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Five  novel copper(l) complexes with  pyridine-4,5-dicarboxylate  esters as  ligands,
[CUNO3)(py-2tz)(H20):INO3 (1), [Cu(NO3)a(py-2metz)(H20) (2), [Cu(NO3)a(py-2py)(H20)-HO  (3),
[CuCly(py-2t2)], (4) and [CuCly(py-2metz)], (5) (py-2tz is dimethyl 2-(thiazol-2-yl)pyridine-4,5-dicarbox-
ylate, py-2metz is dimethyl 2-(4-methylthiazol-2-yl)pyridine-4,5-dicarboxylate and py-2py is dimethyl
2,2'-bipyridine-4,5-dicarboxylate), were synthesized and structurally characterized by different spectro-
scopic and electrochemical methods. The structure of these complexes was determined by single-crystal
X-ray diffraction analysis, confirming the bidentate coordination mode of the corresponding pyridine-4,5-
dicarboxylate ester to the Cu(i) ion through the nitrogen atoms. The antimicrobial potential of copper(i)
complexes 1-5 was assessed against two bacterial and two Candida species. These complexes showed
better growth inhibiting activity against Candida spp. with respect to the tested bacterial species, also
being moderately toxic towards normal human lung fibroblast cells (MRC-5). Complexes 1 and 4 showed
the greatest ability to inhibit the filamentation of C. albicans, which is an important process during fungal
infection, and these two complexes efficiently inhibited the biofilm formation of C. albicans at subinhibi-
tory concentrations. Complex 4 also successfully prevented the adhesion of C. albicans in an in vitro epi-
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Introduction

In the last few decades, medicinal chemistry has seen an
impressive advance, with special interest in the study of metal
complexes, which have found a wide range of applications in
medicine for the treatment of numerous diseases. In this
context, medicinal inorganic chemistry has directed special
attention to the synthesis of complexes of essential metal
ions." One of the most important essential metals for living
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through their interaction with ct-DNA, as one of the possible target biomolecules, by fluorescence spec-
troscopy and gel electrophoresis. Finally, the ability of these complexes to bind to bovine serum albumin
(BSA) was studied by fluorescence emission spectroscopy.

organisms is copper, which can be found in the active sites of
different metalloproteins and enzymes, including superoxide
dismutase, cytochrome c oxidase and tyrosinase.” The signifi-
cant role of copper in the human body is confirmed by the fact
that the deficiency of this metal can result in anaemia, as a
consequence of lower activity of copper ferroxidase.> On the
other hand, the reduced ability of the organism to excrete an
excess of copper can result in Wilson’s disease, an autosomal
recessive genetic disorder."

Many copper(n) complexes have shown to be effective as
superoxide scavenging® and anti-inflammatory agents.® For
example, copper(u) salicylate was found to be approximately 30
times more effective in comparison with aspirin.” In addition
to the anti-inflammatory activity, copper(u) complexes have
remarkable antibacterial,® antifungal,” antioxidant'® and anti-
cancer'' activities, which takes precedence and makes
copper(1) complexes attractive in metal-based drug design. In
general, the biological activity of metal complexes depends on
the oxidation state of metal ions, number and types of ligands,
redox behaviour, hydro- and lipophilicity and coordination
geometry." Moreover, a change of the substituent on the co-
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ordinated ligand can have an influence on the complex bio-
logical activity."> The Cu(u) ion behaves as a Lewis acid inter-
mediate and shows affinity toward nitrogen- and oxygen-donor
atoms, forming complexes with coordination numbers 4, 5
and 6."* The antimicrobial activity of copper(i) complexes with
nitrogen-donor ligands has been found to be higher than that
in the case of uncoordinated ligands.'* Considering this, pyri-
dine-containing compounds represent a very attractive class of
ligands for the synthesis of copper(n) complexes as potential
antimicrobial agents. Copper(i1) complexes of nicotinic acid
with 2-hydroxypyridine, 2-aminopyridine and pyridine-2-car-
boxylic acid inhibited the growth of Bacillus subtilis ATCC 6633
and partially inhibited the growth of Candida albicans ATCC
90028,”> while [Cu(2,2"-bipy)Cl,(thiouracil)] (2,2-bipy is 2,2"-
bipyridine) showed fungicidal and fungistatic activities against
21 clinical isolates of Candida species.’> On the other hand,
copper(i1) complexes with the phosphate and hydroxymethyl
derivatives of pyridine and benzimidazole did not inhibit com-
pletely the growth of the studied bacteria and fungi up to
200 pg mL~*.'°

In the present study, pyridine-4,5-dicarboxylate esters,
namely dimethyl 2-(thiazol-2-yl)pyridine-4,5-dicarboxylate (py-
2tz), dimethyl 2-(4-methylthiazol-2-yl)pyridine-4,5-dicarboxy-
late (py-2metz) and dimethyl 2,2-bipyridine-4,5-dicarboxylate
(py-2py) (Scheme 1), were used as ligands for the synthesis of
copper(ir) complexes. These ligands have been previously used
for the synthesis of silver(r) complexes as efficient agents for
the control of cow mastitis associated pathogens'” and of
ruthenium(u) complexes as inhibitors of aldo-keto reductases
(AKRs)'® and 15-lipoxygenase-1."° Given the versatile activities
obtained upon coordination of these ligands to Ag(r) and Ru(mu)
ions, the aim of this study was to comprehensively evaluate, in
terms of biological activity and interaction with biomolecules,
the set of copper(un) complexes. Two copper(n) salts,
Cu(NO;),-3H,0 and CuCl,-2H,0, were used in the synthesis,
due to the fact that by altering the nature of the counter-anion
of the starting inorganic salt, it is possible to tune the nuclear-
ity of the corresponding copper(n) complexes.>*>* The syn-
thesized copper(i) complexes, [Cu(NO;)(py-2tz)(H,0);]NO; (1),
[Cu(NO;),(py-2metz)(H.0)] (2), [Cu(NOs)(py-2py)(H.0)]-H.O
(3), [CuCly(py-2tz)], (4) and [CuCly(py-2metz)], (5), were
characterized by spectroscopy (IR and UV-Vis), mass spec-
trometry, cyclic voltammetry and single-crystal X-ray diffraction
analysis. These complexes were further assessed for their
in vitro antimicrobial potential, which was compared to their

Scheme 1 Structural formulas of the pyridine-4,5-dicarboxylate esters
used for the synthesis of copper(i) complexes.
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cytotoxicity to normal human lung fibroblast cells (MRC-5). In
order to understand the mode of action of the copper(u) com-
plexes, their interactions with possible biological targets,
including DNA and proteins, were studied.

Results and discussion
Synthesis and structural characterization of complexes 1-5

Three pyridine-4,5-dicarboxylate esters, dimethyl 2-(thiazol-2-
yl)pyridine-4,5-dicarboxylate (py-2tz), dimethyl 2-(4-methyl-
thiazol-2-yl)pyridine-4,5-dicarboxylate ( py-2metz) and dimethyl
2,2"-bipyridine-4,5-dicarboxylate (py-2py) (Scheme 1), which
were synthesized in accordance with the previously published
method,”® were used for the synthesis of copper(i) complexes.

A copper(u) salt CuX, (X = NO;~ and CI7) was reacted with
an equimolar amount of the corresponding pyridine-4,5-dicar-
boxylate ester in ethanol at room temperature to yield
[Cu(NO;)(py-2tz)(H,0);]NO; (1), [Cu(NO;),(py-2metz)(H,0)]
(2), [Cu(NOs),(py-2py)(H,0)]-H20 (3), [CuCly(py-2tz)], (4) and
[CuCl,(py-2metz)], (5) complexes (Scheme 2). The characteriz-
ation of these complexes was done by the results of elemental
analysis, UV-Vis and IR spectroscopy, mass spectrometry and
cyclic voltammetry, while their structures were determined by
single-crystal X-ray diffraction analysis.

Description of the crystal structures. In all five crystal struc-
tures, the pyridine-4,5-dicarboxylate esters are bound in a
bidentate manner through the heterocyclic nitrogen atoms
(Fig. 1) and the coordination sphere is completed by nitrato or
chlorido ligands and water molecules. Complex 1 possesses an
elongated octahedral cationic structure, while all other com-
plexes (2-5) show a distorted square-pyramidal geometry. As a
consequence of the Jahn-Teller effect, the axial Cu-O(water)
and Cu-O(nitrate) bonds in complex 1 are longer than the

o Cu(NOy); 3H;0

1:1 molar ratio
CoHeOH
t=25°C

l py-2metz

o 4

S, N,
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Scheme 2 Schematic presentation of the synthesis of copper(i) com-
plexes 1-3 (A) and 4 and 5 (B).
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Fig. 1 Crystal structures of complexes 1-5 with heteroatom labelling. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms
and non-coordinated solvent molecules are omitted. Selected bond lengths and short contact atom distances (A): 1: Cul-N1 2.039(2), Cul-N11
1.977(2), Cul-020 1.974(2), Cul-021 1.999(2), Cul-022 2.253(2), Cul-026 2.448(2); 2: Cul-N1 2.059(2), Cul-N11 2.000(2), Cul-021 2.235(2),
Cul-025 1.949(2), Cul-029 2.001(2), Cul-023 2.765(2), Cul-027 2.739(2); 3: Cul-N1 1.988(3), Cul-N7 2.018(4), Cul-021 2.270(3), Cul-025
2.047(3), Cul-029 1.935(3), Cul-027 2.648(3); 4: Cul-N1 2.062(2), Cul-N11 2.007(2), Cul-Cl1 2.266(1), Cul-CI1' 2.664(1), Cul-Cl2 2.230(1); 5:
Cul-N12.061(2), Cul-N11 2.066(2), Cul-Cl1 2.266(1), Cul-Cl1' 2.626(1), Cul-Cl2 2.262(1).

equatorial Cu-O(water) and Cu-N(py-2tz) bonds (for relevant
distances, see the caption of Fig. 1), indicating that this
complex shows a distorted octahedral geometry. The 75 geo-
metric parameters>* for complexes 2-5 are 0.40, 0.32, 0.08 and
0.26, respectively. Such values reveal that the five-coordinate
geometry is closer to the square pyramidal (z5 = 0) than to the
trigonal bipyramidal geometry (z5 = 1). The Cu-N bond lengths
in complexes 1-5 are in accordance with those in previously
reported copper(1) complexes with aromatic nitrogen-contain-
ing heterocycles having distorted octahedral and square pyra-
midal geometries.*

Complexes 1-3, which result from the reactions between
Cu(NO3),-3H,0 and the pyridine-4,5-dicarboxylate esters, are
mononuclear (Fig. 1). The nitrato ligand is monodentately co-
ordinated to the Cu(u) ion in all three complexes. The orien-
tation of the nitrato ligands in 2 and 3 is such that the dis-
tances from the Cu(u) ion to the uncoordinated nitrato oxygen
atoms are relatively short, but still significantly longer than the
length of the coordinated bonds (see the caption of Fig. 1).

On the other hand, compounds 4 and 5, prepared from
CuCl,-2H,0, are either dinuclear (4) or polymeric (5) in the
solid state. In both cases, the chlorido anion acts as a p>-brid-
ging ligand. In 4, two such bridges lead to the formation of a
Cu,Cl, motif, whereas in 5, only one bridging chlorido ligand
on each side of the coordination center is present, forming
zig-zag chains.

Spectroscopic characterization and solution stability. The IR
spectra of complexes 1-5 recorded in the wavenumber range of
4000-450 cm™ " are in accordance with their structures deter-
mined by single-crystal X-ray diffraction analysis (spectroscopic

This journal is © The Royal Society of Chemistry 2021

data are listed in the Experimental section). In the IR spectrum
of 1, the band attributed to the asymmetric stretching modes
of nitrate is split into two bands at 1384 and 1330 cm ™", being
in accordance with the nitrate coordination to the Cu(u) ion,
while the band at 1299 cm™" indicates the presence of a nitrate
counter-anion in the structure of this complex.”**” These spec-
troscopic data are in accordance with those previously
observed for trinuclear copper(i) complexes with phthalazine,
which contain two bridging nitrato ligands and two nitrate
counter-anions.>® On the other hand, in the spectra of 2 and 3,
the bands at 1384 and 1342 cm™", and 1385 and 1317 cm ™,
respectively, can be attributed to the presence of coordinated
nitrate anions.>®

The wavelengths of the absorption maxima (Amyax) for
copper(n1) complexes 1-5 and molar extinction coefficients (e,
M~ em™") determined immediately after their dissolution in
DMSO are in accordance with those reported for other copper
(1) complexes with aromatic nitrogen-containing hetero-
cycles.”® The presently reported complexes exhibit a single
band in the expected region,® attributed to the dz, dyy, dy,
dy, — d,_y» transitions with a d,._. ground state.>

The solution stability of complexes 1-5 was studied by
recording the UV-Vis spectra in DMSO after dissolution, as well
as after 24 and 48 h (Fig. S11 shows the time-dependant UV-Vis
spectra of complex 1). No significant changes in the intensity
and position of the absorption maxima with time were observed
for 1-5, suggesting that the pyridine-4,5-dicarboxylate ester
remains coordinated to the Cu(u) ion in solution.

From the molar conductivity measurements, and after com-
parison of the obtained data with those reported in the litera-

Dalton Trans., 2021, 50, 2627-2638 | 2629
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ture for different metal complexes,***' it can be concluded
that complexes 1-3 behave as electrolytes, while complexes 4
and 5 act as nonelectrolytes in DMSO solution. As previously
reported, the molar conductance ranges for the nonelectrolytes
and electrolytes in DMSO are <50 and >50 Q' c¢cm® mol ™,
respectively.>*!

Electrochemical characterization. The electrochemical
behaviour of the metal complexes is important for a better
understanding of their solution stability and biological
activity.>” In the cyclic voltammograms, recorded under follow-
ing conditions, Epcgin = —2.0 V and Eepg = 2.0 V, complexes 1-3
exhibited two reduction peaks, at —0.2 and —0.8 V for Cu(u) —
Cu(1) and Cu(r) - Cu(0) reduction processes, respectively
(Fig. 2 and S2At), which were assigned in accordance with the
literature data for previously reported copper(i) complexes.****
However, in the case of complexes 4 and 5, only one reduction
peak at —0.2 and —0.3 V, respectively, due to the Cu(u) — Cu(i)
transition is observed (Fig. S2Bf). The presence of only one
reduction peak in the voltammograms of the latter complexes
can be due to their higher solution stability with respect to
that of complexes 1-3. As can be seen from Fig. S2,f the same
shape of the «cyclic voltammogram was obtained for
Cu(NO3),-3H,0 (1-3) and CuCl,-2H,0 (4 and 5), indicating
that the nitrato and chlorido ligands are responsible for the
electrochemical behaviour of the corresponding complexes
and that the presence of the pyridine-4,5-dicarboxylate ester in
these complexes has no influence on the electronic environ-
ment of the Cu(u) ion.*?

Bioactivity evaluation

The inhibitory concentrations of copper(u1) complexes 1-5 were
evaluated for two bacterial pathogenic strains and two
common fungal pathogens (Table 1). As can be seen from
Table 1, these complexes did not affect the bacterial growth
under the tested conditions. On the other hand, a moderate
antifungal activity was observed, especially in the case of com-
plexes 2 and 5 with a minimal inhibitory concentration (MIC)
of 31.25 ug mL™" against C. albicans ATCC 10231. Notably,
complex 5 was not highly toxic to healthy human fibroblasts

complex 1 1(A)
---- Cu(NOy),3H,0

2,0E-05 A

VT EW) 2

. -2,0E-05 -

Fig. 2 Cyclic voltammograms of complex 1 and Cu(NOs),:3H,0
recorded at the GC electrode in DMSO and 0.1 M tetrabutylammonium
hexafluorophosphate (TBAHP) as a supporting electrolyte at a scan rate
of 50 mV s™%. The conditions are given as follows: Epegin = —2.0 V, Eeng =
2.0 Vand Egep = 0.002 V.
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Table 1 Antimicrobial properties (MIC, ug mL™) and cytotoxicity (ICso,
ug mL™) of copper(i) complexes 1-5

Test 1 2 3 4 5

P. aeruginosa NCTC 10332 >500 >500 >500 >500 >500
S. aureus ATCC 25923 >500 >500 >500 >500 500
C. albicans ATCC 10231 62.5 31.25 62.5 125 31.25
C. parapsilosis ATCC 22019 500 >500 >500 500 250
MRC-5 75+5 502 60+4 35+2 705

MRC-5 (Table 1). As it was previously reported, none of the pyr-
idine-4,5-dicarboxylate esters was active against the tested
strains up to 500 pg mL™',' while the MIC values of
Cu(NO;),-3H,0 were reported to be 500 and 250 pg mL ™"
against the tested bacterial and fungal species, respectively.>®

Previously it was shown that the copper(u) complexes of nic-
otinic acid with 2-hydroxypyridine, 2-aminopyridine and pyri-
dine-2-carboxylic acid inhibited the growth of Gram-positive
Bacillus subtilis ATCC 6633 (MIC = 256 pg mL™'), while
these complexes partially inhibited the growth of C. albicans
ATCC 90028 (MIC = 128-256 pg mL™').> The more potent
fungicidal and fungistatic activities against 21 clinical
isolates of Candida spp. (MICs = 31-125 pug mL™') for the
[Cu(2,2"-bipy)Cl,(thiouracil)] complex were also reported.*®

The observed antifungal activity has triggered the evalu-
ation of the effect of complexes 1-5 on the filamentation of
C. albicans (Fig. 3). The morphological transformation from
the yeast to hyphae form is characteristic of the majority of
fungal species, and of Candida species, and it is the indicator
of their pathogenic potential.>>?*° Complexes 1, 2 and 4,
although not causing the growth inhibition, almost completely
inhibited the formation of hyphae even after 72 h of incu-
bation, whereas 1 and 4 were even effective after 120 h. The
latter two complexes were efficient at inhibiting the hyphae
formation even in the liquid RPMI (Roswell Park Memorial
Institute) medium (Fig. S31).

Considering these findings, the effect of the subinhibitory
concentrations of complexes 1 and 4 to prevent the C. albicans
biofilm formation was also examined (Fig. 4). The concen-

e0000e
LI
essos0

Fig. 3 Filamentation of C. albicans ATCC 10231 in the presence of sub-
inhibitory concentrations (0.5 x MIC) of complexes 1-5 on the Spider
medium (Olympus BX51, Applied Imaging Corp., San Jose, CA, United
States, under 20x magnification).

48 h

72h

120h
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Fig. 4 Effect of growth subinhibitory concentrations of complexes 1
and 4 on C. albicans ATCC 10231 biofilm formation.

tration gradient was observed for both investigated complexes.
Almost 70% of biofilm formation is inhibited at 25 ug mL™" of
complex 1 and 50% of complex 4, with the concentration
being lower than their respective MIC and ICs, values
(Table 1). These results are much better than the anti-biofilm
activity of the [Cu(2,2"-bipy)Cl,(thiouracil)] complex, where the
percentage inhibition of about 10% against C. krusei and
C. glabrata biofilm formations was observed at concentrations
higher than the MIC values against planktonic cells."

Adherence assay. An in vitro epithelial cell model has been
provided as it is useful in the evaluation of different stages of
C. albicans infection®” and it was previously used to evaluate
the effect of the silver(i) complex with 1,7-phenanthroline,
which was shown as a potent inhibitor of Candida growth.*® In
the present study, we showed that complex 4 was able to
reduce the adhesion of both reporter C. albicans strains (C.
albicans SC5314-GFP (GFP is green fluorescent protein) and
C. albicans SC5314-RFP (RFP is red fluorescent protein)) in
comparison with DMSO treatment (Fig. 5). On the other hand,
the effect of complex 1 was less pronounced under the tested
conditions.

Protein binding study

Fluorescence emission spectroscopy. Studies on the inter-
action between the metal complexes and proteins are of great
importance for understanding the mechanism of their uptake,
transport, metabolism and toxicity.>* Serum albumin (SA) is a
protein present in the blood plasma and its role is the trans-
port of an active compound through the bloodstream to the
cells.>® Bovine serum albumin (BSA) is the most studied serum
protein, due to its structural analogy with human serum
albumin (HSA).*® The solution of BSA exhibits an intense fluo-
rescence emission at 365 nm, due to two intrinsic tryptophan
residues, when the excitation wavelength is 290 nm.*' The
fluorescence quenching of tryptophan in BSA indicates the
change in the protein conformation, the interaction with a
studied compound or protein denaturation.** Therefore, the

This journal is © The Royal Society of Chemistry 2021
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DMSO

Complex 1 Complex 4

Fig. 5 The effect of complexes 1 and 4 (MIC) on the adhesion of
C. albicans SC5314-GFP (the upper panel) and C. albicans SC5314-RFP
(the bottom panel) on A549 cells (100X magnification). DAPI (2-(4-ami-

dinophenyl)-6-indolecarbamidine  dihydrochloride) stained nuclei
appear in blue, while fluorescent green and red are from labeled
C. albicans cells.

fluorescence behavior of BSA in the presence of an increasing
concentration of a metal complex can provide significant infor-
mation about their interaction.

In the present study, the emission spectra of BSA (5 pM) in
the presence of increasing concentrations of complexes 1-5
were recorded in phosphate buffered saline (PBS; pH = 7.4) in
the wavelengths range from 295 to 500 nm, by exciting the
protein at 290 nm. As can be seen from Fig. 6, in the presence
of complexes 1-5, an intense quenching of a fluorophore was
observed, as a consequence of complex binding to BSA which
resulted in the changes in the protein tertiary structure.*?

The data obtained using the Stern-Volmer and Scatchard
equations (Stern-Volmer constant (Ky,), quenching rate con-
stant (Ky), binding constant (K,) and the number of binding
sites per BSA (n)) are given in Table 2. The values of quenching
constant K, are higher than 10'° M™" s™', indicating the static
mechanism of quenching.”® The K, values for all complexes
are relatively high, showing the ability of the complexes to
bind to BSA and transport to their biological targets.** Similar
binding constants to those of BSA were previously reported for
copper(n) complexes with non-steroidal anti-inflammatory
agents, such as tolfenamic, meclofenamic, mefenamic, clo-

80 4

8

F/Fy (%)

0 6 12 18
r = [complex]/[BSA]

Fig. 6 Plot of relative fluorescence intensity (F/Fo, %) vs. r (r =

[complex]/[BSA]) for complexes 1-5 in PBS (pH = 7.4).
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Table 2 Values of the binding constants of complexes 1-5 with BSA
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Complex Key M) Hypochromism (%) KqM™'s™h Ky(M™) n

1 (7.03 + 0.10) x 10* 82.2 7.03 x 10" 1.14 x 10° 1.07
2 (1.26 = 0.02) x 10> 85.3 1.26 x 10" 3.53 x10° 1.16
3 (6.00 + 0.80) x 10* 85.7 6.00 x 10'* 6.93 x 10" 1.06
4 (2.88 £ 0.02) x 10° 86.9 2.88x 10" 1.81 x 10° 1.36
5 (4.98 + 0.02) x 10° 86.3 4,98 x 10" 2.43 x 10° 1.38

nixic and niflumic acids, and different nitrogen-donor
ligands.**™*® The number of binding sites per BSA molecule is
similar for all complexes, which is in accordance with their
tendency to bind to one site in the protein (Table 2).
Synchronous fluorescence measurements. Synchronous fluo-
rescence spectroscopy was used to explore the structural
changes in BSA in the presence of the investigated copper(i)
complexes. This method was shown to be very useful for study-
ing the microenvironment of amino acid residues by measur-
ing the possible shift (A2 = Aey, — Aey) in their maximum emis-
sion wavelength.””*® The main advantages of this method are
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Fig. 7 Synchronous fluorescence spectra of BSA in the absence and
presence of increasing concentrations of complex 5 at A4 = 15 (A) and
Al =60 nm (B).

sensitivity, spectral bandwidth reduction, reduced light scatter-
ing and avoidance of different perturbing effects.” As is
known, when A/ is 15 nm, the synchronous fluorescence is
characteristic of the tyrosine (Tyr) residue, while a larger Al
value of 60 nm is due to tryptophan (Trp).>® The synchronous
fluorescence spectra of BSA in the absence and presence of
increasing concentrations of complex 5 are presented in Fig. 7.
The fluorescence intensities of the Tyr and Trp residues in the
presence of complex 5 decreased 83.8 and 82.3%, respectively
(Table 3). As can be seen from Fig. 7, the emission maxima
show a slight red shift, indicating that the polarity around Trp
increased.”® Moreover, the fluorescence quenching constant of
the Trp residue was higher than that of the Tyr residue,
suggesting that the Trp residue contributes more to the fluo-
rescence quenching. The obtained results additionally con-
firmed the effective binding of complex 5 to BSA.

Lipophilicity assay

Studies on the potential biological activity of the metal com-
plexes have shown that the cellular uptake of these com-
pounds increases with their lipophilicity.> Therefore, this
physicochemical property of a compound is critical for its
potential application as a therapeutic agent.”>>* The partition
coefficient (log P) between the hydrophobic octanol phase and
the hydrophilic water phase is a measure of lipophilicity and
indicates the ability of a compound to be transported through
the cell membrane.>® The values of log P for different clinically
used therapeutic agents, including metal complexes, are found
to be in the range from —0.4 to 5.6.° All complexes 1-5 have
the values in this ideal lipophilicity range, 0 < logP < 2.30.
Complexes 1, 4 and 5 have much greater log P values than the
other two complexes, indicating that these three complexes are
mostly distributed in the octanol phase and that their cellular
uptake efficiency is higher.

DNA binding study

Interactions of metal ions with DNA, its constituents and
derivatives, are of great importance for the design of novel
metal-based antimicrobial agents.”” Firstly, the interaction of

Table 3 Values of the binding constants of complex 5 with BSA obtained by synchronous fluorescence spectroscopy

A2 (nm) Ko (M) Hypochromism (%) KgM's™h) Ka (M) n
15 (3.08 + 0.02) x 10° 83.8 3.08 x 10" 2.87 x 10° 1.36
60 (1.16 + 0.01) x 10° 82.3 1.16 x 10 1.48 x 10° 1.77
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Fig. 8 (A) In vitro interaction of complexes 1-5 with ADNA assessed by gel electrophoresis over time. 20 pg mL™* of ADNA was treated with 500 pg
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Fluorescence emission spectra for the EthBr-ct-DNA system in PBS buffer in the absence and presence of increasing amounts of complex 1. The
arrow shows the intensity changes upon increasing the concentrations of the complex. Inserted graph: Stern—Volmer plots of the Fo/F vs. [complex].

the copper(n) complexes with ADNA was investigated by gel
electrophoresis. After 2 h of incubation, complexes 3 and 4
prevented the ethidium bromide (EthBr) binding, which was
reflected as a lower intensity of DNA bands on the agarose gel
in comparison with the DMSO control (Fig. 8A). This activity
increased with the incubation time (complex 2 was the least
effective one after 4 h of incubation), and upon 24 h of incu-
bation all complexes were able to prevent the EthBr intercala-
tion with almost 100% efficiency.

The binding affinity of the metal complexes to ct-DNA has
also been investigated by monitoring the emission intensity of
EthBr bound to ct-DNA.*' Ethidium bromide is the most
studied fluorescent probe that intercalates to ct-DNA via its
planar phenanthroline ring between the adjacent base pairs of
the double helix, resulting in the intensive fluorescence emis-
sion of the EthBr-DNA conjugate.**>® The addition of the
metal complex, which may substitute EthBr in the EthBr-DNA
conjugate or bind to this conjugate, results in a decrease of
the emission.>® The extent of the decrease in the fluorescence
quenching of the EthBr-DNA system indicates the interaction
mode between the studied complex and ct-DNA.®°

Within this context, the emission spectra of the EthBr-DNA
system ([ct-DNA]/[EthBr] = 10) were recorded in the absence
and presence of an increasing amount of the investigated com-
plexes 1-5 (0-175 pM) (Fig. 8B). In all cases, upon addition of
the copper(n) complex, a decrease in the fluorescence intensity

This journal is © The Royal Society of Chemistry 2021

was observed, indicating its interaction with ct-DNA. However,
the values of the binding constants (K}, Table S17) of the inves-
tigated complexes are much lower than that of EthBr itself (K,
=2 x 10° M™"),*® and those of previously reported copper()
complexes with fenamates and isonicotinamide, for which an
intercalation mode of interaction with ct-DNA was proposed.**
Considering this, a more reasonable explanation for reduction
in the emission intensity of the EthBr-DNA system in the pres-
ence of 1-5 could be the binding of the complexes to the
EthBr-DNA conjugate, leading to the formation of a new non-
fluorescent EthBr-DNA-complex system.

Experimental

Materials and measurements

The copper(u) salts (Cu(NO3),-3H,0 and CuCl,-2H,0), ethanol,
methanol, acetonitrile, dimethyl sulfoxide (DMSO), phosphate-
buffered saline (PBS), bovine serum albumin (BSA), calf
thymus DNA (ct-DNA) and ethidium bromide (EthBr) were
obtained from Sigma-Aldrich. All chemicals and solvents were
of analytical grade and used without further purification.
Elemental microanalyses of the synthesized copper(i) com-
plexes for carbon, hydrogen and nitrogen were performed
using a PerkinElmer 2400 Series II instrument (CHN). The
ESI-HRMS spectra in the positive mode were recorded after dis-
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solving complexes 1-5 in CH;CN with an Agilent 62224 accu-
rate mass spectrometer, using time of flight liquid chromato-
graphy/mass spectrometry. The IR spectra were recorded as
KBr pellets on a PerkinElmer Spectrum 100 spectrometer over
the wavenumber range of 4000-450 cm™'. The UV-Vis spectra
were recorded on a Shimadzu double-beam spectrophotometer
after dissolving copper(u) complexes 1-5 in DMSO, as well as
after 24 and 48 h of standing at ambient temperature, over the
wavelength range of 1100-200 nm. The concentration of the
solutions used for these measurements was 1 x 10~> M. Molar
conductance data were measured at room temperature using a
digital conductivity-meter Crison Multimeter MM 41. The con-
centration of the solutions of complexes 1-5 in DMSO used for
these measurements was 1 x 10~ M. The cyclic voltammetry
(CV) measurements were performed using a potentiostat/galva-
nostat AutoLab PGSTAT204. The cell (5.0 mL) consisted of a
three electrode system, a glassy carbon (GC) electrode as a
working electrode, Ag/AgCl (saturated KCl) as a reference elec-
trode and platinum wire as a counter electrode. All reported
potentials are referred versus the Ag/AgCl (saturated KCl) refer-
ence electrode. The electrode surface was renewed before every
measurement by polishing with Al,O; micro-powder and with
a piece of cotton due to the strong adsorption of the com-
plexes. The concentration of the solutions of complexes 1-5 in
DMSO used for the electrochemical measurements was 1 x
107 M. The emission spectra for the ct-DNA interactions of
the complexes were recorded wusing a Jasco FP-6600
spectrophotometer.

Synthesis of pyridine-4,5-dicarboxylate esters

The pyridine-4,5-dicarboxylate esters, namely dimethyl 2-
(thiazol-2-yl)pyridine-4,5-dicarboxylate (py-2tz), dimethyl 2-(4-
methylthiazol-2-yl)pyridine-4,5-dicarboxylate (py-2metz) and
dimethyl 2,2"-bipyridine-4,5-dicarboxylate (py-2py) used for the
synthesis of copper(u) complexes were prepared by a previously
described method starting from different methyl ketones.** All
pyridine-4,5-dicarboxylate esters were pure based on elemental
microanalysis and "H NMR spectroscopy.

Synthesis of copper(u) complexes 1-5

Copper(u)  complexes, [Cu(NO;)(py-2tz)(H,0);]NO; (1),
[Cu(NO;),(py-2metz)(H0)] (2), [Cu(NO;),(py-2py)(H.0)]-H.O
(3), [CuCly(py-2tz)], (4) and [CuCl,(py-2metz)], (5), were syn-
thesized according to the modified procedure for the prepa-
ration of silver(r) complexes with pyridine-4,5-dicarboxylate
esters.”” A solution of 1.0 mmol of the corresponding pyridine-
4,5-dicarboxylate ester (278.3 mg of py-2tz for 1 and 4,
292.3 mg of py-2metz for 2 and 5 and 272.3 mg of py-2py for 3)
in 10.0 mL of ethanol was added slowly under stirring to the
solution containing an equimolar amount of the copper(u) salt
(241.6 mg of Cu(NOj;),-3H,0 for 1-3 and 170.5 mg of
CuCl,-2H,0 for 4 and 5) in 5.0 mL of ethanol. The reaction
mixture was stirred for 3 h on a magnetic stirrer at room temp-
erature. Complex 5 crystallized from the mother ethanol solu-
tion after evaporation at ambient temperature for 4 days, while
other copper(u) complexes were obtained after recrystallization
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of the obtained powder in methanol for complex 1 and aceto-
nitrile for 2, 3 and 4. The crystals of complexes 1-5 suitable for
single-crystal X-ray crystallography were filtered off and dried
at room temperature. Yield (calculated on the basis of pyri-
dine-4,5-dicarboxylate ester): 447.1 mg (86%) for 1, 318.6 mg
(64%) for 2, 317.3 mg (64%) for 3, 321.9 mg (78%) for 4 and
102.4 mg (24%) for 5.

Anal. caled for 1 = C;,H;,CuN,0,3S (MW = 519.89): C,
27.73; H, 3.10; N, 10.78. Found: C, 27.84; H, 2.77; N, 10.96%.
IR (KBr, v, cm™'): 3421br (y(O-H)), 3112w (¢(Ca—H)), 2956w
(v(C-H)), 1734vs (y(C=O0)), 1616m, 1556m, 1501w, 1488w,
1438m  (1(Cay—C,) and 1(C,—N)), 1384s, 1330s, 1299s
(vas(NO3)), 1280m (¢(C-0)), 795m (y(C,—H)). UV-Vis (DMSO,
Amax, NM): 836 (¢ = 37.9 M~ ecm™'). ESI-HRMS (CH;CN) m/z
(found for ([Cu + L + CH3CN]" (caled)): 381.9920 (381.9917).
Ay (DMSO): 69.5 Q" em?® mol ™.

Anal. caled for 2 = Cy3H;4,CuN,0;S (MW = 497.88): C,
31.37; H, 2.84; N, 11.26. Found: C, 31.22; H, 3.08; N, 11.68%.
IR (KBr, v, cm™'): 3368br (v(O-H)), 3151w, 3026w ((Ca—H)),
2963w (v(C-H)), 1743s, 1730s ((C=0)), 1650w, 1614m, 1553w,
1528w, 1486m, 1457m, 1439m ((C,—C,;) and u(C,~—N)),
1384vs, 13425 (1as(NO3)), 1289s, 1268s (1(C-0)), 768w (Y(Car-
H)). UV-Vis (DMSO, Apay, nm): 842 (¢ = 33.0 M~ cm™).
ESI-HRMS (CH;CN) m/z (found for ([Cu + L + CH5CN]" (caled)):
396.0068 (396.0074). Ay (DMSO): 55.4 Q™' cm® mol .

Anal. caled for 3 = C;4,H;CuN,O;, (MW = 495.85): C, 33.92;
H, 3.25; N, 11.30. Found: C, 33.53; H, 3.32; N, 11.08%. IR (KB,
v, em™Y): 3454br (v(O-H)), 3044w (1(C,—H)), 2956w, 2924w,
2855w (1(C-H)), 1751s, 1738vs (1(C=O0)), 1616m, 1565w,
1492m, 1436m (v(Cy—C,) and u(C,~=N)), 1385vs, 1317s
(vas(NO3)), 1278s, 12565 (1(C-0O)), 781w (y(Ca—H)). UV-Vis
(DMSO, Ama, nm): 728 (¢ = 41.9 M™' cm™'). ESI-HRMS
(CH;CN) m/z (found for ([Cu + L + CH5CN]" (caled)): 376.0363
(376.0353). Ay (DMSO): 54.6 Q' cm?® mol .

Anal. caled for 4 = C,,H,,Cl,Cu,N,0S, (MW = 825.47): C,
34.92; H, 2.44; N, 6.79. Found: C, 35.17; H, 2.12; N, 6.55%. IR
(KBr, v, em™"): 3108w, 3024w (1(Cy-H)), 2940w (y(C-H)),
1737vs (1(C=0)), 1615m, 1554w, 1443m, 1428m (V(Cy=Cy,)
and (C,=N)), 1296vs, 1280vs (1(C-0O)), 794m (y(C.—H)).
UV-Vis (DMSO, Amax, NM): 919 (¢ = 85.3 M~' em ™). ESI-HRMS
(CH;CN) m/z (found for ([Cu + L + CH3CN]" (caled)): 381.991
(381.9917). Ay (DMSO): 23.3 Q™' cm?® mol ™.

Anal. caled for 5 = C;3H;,Cl,CuN,0,S (MW = 426.76): C,
36.59; H, 2.84; N, 6.57. Found: C, 36.22; H, 3.11; N, 6.84%. IR
(KBr, v, cm™): 3098w, 3076w (1(Ca-H)), 2951w, 2925w (1(C-
H)), 1729vs (1(C=0)), 1614m, 1552m, 1524w, 1486w, 1452m,
1433m  ((Car=C,) and y(C,—N)), 1285vs (y(C-0O)), 792w
(7(Car-H)). UV-Vis (DMSO, Apax, NM): 935 (¢ = 87.9 M cm™).
ESI-HRMS (CH;CN) m/z (found for ([Cu + L + CH5CN]" (caled)):
396.0073 (396.0079); (found for ([Cu + 2L]") (caled)): 647.0326
(647.0331). Ay (DMSO): 31.8 Q' cm?® mol .

Crystallographic data collection and refinement of the
structures

For X-ray structural analysis, single crystals of compounds 1-5
were coated with silicon grease, mounted onto the tip of glass

This journal is © The Royal Society of Chemistry 2021
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fibre and transferred to the goniometer head in the liquid
nitrogen cryostream (150(2) K). The data were collected using a
SuperNova diffractometer equipped with an Atlas detector
using the CrysAlis software either with monochromated Mo Ko
(0.71073 A) or Cu Ka radiation (1.54184 A).°" The initial struc-
tural models were obtained via direct methods using the
Olex2 graphical user interface®® implemented in SHELXT. A
full-matrix least-squares refinement method on F* magnitudes
with anisotropic displacement parameters for all nonhydrogen
atoms using Olex2 or SHELXL-2018/3 was employed.®*®* All
non-hydrogen atoms were refined anisotropically, while the
hydrogen atoms were placed at the calculated positions and
further treated as riding models on their parent atoms. The
coordinates of the water hydrogen atoms were obtained from
difference Fourier maps and were further refined using appro-
priate distance restraints.

Additional details of the crystal data, data collection and
refinement are given in the ESI (Table S27). Figures depicting
the structures were obtained with Mercury.®*

Determination of minimum inhibitory concentrations (MICs)

The MIC values of complexes 1-5 were determined according
to the standard broth microdilution assays, recommended by
the National Committee for Clinical Laboratory Standards
(M07-A8) for bacteria and Standards of European Committee
on Antimicrobial Susceptibility Testing (v 7.3.1: the method for
the determination of broth dilution minimum inhibitory con-
centrations of antifungal agents for yeasts) for Candida
species. The tested compounds were dissolved in DMSO at a
concentration of 50 mg mL™". The highest used concentration
was 500 pug mL™'. Two bacterial test organisms, Pseudomonas
aeruginosa NCTC 10332 and Staphylococcus aureus ATCC
25923, and two Candida strains, C. albicans ATCC 10231 and
C. parapsilosis ATCC 22019, were included in the study.
The inoculums were 5 x 10° colony forming units, cfu mL™",
for bacteria and 1 x 10° cfu mL™" for Candida species. The
MIC value was recorded as the lowest concentration that inhib-
ited the growth after 24 h at 37 °C, using a Tecan Infinite 200
Pro multiplate reader (Tecan Group Ltd, Ménnedorf,
Switzerland).

Cytotoxicity

The antiproliferative activities of complexes 1-5 were examined
using the standard colorimetric MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay.®> MRC-5 cells
(human lung fibroblasts obtained from ATCC, American Type
Culture Collection) were plated in a 96-well flat-bottom plate at
a concentration of 1 x 10* cells per well, grown in a humidified
atmosphere of 95% air and 5% CO, at 37 °C and maintained
as monolayer cultures in RPMI 1640 medium (Gibco). Each
tested compound was added to the cells at a concentration
ranging from 5 to 250 pg mL~" and the treatment lasted for
48 h. The MTT assay was performed two times in four repli-
cates and the extent of MTT reduction was measured spectro-
photometrically at 540 nm using a Tecan Infinite 200 Pro mul-
tiplate reader (Tecan Group Ltd, Minnedorf, Switzerland).
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Cytotoxicity was expressed as the concentration of the com-
pound inhibiting the cell growth by 50% (ICso) in comparison
with the control (DMSO-treated cells).

Filamentation and anti-biofilm activity

The effect of complexes 1-5 on C. albicans ATCC 10231 yeast
to hyphae transition. The morphological changes of
C. albicans ATCC 10231 in the presence and absence of the
complexes at a subinhibitory concentration (0.5 x MIC value)
were observed upon the growth in Spider medium as pre-
viously described.®® The melted Spider medium was sup-
plemented with an appropriate concentration of the complexes
and poured into a 12 well microtiter plate (Sarstedt), and after
solidification, 2 puL of the prepared Candida culture was added
to the center of the well with the medium. The growth of the
Candida colonies was tracked from 48 to 120 h, and documen-
ted with Olympus BX51, Applied Imaging Corp., San Jose, CA,
United States, under 20x magnification.

Candida albicans ATCC 10231 was grown in Sabouraud dex-
trose broth medium overnight at 30 °C with shaking at 180
rpm on a rotary shaker. The overnight culture was washed with
PBS and diluted in RPMI 1640 medium with 2% (v/w) glucose
to the final concentration of 1 x 10° cells per mL. The cell sus-
pension was treated with 0.5 x MIC concentrations of com-
plexes 1-5 for 3 h at 37 °C with shaking at 180 rpm on a rotary
shaker. The cells treated with DMSO were used as the negative
control. Finally, the cells were pelleted at 3000g, and concen-
trated 10 times in fresh PBS and the hyphae formation was
observed using bright field microscopy (Olympus BX51,
Applied Imaging Corp., San Jose, CA, United States) under 20x
magnification.

Evaluation of anti-biofilm properties. The effect of the com-
plexes on biofilm formation was studied for the Candida albi-
cans ATCC 10231 strain. The assay was conducted using a pre-
viously reported methodology,®” with some modifications. The
Candida inoculum was 1 x 10° cfu mL™". The starting concen-
trations were 50 and 100 pug mL™' for complexes 1 and 4,
respectively, with two-fold serial dilutions following. The
lowest concentration that inhibited the biofilm formation was
evaluated after incubation for 48 h at 37 °C. The biofilm
growth was quantified by crystal violet (CV) staining of the
adherent cells and estimated as absorbance at 530 nm using a
Tecan Infinite 200 Pro multiplate reader (Tecan Group Ltd,
Minnedorf, Switzerland).

Adherence assay

The ability of C. albicans SC5314 cells to infect adenocarci-
nomic human alveolar basal epithelial cells A549 (obtained
from ATCC) was studied by adherence assay, as described pre-
viously.®® A549 cells were grown on 22 mm glass coverslips in
RPMI 1640 medium for two days. A549 monolayers on the
glass coverslips were inoculated with C. albicans cells in a log
growth phase (without centrifugation), and the complexes
were added at MIC and incubated for 1 h in RPMI 1640
without FBS (fetal bovine serum) at 37 °C and 5% CO,. After
co-incubation, the non-adherent cells were removed by exten-
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sively rinsing three times with PBS and samples fixed with 4%
paraformaldehyde. Next, the A549 cells were stained with 1 ug
mL™"  of 2-(4-amidinophenyl)-6-indolecarbamidine  dihy-
drochloride (DAPI, Sigma-Aldrich, Munich, Germany) for
10 min in the dark. Both A549 and C. albicans cells were visual-
ized using a fluorescent microscope (Olympus BX51, Applied
Imaging Corp., San Jose, USA), at 60x magnification.

Protein binding study by fluorescence emission spectroscopy

The protein binding study was performed by carrying out
tryptophan fluorescence quenching experiments using BSA
(5 pM) in phosphate buffer solution (pH = 7.4). The quenching
of the emission intensity of the tryptophan residues of BSA at
365 nm was monitored at increasing concentrations of com-
plexes 1-5 (up to 130 pM). The fluorescence spectra were
recorded in the range of 295-500 nm at an excitation wave-
length of 290 nm. The corresponding binding constants of the
complexes (K,) and apparent binding sites (n) were calculated
as previously explained.*>*® For the synchronous fluorescence
spectroscopy (SFS) studies, the same concentration of BSA and
complexes 1-5 was used, and the spectra were measured at two
different AA values (A4 = dem — 4dex), 15 and 60 nm, which are
characteristic of the tyrosine (Tyr) and tryptophan (Trp) resi-
dues, respectively.

Lipophilicity assay

The lipophilicity of the copper(i) complexes was determined
by the flask-shaking method.”® Complexes 1-5 were dissolved
in DMSO and added to the water/n-octanol system. The
mixture was vortexed for 1 h at room temperature to allow par-
titioning. After this time, the solutions were allowed to stand
for 24 h until the two phases were separated. The concen-
tration of the complexes in both phases was determined by
measuring the absorbance values using the previously deter-
mined calibration curves. Log P values were calculated accord-
ing to the following equation:

log P =1log(Cy/Cy)

where C, and C,, are the concentrations of the complex in
n-octanol and the water phase, respectively.

DNA binding study

Sample preparation. Copper(i) complexes 1-5 were dissolved
in DMSO (10 mM). A stock solution of ct-DNA was prepared in
PBS. The concentration of the obtained ct-DNA solution was
determined from the UV absorbance at 260 nm using the
molar extinction coefficient & = 6.6 x 10> M~ em™".7° A stock
solution of ethidium bromide (EthBr) was prepared freshly in
DMSO (1.01 x 107> M) and kept at 4 °C prior to use.

In vitro DNA binding by the electrophoresis assay

Commercially available ADNA (Thermo Scientific, 0.3 pg pL ™)
was used for studying the effect of complexes 1-5 on Lambda
DNA (ADNA) (Thermo Scientific). The final concentration in
the water solution used was 20 pg pL~" of ADNA and 500 g
pL™" of the compounds (100 pL final volume). The ability of
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complexes 1-5 to bind ADNA was examined by using agarose
gel electrophoresis, a methodology published earlier,”" with
some modifications. The mixtures (DNA and complexes) were
incubated for 2, 4 and 24 h at 37 °C, and then subjected to gel
electrophoresis on 1% (w/v) agarose gel containing 0.5 pg pL ™"
of EthBr in TAE buffer (40 mM Tris acetate, 1 mM EDTA, pH =
7.4) at 70 V for 2 h. Control was the DNA solution treated with
DMSO and incubated for the same time periods. The gels were
visualized and analyzed using the Gel Doc EZ system (Bio-Rad,
Life Sciences, Hercules, USA), with the Image Lab™ Software.

Fluorescence emission spectroscopy. The competitive
studies were carried out in the buffer (pH = 7.4) by maintain-
ing [ct-DNAJ/[EthBr| = 10, while increasing the concentration
of the complexes. Each sample solution was scanned in the
wavelength range of 550-750 nm at an excitation wavelength of
545 nm. Before the measurement, the sample solution was
shaken and incubated at room temperature for 5 min. The
Stern-Volmer constants (K,) were calculated using the follow-
ing equation:*'

Fo/F = 1+ Kqto[complex] = 1 4 K [complex]

where F, and F represent the fluorescence intensity in the
absence and presence of the complex, respectively, K, stands
for the bimolecular quenching constant and 7, (107° s) is the
average fluorescence lifetime of the fluorophore in the absence
of the quencher. The binding constants (K,) and apparent
binding sites (n) can be calculated using the following
equation:®’

log(Fy — F)/F = log K4 + n log[complex]

where K, is the binding constant of the copper(i) complex
with ct-DNA, and n represents the apparent number of binding
sites per DNA molecule.

Conclusions

In this study, five new copper(u) complexes with pyridine-4,5-
dicarboxylate esters as ligands, [Cu(NO;)( py-2tz)(H,0);]NO; (1),
[Cu(NOs)(py-2metz)(H,0)]  (2), [Cu(NOs)(py-2py)(H.0)]-HO
(3), [CuCly(py-2tz)], (4) and [CuCl,(py-2metz)], (5), were syn-
thesized, structurally characterized and biologically evaluated.
Reactions of copper(u) nitrate with pyridine-4,5-dicarboxylate
esters result in the formation of mononuclear complexes 1-3,
while copper(u) chloride readily forms dinuclear (4) and poly-
nuclear (5) species. Moreover, complexes 1-3, along with the
corresponding pyridine-4,5-dicarboxylate ester and nitrato
ligands, contain water molecules in the coordination sphere of
the Cu(u) ion, while no coordination of this ligand is observed
in the cases of 4 and 5. Only complex 1 shows an elongated
octahedral geometry, while the geometry of the remaining com-
plexes is distorted square pyramidal. The structural varieties of
these complexes were reflected as slight differences in their bio-
logical activities. All complexes showed moderate to good
activity against Candida albicans, and the ability to inhibit the
hyphae formation of this strain, while being non-toxic to

This journal is © The Royal Society of Chemistry 2021
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healthy human fibroblasts. Two complexes, 1 and 4, efficiently
inhibited the biofilm formation of C. albicans at the subinhibi-
tory concentrations, which is a highly desirable property of
the novel antifungal agent. Importantly, dinuclear complex
4 efficiently prevented the adhesion of C. albicans in an
in vitro epithelial cell model, which suggests that this complex
could be brought further for structural optimizations and
the assessment of efficiency to prevent candidiasis. All syn-
thesized complexes showed affinity toward protein and DNA,
providing possible insights into the mode of their anti-
microbial activity.
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