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ARTICLE INFO ABSTRACT

Keywords: Four novel zinc complexes, namely [Zn(oxa),(MeOH)4] (1), [Zn(oxa)>(H20)(bipy)]-MeOH-2.5H,0
Oxaprozin (2-MeOH-2.5H,0), [Zn(oxa),(bipyam)]-1.25MeOH (3:1.25MeOH) and [Zn(oxa).(phen)] (4), with the non-ster-

Zinc complexes oidal anti-inflammatory drug oxaprozin (Hoxa) and a N,N’-donor heterocyclic ligand, such as 2,2’-bipyr-
Structures idylamine (bipyam), 1,10-phenanthroline (phen) or 2,2"-bipyridine (bipy), were characterized with physico-
;‘;\?Ze;gr; glgn gablhty chemical techniques, various spectroscopies and single-crystal X-ray crystallography. In these coordination

compounds, the oxaprozin ligands are coordinated to zinc ion in a monodentate or a bidentate chelating binding
mode. The antioxidant activity of the complexes was evaluated via their ability to scavenge in vitro 1,1-diphe-
nyl-2-picrylhydrazyl, hydroxyl and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radicals. The com-
plexes bind to calf-thymus DNA via intercalation as suggested via a series of studies employing UV-vis spec-
troscopy, DNA-viscosity measurements and competition with ethidium bromide. The complexes may bind to

Interaction with albumins

serum albumins tightly and reversibly in order to get transferred through the bloodstream.

1. Introduction

Zinc is among the most abundant biometals in human body. It is
used to regulate the metabolism of cells and is found in more than two
hundred metalloenzymes [1,2]. Zinc oxide and other zinc compounds
are applied as medicaments to treat skin infections and injuries, while
the use of “Baby Zinc” in Asian and African countries has saved the lives
of many children as it may treat infections causing uncontrollable
diarrhea [3]. In addition, diverse zinc complexes have been reported in
the literature for their potential antidiabetic [4], anti-inflammatory [5],
antimicrobial [6], antioxidant [7], and anticancer [8] activity as well as
the potential applications to the treatment of Alzheimer's disease [9].
Further, a lot of zinc complexes with non-steroidal anti-inflammatory
drugs (NSAIDs) have been structurally characterized [10] including the
NSAIDs aspirin [11], diclofenac [12], diflunisal [7], flufenamic acid
[13-15], ibuprofen [16], indomethacin [17,18], mefenamic acid [19],
naproxen [20], niflumic acid [21,22] and tolfenamic acid [23,24] as
ligands. Most of the reported zinc-NSAID complexes, especially the
mixed-ligand complexes with N,N’-donor co-ligands, have shown an
enhanced biologic profile (DNA- and albumin-binding properties and
antioxidant activity) in comparison to the corresponding free NSAID
[10].

NSAIDs are the most frequently administrated analgesic, anti-in-
flammatory and antipyretic agents with known side-effects. Oxaprozin

* Corresponding author.
E-mail address: gepsomas@chem.auth.gr (G. Psomas).

https://doi.org/10.1016/j.jinorgbio.2019.03.016

(Hoxa, Fig. 1(A)) is a phenylalkanoic acid NSAID with analgesic activity
and is used to relieve pain associated with osteoarthritis and rheuma-
toid arthritis. Oxaprozin was found to be in significantly lower doses as
active as aspirin showing milder gastrointestinal side-effects [25,26].
Moreover, it can also have a protective effect against the development
of cancer or Alzheimer's disease [27]. Its poor aqueous solubility gives
rise to formulation problems and limits its actual therapeutic effec-
tiveness, causing variable bioavailability, and enhancing the appear-
ance of adverse effects, such as in particular gastro-duodenal mucosal
injury [27]. A thorough search in the literature has revealed only one
structurally characterized dinuclear copper(Il)-oxaprozinate complex of
the formula [Cu,(oxa)4(DMSO),] which has been also examined in vitro
for its SOD-activity [28]. In this complex, the four oxaprozin ligands are
deprotonated and are bound to copper(Il) ions in a bidentate i 3-
bridging mode leading to the formation of a paddle-wheel pattern be-
tween the two copper atoms [28].

As a continuation of our current project regarding metal-NSAID com-
plexes [7,10,13,14,19,21,23,24], we present herein the preparation, the
characterization and the biological activity (antioxidant activity, interac-
tion with DNA and serum albumins) of the zinc complexes with the NSAID
oxaprozin as ligand and the N,N’-donors 2,2’-bipyridine (bipy), 2,2’-bi-
pyridylamine (bipyam) or 1,10-phenanthroline (phen) as co-ligands
(Fig. 1(B)~(D)). The complexes [Zn(oxa),(MeOH),] (1), [Zn(oxa),(H,0)
(bipy)]'MeOH-2.5H,0 (2-MeOH-2.5H,0), [Zn(oxa),(bipyam)]-1.25MeOH
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Fig. 1. The structural formula and hydrogen numbering of (A) oxaprozin (Hoxa), (B) 2,2’-bipyridine (bipy), (C) 2,2’-bipyridylamine (bipyam) and (D) 1,10-phe-

nanthroline (phen).

(3'1.25MeOH) and [Zn(oxa),(phen)] (4) were isolated and characterized
by diverse techniques such as elemental analysis, molar conductivity
measurements, IR, UV-vis and '"H NMR spectroscopies. The crystal
structures of complexes 2-4 were determined by single-crystal X-ray
crystallography. The complexes were also tested in vitro for their ability to
scavenge free radicals such as 1,1-diphenyl-picrylhydrazyl (DPPH), hy-
droxyl (-OH) and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS™-). The ability of the complexes to bind to bovine (BSA) and
human serum albumin (HSA) was investigated in vitro by fluorescence
emission spectroscopy. The interaction mode and strength of complexes
1-4 with calf-thymus (CT) DNA was monitored directly by UV-vis spec-
troscopy, viscosity measurements and indirectly via their ability to dis-
place the typical intercalator ethidium bromide (EB) from its conjugate
with DNA (as explored by fluorescence emission spectroscopy).

2. Experimental
2.1. Materials and instrumentation

All chemical reagents used, i.e. oxaprozin, ZnCl,, KOH, phen,
bipy, bipyam, trisodium citrate, NaCl, CT DNA, EB, HSA,
BSA, DPPH, ABTS, butylated hydroxytoluene (BHT), 6-hydro-
xy-2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox) and nor-
dihydroguaiaretic (NDGA) were purchased from Sigma-Aldrich and all
solvents were purchased from Merck. All the chemicals and solvents
were reagent grade and were used as purchased.

The DNA stock solution was prepared by dissolving CT DNA to a
buffer solution (containing 150 mM NaCl and 15 mM trisodium citrate
at pH 7.0) which was followed by 3-day stirring and was kept at 4 °C for
no longer than two weeks. The concentration of this DNA solution was
determined by the UV absorbance of a 1:20 diluted solution at 260 nm
using ¢ = 6600 M~ ' cm ™! [29]. The ratio of UV absorbance at 260 and
280nm (Ayg0/Asg0) of the stock DNA solution was in the range
1.85-1.90, which may imply the protein non-contamination of DNA
[301.
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Infrared (IR) spectra were recorded in the range 400-4000 cm ™ lon
a Nicolet FT-IR 6700 spectrometer with samples prepared as KBr pel-
lets. UV-vis spectra were recorded in solution at concentrations in the
range 107°-10"3M on a Hitachi U-2001 dual beam spectro-
photometer. C, H and N elemental analysis were performed on a
PerkinElmer 240B elemental analyzer. 'H NMR spectra were recorded
at room temperature on an Agilent 500 NMR spectrometer using
DMSO-d¢ as solvent. The molar conductivity measurements of a solu-
tion of the complexes in DMSO (1 mM) were performed with a Crison
Basic 30 conductometer. The fluorescence spectra were recorded in
solution on a Hitachi F-7000 fluorescence spectrophotometer. The
viscosity experiments were performed with a Fungilab ALPHA L series
rotational viscometer which was equipped with an 18-mL LCP spindle.

2.2. Synthesis of the complexes

2.2.1. Synthesis of [Zn(oxa)(MeOH),], 1

A methanolic solution (15 mL) containing oxaprozin (0.3 mmol, 88 mg)
and KOH (0.3 mmol, 17 mg) was added, after 1-h stirring, dropwise to a
methanolic solution (6 mL) of ZnCl, (0.15mmol, 20 mg). The reaction
solution was stirred for additional 30 min and was left to slowly evaporate.
After ten days, colorless microcrystalline product of [Zn(oxa)>(MeOH)4]
1 (65mg, 56%) was collected. Anal. caled. for CsoH44N5010Zn
(MW = 778.17): C 61.74, 5.70, N 3.60; found C 61.55, 5.58, N 3.67%. IR
(KBr disk), vmay/cm ™ Vasym(CO2): 1556 (vs (very strong)); veym(COo):
1342 (strong (5)); Av(CO2) = Vasym(CO2) —15ym(CO2) = 214 cm L. UV-vis
in DMSO, A/nm (/M ~'cm™?): 276 (14400). 'H NMR in DMSO-dg, 8/
ppm: 2.61 (4H, t, H%oxa), 2.99 (4H, t, H*-oxa), 7.41-7.32 (12H, d, H>-,
H-, H-, H'%-, H'™- and H'*-0xa), 7.54 (8H, d, H*, H5-, H°-, and H'*-0xa).
The complex is soluble in DMF, CHCl; and DMSO. Ay = 12 Sem®mol 7,
1 mM in DMSO.

2.2.2. Synthesis of [Zn(oxa)2(H20) (bipy)]-MeOH2.5H,0, 2-MeOH2.5H,0
A methanolic solution (10 mL) containing Hoxa (0.3 mmol, 88 mg)
and KOH (0.3mmol, 17 mg) was stirred for 1h. Afterwards, this
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solution was added dropwise and simultaneously with a methanolic
solution (1 mL) of bipy (0.15 mmol, 23.4 mg) into a methanolic solution
(6 mL) of ZnCl, (0.15 mmol, 20 mg). The resultant solution was stirred
for 30 min and was left for slow evaporation. Colorless crystals of [Zn
(oxa),(H,0)(bipy)]'MeOH-2.5H,0, 2:MeOH 2.5H,0, (70 mg, 52%) sui-
table for X-ray structure determination were collected after two weeks.
Anal. caled. for [Zn(oxa),(H,0)(bipy)], C46H3sN40,Zn (MW = 824.21):
C 67.03, 465, N 6.80; found C 66.87, 457, N 6.72%. IR
(KBr disk): vmax/cm ™ 1: Vasym(CO2): 1600 (s); vsym(CO2): 1374 (s);
AU(CO,) = 226cm™ Y p(C-H)pipy: 765(m (medium)). UV-vis in DMSO,
A/nm (e/M ™! em™1): 280 (13600). 'H NMR in DMSO-ds, 8/ppm: 2.59
(4H, t, H>- oxa), 2.97 (4H, t, H*-oxa), 7.39-7.32 (12H, d, H>-, H®-, H’-,
H'°-, H''- and H'%-o0xa), 7.50 (8H, d, H*-, H%-, H®- and H'3-0xa), 7.53
(2H, t, H* kau H*-bipy), 8.00 (2H, t, H®> kou H>-bipy), 8.43 (2H, d, H®
xou H*-bipy), 8.70 (2H, d, H® kau H¥-bipy). The complex is soluble in
DMSO, DMF and MeOH. Ay = 7 Sem®mol ~!, 1 mM in DMSO.

2.2.3. Synthesis of complexes 3 and 4

Complexes 3 and 4 were prepared in a similar way to complex 2
with the use of bipyam (0.15 mmol, 26 mg) for 3 and phen (0.15 mmol,
27 mg) for 4, instead of bipy.

Colorless  single-crystals of [Zn(oxa),(bipyam)]-1.25MeOH,
3:1.25MeOH (105 mg, 81%) suitable for X-ray structure determination
were collected after a week. Anal. caled. for [Zn(oxa),(bipyam)]
C46H37N506Zn (MW = 821.21): C 67.28, 4.54, N 8.53; found C 67.06,
4.62, N 8.36%. IR (KBr disk): vmax/cm ™1 Vasym(CO2): 1602, 1584 (s);
Veym(CO2): 1406, 1381 (5); Av(CO,) = 221, 178 em™ Y p(C-Hpipyam:
775(m). UV-vis in DMSO, A/nm (¢/M ' cm ™~ 1): 274 (13360). '"H NMR
in DMSO-de, 8/ppm: 2.62 (4H, t, H%-oxa), 2.98 (4H, t, H*-0xa), 6.90
(2H, t, H* and H*-bipyam), 7.41-7.32 (12H, d, H°-, H®-, H’-, H'’-,
H''- and H'?-0xa), 7.41 (2H, m, H® and H%-bipyam), 7.48 (8H, d, H*-,
HE-, H®- and H'3-0xa), 7.52 (2H, t, H® and H>-bipyam), 7.72 (1H, s,
H'-bipyam),8.24 (2H, d, H® and H*-bipyam). The complex is soluble
in DMSO. Ay = 5S-cm®*mol !, 1 mM in DMSO.

Colorless crystals of [Zn(oxa).(phen)] 4 (75 mg, 60%) suitable for X-
ray structure determination were collected after ten days. Anal. calcd.
for [Zn(oxa),(phen)], C4gH36N4OZn (MW = 830.22): C 69.44, 4.37, N
6.75; found C 69.65, 4.53, N 6.87%. IR (KBr disk): vmay/cm™ "
Vasym(CO2): 1594 (8); vsym(CO2): 1404 (s); Av(COy) = 190 cm ™Y p(C-
H)phen: 730(m). UV-vis in DMSO, A/nm (e/M ' cm™'): 270 (18880).
'H NMR in DMSO-de, §/ppm: 2.55 (4H, t, H?-0xa), 2.94 (4H, t, H>-oxa),
7.35 (12H, d, H%-, H®-, H’-, H'°-, H'!- and H'?-0xa), 7.46 (8H, d, H*,
HE., H®- and H'3-0xa), 7.87 (2H, m, H® and H-phen), 8.17 (2H, s, H®
and H®-phen), 8.75 (2H, d, H* and H”-phen), 9.02 (2H, d, H? and H°-
phen). The complex is soluble in DMSO. Ay = 13 S.cm®mol %, 1 mM in
DMSO.

2.3. X-ray structure determination

Single-crystals of the studied samples 2—4 suitable for X-ray dif-
fraction were mounted on a Bruker Kappa APEX 2 diffractometer,
equipped with a triumph monochromator using MoKa radiation at
ambient temperature. Cell dimensions refinement was accomplished
using at least 100 high 6 reflections. The crystal presented no decay
during the data collection. The frames collected (running ¢ and ®
scans) were integrated with the Bruker SAINT Software package [31],
using a narrow-frame algorithm. Data were corrected using the SADABS
program [32]. The structures were solved by the SUPERFLIP package
[33]. Crystals program package version 14.61 [34] has been used for
the refinement and all the rest subsequent calculations through full-
matrix least-squares on F2. All non-hydrogen non disordered atoms
have been refined anisotropically. For the disordered solvent atoms,
their occupation factors were first refined under fixed isotropic factors
values of 0.05 and finally their isotropic factors were refined under fix
occupation using suitable geometry restraints. Hydrogen atoms bonded
to non-disordered atoms were found at their expected positions and
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refined using proper riding constraints to the pivot atoms. CAMERON
program has been used to produce molecular illustrations [35]. Crys-
tallographic and experimental details are summarized in Table S1.

2.4. Biological activity studies

Due to low solubility of complexes 1-4 in water, the compounds
were initially dissolved in DMSO (1 mM) during the experiments to
study in vitro their biological activity, i.e. free radical scavenging, in-
teraction with DNA or albumins. Mixing of such solutions with the
aqueous buffer solutions of DNA or albumins used in the studies never
exceeded 5% DMSO (v/v) in the final solution.

The antioxidant activity of Hoxa and its zinc complexes 1-4 was
evaluated via their ability to scavenge in vitro DPPH, hydroxyl and ABTS
radicals. The BSA- or HSA-binding studies were performed by trypto-
phan fluorescence quenching experiments. The interaction of the
compounds with CT DNA was studied by UV-vis spectroscopy and
viscosity measurements and via competitive studies with EB by fluor-
escence emission spectroscopy. Detailed procedures regarding the study
of the biological activity of the compounds are given in the Supporting
Information.

3. Results and discussion
3.1. Synthetic considerations

The synthesis of the complexes in high yield was achieved via the
aerobic reaction of a basic solution of oxaprozin with a methanolic
solution of ZnCl, (in a 1:2 Zn?":0xa ! ratio) in the absence or presence
of the corresponding N,N’-donor co-ligand (phen, bipyam or bipy). The
absence of any N,N’-donor ligand led to the formation of complex 1,
while complexes 2—4 resulted from a 1:2:1 Zn?*:0xa™ ':N,N’-donor re-
action ratio. The characterization of the complexes was performed by
IR, UV-vis and '"H NMR spectroscopies, elemental analysis, molar
conductivity measurements and single-crystal X-ray crystallography.

According to the results of elemental analysis, complex 1 has a 1:2
Zn:oxa composition and complexes 2—4 possess a 1:2:1 Zn:oxa:N,N'-
donor composition. Compounds 1-4 are air-stable, soluble mainly in
DMSO and insoluble in most common organic solvents and water. The
molar conductivity values (Ay = 5-13 Sem®*mol ™! for 1 mM DMSO
solution) indicate the non-electrolytic nature of the complexes in DMSO
solution (in the case of a 1:1 electrolyte, the Ay value of a 1 mM DMSO
solution should be higher than 70 S-cm®mol ~! [36]) and may suggest,
thus, their integrity in solution.

3.2. Spectroscopic characterization of the complexes

Complexes 1-4 have been characterized by IR, '"H NMR and UV-vis
spectroscopies.

The deprotonation of oxaprozin, its binding mode to zinc and the
existence of the N,N’-donors as co-ligands in complexes 2-4 was studied
by IR spectroscopy [37]. The absorption band at 3424(broad, m) cm ™!
in the IR spectrum of Hoxa which was attributed to the v(O—H)
stretching vibration of the carboxylic group of free Hoxa disappeared in
the IR spectra of the complexes, revealing, thus, the deprotonation of
oxaprozin. The bands located at 1720(s) cm~! and 1274(s) ecm ™! as-
signed to the v(C=0)carboxytic and (C—O0)carboxylic Stretching vibrations,
respectively, of the carboxylic group (—COOH) of free oxaprozin shifted
in the IR spectra of complexes 1-4. These bands appeared in the range
of 1556-1602 cm ™! and 1342-1406 cm ™! and may be assigned to an-
tisymmetric [Vasym(CO2)] and symmetric [vgym(CO5)] stretching vibra-
tions of the carboxylato group, respectively. For complexes 1, 2 and 4,
the parameter Av(CO2) (= vasym(CO2)-v5ym(CO2)) bears values in the
range 190-226 cm ™~ , suggesting a monodentate binding fashion of the
carboxylato group of oxaprozin ligand [37]. For complex 3, two
Au(CO,) values were calculated (=178 and 221 cm ™ 1), suggesting that
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the carboxylato ligands may exist in two different binding modes. All
these results concerning the Av(CO,) values are in good agreement with
the structures of the complexes as they were determined by single-
crystal X-ray crystallography and are discussed in section 3.3. Fur-
thermore, in the IR spectra of complexes 2-4, characteristic bands of
the out-of plane p(C—H) vibrations of the corresponding N,N’-donor
were assigned; i.e. for p(C-H)pipy in 2 at 765(m) cm ™}, for p(C-H)pipyam
in 3 at 775(m) cm~?, and for p(C-H)phen in 4 at 730(m) cm ™. The
presence of these discrete bands verifies the existence of the corre-
sponding N,N’-donor as co-ligands in the complexes and their co-
ordination [37].

The 'H NMR spectra of complexes 1-4 were recorded in DMSO-dg
solution in order to examine the behavior of the complexes in solution.
In the 'H NMR spectra of the complexes (Fig. S1), the signals attributed
to the aromatic hydrogen atoms of oxaprozin ligands are slightly shifted
upfield or downfield as expected upon their binding to Zn(II) ion.
Furthermore, the signals expected for the H atoms of the N,N’-donor co-
ligands have been also assigned in the 'H NMR spectra of complexes
2-4 and, after integration of peaks, the ratio of the ligands (oxa:N,N’-
donor) in the solid state has been also confirmed [21,23,24]. The ab-
sence of any other signals attributable to dissociated ligands may in-
dicate the integrity of the complexes in solution, a fact being in ac-
cordance to the molar conductance measurements.

The UV-vis spectra of the complexes were recorded in DMSO so-
lution and in the presence of buffer solution (150 mM NaCl and 15 mM
trisodium citrate, pH = 7) used in the biological studies. All the re-
corded spectra exhibit similar pattern verifying that the complexes keep
their integrity in these solution. Therefore, from all these studies con-
cerning the solution behavior of the complexes (no new species in the
'H NMR spectra are observed, complexes 1-4 do not dissociate in
DMSO and present similar UV-vis spectral patterns in diverse solution
mixtures), we may conclude that the complexes are stable in solution
and keep their structural integrity.

3.3. Structure of the complexes

3.3.1. Crystal structure of complex 2

The compound crystallizes in monoclinic system and space group
P2;/c and there are two [Zn(oxa).(H>0)(bipy)] molecules, two badly
disordered methanol and five water solvate molecules in the unit cell.
The molecular structure of complex [Zn(oxa)(H,O)(bipy)] 2 is de-
picted in Fig. 2, and selected bond distances and angles are cited in
Table 1.

In the mononuclear complex 2, the oxaprozin ligands are deproto-
nated and are coordinated to zinc atom in a monodentate fashion via a
carboxylate oxygen. The five-coordinate zinc atom is surrounded by
oxygen atoms O(1) and O(4) from two monodentate oxaprozin ligands,
two nitrogen atoms N(1) and N(2) from the bidentate bipy ligand and
an oxygen atom O(7) from the aqua ligand. The trigonality index t5
(rs = (a-B) / 60°, where a and 3 (o > () are the largest angles in the
coordination sphere; t5 = 0 is characteristic of a perfect square pyr-
amid, and 15 = 1 of a perfect trigonal bipyramid [38]) is equal to
(162.62°-132.31%) / 60° = 0.505; this value of t5 may reveal that Zn(1)
possesses an intermediate geometry between square pyramidal and
trigonal bipyramidal. The distances around Zn(1) are within the ex-
pected range but are quite different; the Zn(1)—O bond distances
(=1.952(2)-2.072(2) 10\) are shorter than the Zn(1)-N distances
(=2.116(3)-2.158(3) A).

The solvate methanol and water molecules are H-bonded with the
molecule resulting in a stabilized structure. The oxygen atoms O(1), O
(2) and O(5) from the carboxylato groups as well as the nitrogen atoms
N(3) and N(4) are interacting with the solvate water and methanol
molecules from the title and neighboring symmetrically generated
molecules forming a strong net. The coordinated O(7) from the aqua
ligand is also interacting inter- and intra-molecular with O(5) (car-
boxylato) and O(8) (solvate water) completing the hydrogen-bonding

104

Journal of Inorganic Biochemistry 195 (2019) 101-110

e

Fig. 2. The molecular structure of complex 2.

Table 1
Selected bond distances (A) and angles (°) in complex 2.

Bond Distance (A) Bond Distance (A)
Zn(1)—0(1) 1.952(2) 0(1)—C(1) 1.251(4)
Zn(1)—0(4) 2.072(2) 0(2)—-C(1) 1.251(4)
Zn(1)—0(7) 2.072(2) 0o(4)—-C(19) 1.230(4)
Zn(1)-N(1) 2.158(3) 0(5)—C(19) 1.251(5)
Zn(1)—-N(2) 2.116(3)

Bonds Angle () Bonds Angle ()
0(1)—Zn(1)—0(4) 99.92(10) 0O(4)—Zn(1)—0(7) 91.90(10)
0(1)—Zn(1)—-0(7) 98.01(11) O(4)—Zn(1)—-N(1) 162.62(10)
0O(1)—Zn(1)—N(1) 97.05(11) 0(4)—Zn(1)—N(2) 89.34(11)
0(1)—Zn(1)—N(2) 128.66(11) 0(7)—Zn(1)—N(1) 89.41(10)
N(1)—Zn(1)—N(2) 77.07(10) O(7)—Zn(1)—-N(2) 132.31(10)

net formation for further more structure stabilization. Hydrogen-
bonding interactions are summarized in Table S2.

3.3.2. Crystal structure of complex 3

The molecular structure of complex [Zn(oxa)y(bipyam)], 3, is
shown in Fig. 3 and selected bond distances and angles are listed in
Table 2.

In the mononuclear complex 3, the two deprotonated oxaprozin
ligands are coordinated to Zn atom in two different binding fashions:
one oxaprozin ligand is bound to zinc ion monodentately via a car-
boxylate oxygen atom (i.e. O(4)), while the second oxaprozin ligand is
bound to zinc in a bidentate chelating mode via atoms O(1) and O(2).
Similar differentiation of coordination mode of the two NSAID ligands
(i.e. one monodentate and one chelating bidentate NSAID ligand) is not
the usual case and it has been previously found in few examples,
i.e. the structures of six-coordinate complexes [Zn(mefenamato-O)
(mefenamato-O,0")(phen)(H,0)] [19], [Mn(tolfenamato-O)(tolfena-
mato-0,0”)(phen)(H,0)] [39], [Ni(naproxen-O)(naproxen-O,0”)(bipy)
(MeOH)] and [Ni(naproxen-O)(naproxen-O,0’)(phen)(H,0)] [40],
[Mn(naproxen-O)(naproxen-0,0’)(phen)(H,0)] [41] and the five-co-
ordinate [Zn(niflumato-O)(niflumato-O,0’)(bipyam)] [21].

The bipyam ligand is bound to Zn via nitrogen atoms N(1) and N(2)
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Fig. 3. The molecular structure of complex 3.

Table 2
Selected bond distances (A) and angles () in complex 3.

Bond Distance (A) Bond Distance (A)
Zn(1)—-0(1) 2.129(3) 0o(1)—C(1) 1.237(5)
Zn(1)-0(2) 2.185(3) 0(2)—C(1) 1.235(6)
Zn(1)-0(4) 1.980(3) 0(4)—C(19) 1.274(4)
Zn(1)—N(1) 2.031(3) 0(5)—C(19) 1.231(5)
Zn(1)—-N(2) 2.029(3)

Bonds Angle () Bonds Angle ()
0(1)—Zn(1)—-0(2) 59.82(12) 0(2)-Zn(1)—0(4) 101.83(14)
0(1)—Zn(1)—0(4) 97.67(11) 0(2)—Zn(1)-N(1) 93.44(13)
0O(1)—Zn(1)—N(1) 146.11(12) 0(2)—Zn(1)—-N(2) 138.03(14)
0(1)—Zn(1)—-N(2) 95.62(12) O(4)—Zn(1)—-N(1) 108.74(13)
N(1)—Zn(1)—N(2) 91.75(13) O(4)—Zn(1)-N(2) 115.70(12)

which form a six-membered chelate ring. The geometry around the five-
coordinate zinc atom is a slightly distorted square pyramid. In complex
3, the trigonality index 15 has a value of 0.134 (=(146.11°-138.03") /
60°) which indicates slight distortion from the regular square-based
pyramidal geometry [38]. The nitrogen atoms N(1) and N(2) of the
bipyam ligand and the oxygen atoms O(1) and O(2) of the chelating
oxaprozin ligand form the basal plane of the pyramid, while O(4) of the
monodentate oxaprozin ligand lies at the apical position. The distances
around Zn(1) are quite different with the Zn(1)—0(4) bond distance
(=1.980(3) A) being the shortest one, while the Zn(l)—OO(chelaﬁng) bond
distances are much longer (Zn(1)—O(1) = 2.129(3) A and Zn(1)-O
(2) = 2.185(3) A).

The solvate methanol molecule is H-bonded with the coordinated
oxygen O(4) (H(71)...0(4) = 1.95A, O(7)...0(4) = 2.775(8) A, O(7)
—H(71) = 0.83A and 0(7)—H(71)...0(4) = 171°). An intermolecular
H-bond between the imine hydrogen H(474) of the bipyam ligand and
the non-coordinated O(5) of an adjacent molecule (H(474)...0
(5 = 1.94 A, N(3)...0(5) = 2.790(8) A, N(3)—H(474) = 0.85A and N
(3)—H(474)...0(5)’ = 176°) results in further stabilization of the
structure.

3.3.3. Crystal structure of complex 4

The molecular structure of complex [Zn(oxa),(phen)], 4 is shown in
Fig. 4 and selected bond distances and angles are listed in Table 3.

In the mononuclear complex 4, the two deprotonated oxaprozin
ligands are bound to zinc ion monodentately via a carboxylate oxygen
atom (O(1), O(1)"). The four-coordinate zinc atom is surrounded by two
oxaprozin ligands and a bidentate phen ligand and possesses a slightly
distorted tetrahedral geometry. The tetrahedrality for a four-coordinate
metal atom can be determined from the angle subtended by two planes,
each encompassing the metal and two adjacent atoms [42]; for strictly
square planar complexes with D, symmetry, the tetrahedrality is 0°; for
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tetrahedral complexes with D,y symmetry, the tetrahedrality equals
90°). For complex 4, the dihedral angle between the planes formed by
Zn(1), O(1) and N(1) (plane 1) and Zn(1), O(1)’ and N(1)’ (plane 2) is
76.95°, supporting the tetrahedral arrangement of the atoms around Zn
.

The tetrahedral geometry around Zn(1) was further verified by the
values of tetrahedral index t4 or 1’4 as introduced by Yang [43] and
Okuniewski [44], respectively. The values of these parameters are
14 = 0.81 (t4 = (360°—(a + PB)) /(360°-2 X 109.5°), where a and
are the largest angles around the metal [43]) and ©’4 = 0.72 (v’ = (-
a) /(360°-109.5%)) + ((180°-P) /(180°-109.5°)) where B > a are
the largest angles of the coordination sphere [44]) and are close to 1
supporting a tetrahedral geometry around Zn(1).

The Zn(1)—O bond distances (=1.945(2) 1°\) are shorter than the Zn
(1)-N bond distances (=2.091(3) 10\) and are within the expected range.
The non-coordinated oxygen atoms of the oxaprozin ligands, O(2) and
0(2), are 2.573(2) A away from Zn(1) and are lying at the borderline of
bonding interaction distances for Zn providing, thus, a distorted
pseudo-octahedral geometry around Zn, if they were assumed as
bonding distances.

Unlike complexes 2 and 3, there are not any H-bonds observed in
the structure of the complex. The asymmetric unit comprises half the
molecule. The second half is symmetrically generated as to the C, axis
passing through the metal ion and the mid distance between N(1) and N
(1). The two individual molecules in the unit cell are arranged with the
phenanthroline ligands being almost planar and lying on aOb crystal-
lographic plane together with the Zn cation.

3.3.4. Proposed structure for complex [Zn(oxa)(MeOH),], 1

Based on the IR and 'H NMR spectra, and the results of elemental
analysis data and molar conductivity, complex 1 is stable in solution
with the same structure as in solid-state. On the basis of the elemental
analysis and molar conductivity data, complex 1 is a neutral mono-
nuclear complex. According to IR spectral data, the deprotonated ox-
aprozin ligands are coordinated to zinc ion in a monodentate manner
via carboxylato oxygen atoms. As a conclusion, the zinc atom is six-
coordinate bearing a ZnOg coordination sphere with a distorted octa-
hedral geometry where four oxygen atoms from the methanol ligands
and two oxygen atoms from the oxaprozin ligands occupy the vertices
of the octahedron. Complex 1 is expected to have similar
arrangement of the ligands around Zn with that reported for [Zn
(niflumato-0),(MeOH),] [21].

3.4. Radical scavenging activity of the compounds

Free radicals are species responsible for the inflammations [45];
compounds that can scavenge free radicals or inhibit their production
may be a useful tool in the treatment of inflammations. Since oxaprozin
is used as an anti-inflammatory agent, we have investigated in vitro the
ability of oxaprozin and its Zn(II) complexes 1-4 to scavenge DPPH,
ABTS and hydroxyl radicals. The scavenging activity of complexes 1-4
has been also compared with that of the well-known antioxidant agents
NDGA, BHT and trolox, which are the most commonly used standard
reference antioxidant agents [46-48], and the results are summarized
in Table 4.

The DPPH-scavenging ability of compounds has been often related
to their potential antiageing, anticancer and anti-inflammatory activity
[49]. The DPPH-scavenging ability of Hoxa and complexes 1-3 was
found time-independent, while for complex 4 the DPPH-scavenging
activity increased about ~11.5% upon time. In addition, the complexes
were much more active than free Hoxa and reference compound BHT
and some of them are slightly less active than the second reference
compound NDGA. Complexes 1-4 present the best DPPH-scavenging
activity among the reported metal-NSAID complexes [7,10,14,19,21,
2.3,39-41,50-53]. Complex [Zn(oxa),(H,0)(bipy)] 2 shows the highest
DPPH-scavenging activity among the complexes.
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Fig. 4. The molecular structure of complex 4.

Table 3
Selected bond distances (A) and angles (°) in complex 4.

Bond Distance (A) Bond Distance (A)
Zn(1)—0(1) 1.945(2) o(1)—-C) 1.279(3)
Zn(1)—N(1) 2.091(3) 0(2)—C(1) 1.231(3)
Bonds Angle () Bonds Angle ()
0O(1)—Zn(1)—-0(1Y 138.26(13) 0(1Y—Zn(1)—-N(1) 107.14(10)
0(1)—Zn(1)—-N(1) 104.45(9) 0O(1Y—Zn(1)-N(1Y 104.45(9)
0(1)—Zn(1)—-N(1)Y 107.14(10) N(1)—Zn(1)—-N(1) 80.38(18)

Symmetry code: () —x+1,y, —z+2.

The scavenging of hydroxyl radicals has been mostly exhibited by
compounds which may provide relief from the effects of reactive
oxygen species [49]. According to our findings (Table 4), the complexes
exhibit relatively high scavenging ability towards hydroxyl radicals.
The hydroxyl scavenging ability of complexes 1-4 is better than that of
free Hoxa and close to that of the reference compound trolox; in par-
ticular, complex [Zn(oxa),(H,O)(bipy)] 2 is even more potent hy-
droxyl-scavenger than trolox.

The ability to scavenge the cationic ABTS radicals (ABTS* -) has
often served as a marker of the total antioxidant activity [49]. Com-
plexes 1-4 are more active ABTS scavengers than free Hoxa but sig-
nificantly less active than the reference compound trolox. Complex [Zn
(oxa),(bipyam)] 3 is the best ABTS-scavenger among the compounds
under study.

In general, the Zn-oxaprozin complexes 1-4 are better radical sca-
vengers than free oxaprozin indicating that enhanced scavenging ac-
tivity towards DPPH, hydroxyl and ABTS radicals may result from its
coordination to Zn(II). In comparison with the existing metal-NSAID
analogues [7,10,14,19,21,23,39-41,50-53], the present Zn-oxaprozin
complexes 1-4 are significantly active DPPH- and hydroxyl-scavengers
and moderate ABTS-scavengers.

Table 4

3.5. Interaction of the compounds with albumins

Serum albumins (SAs) are the most abundant serum proteins, being
responsible to transport drugs and metal ions to their biological targets,
i.e. cells and tissues [54]. Within this context, studying the interaction
of SA with candidate bioactive compounds (e.g. reported complexes
1-4) may be a first approach to further explore the biological activity,
since the biological properties of the compounds may differentiate upon
binding to SA and/or novel transportation pathways or action me-
chanisms may be found [55].

The interaction of the compounds with both albumins, i.e. HSA and
its homologue BSA, was monitored by fluorescence emission spectro-
scopy. The excitation of the buffer solutions of HSA and BSA at
295nm results in the appearance of an intense emission band at
Aem,max = 352nm and 343 nm, respectively, which is ascribed to the
tryptophans in the albumin, i.e. in HSA a tryptophan is located at po-
sition 214 and in BSA two tryptophan residues exist at positions 134
and 212.

The quenching of the corresponding fluorescence emission band of
the SAs which was induced by the presence of the complexes 1-4 was
low-to-moderate in the case of HSA (the quenching of the initial HSA
fluorescence emission (Al/Io) was up to ~43% in the presence of
complex 1, Fig. 5(A)). For BSA, this quenching was moderate-to-sig-
nificant and more enhanced than HSA (the quenching of the initial BSA
fluorescence emission (Al/Io) was up to ~66% in the presence of
complex 1, Fig. 5(B)). The observed quenching may be assigned to
changes occurring around the tryptophan(s) of SA which are due to
changes in albumin secondary structure probably resulting from the
binding of the compounds to SAs.

The values of k, of the complexes were calculated from the Stern-
Volmer plots (Figs. S2 and S3) and the Stern-Volmer quenching equa-
tion (Egs. S2 and S3), where t, = 10~ 85 is the fluorescence lifetime of
tryptophan in SA. The obtained kq values (Table 5) are significantly
higher than the value of 10'° M~ s~ !, and may indicate the existence
of a static quenching mechanism as a result of the interaction between
the compounds and the SAs. Complex 1 shows the highest k, constants

% DPPH scavenging ability (RA%), % ABTS radical scavenging activity (ABTS%), competition % with DMSO for hydroxyl radical (-OH%) for Hoxa and its Zn

complexes 1-4.

Compound RA%, 20 min RA%, 60 min -OH% ABTS%
Oxaprozin 54.69 + 0.72 56.86 + 0.59 64.68 + 0.41 58.34 + 0.36
[Zn(oxa),(MeOH),], 1 66.79 + 0.58 70.95 + 0.65 81.12 + 0.38 71.83 £ 0.26
[Zn(oxa)»(H,0)(bipy)], 2 72.91 + 0.44 74.62 = 0.74 88.84 + 0.36 70.83 = 0.22
[Zn(oxa),(bipyam)], 3 71.52 * 0.48 72.35 = 0.14 75.75 * 0.40 74.92 = 0.72
[Zn(oxa),(phen)], 4 56.67 + 0.26 68.24 + 0.31 80.62 + 0.29 62.44 + 0.54
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 82.80 + 0.13 91.80 * 0.17
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Fig. 5. (A) Plot of relative HSA fluorescence intensity at Aep, = 352nm (I/Io,
%) versus r (r = [complex] / [HSA]) for complexes 1-4. (B) Plot of relative BSA
fluorescence intensity at Aen = 343nm (I/Io, %) versus r (r = [complex] /
[BSA]) for complexes 1-4.

for both albumins among the herein reported compounds. The k, con-
stants for complexes 1-4 are within the range found for a series of
metal-complexes bearing other NSAIDs as ligands [7,10,14,19,21,
23,39-41,50-53].

The values of K for complexes 1-4 were determined from the
Scatchard plots (Figs. S4 and S5) and the Scatchard equation (Eq. S4)
[54]. The values of K constants of complexes 1-4 (Table 5) are mod-
erate-to-high (1.13 x 10%-4.29 x 10°M™ 1) and are similar with those
previously reported for metal-NSAID complexes [7,10,14,19,21,
23,39-41,50-53]. The SA-binding constants are high enough to show
the potency of the complexes to bind to SAs in order to get transported
towards their biotargets. On the other hand, the K constants are not too
high; indeed, they are significantly lower than the value of 10> M ™!
which is the binding constant of diverse compounds with avidin [56]
and is among the strongest known non-covalent reversible interactions
[57]. Such comparison may serve as proof of a reversible binding be-
tween complexes 1-4 and the albumins so that the complexes are
transferred to their biological target where they may get released upon
arrival.
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3.6. Interaction of the compounds with calf-thymus DNA

The interaction of CT DNA with complexes 1-4 was monitored: (a)
directly by UV-vis spectroscopy and DNA-viscosity measurements, and
(b) indirectly by the ability of the complexes to displace EB from the EB-
DNA conjugate which was studied by fluorescence emission spectro-

scopy.

3.6.1. UV-vis spectroscopic studies

UV-vis spectroscopic titrations are used as first means to evaluate
the interaction between DNA and the complexes, so that we may get
information relevant to the binding mode and strength of the interac-
tion. The UV-vis spectra of a CT DNA solution were recorded in the
presence of increasing concentration of complexes 1-4 and vice versa,
i.e. the UV-vis spectra of the complexes were recorded upon addition of
increasing amounts of a CT DNA solution. During such UV-vis spec-
troscopic titration studies, the existence of any interaction may be
concluded when changes of the CT DNA-band at 258-260 nm or the
intraligand transition bands of the complexes, respectively, occur, and
useful information of this interaction may be initially arisen.

The UV-vis spectra of a CT DNA buffer solution upon addition of
increasing concentration of complex 1 are shown representatively in
Fig. 6(A). The DNA UV-band at Any.x = 258 nm presents slight hypo-
chromism accompanied by a red-shift upon addition of the complex.
Similar features are observed in the UV-vis spectra of DNA in the
presence of complexes 2-4 and may indicate the existence of an in-
teraction of CT DNA with the complex; such interaction may result in
the formation of a new conjugate between DNA and the complex under
study which seems to stabilize the CT DNA double-helix [58].

In the UV-vis spectra of complex 2 (Fig. 6(B)) as well as complexes
1, 3 and 4 (Table 6), the intra-ligand band with Aj,x = 279 nm ex-
hibited a slight hyperchromism upon addition of CT DNA. The observed
changes in the UV-vis spectra of the complexes in the presence of CT
DNA cannot lead to a final conclusion regarding the interaction mode
and, in order to further investigate this interaction, it is necessary to
perform more experiments such as DNA-viscosity measurements.

The values of Kj, of complexes 1-4 were calculated via plots [DNA]/
(ea-gp) versus [DNA] (Fig. S6) and the Wolfe-Shimer equation (Eq. S5)
[59]. The K, constants of complexes 1-4 (Table 6) may reveal the
strong binding of the complexes to CT DNA. Complex 3 presents the
highest K;, constant (=2.47( + 0.31) x 10°M~!) among the com-
plexes. The complexes have similar K;, values with the reported Zn
complexes with the NSAIDs diflunisal [7], flufenamic acid [14], mefe-
namic acid [19], niflumic acid [21], and tolfenamic acid [23].

3.6.2. DNA-viscosity studies

The interaction of the compounds with CT DNA was also in-
vestigated via measurements of the viscosity of a DNA solution in the
presence of the compounds. As known, the relative viscosity of a DNA
solution (n/ne) is sensitive to the relative DNA-length changes (L/Ly)
which may occur in the presence a DNA-binder and they are correlated
via the equation L /Ly = (n/n0)*® [58]. In the case of intercalation,
the relative DNA-viscosity will show an increase, while it will decrease
slightly or remain unchanged in the case of nonclassical intercalation,
i.e. groove-binding or electrostatic interaction [58].

In the presence of increasing concentration of the compounds (up to

Table 5

The albumin (HSA/BSA)-quenching (kg) and binding (K) constants for Hoxa and its Zn complexes 1-4.
Compound Kqausay M™'s™h Keusay M~ Kqmsay M~ 's™h) Kasay M)
Oxaprozin 5.80( = 0.30) x 102 1.65( + 0.05) x 10° 7.13( % 0.32) x 102 1.06( + 0.06) x 10°

[Zn(oxa),(MeOH),], 1
[Zn(oxa)2(H20)(bipy)], 2
[Zn(oxa),(bipyam)], 3
[Zn(oxa)x(phen)], 4

5.84( = 0.31) x 102
1.81( + 0.05) x 10'2
1.97( + 0.05) x 102
1.52( + 0.05) x 10'2

1.42( £ 0.04) x 10°
9.74( = 0.74) x 10*
1.13( + 0.07) x 10*
1.31( + 0.11) x 10*

1.71( = 0.10) x 103
1.67( = 0.10) x 103
5.00( + 0.30) x 10
1.07( + 0.03) x 10'2

4.13( £ 0.10) x 10°
4.29( £ 0.10) x 10°
1.85( + 0.30) x 10°
4.60( + 0.30) x 10*
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Fig. 6. (A) UV-vis spectra of CT DNA (0.15mM) in buffer solution (150 mM
NaCl and 15mM trisodium citrate at pH7.0) in the absence or presence of
complex 1. The arrow shows the changes upon increasing amounts of the
complex. (B) UV-vis spectra of DMSO solution of complex 2 (10 uM) in the
presence of increasing amounts of CT DNA.

Table 6

UV-vis spectral features of the interaction of complexes 1-4 with CT DNA. UV-
band (A in nm) (percentage of the observed hyper-/hypo-chromism (AA/Ay, %),
blue-/red-shift of the Ay (AA, nm)) and DNA-binding constants (K).

Compound A (nm) (AA/A,°, AN") Kp M1

Oxaprozin 291 (—1.3, +0.6) 1.00( + 0.14) x 10°
[Zn(oxa),(MeOH),], 1 275 (+7.6, —1) 4.89( + 0.72) x 10°
[Zn(oxa)2(H20)(bipy)], 2 279 (+1.4, —2) 8.83( + 1.28) x 10*
[Zn(oxa),(bipyam)], 3 272 (+6.7, —1) 2.47( £ 0.31) x 10°

[Zn(oxa),(phen)], 4 267 (+10.5, —1) 1.84( = 0.26) x 10*

& “+” denotes hyperchromism, “-” denotes hypochromism.
P “+7” denotes red-shift, “-” denotes blue-shift.

the value of r = 0.35, Fig. 7), the relative viscosity of a CT DNA solution
(0.1 mM) showed an increase. Such behavior may be due to the ex-
istence of intercalation of the compounds to the DNA. This intercalation
may obviously take place through the insertion of the complexes in-
between the DNA-bases and will result in an increase of the separation
distances among the DNA bases in order to accommodate the inter-
calating compounds; therefore, the relative DNA-viscosity shows an
increase. This conclusion of intercalation comes to shed light on the
findings during the UV-vis spectroscopic studies.

3.6.3. EB-competition studies

EB intercalates to DNA when the planar EB-phenanthridine ring
inserts in-between DNA-bases forming an EB-DNA conjugate; the so-
lution containing this conjugate exhibits an intense fluorescence emis-
sion band at 592 nm, when it is excited at 540 nm. A compound which
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Fig. 7. Relative viscosity (n/1,)"/> of CT DNA (0.1 mM) in buffer solution
(150mM NaCl and 15mM trisodium citrate at pH7.0) in the presence of
complexes 1-4 at increasing amounts (r = [complex] / [DNA]).

acts as a DNA-intercalator, when bound to DNA equally to or more
tightly than EB, may displace EB from the EB-DNA conjugate; this
displacement will induce a noteworthy quenching of the EB-DNA
fluorescence emission band [54,60]. The fluorescence emission spectra
of the EB-DNA conjugate were recorded in the presence of increasing
amounts of complexes 1-4 (representatively shown for 2 in Fig. 8). The
moderate-to-significant quenching (arising up to 72% of the initial EB-
DNA fluorescence) induced by the presence of the compounds (Fig. S7,
Table 7) may suggest that the complexes can displace EB from EB-DNA
conjugate as a consequence of the competition for the DNA-inter-
calating sites; thus, the intercalation of the compounds to CT DNA can
be indirectly suggested.

According to the Stern-Volmer plots (Fig. S8), the observed
quenching of the EB-DNA fluorescence has been found to be in good
agreement (R = 0.99) with the linear Stern-Volmer equation (Eq. S2)
[61]. The calculated Ksy constants of the complexes (Table 7) are in the
range reported for other metal-NSAIDs complexes [7,10,14,19,21,
23,39-41,50-53], with complex 3 showing the highest Kgy constant
among the Zn-oxaprozin complexes. A comparison of the Kgy constants
of complexes 1-4 with other Zn-NSAIDs complexes may reveal that
complexes 1-4 have similar or slightly higher Kgy values than the
corresponding zinc complexes with the NSAIDs diflunisal [7], mefe-
namic acid [19], niflumic acid [21], tolfenamic acid [23] and flufe-
namic acid [14]. The k, constants (Table 7) are significantly higher
than the value of 10'° M~ ' s~ ! suggesting that the quenching of the EB-
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Fig. 8. Fluorescence emission spectra (Aexe = 540nm) for EB-DNA

([EB] = 20 uM, [DNA] = 30 uM) in buffer solution in the absence and presence
of increasing amounts of complex 2. The arrow shows the changes of intensity
upon increasing amounts of 2.
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Table 7

Percentage of EB-DNA fluorescence quenching (Al/Io, %), Stern-Volmer con-
stants (Kgy) and quenching constants of the EB-DNA fluorescence (kq) for
complexes 1-4.

Compound Al/Io Ko M~ 1) kg M~ 's™h

(%)
Oxaprozin 70 1.42( + 0.06) x 10°  6.18( + 0.25) x 10'2
[Zn(oxa),(MeOH),], 1 71 9.81( + 0.27) x 10°  4.27( = 0.12) x 10"
[Zn(oxa),(H,0)(bipy)], 2 72 7.43( + 0.20) x 10°  3.23( = 0.09) x 10'®
[Zn(oxa),(bipyam)], 3 72 1.17( £ 0.04) x 10°  5.08( + 0.19) x 103
[Zn(oxa)z(phen)], 4 72 3.34( £ 0.10) x 10°  1.45( + 0.04) x 103

DNA fluorescence from the complexes takes place via a static me-
chanism [62], which further verifies the displacement of EB from EB-
DNA conjugate.

4. Conclusions

Four novel zinc(II) complexes with the NSAID oxaprozin as ligand
and the N,N’-donors 2,2’-bipyridylamine, 1,10-phenanthroline or
2,2’-bipyridine as co-ligands have been successfully prepared and
thoroughly characterized. The crystal structures of complexes 2—4 were
determined by single-crystal X-ray crystallography. In the complexes,
the deprotonated oxaprozin ligands are bound to zinc(Il) ion in a
monodentate and/or a bidentate fashion.

The potential in vitro bioactivity of the resultant complexes was
evaluated in regard to their ability to scavenge free radicals such as
DPPH, ABTS and hydroxyl, their ability to bind to CT DNA and their
affinity to albumins BSA and HSA. Concerning their behavior towards
the free radicals, the complexes showed higher scavenging activity than
free oxaprozin and they are very active scavengers of hydroxyl radicals.

The interaction of the complexes with both albumins revealed their
potency to get bound tightly and reversibly to them in order to get
transferred safely towards their potential biotargets and possibly get
released upon their arrival.

As for the interaction of the complexes with CT DNA, intercalation is
considered as the most probable mode of interaction between the
complexes and DNA as revealed by the techniques used. Complexes 1-4
seem to be better DNA-binders than free oxaprozin, with complex [Zn
(oxa),(bipyam)], 3 having the highest DNA-binding constant
(Kp = 2.47( % 0.31) x 10°M™') among the compounds under study.

The existing results concerning the bioactivity of Zn-oxaprozin
complexes 1-4 may be considered promising for more advanced bio-
logical studies and potential applications.

Abbreviations

ABTS 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical
cation

BHT butylated hydroxytoluene

bipy 2,2’-bipyridine

bipyam 2,2’-bipyridylamine

BSA bovine serum albumin

CT calf-thymus

DMSO  dimethylsulfoxide

DPPH 1,1-diphenyl-picrylhydrazyl

EB ethidium bromide, 3,8-diamino-5-ethyl-6-phenyl-phenan-
thridinium bromide

Hoxa oxaprozin

HSA human serum albumin

K SA-binding constant

Ky DNA-binding constant

kq quenching constant

Ksy Stern-Volmer constant

m medium

109

Journal of Inorganic Biochemistry 195 (2019) 101-110

NDGA  nordihydroguaiaretic acid

NSAID  non-steroidal anti-inflammatory drug
phen 1,10-phenanthroline

r [compound]/[DNA] ratio

RA% DPPH scavenging activity

S strong

SA serum albumin

sh shoulder

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

AD(COZ) Vasym(COZ) - Vsym(coz)

Appendix A. Supplementary data

CCDC 1896361-1896363 contain the supplementary crystal-
lographic data for compounds 2-4. 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 data associated with this article can be found, in
the online version, at doi: https://doi.org/10.1016/j.jinorgbio.2019.03.
016.
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