) complex (88%) on exposure to UV-A light of 365 nm.'"’

The better DNA-cleavage ability of the complex was attributed to facile generation of singlet

18
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oxygen species on photoexcitation; however, the reason behind lower DNA-cleavage efficiency

of py-tpy was not discussed in details.

Lane No. 1 2 3 4 5 6 7 8 9 10 11 12 13

NC DNA (form II)

SC DNA (form I

%NC 27 67 95 140 144 133 184 145 175 234 449 734 101
%SC 973 933 905 86.0 85.6 86.7 81.6 855 825 76.6 551 26.6 89.9

Fig. 6. Photograph of 1% agarose gel showing cleavage of plasmid pBR 322 DNA by PyTSC
and CuPyTSC incubated at 37°C for 30 min followed by irradiation for 20 min. [DNA] = 200 ng,
Lane 13 DNA control, Lanes 1-6, DNA + 5, 10, 15, 20, 25, 30 uM PyTSC; Lanes 7-12, DNA +
5,10, 15, 20, 25, 30 uM CuPyTSC

To elucidate how CuPyTSC brings about the DNA cleavage on photoirradiation, 30 uM
complex was incubated with different ROS inhibitors. As may readily be noticed from Fig. 7,
DMSO, mannitol (hydroxyl radical scavenger) and superoxide dismutase (superoxide radical
scavenger) had no effect on DNA cleavage. On the other hand DABCO (lane 3), L-histidine
(lane 4) and sodium azide (lane 5), all singlet oxygen scavengers, were able to inhibit cleavage of
plasmid DNA induced by CuPyTSC, indicating involvement of singlet oxygen. It has been
reported that non-porphyrinic Cu(Il) complexes can cause significant DNA cleavage in presence
of suitable photosensitizers in ternary system through singlet oxygen generation.”* Since PyTSC
is a conjugate of two photosensitizers, viz. TSC and pyrene, we expected more efficient
generation of singlet oxygen causing more DNA cleavage on photoexposure. Therefore, to
investigate the photosensitization proficiency of PyTSC and its Cu(Il) complex, we performed

DFT calculations.
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Lane No. 1 2 3 4 5 6 7 8

NC DNA (form IT)

SC DNA (form I)

% NC 93.2 521 29.8 16.2 347  65.7 72.3 6.5
% SC 6.6 47.2 78.2 83.8 65.3 34.3 27.7 935

Fig. 7. Photograph of 1% agarose gel showing the effect of inhibitors on cleavage of pBR322
plasmid DNA by CuPyTSC [DNA] =300 ng, CuPyTSC =30 uM, Lane 8 = DNA control; lane 7
= DNA + CuPyTSC; lane 1 = DNA + CuPyTSC+ DMSO; lane 2 = DNA + CuPyTSC +
mannitol (50 mM); lane 3 = DNA + CuPyTSC + DABCO (10 mM); lane 4 = DNA + CuPyTSC
+ L-histidine (20 mM); lane 5 = DNA + CuPyTSC + NaN3; (20 mM) lane 6 = DNA + CuPyTSC
+ SOD (15 units). Inhibitors were added to DNA solution prior to addition of CuPyTSC,
incubated for 30 min and then irradiated for 20 min.
3.7 Theoretical Study

Optimized structures of Py, TSC, PyTSC and CuPyTSC from the B3LYP/6-31g(d,p)
theory are depicted in Fig. 8 along with selected bond distances and bond angles. As shown in
Figure, the CuPyTSC comprises of two Cu”" ions showing locally distorted tetrahedral structures
bridged through ONO linkages. Cu®" and one of the PyTSC units orient mutually at an angle of
132° (d(O-Cu-N2-N3)) while other PyTSC moiety shows a deviation of 84° from planarity. This
deviation does not bring about effective overlap of nr* orbitals of PyTSC with those of Cu®’
which in turn inhibits communication between copper(Il) and excited states of pyrene on
absorption of light. The excited pyrene then comes to ground state by giving fluorescence and
Cu®" decays via non-radiative pathway leading to high emission of CuPyTSC. In this regard it
may be worth noting that the investigations on pyrene functionalized bis(thiosemicarbazonato)
copper(Il) complexes carried out by Holland and coworkers employing the single photon

emission experiments combined with the density functional theoretic calculations led to similar

inferences.®
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Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) in Py, TSC, PyTSC shown in Fig. S6 of the supporting information reveal the electron-
rich regions in these systems by and large, reside on aromatic moieties and the S centre. The
charge distribution in CuPyTSC is portrayed in Fig. 9 displaying localized HOMO near one of
the PyTSC moieties. A charge transfer from one PyTSC moiety to the other one in the CuPyTSC
is further evident from the complementarity of electron-rich regions in the HOMO and LUMO.
The present calculations have shown the emergent hierarchy for the separation of HOMO-
LUMO energies (in eV) viz., Py (0.984) > TSC (0.739) > PyTSC (0.629) > CuPyTSC (0.332)
which predicts greater photosensitization ability for CuPyTSC than PyTSC as a result of

increased production of singlet oxygen bringing about DNA-cleavage.

(c) (d)
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Fig.8: B3LYP/6-31G (d,p) optimized geometries of (a) Py, (b) TSC, (c) PyTSC and (d)
CuPyTSC. Selected bond distances (in A) are given alongwith.

(a) HOMO (b) LUMO
Fig. 9. HOMO and LUMO (isosurfaces of 0.02 a.u) (a) 1-pyrenecarboxaldehyde and (b) 1-

pyrenecarboxaldehyde thiosemicarbazone of CuPyTSC.

3.8 Protein Binding

Serum albumins are the most extensively studied proteins because of their stability and
unusual ligand binding properties. In addition, albumin is the most important transport protein
and plays a significant role in the transport and deposition of a variety of substances in blood.'"
Understanding the binding of drug to protein yield insights accompanying drug metabolism and
transport and further establish protein structure-function relationship. Therefore, bovine serum
albumin (BSA) has been studied extensively in the past due to its structural homology with
human serum albumin.'"""'"* The protein-bound complexes are transported through biological
fluids and released at cellular level to exhibit anticancer activity by inhibiting certain
fundamental enzyme function(s) and can give insights into the mechanism of action.''*
Palaniandavar et al. have demonstrated that one of the Cu(Il) complexes, [Cu(pmdt)(5,6-
dmp)]**, where pmdt is N,N,N’,N’’.N”’-pentamethyldiethylene triamine and 5,6-dmp is 5,6-
dimethylphenanthroline, exhibit highest affinity to DNA and BSA and thus acts as a promising

antitumor agent.'"> The apotransferrin-bound anticancer drug KP1019 (i.e., indazolium trans-
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[tetrachlorobis(/H-imidazole)ruthenate(I1I)]) gets transported via transferrin cycle and exhibits a
higher antitumor activity than the intact complex alone.''> Another Ru(II) anticancer compound,
(Hzim) trans-[RuCly(DMSO)(Him)] where Him = imidazole (NAMI-A), undergoing human
trials, forms adduct with BSA. The kinetics and mechanism of adduct formation is proposed to
influence its anticancer activity.''® For this reason, we have carried out protein binding studies of
PyTSC and CuPyTSC to understand the extent of binding and its effect on cytotoxicity profile of
the compounds.

Tryptophan emission-quenching experiments were carried out using BSA in the presence
of PyTSC and CuPyTSC. The BSA solution shows a strong emission peak at 340 nm (Aex = 285
nm) due to tryptophan residues. Emission intensity of BSA solution is controlled by various
factors such as the degree of exposure of tryptophan residues, polar solvent and presence of
specific quenching groups.'”"" Addition of PyTSC and CuPyTSC to BSA resulted in
significant emission quenching at 340 nm as portrayed in Fig. 10. The fluorescence at 340 nm

was corrected for the inner filter effect, according to equation (4)'*°

Foor = Fop, 10252 ()
where F.,; is the corrected fluorescence intensity, Fops is the observed fluorescence intensity at
340 nm. A is absorbance at 285 nm. The corrected fluorescence intensity data was then
analyzed using Stern—Volmer equation:

Fo/F=1+ Ksv[Q] = 1 + kq10[Q] (5)
where Fy and F are the fluorescence intensities at 340 nm in the absence and presence of
quencher, respectively, 1o denotes the lifetime of the fluorophore in the absence of quencher, [Q]
is the quencher concentration, Ksy is the Stern—Volmer quenching constant, and kg, the

bimolecular quenching rate constant.
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Stern—Volmer quenching constants for PyTSC and CuPyTSC obtained by linear
regression of SV plots, were found to be 1.37 x 10> and 2.69 x 10° L mol™, respectively at 28°C.
For BSA, 7, is known to be approximately 1x10® s and accordingly the quenching rate constant,
kg, turns out to be 1.37 x 10" and 2.69 x 10" mol™'s™, respectively for PyTSC and CuPyTSC.

The number of binding sites were obtained from :

Log (F,-F /F) =log KA +n log [Q] (6)
Where K, is the association constant and n = number of binding sites. The association constants
for PyTSC and CuPyTSC were found to be 1.92 x 10* and 2.52 x 10* M respectively suggesting
moderate binding to BSA. The number of binding sites as obtained from slope of the double-log
plots (Fig. S7) for PyTSC and CuPyTSC on BSA are 1.3 and 2.4 respectively. The binding ratio
of PyTSC to BSA was observed to be 1:1 and two molecules of CuPyTSC are interacting with
one BSA molecule. All correlation coefficients are about 0.99, indicating that the interaction
between PyTSC and CuPyTSC with BSA are consistent with the site-binding model. Differences
in relative binding strengths can be attributed to the hydrogen bonding and m—stacking

interactions with appropriate stereochemical arrangement of the compounds.

Emission Intensi
N w H
(=) (=) (=)
(=) (=) (=)
2 2 2 2 <@ ¢
%

1000
0 T T T T 0 T
320 340 360 380 320 340 360 380
Wavelength nm Wavelength nm
(A) (B)

Fig. 10. Effect of addition of (A) PyTSC and (B) CuPyTSC on the emission intensity of the BSA
(50 uM) at different concentrations in 10% DMF phosphate buffer (pH 7.2).
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3.9 Cellular uptake and Cell Cytotoxicity Studies:

The uptake of PyTSC and CuPyTSC by cancer cells was monitored by fluorescence
microscopy. Bright green fluorescence was observed (Fig. 11) when cells (B16F10, melanoma
cell line) were incubated with 30 uM concentrations of PyTSC and CuPyTSC for 8 h at 37 °C in
5% CO; incubator indicating that the compounds are taken up by the cells. It has been noted that,
at 30 uM concentration, whole cytoplasm was stained in contrast to enhanced accumulation in
nucleus on photoexposure. The effect of radiation was also tested on control cells. No
appreciable change in the cell viability was observed in the cells incubated in dark (Fig. 11 (a))
and the ones photoexposed for 30 min (Fig.11 (d)) before incubation suggesting that the effect
observed is due to the compounds alone. Careful observations of the images (e) and (f) reveal
cytoplasmic vacuolization on exposure to monochromatic light of 365 nm suggesting a different

mode of action of these compounds in dark and on photoirradiation.
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Control PyTSC CuPyTSC

Fig. 11. Fluorescence microscopic images of BI6F10 melanoma cells indicating cellular uptake
of PyTSC and CuPyTSC (30 uM) after 8 h with treatments as indicated; UV specifies exposure
to 365 nm light for 30 min prior to incubation. (a) Untreated cells (control, dark), (b) PyTSC, (c)
CuPyTSC (d) Untreated cells (control, UV), (e) PyTSC (UV), (f) CuPyTSC (UV). Scale bar =20

um.

Fig. 12 shows the result of cell cytotoxicity on B16F10 melanoma cells using MTT assay. The
cells were treated with different concentrations of PyTSC and its copper complex for 24 h. When
incubated in dark, PyTSC showed higher cytotoxicity than CuPyTSC. However, on 30 min
exposure to UV light of 365 nm, no appreciable increase in the toxicity of PyTSC was observed.
On the other hand, exposure to 365 nm light nearly doubled the cell death by CuPyTSC (~90%)
at 50 uM concentration. This can be attributed to the facile singlet oxygen generation by
CuPyTSC on exposure to UV light through photosensitization (vide sections 3.6 and 3.7),

bringing about more cell death. Further, variation in the cytotoxicity profiles of the ligand and
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its copper complex indicate the differences in their cellular uptake and processing. Detailed

studies to investigate the mechanism of action are currently underway.

100 A

0

80 M Control UV
£
";u' 70 M PyTSC Dark
o 60
E 50 M PyTSC UV
" 40
@ M CuPytsc Dark
e 30
o

20 i CuPyTSC UV

10

0

Control 10 20 30 40 50
Concentration, uM

Fig. 12. Effect of concentration on viability of BI6F10 melanoma cells as determined by MTT
assay. Dark means the test compounds were incubated with cells in dark, while UV indicate the
test compounds exposed to UV light of 365 nm for 30 min, then further incubated upto 24 h in
dark. Control represents cells exposed to 365 nm light for 30 min without PyTSC and
CuPyTSC. The error bars indicate standard deviation from experiments performed in triplicate.
4. Conclusions

Our results demonstrated that PyTSC on binding to Cu(Il) yielded a highly fluorescent
complex. Both, ligand and complex, bind to CT-DNA via intercalation with binding constants of
the order of 10°. The compounds did not show any appreciable cleavage of plasmid pBR322
DNA when incubated in dark. On photoirradiation, CuPyTSC displayed greater DNA cleavage

(74%) ability than PyTSC (14%). Mechanistic investigations revealed involvement of singlet

oxygen species in the DNA cleavage by both the compounds. DFT calculations evidenced a
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decreased HOMO-LUMO gap for CuPyTSC (0.332 eV) as compared to PyTSC (0.629 eV)
which can be correlated to better photosensitization ability of the complex. From DFT
calculations, high emission intensity of CuPyTSC was found to be due to poor overlap of n-r*
orbitals consequent to twisting of PyTSC bound to Cu(Il), which separated the excited states of
Cu®" from pyrene. The Cu”" excited state was speculated to be decaying faster nonradiatively
whereas pyrene decays with high emission intensity. Both the compounds bind to bovine serum
albumin with moderate binding constant of 10* suggesting formation of ground state complex
between BSA and compounds. PyTSC and CuPyTSC were taken up by the BI6F10 (melanoma)
cells and give green fluorescence when observed under fluorescence microscope. These
compounds lead to no considerable cell death when incubated in dark; however, CuPyTSC
induces more cell death on exposure to UV light than ligand alone. Thus, better DNA and protein
binding affinity coupled with greater oxidative DNA cleavage by CuPyTSC is consistent with its

higher cytotoxicity.
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