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ABSTRACT

The interaction of the non-steroidal anti-inflammatory drug sodium diclofenac with CoCl, in the absence or
presence of the nitrogen-donor ligands 2,2’-bipyridine, 1,10-phenanthroline, 2,2’-bipyridylamine, pyridine or
imidazole resulted in the formation of six mononuclear Co(II) complexes. The complexes were characterized by
diverse physicochemical and spectroscopic techniques and single-crystal X-ray crystallography revealing a
monodentate or a bidentate chelating binding mode of the diclofenac ligands. The scavenging activity of the
complexes was evaluated in vitro against the free radicals of 1,1-diphenyl-2-picrylhydrazyl, 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and hydroxyl; the complexes present significant scavenging ac-
tivity of ABTS and hydroxyl radicals. The interaction of the complexes with calf-thymus (CT) DNA and bovine
serum albumin (BSA) was also investigated; the complexes can bind tightly to CT DNA via intercalation and can

bind to BSA tightly and reversibly.

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are medication
agents widely used to relieve pain, reduce inflammation, and lower a
high-temperature fever. NSAIDs act by inhibiting the activity of cy-
clooxygenase enzymes (COX-1 and/or COX-2) non-selectively or COX-2
selectively and, thus, blocking the production of prostaglandins, which
are responsible for pain and inflammation [1]. NSAIDs are generally
used for the symptomatic relief of conditions such as osteoarthritis,
rheumatoid arthritis, low-back pain, headache, migraine, fever, dys-
menorrhea, tennis elbow etc. [2]. Furthermore, the interaction between
DNA and NSAIDs or the metal-NSAID complexes is of great magnitude
because their possible anticancer, antioxidant and anti-inflammatory
activity may be explained [3,4].

The most common chemical classes of NSAIDs are phenylalkanoic
acids, anthranilic acids, oxicams, salicylate derivatives, sulfonamides
and furanones. Sodium diclofenac (Nadicl) (Fig. 1(A)) belongs to the
NSAID group of phenylalkanoic acids [5]. It is mainly used to treat pain,
inflammatory disorders such as rheumatoid arthritis, polymyositis and
osteoarthritis and dysmenorrhea [6]. In the literature, the reported
transition metal complexes with diclofenac ligands include those with
manganese(II) [7,8], copper(Il) [9-11], nickel(II) [12], cobalt(II) [13],
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tin(II) [14], zinc(I) [15] and cadmium(II) [16].

Cobalt is an essential element for life in trace amounts. There are at
least eight cobalt-dependent proteins [17]. However, the main biolo-
gical role of cobalt concerns its presence in the active center of vitamin
B12, which is cofactor in DNA-synthesis and in both fatty acid and
amino acid metabolism [18]. Cobalt is involved in the co-enzyme of
vitamin B12 used as a supplement of the vitamin [19]. Additionally,
cobalt in inorganic form is also a micronutrient for bacteria, algae, and
fungi. Since the first reported studies concerning the biological activity
of cobalt compounds in 1952 [20], many cobalt complexes of biological
interest have been reported with the majority of the structurally char-
acterized ones showing antitumor, antiproliferative [21,22], anti-
microbial [23,24], antifungal [25,26], antiviral [27,28] and antioxidant
[29] activity.

In most of the reported metal-NSAID complexes, the co-existence of
NSAIDs and the N,N’-donor ligands has led to enhanced biologic ac-
tivity (DNA- and albumin-binding properties and antioxidant activity)
in comparison to the corresponding free NSAID [7-14,29-43]. Within
this context and as a continuation of our studies concerning metal-
NSAID complexes [7-9,12,29-43], we report the interaction of Co(II)
with diclofenac in the absence or in the presence of the nitrogen-donor
heterocyclic ligands 1,10-phenanthroline (phen), 2,2’-bipyridine (bipy),
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Fig. 1. The structural formula of (A) sodium diclofenac (Nadicl), (B) 1,10-phenanthroline (phen), (C) 2,2’-bipyridylamine (bipyam), (D) 2,2’-bipyridine (bipy), (E)

pyridine (py) and (F) imidazole (Himi).

2,2’-bipyridylamine (bipyam), pyridine (py) or imidazole (Himi)
(Fig. 1(B)-(F)). The resultant complexes [Co(dicl),(MeOH),] (1), [Co
(dic)2(phen)] (2), [Co(dicl)o(bipy)] (3), [Co(dicl),(bipyam)]-0.5H,O
(40.5H,0), [Co(dicD2(py)2(H20)21-py (5py) and [Co
(dicl)»(Himi),]-H>0 (6-H,0) were characterized with physicochemical
and spectroscopic techniques. The crystal structures of complexes 2-6
were determined by X-ray crystallography. Furthermore, the anti-
oxidant activity of the complexes was evaluated by determining their
ability to scavenge in vitro 1,1-diphenyl-picrylhydrazyl (DPPH), 2,2’
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS*-) and hy-
droxyl (-OH) radicals. The potential in vitro behavior of the compounds
towards biomolecules was investigated through the study of their in-
teraction with calf-thymus (CT) DNA (performed with UV-vis spectro-
scopy, DNA-viscosity measurements, cyclic voltammetry and competi-
tive studies with ethidium bromide (EB)) and of the binding affinity for
bovine serum albumin (BSA) (by fluorescence emission spectroscopy).

2. Experimental
2.1. Materials - instrumentation - physical measurements

All the chemical reagents, i.e. CoCl,6H,0, sodium diclofenac, phen,
bipyam, bipy, py, Himi, KOH, CT DNA, BSA, EB, NaCl, trisodium ci-
trate, DPPH, ABTS, EDTA, butylated hydroxytoluene (BHT), 6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox), nordihy-
droguaiaretic (NDGA), and all solvents were of reagent grade and were
used as purchased from commercial sources without any further pur-
ification.

DNA stock solution was prepared by the dilution of CT DNA to
buffer (containing 15mM trisodium citrate and 150 mM NaCl at
pH 7.0) followed by exhaustive stirring for three days, and kept at 4 °C
for no longer than a week. The stock solution of CT DNA gave a ratio of
UV absorbance at 260 and 280 nm (Ag0/A2g0) of 1.87, indicating that
the DNA was sufficiently free of protein contamination [44]. The DNA
concentration was determined by UV absorbance at 258 nm after 1:20
dilution using € = 6600 M~ 'em™?! [45].

Infrared (IR) spectra (400-4000 cm ™ 1) were recorded on a Nicolet
FT-IR 6700 spectrometer with samples prepared as KBr disk. UV-visible
(UV-vis) spectra were recorded as nujol mulls and in solution at con-
centrations in the range 10°-10~>M on a Hitachi U-2001 dual beam

spectrophotometer. C, H and N elemental analysis were performed on a
PerkinElmer 240B elemental analyzer. Molar conductivity measure-
ments were carried out with a Crison Basic 30 conductometer. Room
temperature magnetic measurements were carried out by the Faraday
method using mercury tetrathiocyanatocobaltate(II) as a calibrant.
Fluorescence spectra were recorded in solution on a Hitachi F-7000
fluorescence spectrophotometer.

Cyclic voltammetry studies were performed on an Eco chemie
Autolab Electrochemical analyzer. Cyclic voltammetry experiments
were carried out in a 30-mL three-electrode electrolytic cell. The
working electrode was platinum disk, a separate Pt single-sheet elec-
trode was used as the counter electrode and a Ag/AgCl electrode sa-
turated with KCl was used as the reference electrode. The cyclic vol-
tammograms of the complexes were recorded in 0.4 mM 1/2 DMSO/
buffer solutions at v = 100mV s~ ! where buffer solution was the sup-
porting electrolyte. Oxygen was removed by purging the solutions with
pure nitrogen which had been previously saturated with solvent vapors.
All electrochemical measurements were performed at 25.0 = 0.2°C.
Viscosity experiments were carried out using an ALPHA L Fungilab
rotational viscometer equipped with an 18 mL LCP spindle and the
measurements were performed at 100 rpm.

2.2. Synthesis of the complexes

2.2.1. Synthesis of [Co(dicD)(MeOH),], 1

A methanolic solution (15mL) containing Nadicl (0.4 mmol,
127 mg) was added dropwise to a methanolic solution (5mL) of
CoCl,6H,0 (0.2 mmol, 48 mg) and the reaction mixture was stirred for
1 h. The reaction solution was filtered and left for slow evaporation.
Rose-colored microcrystalline product of [Co(dicl)o(MeOH),], 1,
(85 mg, yield: 55%) was collected after a few days. Anal. Caled for [Co
(dlCDz(MeoH)4] (C32H36C14CON203) (MW = 77739) C 4944, H 467,
3.60; found C 49.67, H 4.75, N 3.48%. IR (KBr disk), Vpa/cm
Vasym(CO2), 1577(vs (very strong)); Vsym(CO2), 1397 (vs); Av
(CO2) = Vasym(CO2) — Veym(CO,) = 180 cm ™. UV-vis: as nujol mull,
A/nm: 552, 470(shoulder (sh)); in DMSO, A/nm (e/M~'em™1): 560
(55), 480(sh) (25), 290 (7900). peg = 3.95 BM at room temperature.
The complex is soluble in DMSO and DMF and is non-electrolyte
(Am = 7 mhoem®>mol ~}, in 1 mM DMSO).
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2.2.2. Synthesis of complexes 2—6

Complexes 2-6 were prepared in a similar way. More specifically, a
methanolic solution (15mL) of Nadicl (0.4 mmol, 127 mg) and the
corresponding nitrogen-donor was added to a methanolic solution
(5mL) of CoCly6H,0 (0.2 mmol, 48 mg). Gentle stirring for 1h fol-
lowed and the filtrate was left for slow evaporation.

2.2.2.1. [Co(dicD)(phen)], 2:. 1,10-Phenanthroline (0.2 mmol, 36 mg)
was used as the nitrogen-donor ligand. Pink-colored crystals of 2
suitable for single-crystal X-ray crystallography were collected after
three days. Yield: 125mg, 75%. Anal. Calcd for [Co(dicl)>(phen)]
(CaoH2sCl4CON,0,) (MW = 829.43): C 57.92, H 3.40, 6.76; found C
58.07, H 3.53, N 6.49%. IR (KBr disk), Vpax/cm ™% Vasym(CO2): 1583
(vs); Veym(CO2): 1424 (vs); Av(COz) = 159 cm™ L p(C-H)phen = 726
(medium (m)). UV-vis: as nujol mull, A/nm: 520, 480; in DMSO, A/
nm (e/M~'em™1): 515 (50), 470 (40), 292 (13500), 271 (25000).
Uegs = 4.27 BM at room temperature. The complex is soluble in DMF
and DMSO (Ay = 11 mhoem®mol ™}, in 1 mM DMSO).

2.2.2.2. [Co(dicD),(bipy)], 3:. 2,2’-Bipyridine (0.2 mmol, 31 mg) was
used as the nitrogen-donor ligand. Brownish crystals of 3 suitable for
single-crystal X-ray crystallography were collected after four days.
Yield: 88mg, 55%. Anal. Caled for [Co(dicl)2(bipy)]
(C3gH25CL,CON,0,) (MW = 805.41): C 56.67, H 3.50, 6.96; found C
56.92, H 3.59, N 7.18%. IR (KBr disk), Vpax/cm ™% Vasym(CO2): 1575
(v8); Vsym(CO2): 1420 (vs); Av(CO,) = 155 cm Y p(C-H)pipy = 763 (m).
UV-vis: as nujol mull, A/nm: 540, 465(sh); in DMSO, A/nm (g/
M~ lem™1): 520 (60), 470(sh) (55), 288(15700). pegr = 4.35 BM at
room temperature. The complex is soluble in DMSO and DMF (Ay = 9
mho-cm?®mol ~?, in 1 mM DMSO).

2.2.2.3. [Co(dicl)(bipyam)]-0.5H,0, 4-. 0.5H,0: 2,2’-bipyridylamine
(0.2mmol, 34mg) was as used the nitrogen-donor ligand. Brownish
crystalline product suitable for single-crystal X-ray crystallography was
deposited after a few days. Yield: 100 mg, 60%. Anal. calcd. for [Co
(dlcl)z(blpyam)] (C38H29C14CON504) (MW = 820.43): C 55.63, H 356,
8.54; found C 55.42, H 3.71, N 8.69%. IR (KBr disk), Vpax/cm ™%
Vasym(CO2): 1577 (vS); Veym(CO2): 1420 (vs); Av(CO,) = 157 em ™Y p(C-
H)pipyam = 770 (m). UV-vis: as nujol mull, A/nm: 536, 480; in DMSO,
A/nm (e/M~'em™1): 530 (40), 475(sh) (30), 310 (11500), 274
(20500). pegr = 4.00 BM at room temperature. The complex is soluble
in CH5CN, DMF and DMSO (Ay = 12 mho-cm®mol ~ !, in 1 mM DMSO).

2.2.2.4. [Co(dicD)2(py)2(H20)2]'py, 5. py: Pyridine (1.5mL) was used
as the nitrogen-donor ligand. Rose-colored single-crystals of 5 suitable
for X-ray crystallography were formed after one week. Yield: 90 mg,
55%. Anal. Caled for [Co(dicl)s(py)2(H20)2] (C3gH34Cl4CoN4Og)
(MW = 843.46): C 54.11, H 4.06, 6.64; found C 54.01, H 4.27, N
6.78%. IR (KBr disk), vpa/cm ™% Vasym(CO2): 1601 (vS); Veym(COo):
1387 (vs); AV(CO,) = 214cm™ L p(C-H),y = 700(m). UV-vis: as nujol
mull, A/nm: 603, 480(sh); in DMSO, A/nm (¢/M~'cm™1): 530 (30),
476(sh) (25), 289 (7200). pegr = 4.28 BM at room temperature. The
complex is soluble in chloroform, DMF and DMSO (Ay =8
mho-cm?®mol ", in 1 mM DMSO).

2.2.2.5. [Co(dicl),(Himi),]-H50, 6-. H,0: Imidazole (0.4 mmol, 26 mg)
was used as the nitrogen-donor ligand. Well-shaped purple crystals
suitable for single-crystal X-ray crystallography were obtained after one
week. Yield: 85mg, 52%. Anal. Caled for [Co(dicl)o(Himi)s]
(C34H28C14CON606) (MW = 785.38): C 51.98, H 359, 1070, found C
51.72, H 3.73, N 10.51%. IR (KBr disk), Vmax/cm ™ 1: Vasym(CO2): 1574
(v8); Vsym(CO5): 1389 (vs); Av(CO2) = 185 cm ™Y p(C-H)yimi = 748(m).
UV-vis: as nujol mull, A/nm: 563, 465(sh); in DMSO, A/nm (g/
M~ 'em™1): 560 (80), 469(sh) (30), 289 (9600). e = 4.38 BM at
room temperature. The complex is soluble in chloroform, DMF and
DMSO (Ay = 13 mhoem®mol ™!, in 1 mM DMSO).
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2.3. X-ray structure determination

Single-crystals of compounds 2-6 were obtained from reaction
mixtures according to the described synthetic procedures. For the
structural determination of 2-6, single-crystals of the respective com-
pounds were mounted on a Bruker Kappa APEX II diffractometer,
equipped with a triumph monochromator at ambient temperature.
Diffraction measurements were recorded using Mo Ka radiation. Unit
cell dimensions were determined by using at least 120 reflections in the
range 20 < 20 < 40°. Intensity data were collected using ¢ and ®
scan mode. The frames collected for each crystal were integrated with
the Bruker SAINT software package [46] using a narrow-frame algo-
rithm. Data were corrected for absorption using the numerical method
(SADABS) based on crystal dimensions [47].

All structures were solved using SUPERFLIP [48] package and re-
fined by full-matrix least-squares method on F? using the CRYSTALS
package version 14.40b [49] All non-disordered non-hydrogen atoms
have been refined anisotropically.

All hydrogen atoms were found at their expected positions and re-
fined using soft constraints. By the end of the refinement, they were
positioned using riding constraints. The crystal data, details of data
collection and structure refinement for all compounds studied are given
in Table S1. Illustrations were drawn by CAMERON [50] Further details
on the crystallographic studies as well as atomic displacement para-
meters are given as Supporting Information in the form of cif files.

2.4. Antioxidant biological assay

The antioxidant activity of complexes 1-6 was evaluated via their
ability to scavenge in vitro free radicals such as DPPH, hydroxyl and
ABTS. All the experiments were carried out at least in triplicate and the
standard deviation of absorbance was < 10% of the mean.

2.4.1. Determination of the reducing activity of the stable radical DPPH

To an ethanolic solution of DPPH (0.1 mM) an equal volume solu-
tion of the compounds (0.1 mM) in ethanol was added. Absolute
ethanol was also used as control solution. The absorbance at 517 nm
was recorded at room temperature after 20 and 60 min, in order to
examine the possible existence of a potential time-dependence of the
DPPH radical scavenging activity [51]. The DPPH scavenging activity
of the complexes was expressed as the percentage reduction of the
absorbance values of the initial DPPH solution (RA %). NDGA and BHT
were used as reference compounds.

2.4.2. Assay of radical cation ABTS scavenging activity

Initially, a water solution of ABTS was prepared (2 mM). ABTS ra-
dical cation (ABTS*-) was produced by the reaction of ABTS stock
solution with potassium persulfate (0.17 mM) and the mixture was
stored in the dark at room temperature for 12-16 h before its use. The
ABTS was oxidized incompletely because the stoichiometric reaction
ratio of ABTS and potassium persulfate is 1:0.5. The absorbance became
maximal and stable only after > 6 h of reaction although the oxidation
of the ABTS started immediately. The radical was stable in this form
for > 2 days when allowed to stand in the dark at room temperature.
Afterwards, the ABTS™ - solution was diluted in ethanol to an absor-
bance of 0.70 at 734 nm and 10 pL of diluted compounds or standards
(0.1 mM) in DMSO were added. The absorbance was recorded out ex-
actly 1 min after initial mixing [51]. The radical scavenging activity of
the complexes was expressed as the percentage inhibition of the ab-
sorbance of the initial ABTS solution (ABTS %). Trolox was used as an
appropriate standard.

2.4.3. Competition of the compounds with DMSO for hydroxyl radicals
According to Nash [52], the hydroxyl radicals which were gener-

ated by the Fe®" /ascorbic acid system were detected by the determi-

nation of formaldehyde produced from the oxidation of DMSO. The
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reaction mixture consisted of EDTA (0.1 mM), FeCl; (167 uM), DMSO
(33 mM) in phosphate buffer (50 mM, pH 7.4), ascorbic acid (10 mM)
and the tested compounds (0.1 mM). After incubation for 30 min at
37 °C, the reaction was stopped by the addition of CCl3COOH (17% w/
v) and the absorbance at A = 412 nm was measured. Trolox was the
appropriate reference standard that was used. The competition of the
compounds with DMSO for -OH, generated by the Fe>* /ascorbic acid
system, was expressed as percentage inhibition of formaldehyde pro-
duction and was used for the evaluation of hydroxyl radical scavenging
activity (-OH%).

2.5. Binding studies with biomolecules

In order to study the interaction of complexes with DNA and BSA,
the compounds were initially dissolved in DMSO (1 mM). Mixing of
such solutions with the aqueous buffer solutions DNA or BSA used in
the studies never exceeded 5% DMSO (v/v) in the final solution, which
was needed due to low aqueous solubility of most compounds. In all
experiments, the effect of DMSO on the data has been taken into con-
sideration and the appropriate corrections have been performed.

2.5.1. Binding studies with CT DNA

The interaction of complexes 1-6 with CT DNA was studied by
UV-vis spectroscopy, cyclic voltammetry, viscosity measurements and
via competitive studies with EB by fluorescence emission spectroscopy.

2.5.1.1. UV-vis spectroscopy:. UV-vis spectroscopy was used to study
the interaction of complexes 1-6 with CT DNA in order to estimate their
possible binding mode to CT DNA and calculate the corresponding
binding constants (K;). The UV spectra of CT DNA in the presence of
each compound were recorded for a constant CT DNA concentration
(1.3-1.5 X 10~*M) at diverse [compound]/[CT DNA] mixing ratios
(r). The UV-vis spectra of the compounds were recorded for a standard
concentration (20-30uM) in the absence or presence of increasing
concentration of CT DNA for diverse r values and were used to calculate
the values of the constant K, (in M~ 1) by the Wolfe-Shimer equation
(eq. S1) [53] and the plots [DNA]/(ea-ef) versus [DNA]. Control
experiments with DMSO were performed and no changes in the
spectra of CT DNA were observed.

2.5.1.2. DNA-viscosity measurements:. The viscosity of DNA solution in
buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0)
was measured upon increasing amounts of complexes 1-6 (up to the
value of r = 0.35). All measurements were performed at room
temperature and the obtained data are presented as (n/no)"’> versus r,
where 1) is the viscosity of DNA in the presence of the compound and 1o
is the viscosity of DNA alone in buffer solution.

2.5.1.3. Cyclic voltammetry:. The interaction of complexes 1-6 with CT
DNA was also investigated via monitoring the changes observed in the
cyclic voltammogram of a 0.40 mM 1:2 DMSO:buffer solution of the
complex upon addition of DNA solution at diverse r values. The buffer
was also used as the supporting electrolyte and the cyclic
voltammograms were recorded at v = 100mVs~'. The ratio of the
DNA-binding constants for the reduced (K,) and oxidized forms (Ko) of
the complexes (K,/K,x) was calculated according to eq. S2 [54].

2.5.1.4. EB-competitive studies:. The competitive studies of complexes
1-6 with EB for the DNA-intercalating sites (by displacing it from its
DNA-EB complex) were investigated with fluorescence emission
spectroscopy. The CT DNA-EB complex was prepared by pre-treating
20puM EB and 26 uM CT DNA in buffer (150 mM NaCl and 15mM
trisodium citrate at pH7.0). The possible replacement of EB by the
compounds and thus the intercalating effect was studied by the
stepwise addition of a certain amount of a compound's solution into a
solution of the DNA-EB conjugate. The effect of the addition of each
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complex to the DNA-EB solution was obtained by recording the
variation of fluorescence emission spectra with excitation wavelength
at 540nm [55]. The complexes do not show any appreciable
fluorescence emission bands at room temperature in solution or in
the presence of CT DNA or EB under the same experimental conditions
(Aex = 540 nm); therefore, the observed quenching of the EB-DNA
solution may be attributed to the displacement of EB from its EB-DNA
conjugate. The Stern-Volmer constants (Kgy, in M1 were calculated
by the linear Stern-Volmer equation (eq. S3) [56] and the respective
plots Io/I versus [Q]. Taking t, = 23 ns as the fluorescence lifetime of
the EB-DNA conjugate [57], the quenching constants (k, in M 1ls™hH
of the complexes were calculated according to eq. S4.

2.5.2. Albumin binding studies

The BSA-binding study was performed by tryptophan fluorescence
quenching experiments using BSA (3 uM) in buffer (containing 15 mM
trisodium citrate and 150 mM NaCl at pH 7.0). The fluorescence emis-
sion spectra were recorded with an excitation wavelength of 295 nm.
The quenching of the emission intensity of tryptophan residues of BSA
at 343nm was monitored using complexes 1-6 as quenchers with
gradually increasing concentration. Except to this, the fluorescence
emission spectra of the complexes were also recorded with
Aex = 295 nm and an emission band appeared at A, = 365 nm which
is typical for metal-diclofenac compounds [7-9,12]; thus, the BSA
fluorescence emission spectra were corrected by subtracting the spectra
of the compounds. The influence of the inner-filter effect on the mea-
surements was evaluated by eq. S5 [58]. The Stern-Volmer and
Scatchard equations (egs. S3, S4 and S6) [59] and graphs were used in
order to calculate the Stern-Volmer constant Kgy (in M%), the
quenching constant k, (in M~1s™1), the SA-binding constant K (in
M™1) and the number of binding sites per albumin n.

3. Results and discussion
3.1. Synthesis and characterization of the complexes

The preparation of complexes 1-6 in high yield was achieved via the
aerobic reaction of a methanolic solution of Nadicl with CoCl,-6H,0 in
a 1:2 Co®":dicl ! ratio for 1 (reaction 1), while the presence of the
corresponding nitrogen-donor ligand (L) yielded complexes 2-6. A
1:2:1 Co**:dicl ™ ':L ratio afforded complexes 2-4, e.g. phen for 2 (re-
action 2); for complexes 5 and 6, a 1:2:2 Co?*:dicl ™ L:L ratio was used,
e.g. Himi for 6 (reaction 3):

CoClL-6H,0 + 2 Nadicl + 4 CH;OH — [Co(dicl), (CH;0H),] + 2 NaCl
+ 6 H,0 (@)

CoCl,-6H,0 + 2 Nadicl + phen — [Co(dicl),(phen)] + 2 NaCl + 6 H,O
(2)

CoCl,-6H,0 + 2 Nadicl + 2 Himi — [Co(dicl),(Himi),] + 2 NaCl
+ 6 H,0 3)

The compounds were characterized by IR and UV-vis spectroscopy,
room-temperature magnetic measurements and by single-crystal X-ray
crystallography (for 2-6). The complexes are stable in the air, soluble in
DMSO and DMF and insoluble in most organic solvents and H,O. The
complexes do not dissociate in DMSO (Ay = 7-13 mho-cm®mol ! in
10~3M DMSO solution), and we may conclude that they keep their
integrity.

The magnetic measurements of the complexes were performed at
room temperature according to Faraday method and values of ¢ were
found in the range 3.95-4.38 BM. These values are higher than the
expected spin-only value (U = 3.87 BM) showing spin-orbit coupling
due to t2g5eg2 electron configuration, albeit lower than other reported
octahedral mononuclear high-spin Co(II) complexes [17]. These values
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may support a distorted octahedral geometry around Co(Il) ion (with
S=23/2) [17].

3.2. Spectroscopic study of the complexes

IR spectroscopy may be used to investigate the existence of the li-
gands and their coordination mode in the complexes. In the IR spectrum
of Nadicl, two intense bands located at 1575(s) and 1399(s) cm ™' may
be attributed to the characteristic stretching vibrations of the carboxylic
group of diclofenac, i.e. the antisymmetric, Vasym(CO>), and the sym-
metric, Vgym(COy), respectively. In the IR spectra of the complexes,
these bands have shifted to the regions 1574-1601 and
1387-1424 cm ™, respectively, showing the binding of diclofenac li-
gands to Co(I). In order to further clarify the coordination mode of the
carboxylato group of diclofenac ligands, the parameter Av(CO,)
(=Vasym(CO2) — vsym(CO2)) [60] was determined for complexes 1-6.
For 1, 5 and 6, the parameter Av(CO,) has a value of 180, 214 cm ™!
and 185cm ™}, respectively, which is higher than the Av(CO,) value in
Nadicl (176 cm™!) and is indicative of monodentate binding of the
carboxylato group of diclofenac [60,61]. For complexes 2-4, the Av
(COy) value lies in the range 155-159 crn’l, which is indicative of a
bidentate chelating mode of binding [61]. The conclusions concerning
the coordination mode of the carboxylato group of diclofenac ligands
are in good agreement with the crystal structures of the complexes
discussed in Section 3.3.

The existence of the corresponding nitrogen-donor ligands and their
coordination to cobalt(II) were verified via the characteristic bands
attributed to the out-of-plane p(C-H) vibrations which were found at
726(m) cm ™" for p(C-H)phen in complex 2, 763(m) cm ™" for p(C-H)pipy
in 3, 770(m) cm ~* for p(C-H)pipyam in 4, 700(m) cm ~* for p(C-H),,y in 5,
and 748(m) cm ! for p(C-H)yim; in 6 [60].

The UV-vis spectra of the complexes were recorded as nujol mull
and in DMSO solution and are similar suggesting that the complexes
retain their structure in solution. In the visible region, for 1-5, two low-
intensity bands are observed and may be assigned to d-d transitions.
More specifically, the band located in the region 515-560 nm may be
attributed to a 4T1g(F) — 4A2g transition, and the band at 469-480 nm
may be due to a 4T1g(F) —>4T1g(P) transition; the locations of these
bands are typical for distorted octahedral high-spin Co®* complexes
[17]. The visible region of the spectrum of 6 is dominated by the
highest energy *A, — *T;(P) transition band observed at 560 nm, which
is a typical one for tetrahedral Co(II) complexes [17]. Additionally, an
absorption band assigned to an intraligand transition exists at
288-310 nm.

Bearing in mind that complexes 1-6 are non-electrolytes in DMSO
solution and they have the same UV-vis spectral pattern in nujol and in
DMSO solution as well as in the presence of the buffer solution used in
the biological experiments (and in combination with the non-electro-
lytic nature of the complexes), we may conclude that the compounds
keep their integrity in solution.

3.3. Structure of the complexes

For complexes 2-6, single-crystals suitable for X-ray crystallography
have been obtained. Therefore, their crystal structures were determined
by X-ray crystallography. Complex 1 was obtained as microcrystalline
product and its structure was proposed on the basis of all experimental
data and in comparison with the literature.

3.3.1. Crystal structures of complexes 2—4

The crystal structures of the complexes 2—4 are similar and they will
be discussed together. The complexes are mononuclear with the di-
clofenac ligands being coordinated in an asymmetrical bidentate che-
lating mode to cobalt atom via the two carboxylato oxygen atoms. A
diagram of the structures of complexes 2-4 is shown in Figs. 2 and 3
and selected bond distances and angles are listed in Tables 1 and 2.
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The six-coordinate cobalt atom is surrounded by two diclofenac li-
gands and one bidentate phen for 2, bipy for 3 or bipyam ligand for 4
showing a distorted octahedral geometry. Thus, two nitrogen and four
oxygen atoms giving a CoN,O, chromophore occupy the six vertices of
the octahedron. The structures of the complexes are stabilized by the
development of intraligand and, especially for complex 4, inter-
molecular hydrogen bonds. More specifically, the amino group of di-
clofenac ligand is involved in intraligand H-bonding with the co-
ordinated carboxylato group (Table S2). In addition, the structure of 4
is further stabilized by intermolecular hydrogen bonds between H
atoms of solvate water molecules H(52) and H(384) and carboxylato
oxygen atoms O(2)’ or O(2)”, respectively, of adjacent molecules.

A thorough search of the Cambridge Crystallographic Data Centre
(CCDC) database regarding the mononuclear Co(II) complexes with
carboxylato ligands and the N,N’-donors phen, bipyam and bipy has
revealed the existence of at least five examples with phen ligands
[62-64], less structures with bipyam [32,33,65], and only one with a
bipy ligand [66], bearing similar arrangement of the atoms around Co
(ID) with general formula [Co(RCOO-0,0")»(N,N’-donor)]. It is inter-
esting to note that the search of Co(II) complexes with monodentate
carboxylato ligands (either in [Co(RCOO-O)(RCO0-0,0”)(N,N’-donor)
(O-donor)] or in [Co(RCOO-0),(N,N’-donor)(O-donor),] complexes,
where the co-existence of O-donor ligand(s) was necessary for the sta-
bilization of the distorted geometry) did not reveal any structures with
bipyam as co-ligand, while this number increased significantly in the
case of co-ligand bipy [29,33,67-69]. For phen, all three different ar-
rangements around Co(II) seem to have equal number of examples
[70-75].

3.3.2. Crystal structure of complex 5

The crystal structure of the mononuclear complex 5 is given in Fig. 4
and selected bond distances and angles are cited in Table 3.

In this complex, the diclofenac ligands are monodentately bound to
cobalt(Il) ion via a carboxylate oxygen. The structure of the complex is
centrosymmetric, the cobalt(I) ion is sitting on a center of symmetry
and is coordinated to two diclofenac, two pyridine and two aqua li-
gands showing an octahedral geometry. The basal plane of the octa-
hedron is formed by the carboxylate oxygen atoms O(1) and the aqua
oxygen atoms O(3) while the pyridine nitrogen atoms N(1) are found in
the axial positions at 2.154(3) A. In the equatorial plane of the octa-
hedron, tf}e bond distances Co0-O.u, (2.084(2) A) and C0-O,qua
(2.098(2) A) are similar. The uncoordinated carboxylate oxygen atoms
are lying out of the CoO4 plane at distances Co(1)---O(2) = 3.283 A A
research in CCDC has revealed few examples of crystal structures of
mononuclear Co(II) complexes with carboxylate, pyridine and O-donor
(e.g. H,0) ligands in a similar arrangement around the metal
[31,76-78].

The structure of complex 5 is further stabilized by the presence of
intermolecular hydrogen bonds. Intermolecular hydrogen-bonds are
formed between the aqua hydrogen atoms H(32) and H(31) and the
uncoordinated oxygen atom O(2) of diclofenac ligand and N(3) of the
pyridine solvate molecule as well as between H(32) and O(2") of an
adjacent molecule (Table S2).

3.3.3. Crystal structure of complex 6

The molecular structure of complex 6 is shown in Fig. 5 and selected
bond distances and angles are presented in Table 4.

The cobalt atom is four-coordinate and is surrounded by two
monodentate diclofenac and two imidazole ligands showing a distorted
tetrahedral geometry. The tetrahedrality for a four-coordinated cobalt
complex can be determined from the angle which is formed by two
planes each enclosing the cobalt and two adjacent atoms (for strictly
square planar complexes with D4, symmetry, the tetrahedrality is 0°
while for tetrahedral complexes with D4 symmetry, the tetrahedrality
equals 90°) [79]. For complex 6, the tetrahedrality determined by the
dihedral angle of planes O(1), Co(1), N(1) and O(3), Co(1), N(3) has the
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Fig. 3. A drawing of the crystal structure of 4 and only the heteroatom labeling.

value of 75.64°; therefore, we may support a tetrahedral geometry for
the chromophore CoO,N,. The tetrahedral geometry around Co(1) was
further verified by the values of tetrahedral index t4 or /4 as introduced
by Yang (t4 = (360° — (a + B))/(360° — 2 x 109.5°), where a and
are the largest angles around the metal [80] and Okuniewski
(4 = ((B — a)/(360° — 109.5%)) + ((180° — B)/(180° — 109.5%)))
where B > a are the largest angles of the coordination sphere) [81],
respectively. The values of these parameters are 7, = 0.84 and
1’4 = 0.81 and are close to 1 supporting a tetrahedral geometry around
Co(1).

The distances around Co(1) are within the expected range and the
Co-Nyim; distances [Co(1)-N(1) = 2.026(3) 10\, Co(1)-N(3) = 2.019(3)
A] are slightlyo longer than the Co—Ocarl)c,xylate distances [Co(1)-O
(1) = 2.004(2) A, Co(1)-0(3) = 2.004(2) A]. The distances of Co(1)
with the non-coordinated carboxylate atoms O(2) and O(4) are rather
long (Co(1)...0(2) = 2.498 A and Co(1)...0(4) = 3.080 A) to suggest a
bonding distance. The structure of complex 6 is stabilized by the de-
velopment of intraligand and intermolecular hydrogen-bonds.
Intraligand H-bonds are formed between the NH-group and the car-
boxylate oxygen atoms O(2) and O(3) of diclofenac ligands (Table S2).
The hydrogen atoms of the solvate water molecule participate in weak

Table 1
Selected bond distances (A) and bond angles (°) for complexes 2 and 3.

Bond Complex 2 Complex 3

Distance (A) Distance (A)

Co(1)-0(1) 2.180 (2) 2.105(2)
Co(1)-0(2) 2.073 (2) 2.139(2)
Co(1)-N(1) 2.092 (3) 2.073(3)
Oo(1)-C(1) 1.245 (3) 1.251(4)
0(2)-C(1) 1.257 (49 1.245(4)
Bonds Complex 2 Complex 3
Angle () Angle ()
0(1)-Co(1)-0(2) 60.84 (8) 60.82 (9)
O(1)-Co(1)-0(1Y 97.73 (14) 155.47 (14)
0(1)-Co(1)-0(2) 102.05 (10) 102.21 (9)
0(1)-Co(1)-N(1) 96.50 (10) 103.66 (11)
0(1)-Co(1)-N(1) 154.02 (8) 95.27 (10)
0(2)-Co(1)-0(2)Y 155.56 (15) 99.01 (15)
0(2)-Co(1)-N(1) 103.86 (10) 95.95 (12)
0(2)-Co(1)-N(1Y 94.94 (9) 153.98 (9)
N(1)-Co(1)-N(1) 79.44 14) 78.97 (19)

Table 2
Selected bond distances (A) and angles (°) for complex 4.

Bond Distance (A) Bond Distance (A)
Co(1)-0(1) 2.056 (3) Co(1)-N(2) 2.066 (4)
Co(1)-0(2) 2.331 (3) 0(1)-C(1) 1.253 (6)
Co(1)-0(3) 2.063 (3) 0(2)-C(1) 1.231 (6)
Co(1)-0(4) 2.356 (4) 0(3)-C(15) 1.231 (6)
Co(1)-N(1) 2.057 (4) 0(4)-C(15) 1.219 (6)
Bonds Angle () Bonds Angle ()
0(1)-Co(1)-0(2) 59.13 (12) 0(2)-Co(1)-0(3) 93.13 (14)
0(1)-Co(1)-0(3) 141.81 (13) 0(2)-Co(1)-0(4) 92.76 (14)
0(1)-Co(1)-0(4) 95.58 (13) 0(2)-Co(1)-N(1) 150.50 (12)
0(1)-Co(1)-N(1) 91.87 (13) 0(2)-Co(1)-N(2) 95.64 (14)
0(1)-Co(1)-N(2) 112.24 (13) 0(4)-Co(1)-N(1) 95.58 (14)
0(3)-Co(1)-0(4) 57.23 (12) 0(4)-Co(1)-N(2) 151.34 (13)
0(3)-Co(1)-N(1) 115.11 (13) N(1)-Co(1)-N(2) 90.45 (15)
0(3)-Co(1)-N(2) 94,91 (13)

intermolecular interactions with the uncoordinated O(4) of the diclo-
fenac ligand and coordinated O(1)’ of the diclofenac ligand of an ad-
jacent molecule contributing to further stabilization of the complex
(Table S2).

A thorough search of the CCDC concerning the mononuclear Co(II)
complexes with carboxylato ligands and imidazole derivatives has re-
vealed a few relevant structures where Co(II) may be in either four- or
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Fig. 4. The molecular structure of 5 with only the heteroatom labeling.

Table 3

Selected bond distances (A) and angles (°) for 5.
Bond Distance (;\)
Co(1)-N(1) 2.154 (3)
Co(1)-0(1) 2.084 (2)
Co(1)-0(3) 2.098 (2)
C(1)-0(1) 1.264 (4)
C(1)-0(2) 1.233 (49
Bonds Angle ()
0(1)-Co(1)-N(1) 91.88 (11)
0O(1)-Co(1)-N(1Y 88.12 (11)
0(1)-Co(1)-0(3) 87.44 (10)
0O(1)-Co(1)-0(3) 92.56 (10)
0(3)-Co(1)-N(1) 85.22 (11)
0(3)-Co(1)-N(1Y 94.78 (11)

Fig. 5. Crystal structure of [Co(dicl)o(Himi),]'-H,O, 6. Hydrogen atoms are
omitted for clarity.

six-coordinate environment. The four-coordinate complexes have the
formula [Co(RCOO-0),(Himi),] with monodentately coordinated car-
boxylato ligands [82-86] and similar arrangements of the atoms around
Co as in complex 6. The six-coordinate complexes may bear the formula
[Co(RCO0-0,0"),(Himi),], i.e. bidentate chelating coordination mode
of the carboxylato ligands [85,75], or [Co(RCOO-0)s(Himi)>(H20)51,
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Table 4
Selected bond distances (&) and angles (°) for complex 6.

Bond Distance (A) Bond Distance (A)
Co(1)-0(1) 2.004 (2) 0(1)-C(1) 1.255 (4)
Co(1)-0(3) 2.004 (2) 0(2)-C(1) 1.281 (4)
Co(1)-N(1) 2.026 (3) 0(3)-C(15) 1.310 (4)
Co(1)-N(3) 2.019 (3) 0(4)-C(15) 1.221 (4)
Bonds Angle (°) Bonds Angle (%)
0(1)-Co(1)-N(1) 110.90 (10) 0(3)-Co(1)-N(1) 94.56 (10)
0(1)-Co(1)-N(3) 111.69 (10) 0(3)-Co(1)-N(3) 95.65 (10)
0(1)-Co(1)-0(3) 116.90 (9) N(1)-Co(1)-N(3) 125.09 (11)

i.e. monodentate coordination of the carboxylato ligands and the co-
existence of two aqua ligands [87-89].

3.3.4. Proposed structure for complex 1

The efforts to isolate single-crystals of compound 1 suitable for X-
ray crystallography did not yield any crystalline product. Therefore, the
characterization of this complex was based on the data collected by
magnetic measurements, IR and UV-vis spectroscopy and in compar-
ison with the reported structures of Co(II) complexes with the NSAIDs
mefenamic acid (=Hmef), diflunisal (=Hdifl) and niflumic acid
(=Hnif). Based on the magnetic data (l# = 3.95 BM), a mononuclear
high-spin Co(II) complex (S = 3/2) is suggested, in good agreement
with the UV-vis spectrum of the complexes which contained bands
typical for a Co(II) complex with a distorted octahedral geometry. The
IR spectroscopic study revealed that diclofenac ligands are coordinated
to cobalt ion monodentately (Av(CO5) = 180 cm™Y). In conclusion,
complex 1 bears a CoOg coordination environment consisting of two
carboxylato oxygen atoms of diclofenac ligands and four oxygen atoms
from the coordinated methanol ligands. This suggested arrangement of
the NSAIDs and methanol ligands is similar to that of complexes [Co
(mef),(MeOH),4]-2MeOH [29], [Co(difl),(MeOH),] and [Co
(nif)o(MeOH),] [32], which have been previously reported by our lab.

3.4. Antioxidant activity of the complexes

Free radicals are species playing an important role in the in-
flammatory process. Antioxidants may reduce and/or prevent the da-
mage from free radical reactions because of their ability to donate
electrons which may further neutralize the radical without forming
another one. NSAIDs are related with the inhibition of free radical
production acting as radical scavengers [90]. Thus, the potential anti-
inflammatory and possible anticancer activity of sodium diclofenac and
its complexes 1-6 may be evaluated initially by investigating their
ability to scavenge free radicals such as DPPH, ABTS and hydroxyl ra-
dicals.

DPPH scavengers are considered antiageing, anticancer and anti-
inflammatory agents and so they may offer protection against rheu-
matoid arthritis and inflammation. Compounds capable to scavenge
hydroxyl radicals (-OH) may serve as protectors from the reactive
oxygen species by activation of the prostaglandins. The scavenging of
the cationic ABTS radicals (ABTS ™ -) is considered as an indicator of the
total antioxidant activity [51]. Additionally, the resultant antioxidant
activity of the compounds has been compared to common antioxidant
agents NDGA, BHT and trolox which are used as the reference standard
compounds of the present studies (Table 5).

The DPPH-scavenging activity of the complexes, except complex 5,
is not time-dependent as concluded by measurements performed after
20 and 60 min (Table 5). For complex 5, the activity against DPPH
presents a notable increase during time. On average, complexes 1-6
exhibit low-to-moderate ability to scavenge DPPH radicals, when
compared to reference compounds NDGA and BHT, and are more
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Table 5

% DPPH scavenging ability (RA%), % superoxide radical scavenging activity (ABTS%) and competition % with DMSO for hydroxyl radical (-OH%), for complexes

1-6.
Compound RA% (20 min) RA% (60 min) ABTS% +OH %
Nadicl [7] 18.26 = 0.60 17.43 = 0.23 76.35 = 0.75 75.46 = 0.44
[Co(dic])2(MeOH),], 1 22.38 + 0.61 23.42 = 0.72 81.23 + 0.52 91.42 = 0.94
[Co(dicl)2(phen)], 2 21.58 + 0.86 18.73 = 0.37 87.68 + 0.91 89.95 + 1.24
[Co(dic])2(bipy)], 3 20.38 + 0.46 20.49 = 0.28 84.32 = 0.57 92.51 * 0.64
[Co(dic])2(bipyam)], 4 26.17 £ 0.48 26.86 = 0.75 91.16 + 0.59 96.33 = 1.82
[Co(dicD)2(py)2(H20)21, 5 19.96 = 0.72 25.43 + 0.83 86.12 + 1.43 90.04 + 0.97
[Co(dic])o(Himi),], 6 24.19 + 0.68 22.41 = 0.73 88.56 + 1.24 96.11 + 1.06
NDGA 81.02 + 0.18 82.60 + 0.17 Not tested Not tested
BHT 31.30 + 0.10 60.00 + 0.38 Not tested Not tested
Trolox Not tested Not tested 91.80 + 0.17 82.80 + 0.13

effective DPPH-scavengers than free Nadicl. The scavenging ability of
the compounds against the cationic ABTS radical (ABTS*-) is much
better than free Nadicl and quite high compared to the reference
compound trolox (Table 5). Furthermore, it is worth mentioning that
the ability of 1-6 to scavenge hydroxyl radicals is higher than not only
free Nadicl but also than the reference compound trolox. Summarizing
the data of the present study, complexes 1-6 present higher scavenging
ability than free Nadicl showing thus that binding of the NSAID to Co
(I) results in enhanced activity. In addition, complex 4 is the most
potent radical scavenger of all the free radicals examined.

In addition, the Co-diclofenac complexes are better DPPH-sca-
vengers than some of their Co-NSAIDs analogues [32], while their hy-
droxyl and ABTS scavenging ability is of the same magnitude with all
reported Co-NSAIDs compounds [29,31,32]. Also, the Mn-diclofenac
analogues [7] may present a lower ability to scavenge ABTS free radi-
cals than 1-6 while the activity against the other free radicals was
found in the same range. The antioxidant activity of the complexes may
be considered to be selective, especially against hydroxyl and ABTS
radicals since they show low to moderate activity against DPPH and
high activity against hydroxyl and ABTS radicals.

3.5. Interaction of complexes with CT DNA

In many cases, the potential bioactivity of NSAIDs and their metal
complexes has been connected with the ability to interact with DNA
[4], which could be considered a potential biological target. In general,
the interaction of metal complexes with DNA depends on the stability of
the complexes and the nature of the ligands and may take place via the
development of covalent (a bond is formed between metal and a DNA-
base displacing a labile ligand of the complex) or noncovalent inter-
actions (intercalation, groove-binding or electrostatic interactions re-
sulting from st-;t stacking, hydrophobic or Coulomb forces, respectively)
[91]. We have already reported the DNA-binding behavior of a series of
metal-NSAID complexes [29-43], including also those containing di-
clofenac ligands [7-9,12]. As a continuation of our previous research,
the interaction of complexes 1-6 with CT DNA was studied by UV-vis
spectroscopy, cyclic voltammetry, viscosity measurements and via
competitive studies with EB by fluorescence emission spectroscopy.

3.5.1. DNA-binding study with UV-vis spectroscopy

UV-vis spectroscopy is a technique used to provide information
about the mode of interaction of metal complexes with CT DNA and the
strength of this interaction. The UV spectra were recorded for a con-
stant CT DNA concentration in different [compound]/[DNA] mixing
ratios (r) and are shown representatively for 1 in Fig. 6(A). The slight
decrease of the intensity at Ap.x = 258 nm is accompanied by a red-
shift of the Anyax, suggesting the interaction with CT DNA which may
result in the direct formation of a new complex with double-helical CT
DNA [92].

In UV-vis spectra of 1-6, an intraligand band (band I) appears at
288-292 nm while in the case of 2 and 4 an additional band (band II) is

present at 271-275 nm similar to previously reported diclofenac com-
plexes [7]. The absorbance and the position of these bands may differ
upon addition of a CT DNA solution. More specifically, in the UV-vis
spectra of 2, both bands (band I at 292nm and band II at 271 nm)
exhibit, in the presence of increasing amounts of CT DNA a slight hy-
pochromism (Fig. 6(B)). In the UV-vis spectra of 5, the band at 289 nm
exhibits a slight hyperchromism (Fig. 6(C)). Similar is the behavior of
the other complexes in the presence of DNA (Table 6). A safe outcome
regarding the interaction mode of the complexes with DNA cannot be
taken because of the low percentages of the observed hyper- or hypo-
chromism [92,93]. Thus, further studies regarding the DNA-interaction
of the complexes were carried out in order to better clarify the exact
mode, i.e. cyclic voltammetry and viscosity measurements.

The DNA-binding constants of 1-6 (K;) were calculated by the plots
[DNA]/(ea-€¢) versus [DNA] (Fig. S1) with the Wolfe-Shimer equation
(eq. S1) [53]. The K,;, values of 1-6 (Table 6) are significantly higher
than that of free Nadicl suggesting stronger binding to DNA. Especially,
the Ky, value of complex 1 (=1.65( + 0.02) x 10”7 M™!) is significantly
high and is the highest value among all reported Co-NSAIDs [29-33]
and metal-diclofenac complexes [7-9,11,12]. The K; values of all
complexes are higher than that of the classical intercalator EB
(Kp = 1.23( = 0.07) x 10°M ™ 1) as reported in literature [94].

3.5.2. DNA-binding study with cyclic voltammetry

Cyclic voltammetry is an electrochemical technique that provides
useful information regarding the mechanism of interaction of metal
compounds with DNA. Any changes observed at the cyclic voltammo-
grams of the complexes in the presence of DNA may be indicative of an
interaction between the compounds and DNA [54]. The cyclic vol-
tammograms of complexes 1-6 were recorded in a 1/2 DMSO/buffer
solution (0.33mM) in the absence and presence of CT DNA (re-
presentatively shown for complex 6 in Fig. 7). The observed decrease of
the current intensity may suggest the existence of equilibrium between
free and DNA-bound complex as evidence of the complex-DNA inter-
action. The cathodic E,. and anodic E,, potentials of the redox couple
Co(I1)/Co(I) for 1-6 as well as their shifts upon addition of CT DNA are
given in Table 7. When CT DNA is added in the solution of the com-
plexes, both the cathodic and the anodic potentials exhibit a positive
shift (AEpca = (+8) — (+45) mV), suggesting intercalation as the
most possible mode of interaction between the complexes and CT DNA
bases [30-33].

Additionally, the corresponding equilibrium constants for the redox
process were evaluated by determining the ratio of the DNA-binding
constants for the reduced form (K,) and oxidized forms (K,,) of the
complexes (K;/Koy) with eq. S2 [54]. The ratio of equilibrium binding
constants, K./K, is calculated in the range 1.15-1.99 (Table 7) which
indicates the stronger binding of DNA with the reduced form of com-
plexes 1-6 over its oxidized form [95].

3.5.3. DNA-binding study with viscosity measurements
The DNA-viscosity is sensitive to DNA-length changes, since the
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Fig. 6. (A) UV spectra of CT DNA (1.45 x 10~*M) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH7.0) in the absence or presence of [Co
(dicl),(MeOH),], 1. The arrow shows the changes upon increasing amounts of the complex. (B)-(C) UV-vis spectra of DMSO solution of complex (B) 2 (30 uM) and
(C) 5 (30 uM), in the presence of increasing amounts of CT DNA. The arrows show the changes upon addition of increasing amounts of CT DNA.

Table 6

UV-vis spectral features of the interaction of Nadicl and complexes 1-6 with. CT
DNA. UV-band (A in nm) (percentage of the observed hyper-/hypo-chromism
(AA/Ao, %), blue-/red-shift of the A.x (AN, nm)) and DNA-binding constants
(Kp).

Compound A (nm) (AA/Ao (%), AN Ko M™Y)

(nm)")
Nadicl [9] 295 (-7.5,0) 3.16 ( + 0.14) x 10*
[Co(dicl)>(MeOH),], 1 290 (+3, 0) 1.65 ( = 0.02) x 107
[Co(dic])>(phen)], 2 271 (-7, 0),292 (-3, +1) 2.33 (= 1.04) x 10°
[Co(dicD(bipy)], 3 288 (+4, 0) 9.41 (+0.16) x 10°
[Co(dicl)o(bipyam)], 4 275 (-3, +1), 288 (+2, 0) 1.86 ( = 1.03) x 10°
[Co(dicD)2(py)2(H20)2], 5 289 (+2, +1) 6.41 (% 2.04) x 10°
[Co(dicl)(Himi),], 6 289 (+3, 0) 3.85 ( + 1.49) x 10°
& “4+” denotes hyperchromism, “—” denotes hypochromism.
b «4» denotes red-shift, “—” denotes blue-shift.

DNA-viscosity and DNA-length are related via the equation L/Ly = (n/
n0)*3, with n/n, denoting the relative solution viscosity and L/Lq the
DNA-length [96]. Consequently, monitoring the viscosity changes of a
DNA solution in the presence of increasing amounts of complexes 1-6
may provide significant information in regard to the DNA-binding mode
of the compounds. Within this context, the viscosity measurements
were carried out on a CT DNA solution (0.1 mM) in the presence of
increasing amounts of 1-6 (up to the value of r = 0.35). The experi-
ments showed a significant increase of the DNA-viscosity in the pre-
sence of increasing amounts of the complexes (Fig. 8). This result may
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-50

—6
---- 6 +DNA

150 .

T T T T

-600 -800 -1000

E(mV)

Fig. 7. Cyclic voltammogram of 0.4 mM 1/2 DMSO/buffer (containing 150 mM
NaCl and 15mM trisodium citrate at pH = 7.0) solution of complex 6 in the
absence or presence of CT DNA. Scan rate = 100mV s~ . Supporting electro-
lyte = buffer solution.

-200 -400

be explained via the insertion of the complexes between the DNA-base
pairs resulting in an increase in the separation distance of DNA-base
pairs at intercalation sites and, thus, an increase in the DNA-length.
Such conclusions are in agreement with cyclic voltammetry data,
shedding light to the UV-spectroscopic data regarding the DNA-binding
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Table 7
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Cathodic and anodic potentials (in mV) for the redox couples of 1-6 in DMSO/buffer solution in the absence or presence of CT DNA. Ratio of equilibrium binding

constants, K,/Kgy.

Compound Epecn” Epecv)” AE, Epan” Epa)” AE,,* Ke/Kox
[Co(dicl),(MeOH),], 1 —-789 —750 +39 —438 —421 +17 1.61
[Co(dicl),(phen)], 2 -753 -716 +37 —389 -377 +12 1.51
[Co(dicl),(bipy)], 3 —783 —760 +23 —-399 —-374 +25 1.50
[Co(dicl),(bipyam)], 4 -770 —762 +8 —-370 -362 +8 1.15
[Co(dicl),(py)2(H20)2], 5 —-755 —-728 +27 —415 —-389 +26 1.57
[Co(dicl),(Himi),], 6 -785 —740 +45 —406 —-370 +36 1.99

? Epe/a in DMSO/buffer in the absence of CT DNA (Epc/acp)-
b Epc/a in DMSO/buffer in the presence of CT DNA (Epc/acb))-
¢ AEpc/a = Epc/a(b) - Epc/a(ﬂ'

1.5 a1
—e—2 R
1.4+ —Aa—3 a4
v—4 Yy,
./
1.3 1 5 v

G .
s /:/- >

1.2

(mm)"”

1.14

1.0+
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Fig. 8. Relative viscosity (1/n0)"/> of CT DNA (0.1 mM) in buffer solution
(150mM NaCl and 15mM trisodium citrate at pH7.0) in the presence of
complexes 1-6 at increasing amounts (r = [complex]/[DNA]).

mode of complexes 1-6.

3.5.4. Competitive study with ethidium bromide

EB is a typical marker of intercalation to DNA which occurs via the
insertion of its planar phenanthridine ring in-between the CT DNA-base
pairs. The result of this intercalation is the appearance of an intense
fluorescence emission band at 592 nm, when the EB-DNA solution is
excited at 540 nm. The presence of an intercalating compound in this
solution will probably induce a quenching of this emission band which
may stem from the competition between the intercalating compound
and EB. Fluorescence emission spectroscopy was employed to in-
vestigate the ability of the complexes to displace the typical DNA-in-
tercalator EB from its EB-DNA complex [55,97].

Upon addition of 1-6 at increasing r values (up to the value of
r = 0.14, representatively shown for complex 4 in Fig. 9(A)) into a pre-
treated solution of EB-DNA, a remarkable quenching of the emission
band of the DNA-EB system at 592 nm appeared (up to ~70% of the
initial EB-DNA fluorescence) (Fig. 9(B), Table 8). Since the complexes
do not present any appreciable fluorescence emission band under the
same experimental conditions at room temperature in solution either
alone or in the presence of CT DNA or EB, the observed quenching of
DNA-EB fluorescence may be ascribed to the displacement of EB by
complexes 1-6, in accordance to the linear Stern-Volmer equation (Eq.
S3) and the corresponding Stern-Volmer plots (Fig. S2, R = 0.99), and
may reveal indirectly the interaction with CT DNA by intercalation
[55,971.

The values of the K, of the complexes (Table 8) are high enough to
validate their ability to bind tightly to DNA. The values of Ky, of the
complexes are of the same magnitude with that of free Nadicl and
complex 6 bears the highest K, value (=5.62 (= 0.18) x 10°M™ 1)

10

among the compounds. The K, values are lower than those of the Mn-
diclofenac [7] and Co-tolfenamato [33] analogues while they are in the
same range with the Ni-diclofenac [12] and Co-diclofenac [9] analo-
gues and a series of reported corresponding Co-NSAID complexes
[29-32] The quenching constants of the compounds in regard to their
competition with EB were calculated with eq. S4, where the fluores-
cence lifetime of EB-DNA system has the value 1, = 23 ns [56]. The kq
constants (Table 8) are significantly higher than 10'°M~'s~! and we
may suggest that the quenching of the EB-DNA fluorescence from the
complexes takes place via a static mechanism leading to the formation
of a new conjugate between DNA and complexes 1-6 [55].

3.6. Interaction of the complexes with BSA

The investigation of the possible interaction of bioactive compounds
(such as complexes 1-6) with albumin is essential because this protein
is involved in the transportation of ions, compounds and drugs through
the bloodstream. Binding to albumin may lead to loss or enhancement
of the biological properties of the potential drug, or provide paths for
drug transportation [98]. BSA is the most studied albumin due to its
homology to human serum albumin. The two tryptophan residues of
BSA located at positions 134 and 212 are responsible for the intense
fluorescence emission band at 343 nm, when the BSA solution is excited
at 295 nm. Therefore, the changes observed in the fluorescence emis-
sion spectra of BSA were monitored upon addition of complexes 1-6 to
BSA, upon excitation at 295 nm, in order to explore the binding of the
complexes with BSA.

The fluorescence quenching of the BSA solution in the presence of
the complexes was significant-to-high (quenching up to 97.9% of the
initial fluorescence for complex 4, Fig. 10). This quenching may be
attributed to changes in tryptophan environment of BSA which are
induced by changes in the albumin's secondary structure because of the
interaction of the complexes with BSA; therefore the binding of the
complexes to BSA may be indirectly concluded [99].

The Stern-Volmer and Scatchard plots (Figs. S3-S4) and the corre-
sponding equations (egs. S3, S4 and S6) were used to calculate the
constants relevant to the interaction of the complexes with BSA. From
these equations and taking t, = 10~ ®s as fluorescence lifetime of
tryptophan [59], the BSA-quenching constant (kq) and the BSA-binding
constant (K) were calculated and they are listed in Table 9. The values
of kq are of the order 1013210 M~ 1s™! and are significantly higher
than the values found for other quenchers interacting with biopolymers
(2 x 10'°M~'s™1); therefore, a static quenching mechanism may be
suggested [99], verifying the interaction of complexes with BSA. The kq
values of 1-6 are higher than that of free Nadicl and are within the
range found for a series of complexes previously reported [7-9,31-33].
Additionally, it is worth mentioning that the k, value
(=2.27( £ 0.10) x 10" M~'s™ 1) of complex 4 is the highest observed
for all the metal-diclofenac complexes reported [7-12].

The values of K for the complexes are relatively high (of the order
10°-10° M~ 1) and of the same magnitude with a series of metal-NSAID
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Fig. 9. (A) Fluorescence emission spectra (Aexc = 540 nm) for EB-DNA ([EB] = 20 uM, [DNA] = 26 uM) in buffer solution in the absence and presence of increasing
amounts of complex 4 (up to the value of r = 0.12). The arrow shows the changes of intensity upon increasing amounts of 4. (B) Plot of EB-DNA relative fluorescence
intensity (%I/1,) at Aem = 592 nm versus r (r = [complex]/[DNA]) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH7.0) in the presence of
complexes 1-6 (fluorescence up to 37% of the initial EB-DNA fluorescence for 1, 37.9% for 2, 32.3% for 3, 31% for 4, 31.7% for 5 and 29.7% for 6).

complexes previously reported [7-12,29-43]. In conclusion, the K va-
lues of 1-6 may be considered high enough to suggest their binding to
BSA and their subsequent transportation through the bloodstream.
These values are also lower than the association constant of one of the
strongest known non-covalent interactions, i.e. avidin with diverse li-
gands with K = 10" M™'. Thus, the complexes are not too tightly
bound to the BSA suggesting indirectly their reversible binding to BSA
so that they may get released upon arrival at the targets [100].

4. Conclusions

Six novel cobalt(Il) complexes with the NSAID diclofenac as ligand
and a series of N’-donors 2,2’-bipyridylamine, 1,10-phenanthroline,
2,2’-bipyridine, pyridine or imidazole as co-ligands have been suc-
cessfully prepared and thoroughly characterized. The crystal structures
of five out of six complexes (i.e. complexes 2-6, namely [Co
(dicD)(phen)] (2), [Co(dicD)o(bipy)] (3), [Co(dicl)z(bipyam)]-0.5H,0
(4-0.5H,0), [Co(dicD)2(py)2(H20)21py (5py) and [Co
(dicl)2(Himi),>]-H>0 (6:-H,0)) were determined by single-crystal X-ray
crystallography. In these complexes, the diclofenac ligands are bound to
cobalt(Il) ion in a monodentate and/or a bidentate fashion.

The biological activity of the resultant complexes was evaluated in
vitro concerning their ability to scavenge free radicals (i.e. DPPH, ABTS
and hydroxyl) as well as their ability to bind to CT DNA and their af-
finity to BSA. Considering the radical scavenging activity, complexes
1-6 are better scavengers than free Nadicl for all the free radicals ex-
amined. The DPPH-scavenging ability of the complexes is moderate and
stable with the exception of complex 5 which shows increased activity
during time. The complexes are significantly active against hydroxyl
and ABTS radicals; especially, the hydroxyl scavenging of the com-
plexes is higher than that of the reference compound trolox.

The complexes interact with CT DNA via an intercalative mode and

100
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Fig. 10. Plot of relative fluorescence intensity of the BSA emission band at
Nem = 343 nm (I/Io, %) versus r (r = [complex]/[BSA]) for complexes 1-6 (up
to 37.5% of the initial BSA fluorescence for 1, 21.9% for 2, 19.9% for 3, 2.1%
for 4, 35.2% for 5, and 32.1% for 6) in buffer solution (150 mM NaCl and
15 mM trisodium citrate at pH 7.0).

their binding to CT DNA is tight, as evaluated via the K; constants
calculated. All complexes bind to CT DNA more tightly than free Nadicl
with complex 1 showing the highest DNA-binding constant among the
Co-NSAID complexes reported sofar.

The complexes may bind to BSA tightly and reversibly. Therefore,
they may be transferred by albumin to potential biological targets
where they may be released.

The existing results concerning the bioactivity of Co-diclofenac
complexes 1-6 are promising for further biological studies and

Table 8

Percentage of EB-DNA fluorescence quenching (Al/Io, %), Stern-Volmer (Kgsy) and quenching constants (kq) of complexes 1-6 from the EB-displacement

studies.
Compound Al/To (%) Koy M1 kg M~ 's™h)
Nadicl [9] 65.0 2.47 (£ 0.06) x 10° 1.07 ( + 0.03) x 10*®
[Co(dicl),(MeOH),], 1 63.0 2.38 ( + 0.08) x 10° 1.03 ( = 0.03) x 102
[Co(dicD),(phen)], 2 62.1 2.29 ( + 0.06) x 10° 9.97 ( + 0.27) x 102
[Co(dicl),(bipy)], 3 67.7 3.06 ( + 0.08) x 10° 1.33 (= 0.03) x 10*®
[Co(dicl),(bipyam)], 4 69.0 2.56 (% 0.07) x 10° 1.11 ( £ 0.03) x 10*®
[Co(dicD)2(py)2(H20)21, 5 68.3 2.61 (£ 0.07) x 10° 1.14 ( = 0.03) x 10*3
[Co(dicl),(Himi),], 6 70.3 5.62 ( * 0.18) x 10° 2.44 (£ 0.08) x 103

11
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Table 9

The BSA-quenching (ky) and BSA-binding (K) constants for complexes 1-6.
Compound kg M~ ts™h KM
Nadicl [9] 8.11 (+ 0.34) x 10'2 3.55 (*0.03) x 10°

[Co(dicl)2(MeOH),], 1
[Co(dicl)2(phen)], 2
[Co(dicD)(bipy)], 3
[Co(dic])5(bipyam)], 4
[Co(dicD2(py)2(H20)21, 5
[Co(dic])»(Himi),], 6

3.71 (£ 0.16) x 10°
3.93 (£ 0.03) x 10°
2.84 (+0.09) x 10°
1.41 (£ 0.02) x 10°
2.14 (£ 0.09) x 10°
3.92 (£ 0.17) x 10°

1.21 (£ 0.09) x 10*®
2.15 ( + 0.09) x 103
2.27 (+0.06) x 103
2.27 (+0.10) x 10™*
1.02 ( + 0.05) x 10*®
1.62 ( + 0.09) x 10'®

potential applications.

Abbreviations

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

BHT butylated hydroxytoluene

bipy 2,2’-bipyridine

bipyam  2,2’-bipyridylamine

BSA bovine serum albumin

CCDC Cambridge Crystallographic Data Centre

dicl™!  anion of diclofenac

DPPH 1,1-diphenyl-picrylhydrazyl

EB ethidium bromide

Epa anodic potential

Epe cathodic potential

Hdifl diflunisal

Himi imidazole

Hmef mefenamic acid

Hnif niflumic acid

K SA-binding constant

Ky DNA-binding constant

kq quenching constant

Ksy Stern-Volmer constant

m medium

Nadicl  sodium diclofenac

NDGA  nordihydroguaiaretic

NSAID  non-steroidal anti-inflammatory drug

phen 1,10-phenanthroline

Py pyridine

r [compound]/[DNA] mixing ratio or [compound]/[BSA]
mixing ratio

RA% % DPPH-scavenging ability

s strong

sh shoulder

trolox 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid

Vs very strong

AEpe/a Epesamy — Epcram

Av(CO,) 1)asym(coz) - Vsym(coz)

Nex excitation wavelength

Acknowledgement

The author SP acknowledges the financial support via a scholarship
from the General Secretariat for Research and Technology (GSRT) and
Hellenic Foundation for Research and Innovation (HFRI), Greek
Ministry of Education, Research and Religion.

Appendix A. Supplementary data

CCDC 1899212-1899216 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
via www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44) 1223-336-033; or deposit@ccde.cam.ac.uk). Supplementary
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data associated with this article can be found, in the online version, at
https://doi.org/10.1016/j.jinorgbio.2019.04.002.
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