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ABSTRACT

The interactions of metal complexes with important biomolecules
such as deoxyribonucleic acid (DNA) or bovine serum albumin
(BSA) are responsible for their antitumor activity due to different
modes of interaction with DNA and their transport through the
blood system to cells and tissues via serum albumin. Therefore,
the dinuclear palladium(ll) complexes, [{Pd(en)Cl}:(u-1,5-
nphe)](NO3); (Pdl) and [{Pd(1,3-pd)Cl}s(1-1,5-nphe)](NO3);
(Pd2) (en is ethylenediamine, 1,3-pd is 1,3-propylenediamine and
1,5-nphe is the bridging 1,5-naphthyridine ligand) were synthe-
sized and characterized by different spectroscopic methods. The
UV-Vis and fluorescence emission spectroscopy were applied for
evaluation of binding modes of Pdl and Pd2 complexes to DNA
as well as their interaction with BSA. The emission spectra indi-
cate that the investigated Pdl and Pd2 complexes can displace
the ethidium bromide intercalator from DNA/EtBr molecules and
act as intercalators showing strong interactions with DNA. The
fluorescence intensity showes that Pdl and Pd2 complexes can
bind to BSA and then be transported to the cell.

Keywords: Dinuclear palladium(ll) complexes; 1,5-naphthy-
ridine; DNA; bovine serum albumin (BSA).
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INTRODUCTION

Palladium(II) complexes are interesting due to their sim-
ilarity with the corresponding platinum(II) complexes, so
they can be used as model molecules for investigation of the
antitumor action mechanism of cisplatin and other platinum
chemotherapeutics. Reactivity of palladium(I) complexes is
10*-10° times higher in relation to analogous with plati-
num(II) (1-4).

Although the first results did not show significant anti-
tumor activity of the palladium(II) complexes, they were
nevertheless studied more widely. It is considered that the
lower activity of these complexes is a consequence of very
fast ligands exchange and the inability of the complex to
reach the biological target without changes in structure,
which increases the risk of adverse effects on biochemical
processes in the cell. Since the main reason for the poor bio-
logical activity of these palladium complexes lies in its ther-
modynamic and kinetic lability, it was necessary to make a
good selection of ligands, and thus the leaving groups, in the
synthesis. In order to overcome such problems, a large num-
ber of palladium(Il) complexes containing chelating ligands,
have been synthesized in order to reduce the reactivity of pal-
ladium(II) ion, and increase the stability of the obtained com-
pounds (5). The reactivity and lipophilicity, as well as the
antitumor activity of the complex itself, depend on the choice
of appropriate ligands. With increasing of compound lipo-
philicity, its cytotoxicity also increases (6,7). The leaving
group must not be extremely labile because it is necessary for
the complex to sustain its structural integrity in vivo long
enough. For example, 1,10-phenanthroline mononuclear and
dinuclear palladium(IT) complexes show very good antitumor
activity (8). It is assumed that one of the main reasons for
good cytotoxicity, in addition to lipophilicity, is the presence
of the N-H group, more precisely the hydrogen atom that is
suitable for the formation of the hydrogen bonds. This allows
more efficient coordination of nucleic acids, containing the
electron donor nitrogen atoms, for the palladium(II) ion. So
far, only in medicine, the radioactive isotope '°*Pd has been
used for treatment of fast-growing prostate cancer (9,10).

Numerous palladium complexes with ligands such as pu-
trescine, spermine, edta-type ligands and coumarin deriva-
tives have been synthesized and showed cytotoxic activity
approximately equal or even better than cisplatin (11,12).
Studies based on the biological activity of mononuclear pal-
ladium(Il) complexes with ethylenediamine ligand have
shown enhanced cytotoxic activity against human leukemia
cell lines, relative to cisplatin and other platinum(II) com-
plexes (13). Ethylenediamine dinuclear palladium(II) com-
plexes with pyridine derivatives and phenanthroline as lig-
ands have also shown cytotoxic activity, as well as the ability
to reduce the viability of cervical tumor cells (14). The syn-
thesis of palladium(II) complexes with voluminous N-donor
ligands leads to the formation of trans-complexes, due to the
steric effect. Trans-isomers of palladium(II) complexes have
shown better cytotoxicity compared to corresponding cis-iso-
mers (15).

Deoxyribonucleic acid (DNA), important biopolymer in
the human body, forms different conformations under physi-
ological conditions, because of interactions that occur within
the molecule itself (16-18). DNA has a role to store and trans-
mit encoded genetic data, which includes transcription, rep-
lication, and translation into proteins. Investigating the mech-
anism of action of cisplatin as a highly represented cytostatic
in the treatment of different cancers, it was found that reversi-
ble and irreversible binding to the DNA molecule occur. Re-
versible bonding refers to the formation of covalent bonds
between platinum(II) ions and nitrogen atoms from purine
and pyrimidine bases, namely N7-nitrogen atoms from gua-
nine, N7 and N1-atoms from adenine and N3-atom from cy-
tosine and thymine (19, 20). NMR spectroscopy and X-ray
analysis have shown that interlinked bonds between DNA
molecules and metal ions can be formed in different ways.
Analogous to platinum(II), studies of palladium(I) com-
plexes interactions with DNA have been performed (21,22).

Serum albumins are a class of blood proteins whose pri-
mary function is the transport of molecules and regulation of
osmotic pressure in the blood plasma. They play an important
role in the transport of metal ions and their complexes to cells
and tissues. The concentration of serum albumin in the blood
is about 7.0-10* M (23,24). Human serum albumin (HSA)
and bovine serum albumin (BSA) belong to the group of the
most studied proteins (23,25). Bovine serum albumin posses-
ses amino acid sequence that has 76% similarity to the human
serum albumin (23,26). Investigations of the interactions of
serum albumin proteins and transition metal ion complexes
used as drugs, is of great importance, because it can lead to a
decrease or increase in the biological activity of the drug, as
well as to the occurrence of new modes of complex transport.
Rapid degradation of many drugs in the body, reduces their
therapeutic power. HSA and BSA, as drug transporters, can
be used to increase the half-lives of peptides and small
molecules that are rapidly subject to degradation. In this way,
serum albumins regulate the bioavailability of drugs and bi-
oactive molecules. Due to the extraordinary binding capacity
of different ligands, they are also used as model systems for
studying interactions with bioactive molecules (27,28).

In this paper, we report synthesis and spectroscopic char-
acterization of two dinuclear palladium(II) complexes with
1,5-naphthyridine bridging ligand, [{Pd(en)Cl}2(p-1,5-
nphe)[(NO3)2 (Pdl) and [{Pd(1,3-pd)Cl}2(u-1,5-nphe)]
(NO3)2 (Pd2). UV-Vis spectrometry and fluorescent meas-
urements are applied for investigation of the reactions of pal-
ladium(IT) complexes (Pd1 and Pd2) with DNA and bovine
serum albumin (BSA), which results can provide mechanism
of their antitumor activity and their possibility to interact
with important biomolecules as well as mode of these inter-
actions.
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EXPERIMENTAL
Materials

Chemicals and reagents ethylenediamine (en), 1,3-
propylenediamine (1,3-pd), 1,5-naphthyridine (1,5-nphe),
deoxyribonucleic acid isolated from calf thymus (CT-DNA),
bovine serum albumin (BSA), ethidium bromide (EtBr), 0.01
M phosphate buffer and K,[PdCls] were purchased from
Sigma-Aldrich Chemical Co. Bidistilled water was used to
prepare a solution of these reagents. Other chemicals used in
this work were commercial products of analytical purity and
were purchased from a domestic manufacturer.

Instrumental methodes

All pH measurements were performed at 25 °C. For this
purpose, a pH meter Mettler Toledo Seven Copmact S220-U
was used, which was calibrated in relation to Mettler Toledo
buffer solutions for pH = 4.0 and pH = 7.0. The measured pH
values were not corrected for the deuterium effect.

Elemental microanalysis for C, H, and N parameters were
performed in the Microanalytical Department of the Institute
of Chemistry, Faculty of Chemistry, University of Belgrade.

D,0O as the solvent and TSP (trimethyl-silylpropane-3-
sulfonate) as the reference standard were used to record the
'H and *C NMR spectrum. The spectra were recorded on a
Varian Gemini 200 MHz spectrometer. All reactions were
performed in 5 mm diameter NMR cuvettes.

Electronic absorption spectra were recorded on a Shi-
madzu UV-Vis spectrophotometer. Concentrations of dinu-
clear palladium(Il) complexes were 5107 mol/dm®. The
electron absorption spectra were recorded in the wavelength
range 200—500 nm at 25 °C and the experimental results were
processed using the computer program Microsoft Office Ex-
cel 2003.

Infra-red (IR) spectra were recorded on a Perkin-Elmer
Spectrum One FT-IR spectrometer using the KBr technique,
in the wavelength range of 450 - 4000 cm™!.

Fluorescence measurements were performed on an RF-
1501 PC spectrophotometer (Shimadzu, Japan).

Synthesis of [Pd(en)Cl;] and [Pd(1,3-pd)Clz] complexes

Mononuclear palladium(Il) complexes [Pd(en)Cl>] and
[Pd(1,3-pd)ClL;] (en and 1,3-pd, are bidentate coordinated
diamine ligands ethylenediamine and 1,3-propylenediamine,
respectively) were synthesized according to a modified pro-
cedure previously described in the literature (29-31).

0.1632 g (5.00-10* mol) of K,[PdCls] was dissolved in
25 cm? of water and the resulting brown solution was trans-
ferred to a 100 cm? double-necked flask supplied with reflux
condenser and dropper. The pH value of the solution was
adjusted to about 2-3 by adding a solution of HCl with a
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concentration of 0.1 M. Obtained solution was heated on a
water bath, with slow instilment of an equimolar amount
(5.00-10* mol) of ethylenediamine or 1,3-propylenediamine.
Instilment is performed slowly for one hour with constant he-
ating, stirring and occasional control of pH values (pH 2-3).
During the reaction, the color of the solution changes from
brown to light yellow. After refluxing for 5 h, the reaction
mixture was left at room temperature overnight. The
complexes crystallized from aqueous solution at room tem-
perature. The obtained crystals were filtered off, washed with
ethanol and air dried. The yield was about 90%.

Synthesis of dinuclear [{Pd(en)Cl}2(u-1,5-nphe)](NO3):2
and [{Pd(1,3-pd)Cl}2(u-1,5-nphe)](NOs3): complexes

Dinuclear palladium(IT) complexes, [{Pd(en)Cl}2(u-1,5-
nphe)](NOs),  (Pd1) and  [{Pd(1,3-pd)Cl}2(u-1,5-
nphe)](NOs), (Pd2), were obtained from the corresponding
mononuclear complexes according to a modified procedure
previously described in the literature (32-34).

In 5 cm?® of dimethylformamide 0.0572 g (3.37-10* mol)
of AgNOs; was dissolved and a suspension of the
mononuclear [Pd(en)Clz] or [Pd(1,3-pd)Cl2] complex
(3.43:10* mol) in 10 cm® of dimethylformamide was added.
The reaction mixture was leaved overnight with stirring at
room temperature and in the dark. Precipitated AgCl was
removed by filtration and in the pale yellow solution of
palladium(Il) complex, [Pd(en)(dmf)CI]* or [Pd(1,3-
pd)(dmf)CI]*, solution of 1,5-naphthyridine (1,5-nphe) in
dimethylformamide (molar ratio 2 : 1) was edded dropwise.
The reaction mixture was stirred at room temperature for
about 4 h in the dark. The volume of the solution was reduced
by evaporation of dimethylformamide on a rotary vacuum
evaporator.

After the addition of about 20 cm? of dichloromethane, a
light yellow precipitate of the complex [{Pd(en)Cl}2(u-1,5-
nphe)](NOs), and [{Pd(1,3-pd)Cl}2(u-1,5-nphe)](NOs), was
obtained. The resulting precipitate of dinuclear palladium(II)
complexes was separated by filtration, washed with
methanol, then ether and air dried. The yield of dinuclear
palladium(IT) complexes was 65% for Pd1 and 50% for Pd2.

Anal. Calcd. for Pd1 (Ci2H22NgCl,O6Pdo: FW = 658,11):
C, 21.90%; H, 3.37%; N, 17.03%. Found: C, 22.11%; H,
3.26%; N, 17.29%. 'H NMR (200 MHz, D;0, 5, ppm): 8.14
(m, 2H, H3, H7), 9.58 (m, 2H, H4, H8), 10.21 (d, 2H, H2,
H6). *C NMR (50 MHz, D,0, 8, ppm): 130 (C3, C7), 143
(C4a, C8a), 147 (C4, C8), 160 (C2, C6). IR (KBr, v, cm™):
~3226, 3100 (N-H stretch); 1582, 1509 (C=C/C=N 1,5-
naphthyridine group stretch); 1373, 1356, 1336 (vas(NO3)).
UV-vis (H20, Amax, nm): 303 (¢ = 7.8:10° Mlem™), 314 (g =
8.0-10° Mlem™).

Anal. Calcd. for Pd2 (C14H26N8C1206Pd21 FW = 686,15)1
C, 24.51%; H, 3.82%; N, 16.33%. Found: C, 24.28%; H,
3.55%; N, 16.53%. '"H NMR (200 MHz, D,0, &, ppm): 8.23
(m, 2H, H3, H7), 9.55 (d, 2H, H4, H8), 10.17 (d, 2H, H2,
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H6). PC NMR (50 MHz, D>0, 3, ppm): 131 (C3, C7), 143
(C4a, C8a), 146 (C4, C8), 160 (C2, C6). IR (KBr, v, cm™):
~3241, 3135 (N-H stretch); 1659, 1600, 1589, 1510
(C=C/C=N 1,5-naphthyridine group stretch); 1367, 1295
(Vas(NO3)). UV-vis (H20, Amax, nm): 303 (€ = 7.5-10° M lcm-
1,313 (¢ =7.2-10° Mlem™).

Interactions of complexes with CT-DNA

UV-Vis spectrophotometric measurements

Interactions of [{Pd(en)Cl}2(u-1,5-nphe)](NO3), and
[{Pd(1,3-pd)Cl}2(u-1,5-nphe)](NOs), complexes with deox-
yribonucleic acid isolated from calf thymus (CT-DNA) were
investigated using UV-Vis spectrophotometry. Based on
these measurements, the internal binding constant (Ks) of
CT-DNA molecules for dinuclear palladium(II) complexes
was determined. A 0.01 M phosphate buffer solution (pH =
7.4) was used to prepare the solutions for UV-Vis measure-
ments. All reactions were performed at 37 °C. The concen-
tration of CT-DNA was determined from the ratio of UV ab-
sorbance at 260 and 280 nm (Ax60/A2g0). An absorption ratio
of 1.8 to 1.9 indicates that CT-DNA has been released from
the protein portion, and such a solution was stored at 4 °C for
no longer than 7 days. The concentration of CT-DNA was
determined based on UV absorption at 260 nm and extinction
coefficient € = 6600 M'cm™ (35,36).

To determine the internal binding constant (Ky) of CT-
DNA molecules and dinuclear palladium(IT) complexes, UV-
Vis spectra of the solution obtained by mixing dinuclear pal-
ladium(II) complexes with CT-DNA were recorded. In all so-
lutions, the concentration of palladium(II) complex was con-
stant (4.51-1073 M), while the concentration of CT-DNA was
in the interval (0 - 9.02) - 10 M ([complex] / [ CT-DNA] =
0.0 - 2.0). The internal binding constants (K,) were deter-

mined according to [DNK]/(Ea-€Ef) =
[DNK]/(€p-€) + 1/Kp-(Eb-E¢) (37), where [DNA] is the con-

centration of CT-DNA, €, and &, are the extinction coeffi-

cients of the free complex and the complex when the CT-
DNA molecule is bound to it, respectively. The extinction

the equation:

coefficient € was defined from the calibration curve ob-
tained by determining the absorption of the free complex at
different concentrations. The extinction coefficient &, was
calculated based on Lambert-Beer's law, as the ratio of the
absorption of the tested solution (Aobs) and the concentration
of the complex in that solution (Ao,s-DNA)/[complex]. The
obtained results are presented graphically as the dependence

of [DNK]/(€a-Er) versus [DNK]. The slope of the obtained
line has the value 1/(€p-Es), while the segment on the y axis

is 1/Ky:(€p-E¢). The internal binding constant (Ky) was deter-
mined from the ratio of the slope of the line and the segment
on the y axis.

Fluorescent measurements

Interactions of dinuclear palladium(Il) complexes,
[{Pd(en)Cl}2(u-1,5-nphe)](NO3); and [{Pd(1,3-pd)Cl}2(u-
1,5-nphe)](NOs3),, with CT-DNA in the presence of ethidium
bromide (3,8-diamino-5-ethyl-6-phenylphenanthridium bro-
mide, EtBr) were examined using emission fluorescence
spectroscopy. A solution of palladium(Il) complex was
added in to the mixture of EtBr and CT-DNA (1.28:107° M)
in a 1: 1 molar ratio, so that obtained solution have concen-
tration ratio of Pd(II) complex and CT-DNA in range from
0.0 to 0.9. All reactions were carried out in 0.01 M phosphate
buffer (pH = 7.4). In order to examine the competitive reac-
tions of the interaction of dinuclear palladium(II) complexes
and EtBr with CT-DNA, fluorescent spectra of EtBr/CT-
DNA were recorded in the absence and presence of dinuclear
Pd(II) complexes. The emission spectra were recorded in the
wavelength range 550 - 750 nm, with extinction at 527 nm
and fluorescent emission at 612 nm. The Stern-Volmer con-
stant (K,v) was determined based on the equation: Io/I =1 +
K« [Q] (38), where I and I are the fluorescence intensities
before and after the addition of the palladium(II) complex to
the EtBr/CT-DNA solution, while [Q] is the concentration of
the Pd(II) complex. The obtained results are presented graph-
ically as the dependence of I¢/I from [Q]. The Stern-Volmer
constant (Ksy) was obtained from the slope of the acquired
line. The stability constant (K,) as well as the number of bind-
ing sites (n) was obtained based on the equation: log (Io—I)/I
= logK, + n-log[Q] (39-41). The obtained results are pre-
sented graphically as the dependence of log (Io—I)/I from the
log[Q]. The value of K, was obtained from the intersection
of the line with the y axis, and the number of connecting
points (n) from the slope of the line.

Interactions of Pd(II) complexes with albumin

Emission fluorescence spectroscopy were used to exam-
ine interactions of dinuclear palladium(Il) complexes
[{Pd(en)Cl}2(u-1,5-nphe)](NOs), and [{Pd(1,3-pd)Cl}2(u-
1,5-nphe)](NO3), with bovine serum albumin (BSA). Emis-
sion spectra were recorded in the wavelength range 300-500
nm, with extinction at 295 nm (32). The binding effect of the
tested albumin complexes was observed based on the reduc-
tion of the albumin emission intensity (1.6- 10° M in 0.01 M
PBS) to 352 nm after the addition of palladium(II) complexes
(0-4.0)-10° M. All emission spectra were recorded under the
same experimental conditions.

The Stern-Volmer constant (Ks,) was determined based
on the equation: Io/I = 1 + Ko[Q] = 1 + kqto[Q], where I is
the initial fluorescence intensity of tryptophan in BSA, and I
is the fluorescence intensity of tryptophan in BSA after addi-
tion of palladium(I) complex in protein solution, kg is the
fluorescence quenching constant, 7o is the average time for
fluorescence of albumin in the absence of the complex and
[Q] is the concentration of the complex. The binding constant
(Ka) as well as the number of binding sites (n) were obtained
on the basis of Scatchard's equation: log(Io—I)/I = logK, +
n-log[Q]. The results are presented graphically as the
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dependence of log(Io—I)/I from log [Q], the value of K, is
aquired from the intersection of the obtained line with the y

RESULTS AND DISCUSSION

In this work, two dinuclear palladium(II) complexes,
[{Pd(en)Cl}2(1-1,5-nphe)](NOs), (Pd1l) and [{Pd(1,3-
pd)Cl}2(u-1,5-nphe)](NOs), (Pd2), containing 1,5-naphthy-
ridine (1,5-nphe) as bridging ligand, while ethylenediamine
(en) and 1,3-propylenediamine (1,3-pd) are bidentate coordi-
nated diamine ligands, were synthesized and characterized by
elemental microanalysis, NMR ('H and 13C), IR spectroscopy
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axis, and the number of connecting points (n) from the slope
of the line.

and UV-Vis spectrophotometry. Figure 1 shows the struc-
tural formulas of ligands, and the synthesized dinuclear pal-
ladium(II) complexes. Interactions of dinuclear palladium(II)
complexes with calf thymus deoxyribonucleic acid (CT-
DNA) were investigated using UV-Vis spectrophotometry
and fluorescence spectroscopy. In addition, fluorescence
spectroscopy was used to study the interaction of Pd1 and
Pd2 complexes with bovine serum albumin (BSA).

Figure 1. Structural formulas of 1,5-naphthyridine (1,5-nphe),
ethylenediamine (en) and 1,3-propylenediamine (1,3-pd), and
dinuclear palladium(IT) complexes Pd1 and Pd2.

NH,

NH
1,5-naphthyridine (1,5-nphe)

ethylenediamine (en)

NH,

NH,

1,3-propylenediamine (1,3-pd)

[{Pd(en)Cl}2(u-1,5-nphe)](NOs), (Pd1)

Synthesis and characterization of dinuclear
palladium(II) complexes

Dinuclear palladium(IT) complexes, [{Pd(en)Cl}2(u-1,5-
nphe)](NOs),  (Pd1) and  [{Pd(1,3-pd)Cl}2(u-1,5-
nphe)](NOs), (Pd2), were obtained from the corresponding
mononuclear complexes according to a modified procedure
previously described in the literature (32-34).

As shown in Figure 1, the synthesized dinuclear palla-
dium(II) complexes have the same  bridging

[{Pd(1,3-pd)C1}2(z-1,5-nphe)(NOs), (Pd2) (Pd2),

1,5-naphthyridine ligand and different bidentate coordinated
diamine ligands. 'H and 3C NMR spectra of 1,5-naphthyri-
dine, ethylediamine, 1,3-propylenediamine as well as Pd1
and Pd2 complexes were recorded in D,0O as solvent. NMR
data for ligands and dinuclear palladium(II) complexes is
given in Table 1, while 'H and '3*C NMR spectra of Pd1 and
Pd2 complexes in Figure 2.
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Table 1. 'H and *C NMR chemical shifts (8, ppm) for 1,5-naphthyridine (1,5-nphe),
ethylenediamine (en), 1,3-propylenediamine (1,3-pd) and the corresponding
dinuclear palladium(IT) complexes

NMR shifts
ligand/ q 13
complex H4, alifatic protons C2, C4, Cda, L
H2, H6 HS H3, H7 c6 cs C3,C7 C8a
1,5-nphe  8.57dd 671'89 7.48 dd 154 139 128 144
on 2.64 5 (CHy) 45 (CH,)
Pdl 1021d 3'58 g1am 2OmCH) o 47 130 143 0(CH)
1.60 m 29
(H2, CH,) (C2, CH,)
1,3-pd 247 m 39
(H1,H3,CH,) (C1,C3, Hy)
1.85 m 30
9.55 (H2,CH) (C2, CH,)
Pd2 10174 7 823m (S 160 6 131 143 A
(H1,H3,CH,) (C1,C3, CHy)

In the '"H NMR spectrum of free 1,5-naphthyridine, two multiplets (doublet-doublets, dd) occur at 7.48 (H3, H7) and 8.57
(H2, H6) ppm, derive from the equivalent protons of the two condensed pyridine rings. The doublet at 7.89 ppm originates

from the H4 and H8 protons of 1,5-nphe.
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Figure 2. 'H and '3C NMR spectra of [ {Pd(en)Cl}2(u-1,5-nphe)](NOs), (Pd1)
and [{Pd(1,3-pd)Cl}2(u-1,5-nphe)](NOs), (Pd2) complexes.
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After coordination of diamine ligand to the palladium(II)
ion, the signal shifts downfield (Fig. 2 and Table 1). The
shifts of the signals, which correspond to the 1,5-nphe pro-
tons after coordination for the palladium(II) ion, are a con-
sequence of the delocalization of the charge transmitted thro-
ugh the pyridine rings (20,32,42). The multiplet at 2.76 ppm
in the '"H NMR spectrum of the Pd1 complex, correspond to
methylene protons of bidentate coordinated ethylenediamine.
This signal was shifted by A =0.12 ppm downfield in regard
to free ethylenediamine. In the aliphatic part of the 'H NMR
spectrum of the Pd2 complex, two multiplets appear at 1.85
and 2.60 ppm due to the CH; protons at position 2 and the
CHj; protons at position 1 and 3 (Fig. 1, Table 1). Signals de-
rived from these protons after coordination were shifted
downfield (Ad = 0.25 ppm for methylene protons at position
2 and A8 = 0.19 ppm for same protons at positions 1 and 3)
in regards to the uncoordinated 1,3-pd.

In the 3C NMR spectra of the Pd1 and Pd2 complexes,
in the aromatic region, four signals from the carbon atoms of
the 1,5-naphthyridine ligand (C2 and C6, C4 and C8, C4a and
C8a, C3 and C7) appears. The position of these signals differs
significantly from those of the uncoordinated 1,5-nphe
(Table 1). After coordination of 1,5-nphe for Pd(II) the sig-
nals for the carbon atoms in the heterocyclic aromatic ring
move downfield. The signal at 50 ppm originating from from
the carbon atoms of bidentate-coordinated ethylediamine in
Pd1, are shifted by Ad =5 ppm in regarde to the uncoordina-
ted en ligand. Also, in the spectrum of the Pd2 complex, the
signals corresponding to the C atoms of the coordinated 1,3-
pd ligand are shifted by AS = 1-5 ppm downfield relative to
the signals of the uncoordinated ligand.

UV-Vis spectrophotometry

The UV-Vis spectra of the Pd1, Pd2 complexes and free
1,5-nphe ligand are given in Figure 3. The first absorption
maximum is located in the wavelength range of 296 to 310
nm, while the second maximum is in the range of 310 to 320
nm. All absorption maxima of the synthesized complexes
have a batochromic shift after the coordination of 1,5-
naphthyridine, due to «....7w electron transitions in the hete-
rocyclic 1,5-nphe ligand.

10000

8000 = = -1,5-nphe

—Pd1

—Pad2

EMriem)

6000

4000

2000

0

270 300 330
A (nm)

Figure 3. UV-Vis spectra of dinuclear [ {Pd(en)Cl}»
(u-1,5-nphe)]** and [{Pd(1,3-pd)Cl}2(u-1,5-nphe)]**
complexes and free 1,5-nphe ligand.
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IR spectroscopy

IR spectra of Pdl and Pd2 complexes, recorded in the
wavelength range 4000 - 450 cm-1, show bands correspond-
ing to coordinated 1,5-nphe ligand, as well as bands of biden-
tate coordinated ethylenediamine (en) and 1,3-propylenedia-
mine (1,3-pd) (Fig. 4).

In the IR spectra of dinuclear palladium(Il) complexes,
two very strong bands in the range of 3280 - 3098 cm™! were
observed, which correspond to asymmetric and symmetric
vibrations of the coordinated amino group of ethylenedia-
mine and 1,3-propylenediamine. The medium-strength band
in the region of 1500-1650 cm™! correspond to the C = C and
C = N vibrations of the aromatic 1,5-naphthyridine ring. A
strong and wide band at ~1364 - 1384 cm™! indicates the ex-
istence of NOs™ ions in the outer coordination sphere of dinu-
clear palladium(IT) complexes.

Figure 4. IR spectra of Pd1 and Pd2 complexes,
KBr, 4000-450 cm™'.

Interactions of dinuclear palladium(II) complexes
with DNA

UV-Vis spectrophotometric measurements

UV-Vis spectrophotometry is a simple and efficient
method, which is used to determine the mode of coordination
or interaction of metal complexes with deoxyribonucleic acid
(DNA). Transition metal complexes can interact with DNA
covalently or noncovalently (43). Coordination of DNA mol-
ecules, most commonly via N7 atoms from guanine to a metal
ion, creates a covalent bond, while noncovalent interactions
include intercalation, hydrogen bond formation, and electro-
static interactions. After the interaction of the metal complex
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with the DNA, the intensity of the absorbance may decrease
(hypochromic effect) or increase (hyperchromic effect).
Also, the absorption maximum may have a batochromic or
hypsochromic shift. Based on the obtained results of UV-Vis
spectrophotometry, the internal binding constants (stability
constants) of DNA to the metal ion, can be calculated. The
UV-Vis spectra of [{Pd(en)Cl}2(z-1,5-nphe)]* and
[{Pd(1,3-pd)Cl1}2(x-1,5-nphe)]** complexes in the absence
and presence of different concentrations of CT-DNA, ([com-
plex] / [CT-DNA] = (0.0 - 2.00)-10* M) are shown in
Figure 5.

After the addition of CT-DNA to the solution of dinuclear
palladium(IT) complexes, a hyperchromic effect (increase of
the absorption maximum) in UV-Vis spectra can be obser-
ved, based on which it can be concluded that the complex
interacts with CT-DNA. The hyperchromic effect indicates
that our complexes with CT-DNA achieve interactions of e-
lectrostatic nature or m—n* interactions which occurs as a
consequence of the interactions of aromatic rings in
complexes with bases in CT-DNA (44).

The internal binding constants (K;) were calculated from
the change in absorption at the appropriate wavelength after
the addition of CT-DNA according to the equation given in
the Experimental part (2.5.1). The obtained results are
presented graphically as the dependence of [DNKJ/(ea-€f)
from DNA concentration. The slope of the obtained line has
the value 1/(gv-€¢), while the segment on the y axis is 1/Ky-(eb-
€f). The internal binding constant (Ky) is determined from the
ratio of the slope of the line and the segment on the y axis
(Fig. 5). The obtained values for the internal binding
constants (Kyp) are shown in Table 2. Based on K;, we can
conclude that strong interactions occur between investigated
Pd(IT) complexes and CT-DNA, which are characteristic for
intercalators.
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Figure 5. Absorption spectra of [ {Pd(en)Cl}»(p-1,5-
nphe)]** and [ {Pd(1,3-pd)Cl}2(p-1,5-nphe)]*" complexes
in 0.01 M phosphate buffer before and after addition
of CT-DNA. [Pd(IT) complex] =4.51-107 M,
[DNA]=(0-2.00)-10* M.

Ky values of the tested complexes are about 10 times lo-
wer then the same for the typical intercalator ethidium bro-
mide (EtBr) to DNA, (K, = 1.23-10° M) (45), indicating that
the interactions of the Pd(II) complexes are weaker compared
to EtBr. The higher value of K, for the Pd1 complex com-
pared to the Pd2, indicates that the Pd1 complex has a higher
affinity of interaction with CT-DNA, which can be attributed
to the smaller steric effect of the bidentate coordinated five-
membered ethylenediamine ring compared to the six-mem-
bered 1,3-propylenediamine ring in Pd2. The change in
Gibbs energy (AG, Table 2) of the Pd(II))CT-DNA adduct
was calculated using the following equation: AG = —RTInKsy.
Negative values of Gibbs energy indicate spontaneous inter-
action of dinuclear palladium(II) complexes, Pd1 and Pd2,
with CT-DNA.

Ky-10* AG H
complex

M (kJ/mol)
[{Pd(en)Cl}> (7.50 2893 2242
(¢-1,5-nphe)* + 0.05)
[{Pd(1,3-pd)Cl}, (4.00 -27.31 25.77
(1-1,5-nphe)* +0.03)

Table 2. Internal binding constants (Ky), changes in Gibbs
energy (AG) and hypochromism (H) of the investigated di-
nuclear palladium(II) complexes, Pd1 and Pd2,
with CT-DNA

Fluorescent measurements

Fluorescence emission spectroscopy was used for study-
ing the interactions of dinuclear Pd1 and Pd2 complexes with
the CT-DNA molecule and ethidium bromide (EtBr) as a typ-
ical intercalator. Changes in EtBr/CT-DNA emission spectra
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after addition of the complex solution, decrease or increase
in fluorescent emission, indicates that the complex replaces
EtBr, and a new adduct of CT-DNA/PA(I) complex is
formed (46).

The emission spectra of EtBr/CT-DNA in the presence of
Pd1 and Pd2 complexes are shown in Figure 6. Addition of
palladium(IT) complex (with increasement of complex con-
centration) leads to a decreasement of the emission intensity
at 612 nm, indicating competition reaction between EtBr and
the tested Pd(IT) complexes in relation to CT-DNA. Extru-
sion of EtBr from the EtBr/CT-DNA with Pd(Il) complex
proves that intercalation the Pd(II) complex occured.

The intensity of the interaction of Pd1 and Pd2 comple-
xes with CT-DNA was determined based on the Stern-Vol-
mer constant (Ky) using the Sten-Volmer equation: Io/I =1+
K« [Q], where Ip and I are the fluorescence intensities before
and after the addition of palladium(II) complex in EtBr/CT-
DNA solution, while [Q] is the concentration of Pd(IT) com-
plex. The obtained results are graphically presented as the de-
pendence of Io/I from [Q]. The Stern-Volmer constant (Ksy)
was determined from the slope of the obtained line.
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Figure 6. EtBr/CT-DNA emission spectra in the presence
of [{Pd(en)Cl}2(u-1,5-nphe)]** and [{Pd(1,3-pd)Cl}2(p-1,5-
nphe)]** complex. [EtBr] = 1.28-10° M, [DNA] = 1.28-107

M, [Pd(IT) complex] = (0 - 1.28)-10~> M. Inserted graph:
Dependence of 1o/l from concentration [Q].
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From K, values (Table 3), it can be concluded that the
investigated dinuclear palladium(II) complexes show high
affinity for CT-DNA and can displace EtBr from the
EtBr/CT-DNA adduct. The stability constant (K.) was deter-
mined from the experimental results, as well as the number
of binding sites (Table 3), showing that the K, follows the Ky
values. The obtained values for the Stern-Volmer constant
(Ksv), the stability constant (K,) and the number of binding
sites (n) confirm that the dinuclear Pd(Il) complexes, Pd1
and Pd2, reacts with CT-DNA by intercalating between two
nucleotide strands of DNA and displacing EtBr. These results
are in agreement with the K, values obtained by UV-Vis
spectrophotometry. The higher number of binding sites for
the Pd1 complex, once again indicates the stronger interac-
tion of this complex with CT-DNA compared to the Pd2
complex.

Table 3. Stern-Volmer constant (Ky), stability
constant (K,) and number of binding sites (n) of the
investigated dinuclear palladium(II) complexes

with CT-DNA.
K107 +10°
complex (M) Ié‘{/[_l)
[{Pd(en)Cl}, (4.50 (880 |,
(1-1,5-nphe)]*  +£0.04) | +£0.02)
[{Pd(1,3-pd)CL},  (2.80 250
(u-15-nphe)”* | £0.06)  +0.05)

Interactions of dinuclear Pd(II) complexes, Pd1 and
Pd2, with BSA

Serum albumin, as the most common blood plasma pro-
tein, is one of the most studied proteins (23,25). It plays an
important role in the transport of metal ions and their com-
plexes through the blood system to cells and tissues. Bovine
serum albumin (BSA) is the most studied serum albumin due
to its structural similarity to human serum albumin (HSA).
Namely, human serum albumin contains one tryptophan at
the Trp-214 position, while BSA contains two tryptophan re-
sidues, Trp-134 and Trp-214. The bovine serum albumin
(BSA) solution shows intense fluorescent emission at Aem, max
=352 nm, and after excitation at 295 nm (47). After the ad-
dition of the Pd1 or Pd2 complex to the BSA solution, the
fluorescence intensity at A = 352 nm decrease (Fig. 7) based
on it can be concluded that the tested complexes interact with
this biomolecule. The decrease in fluorescence intensity can
be attributed to changes in protein structure, which occur due
to changes in the tryptophan environment in BSA, because of
protein binding to complexes (48).
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Figure 7. BSA emission spectra in the presence of
[{Pd(en)Cl}2(u-1,5-nphe)]** and [{Pd(1,3-pd)Cl}2(u-1,5-
nphe)]** complexes. [BSA] =1.60-10"° M, [Pd(I) com-

plex] = (0 - 4.00):10 M; dex = 295 nm. Inserted graph: De-
pendence of Io/I from concentration [Q].

The values of the dynamic Stern-Volmer constant (Ky)
and the fluorescence quenching constant (kq) for complex
interactions with BSA were determined using the Stern-
Volmer equation. The values of the constants Ky, and k for
the interaction of the studied Pd1 and Pd2 complexes with
BSA are given in Table 4. In addition, Table 4 shows the
values of binding constants (K,) as well as the number of
albumin binding sites (n) for Pd(II) complexes, which were
obtained on the basis of Scatchard's equation (Experimental
part 2.6). The obtained results are graphically presented as
the dependence of log(Io—I)/1 from log[Q], the value of K, is
obtained from the intersection of the line with the y axis, and
the number of connecting points (n) from the slope of the
line.

Based on the linearity in Stern-Volmer graphs, it can be
concluded that both complexes lead to the quenching of tryp-
tophan emission in the BSA molecule. K, values for Pd1 and
Pd2 complex (Table 4) indicate a very similar binding affin-
ity of BSA for the tested complexes. The values of n for both
complexes are 1.8, which indicates that there are approxi-
mately two possible sites in the protein suitable for complex
binding. The quenching constants (kq) are greater than 10"
and indicate a static emission quenching mechanism (49). K,
value leads to conclusion that the Pd1 and Pd2 complexes

can bind to BSA and thus be transported to the cell and hy-
drolyze the bond with BSA at the appropriate site in the cell.

Table 4. Stern-Volmer constant (K ), quenching constant
(kq), binding constant (K,) and number of binding
sites (n) for interactions between BSA and dinuclear Pd1
and Pd2 complexes.

Ka10° | kq102 | Ko l0°
complex (M) (M) M) n
[{Pd(en)Cl}2 (2.80 (1.20
(-15-nphe)  £003) P8ED g5 18
[{Pd(13-pd)Cll2  (3.90 (1.20
(-1 5aphe)* | 004 C0FED fggpy 18

CONCLUSION

In this paper, two dinuclear complexes, [{Pd(en)Cl}2(u-
1,5-nphe)](NOs), (Pd1) and [{Pd(1,3-pd)Cl}2(u-1,5-
nphe)](NOs), (Pd2), (ethylenediamine (en) and 1,3-propyl-
enediamine (1,3-pd) are bidentate coordinated diamine lig-
ands and 1,5-naphthyridine (5-nphe) bridging ligand) were
synthesized. The structure of these complexes was confirmed
based on the results of elemental microanalysis, UV-Vis, IR,
NMR ('H and '*C) spectroscopy.

Interactions of synthesized dinuclear palladium(II)
complexes with deoxyribonucleic acid were investigated u-
sing UV-Vis spectrophotometry and fluorescence spectro-
scopy. UV-Vis spectrophotometric data showed that after the
addition of CT-DNA to the solution of dinuclear palla-
dium(IT) complexes, a hyperchromic effect occurs, based on
which we can conclude that the complex interacts with CT-
DNA without changing its structure. Higher value of K, for
complex Pd1 indicates that this complex has greater binding
affinity in comparison to Pd2. The emission spectra demon-
strate that the investigated Pd1 and Pd2 complexes can dis-
place the ethidium bromide intercalator from the CT-
DNA/EtBr adduct. From the high Stern-Volmer constants
(Ksv) values it can be concluded that these Pd(IT) complexes
act as intercalators showing strong interactions with DNA,
and higher value of the stability constant (K,) for Pd1 con-
firms results from UV-Vis spectrophotometry. Stronger bin-
ding of Pd1 complex to the DNA helix can be attributed to
the smaller steric effect of the five-membered ethylene-
diamine ligand in relation to the six-membered 1,3-propyle-
nediamine ring.

Fluorescence spectroscopy were used for investigation of
interactions of Pd1 and Pd2 complexes with bovine serum
albumin (BSA). The fluorescence intensity of tryptophan de-
creases proportionally to the increasement in the total con-
centration of the added complex. From calculated values of
the constants (K and K;) it can be concluded that Pd1 and
Pd2 complexes can bind to BSA and then be transported to
the cell. Also, the number of binding sites (n) show that two
binding sites of BSA are accessible for interaction with these
metal complexes.
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The results obtained in this paper contribute to a better
understanding of the interactions of dinuclear palladium(II)
complexes containing 1,5-naphthyridine as a bridging ligand,
with biologically important molecules, such as DNA and
BSA.

ACKNOWLEDGMENT

This work was financially supported by the Ministry of
Education, Science and Technological Development of the
Republic of Serbia (Agreement No. 451-03-68/2020-
14/200122) and the Faculty of Medical Sciences, University
of Kragujevac (JP02/20, JP11/16, JP10/16).

CONFLICT OF INTEREST

Authors declare no conflict of interest.

REFERENCES

1. Cotton FA, Wilkinson G. Advanced inorganic chemis-
try, John Wiley & Sons Inc., New York, (1972).

2. Jankovi¢ V. Hemijski elementi, Zavod za udzbenike i
nastavna sredstva, Beograd, 2002.

3. Matwiyoff A, Asprey LB, Wageman WE, Reisfeld MJ,
Fukushima E. Fluorine-19 nuclear magnetic resonance
studies of diamagnetic fluoride complexes of
nickel(IV), palladium(IV), and platinum(IV) in anhy-
drous hydrogen fluoride solutions. Inorg. Chem.,
1969;8(4):750-753.

4.  Butour JL, Wimmer S, Wimmer F, Castan P. Palla-
dium(IT) compounds with potential antitumour proper-
ties and their platinum analogues: a comparative study
of the reaction of some orotic acid derivatives with
DNA in vitro. Chem. Biol. Inter., 1997;104:165-178.

5. Navarro-Ranninger C, Pérez JM, Zamora F, Gonzalez
VM, Masaguer JR, Alonso C. Palladium(II) compounds
of putrescine and spermine. Synthesis, characterization,
and DNA-binding and antitumor properties. J. Inorg.
Biochem. 1993;52:37-49.

6. Ray S, Mohan R, Singh JK, Samantaray MK, Shaikh
MM, Panda D, Ghosh P. Anticancer and Antimicrobial
Metallopharmaceutical Agents Based on Palladium,
Gold, and Silver N-Heterocyclic Carbene Complexes.
J.Am. Chem. Soc. 2007;129:15042-15053.

7. Storr T, Thompson KH, Orvig C. Design of targeting
ligands in medicinal inorganic chemistry. Chem. Soc.
Rev. 2006;35:534-544.

8.  Zhao G, Sun H, Lin H, Zhu S, Su X, Chen Y. Palla-
dium(II) complexes with N,N'-dialkyl-1,10-phenan-
throline-2,9-dimathanamine: synthesis, characteriza-
tion and cytotoxic activity. J. Inorg. Biochem.
1998;72:173-1717.

9. Potters L, Cao Y, Calugaru E, Torre T, Fearn P, Wang
XH. A comprehensive review of CT-based dosimetry
parameters and biochemical control in patients treated
with permanent prostate brachytherapy. Int. J. Radiat.
Oncol.Biol.Phys. 2001;50:605-614.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

123

Stone NN, Stock PG. Complications following perma-
nent prostate brachytherapy. Eur. Urol. 2002;41:427-
433.

Vuji¢ JM, Cvijovi¢ M, Kaluderovi¢ GN, Milovanovi¢
M, Zmejkovski BB, Volarevi¢ V, Arsenijevi¢ N, Sabo
TJ, Trifunovi¢ SR. Palladium(II) complexes with
R2edda derived ligands. Part IV. O,0'-dialkyl esters of
(S,S)-ethylenediamine-N,N'-di-2-(4-methyl)-pentanoic
acid dihydrochloride and their palladium(II) com-
plexes: Synthesis, characterization and in vitro anti-
tumoral activity against chronic lymphocytic leukemia
(CLL) cells. Eur. J. Med. Chem. 2010;45:3601-3606.
Ili¢ DR, Jevti¢ VV, Radi¢ GP, Arsikin K, Risti¢ B, Har-
haji-Trajkovi¢ L, Vukovi¢ N, Sukdolak S, Klisuri¢ O,
Trajkovi¢ V, Trifunovi¢ SR. Synthesis, characterization
and cytotoxicity of a new palladium(II) complex with a
coumarine-derived ligand. Eur. J. Med. Chem.
2014;74:502-508.

Zhao G, Lin H, Yu P, Sun H, Zhu S, Su X, Chen Y.
Ethylenediamine-palladium(Il) complexes with pyri-
dine and its derivatives: synthesis, molecular structure
and initial antitumor studies. J. Inorg. Biochem.
1999;73:145-149.

GaoE, Lin L, Liu L, Zhu M, Wang B, Gao X. Two new
palladium(IT) complexes: Synthesis, characterization
and their interaction with HeLa cells. Dalton Trans.
2012;41:11187-11194.

Kapdi AR, Fairlamb 1JS. Anti-cancer palladium com-
plexes: a focus on PdX,L,, palladacycles and related
complexes. Chem. Soc. Rev. 2014;43:4751-4777.
Cohen GL, Ledner JA, Bauer WR, Ushay HM, Cara-
vana C, Lippard SJ. Sequence dependent binding of cis-
dichlorodiammineplatinum(II) to DNA. J. Am. Chem.
Soc. 1980;102:2487-2488.

Takahara PM, Frederick CA, Lippard SJ. Crystal Struc-
ture of the Anticancer Drug Cisplatin Bound to Duplex
DNA. J. Am. Chem. Soc. 1996;118:12309-12321.
Gately DP, Howell SB. Cellular accumulation of the an-
ticancer agent cisplatin: a review. Br. J. Cancer
1993;67:1171-1176.

Komeda S, Kalayada GV, Lutz M, Spek AL, Yamanaka
Y, Sato T, Chikuma M, Reedijk J. New Isomeric Azine-
Bridged Dinuclear Platinum(II) Complexes Circum-
vent Cross-Resistance to Cisplatin. J. Med. Chem.
2003;46:1210-1219.

Asanin DP, Zivkovi¢ MD, Rajkovi¢ S, Warzajtis B,
Rychlewska U, Djuran MI. Crystallographic evidence
of anion---m interactions in the pyrazine bridged
{[Pt(en)Cl]2(u-pz)}C12 complex and a comparative
study of the catalytic ability of mononuclear and binu-
clear platinum(II) complexes in the hydrolysis of
N-acetylated I-methionylglycine. Polyhedron 2013;51:
255-262.

Chen H, Parkinson JA, Parsons S, Coxall RA, Gould
RO, Sadler PJ. Organometallic Ruthenium(II) Diamine
Anticancer Complexes: Arene-Nucleobase Stacking
and Stereospecific Hydrogen-Bonding in Guanine Ad-
ducts. J. Am. Chem. Soc. 2002;124:3064-3082.



124

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chen H, Parkinson JA, Novakova O, Bella J, Wang
F, Dawson A, Gould R, Parsons S, Brabec V, Sadler
PJ. Induced-fit recognition of DNA by organometallic
complexes with dynamic stereogenic centers. Proc.
Natl. Acad. Sci. U. S. A. 2003;100:14623-1428.

Carter D, Ho JX. Structure of Serum Albumin. Ad-
vances in Protein Chemistry 1994;45:153-203.

Curry S, Mandelkow H, Brick P, Franks N. Crystal
structure of human serum albumin complexed with
fatty acid reveals an asymmetric distribution of binding
sites. Nat. Struct. Biol. 1998;5:827-835.

Brown JR, Shockley P. Lipid and Protein Interactions,
Wiley, New York, 1 (1982).

Peters T. Serum albumin. Advances in Protein Chemis-
try 1985;37:161-245.

Reynolds JA, Herbert S, Polet H, Steinhardt J. The bin-
ding of divers detergent anions to bovine serum al-
bumin. Biochemistry 1967;6:937-947.

Sklar LA, Hudson BS, Simoni RD. Conjugated polyene
fatty acids as fluorescent probes: binding to bovine se-
rum albumin. Biochemistry 1977;16:5100-5108.
Milinkovi¢ SU, Parac TN, Djuran MI, Kosti¢ NM. De-
pendence of hydrolytic cleavage of histidine-containing
peptides by palladium(IT) aqua complexes on the co-or-
dination modes of the peptides. J. Chem. Soc., Dalton
Trans. (1997) 2771-2776.

Hohmann H, Eldik R. van. Rate and equilibrium data
for substitution reactions of diaqua(ethylenedia-
mine)palladium(Il) with chloride in aqueous solution.
Inorg. Chim.Acta 1990;174:87-92.

Zivkovié MD, Aganin DP, Rajkovi¢ S, Djuran ML Hy-
drolysis of the amide bond in N-acetylated I-methio-
nylglycine catalyzed by various platinum(II) complexes
under physiologically relevant conditions. Polyhedron
2011;30:947-952.

Franich AA, Zivkovi¢ MD, Coéi¢ D, Petrovié B, Mi-
lovanovi¢ M, Arsenijevi¢ A, Milovanovi¢ J, Arseni-
jevi¢ D, Stojanovi¢ B, Djuran M1, Rajkovi¢ S. New di-
nuclear palladium(Il) complexes with benzodiazines as
bridging ligands: interactions with CT-DNA and BSA,
and cytotoxic activity. J. Biol. Inorg. Chem.
2019;24:1009-1022.

Zhao G, Lin H, Zhu S, Sun H, Chen Y. Dinuclear pal-
ladium(IT) complexes containing two monofunctional
[Pd(en)(pyridine)CI]+ units bridged by Se or S. Synthe-
sis, characterization, cytotoxicity and kinetic studies of
DNA-binding. J. Inorg. Biochem. 1998;70:219-226.
Komeda S, Kalayda GV, Lutz M, Spek AL, Yamanaka
Y, Sato T, Chikuma M. J. Reedijk, New Isomeric Az-
ine-Bridged Dinuclear Platinum(II) Complexes Cir-
cumvent Cross-Resistance to Cisplatin. J. Med. Chem.
2003;46:1210-1219.

Dimiza F, Fountoulaki S, Papadopoulos AN, Kontogi-
orgis CA, Tangoulis V, Raptopoulou CP, Psycharis V,
Terzis A, Kessissoglou DP, Psomas G. Non-steroidal
antiinflammatory drug—copper(ii) complexes: Structure
and  Dbiological  perspectives.  Dalton  Trans.
2011;40:8555-8568.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Dimiza F, Perdih F, Tangoulis V, Turel I, Kessissoglou
DP, Psomas G. Interaction of copper(Il) with the non-
steroidal anti-inflammatory drugs naproxen and dicl-
ofenac: Synthesis, structure, DNA- and albumin-bin-
ding. J. Inorg. Biochem. 2011;105:476-489.

Wolf A, Shimer GH, Meehan T. Polycyclic aromatic
hydrocarbons physically intercalate into duplex regions
of denatured DNA. Biochemistry 1987;26:6392-6396.
Liu M. Yuan W, Zhang Q, Yan L, Yang R. Synthesis,
characterization and DNA interaction studies of com-
plexes of lanthanide nitrates with tris{2-[(3,4-dihy-
droxybenzylidene)imino]ethyl }amine. Spectro-
chim.Acta Part A Mol. Biomol. Spectrosc.
2008;70:1114-11109.

Shahabadi N, Maghsudi MM, Ahmadipour Z. Study on
the interaction of silver(I) complex with bovine serum
albumin by spectroscopic techniques. Spectrochim.
Acta, Part A 2012;92:184-188.

Li L, Qiong GQ, Dong J, Xu T, Li J. DNA binding,
DNA cleavage and BSA interaction of a mixed-ligand
copper(Il) complex with taurine Schiff base and 1,10-
phenanthroline. Photochem.Photobiol. B 2013;125:56-
62.

Bi S, Pang B, Zhao T, Wang T, Wang Y, Yan L. Bind-
ing characteristics of salbutamol with DNA by spectral
methods. Spectrochim. Acta, Part A 2013;111:182-187.
Co¢i¢ D, Jovanovié S, Nisavi¢ M, Baski¢ D, Todorovié
D, Popovi¢ S, Bugarci¢ 7D, Petrovi¢ B. New dinuclear
palladium(IT) complexes: Studies of the nucleophilic
substitution reactions, DNA/BSA interactions and cyto-
toxic activity. J. Inorg. Biochem. 2017;175:67-79.
Novakova O, Chen H, Vrana O, Rodger A, Sadler PJ,
Brabec V. DNA Interactions of Monofunctional
Organometallic Ruthenium(II) Antitumor Complexes
in Cell-free Media. Biochemistry 2003;42:11544-
11554.

Rizvi MA, Zaki M, Afzal M, Mane M, Kumar M, Shah
BA, Srivastav S, Srikrishna S, Peerzada GM, Tabassum
S.  Nuclear blebbing of biologically active
organoselenium compound towards human cervical
cancer cell (HeLa): In vitro DNA/HSA binding,
cleavage and cell imaging studies. Eur. J. Med. Chem.
2015;90:876-888.

Recio Despaigne AA, Da Silva JG, da Costa PR, dos
Santos RG, Beraldo H. ROS-Mediated Cytotoxic Effect
of Copper(Il) Hydrazone Complexes against Human
Glioma Cells. Molecules 2014;19:17202-17220.

Dhar S, Nethaji M, Chakravarty AR. Effect of charge
transfer bands on the photo-induced DNA cleavage ac-
tivity of [1-(2-thiazolylazo)-2-naphtholato]copper(Il)
complexes. J. Inorg. Biochem. 2005;99:805-812.

Wang Y, Zhang H, Zhang G, Tao W, Tang S. Interac-
tion of the flavonoid hesperidin with bovine serum al-
bumin: A fluorescence quenching study. J. Lumin.
2007;126:211-218.



48.

49.

2024;25(2)

Johansson JS. Binding of the volatile anesthetic chloro-
form to albumin demonstrated using tryptophan fluo-
rescence quenching. J. Biol. Chem. 1997;272:17961-
17965.

Psomas G, Kessissoglou DP. Quinolones and non-ste-
roidal anti-inflammatory drugs interacting with cop-
per(IT), nickel(I), cobalt(Il) and zinc(II): structural fea-
tures, biological evaluation and perspectives. Dalton
Trans. 2013;42:6252-6276.

125



§ sciendo



