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exes with aromatic nitrogen-
containing heterocycles as effective inhibitors of
quorum sensing activity in Pseudomonas
aeruginosa†

Biljana Đ. Glišić,*a Ivana Aleksic,b Peter Comba,*c Hubert Wadepohl,c Tatjana Ilic-
Tomic,b Jasmina Nikodinovic-Runic*b and Miloš I. Djurana

Five copper(II) complexes 1–5with aromatic nitrogen-containing heterocycles, pyrimidine (pm, 1), pyrazine

(pz, 2), quinazoline (qz, 3 and 4) and phthalazine (phtz, 5) have been synthesized and structurally

characterized by spectroscopic and single-crystal X-ray diffraction techniques. The crystallographic

results show that, dependent on the ligand structure, complexes 1–5 are of different nuclearity. The

antimicrobial efficiency of complexes 1–5 has been evaluated against three clinically relevant

microorganisms and none of the complexes showed significant growth inhibiting activity, with values of

minimum inhibitory concentrations (MIC) in the mM range. Since in many bacteria, pathogenicity and

virulence are regulated by intercellular communication processes, quorum sensing (QS), the effect of the

copper(II) complexes on bacterial QS has also been examined. The results indicate that the investigated

complexes inhibit violacein production in Chromobacterium violaceum CV026, suggesting an anti-QS

activity. In order to differentiate, which of the QS pathways was affected by the copper(II) complexes,

three biosensor strains were used: the PAO1 DrhlIpKD-rhlA and the PA14-R3DlasIPrsaI lux strain to

directly measure the levels of C4-HSL (N-butanoyl-homoserine lactone) and 3OC12-HSL (N-3-oxo-

dodecanoyl-homoserine lactone), respectively, and PAO1 DpqsA mini-CTX luxPpqsA for the detection of

AHQs (2-alkyl-4-quinolones). Complexes 1–5 were shown to be efficient inhibitors of biofilm formation

of the human opportunistic pathogen Pseudomonas aeruginosa PAO1, with the qz-containing complex

3 being the most active. Finally, the most anti-QS-active complexes 1 and 3 showed synergistic activity

against a multi-drug resistant clinical isolate of P. aeruginosa, when supplied in combination with the

known antibiotics piperacillin and ceftazidime.
Introduction

Six rst row d-block metals, manganese, iron, cobalt, nickel,
copper and zinc, are essential micronutrients in all living
organisms and the concept of trace metal homeostasis, in
which various cellular actions maintain the ne balance
between nutrition, immunity and toxicity, is well developed.1,2

Copper is an essential trace element for virtually all organisms,
yet its accumulation beyond homeostatic levels is highly toxic in
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bacterial cells, fungi and mammals.3 Based on the ability of
copper to cycle between reduced (CuI) and oxidized (CuII) states,
this metal serves as a cofactor for enzymes that generate ATP
andmature hormones, function in neurotransmitter biogenesis
and disproportionation of superoxide anions, and pump iron
across membranes.4 In one form or another, copper has been
used through the ages as a potent antimicrobial agent to ster-
ilize water and treat wounds, and currently, it is used as an
antimicrobial surface in veterinary and healthcare settings,
where studies have shown a reduction in nosocomial infection
in hospitals that have implemented the use of copper surfaces
on doorknobs, handrails and other surfaces.5,6

Simple inorganic salts of copper are usually toxic, but as
a transition metal ion it forms a large number of complexes.
Administration of copper ions in a form of a complex could have
the advantage in selective delivery of copper ions or radionu-
clides to diseased tissues.7 Considering this, a large number of
copper(II) complexes have been synthesized and explored for
their biological activities. Various copper(II) complexes with
RSC Adv., 2016, 6, 86695–86709 | 86695

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra19902j&domain=pdf&date_stamp=2016-09-12
http://dx.doi.org/10.1039/c6ra19902j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA006089


Scheme 1 Schematic drawing of N-heterocyclic ligands used in this
study.
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different ligands were reported to possess antibacterial and
antifungal activity and the approach to use ligands which
already have antimicrobial activity that is further enhanced by
complexation with copper has been widely utilized.8–11 In
addition to its long history of medical applications as antimi-
crobial as well as anti-inammatory or antiarthritic agents,
copper(I) and copper(II) complexes have not been examined
extensively as potential anticancer drugs until recently.12,13

Pseudomonas aeruginosa is a ubiquitous Gram-negative
bacteria, still considered as one of the most problematic
microorganisms due to its chromosomal plasticity and ability to
develop mutational resistance against a variety of antibiotics.14

The antibiotic treatment choices for already existing or
emerging hard-to-treat multidrug-resistant bacterial infections
are very limited, due to the fact that the vast majority of current
antibiotics target the same bacterial cellular processes (i.e.
translational machinery, cell wall biosynthesis, DNA/RNA
metabolism), therefore the identication of new targets as
well as new antimicrobials is urgently required.15 A relatively
innovative strategy to combat bacterial infections relies on
specic inhibition of bacterial virulence, hence the ability to
cause disease rather than bacterial growth.16 The use of anti-
virulence drugs could have the advantage of reducing bacterial
adaptability to the host environment, facilitating the host
immune system to combat the infection and reducing the
strong selective pressure exerted by conventional antibiotics.17

In many pathogenic bacteria, virulence is coordinated and
controlled by quorum sensing (QS) circuits, which make them
particularly attractive targets for antivirulence compounds.18,19

Several recent reports suggest that anti-QS agents hold signi-
cant promise as resistance-robust antimicrobial drugs.20–22 QS
refers to cell to cell communication between microorganisms
that occurs via production and reception of signal molecules
and controls bacterial population-dependant gene expres-
sion.23,24 These genes include those involved in improving
bacterial survival under various threats such as virulence and
pathogenicity, in the secondary metabolite production, plasmid
transfer, motility and biolm formation.23,25

The pathogenic potential of P. aeruginosa, like many other
Gram-negative bacteria, relies on the coordinated expression
of a large array of virulence factors, the majority of which are
positively controlled by QS.26,27 The P. aeruginosa QS network is
elaborate and consists of three different QS systems, based on
the production of specic signal molecules: N-3-oxo-
dodecanoyl-homoserine lactone (3OC12-HSL), N-butanoyl-
homoserine lactone (C4-HSL) and 2-heptyl-3-hydroxy-4-
quinolone (PQS).27,28 The importance of QS for P. aeruginosa
pathogenicity and its suitability as a target for the develop-
ment of anti-Pseudomonas drugs is undisputed,29,30 while
quorum-sensing regulation of a copper ion toxicity in this
strain has also been described.31 The majority of quorum
disrupting compounds identied to date include furanones
and other organic molecules that competitively bind to
receptor molecules, some antibiotics, and quorum signal
degrading enzymes,32–34 while, to the best of our knowledge,
there is no literature data concerning the effect of metal
complexes on QS.
86696 | RSC Adv., 2016, 6, 86695–86709
In the present study, copper(II) complexes with aromatic
nitrogen-containing heterocycles (N-heterocycles), two diazines
(pyrimidine, pm and pyrazine, pz), and two diazanaphthalenes
(quinazoline, qz and phthalazine, phtz) were synthesized and
structurally characterized by spectroscopic (IR and UV-vis) and
crystallographic methods. The choice of the ligands for the
synthesis of the corresponding copper(II) complexes was based
on their great importance in coordination, bioinorganic and
supramolecular chemistry.35 For instance, the investigated N-
heterocycles and their derivatives are structural moieties of
many natural products and biologically active compounds, that
have shown antimicrobial, antitumor, anticonvulsant and anti-
inammatory activity.36,37 All synthesized copper(II) complexes
were assessed for their in vitro antimicrobial and anti-
proliferative activities against a normal human cell line, as well
as for the antivirulence effects targeting bacterial QS, using
Pseudomonas aeruginosa as the model organism.
Results and discussion
Synthesis and structural characterization of the copper(II)
complexes with N-heterocycles

Two diazines (pyrimidine, pm and pyrazine, pz), and two dia-
zanaphthalenes (quinazoline, qz and phthalazine, phtz) were
used as ligands for the synthesis of copper(II) complexes
(Scheme 1). All these N-heterocycles, both monocyclic and
bicyclic, contain two nitrogen atoms within one ring, but at
different positions, i.e. 1,3 for pm and qz, 1,4 for pz and 2,3 for
phtz, and upon coordination to the metal ion they can form
complexes of different nuclearity. Accordingly, our results show
that the pm-containing Cu(II) complex 1 is polynuclear, while
complexes with pz (2) and qz (3 and 4) are mononuclear species,
and the reaction between the Cu(II) ion and phtz resulted in the
formation of the trinuclear complex 5. The stoichiometries of all
these complexes were conrmed by elemental microanalyses,
and their structures were elucidated from UV-vis and IR spec-
troscopy and single-crystal X-ray diffraction analysis.

Diazine-containing copper(II) complexes 1 and 2. The
molecular structures of the diazine-containing copper(II)
complexes 1 and 2 along with the crystal packing of 1 are shown
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra19902j


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l L
ib

ra
ry

 o
f 

Se
rb

ia
 o

n 
11

/1
9/

20
18

 1
0:

29
:3

9 
A

M
. 

View Article Online
in Fig. 1. Selected bond distances (Å) and valence angles (�) in
these two complexes are listed in Table 1.

In pyrimidine-containing complex 1, the Cu(II) ion is located
at a center of inversion and coordinated by two pyrimidines and
two water molecules equatorially, and two axial nitrates
(Fig. 1a). As a consequence of pseudo-Jahn–Teller distortion,
the axial Cu–O1(nitrate) bonds (2.3384(9) Å) are signicantly
longer than the equatorial Cu–O4(water) and Cu–N1(pm) bonds
at 2.0063(8) and 2.0235(9) Å, respectively (Table 1), indicating
that complex 1 has a distorted octahedral geometry. Moreover,
a large deviation of the angle O4–Cu–O1 (81.83(4)�) from the
ideal angle of 90� conrms the distortion from a regular octa-
hedron. The Cu–N1(pm) bond distance is in accordance with
that in the previously characterized pyrimidine-containing
Fig. 1 (a) Molecular structures of diazine-containing copper(II) complex
anion in 2 is omitted for clarity. Displacement ellipsoids for both of compl
spheres of arbitrary size.

This journal is © The Royal Society of Chemistry 2016
copper(II) complexes,38 of which one has identical structure to
the presently investigated complex 1. However, the previously
reported copper(II) complex was obtained as a mixture with
mononuclear [Cu(NO3)2(H2O)2(pm)2] from the reaction of
Cu(NO3)2 and pm in water.38 As previously found for some
pyrimidine metal complexes,39,40 in 1, the N-heterocycle acts as
a bridging ligand between two Cu(II) ions, forming a one-
dimensional coordination chain (Fig. 1b). The Cu/Cu
distance within one chain is 5.717(2) Å and the interchain Cu/
Cu distance is 6.843(2) Å. The coordination chains are con-
nected by a hydrogen bonding network (see Table S1†).

The pyrazine-containing complex 2 is a mononuclear species
(Fig. 1a). It consists of a square planar array of nitrogen atoms of
four monodentatedly coordinated pz ligands with axial
es 1 and 2, and (b) the crystal packing of 1. Non-coordinating triflate
exes are drawn at 50% probability level and H atoms are represented by

RSC Adv., 2016, 6, 86695–86709 | 86697
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Table 1 Selected bond distances (Å) and valence angles (�) in diazine-
containing copper(II) complexes 1 and 2a

1 2

Cu–O4 2.0063(8) Cu–O4 2.3041(17)
Cu–O4i 2.0064(8) Cu–O11 2.3816(16)
Cu–O1i 2.3384(9) Cu–N1 2.0374(15)
Cu–O1 2.3384(9) Cu–N3 2.0385(16)
Cu–N1 2.0235(9) Cu–N5 2.0345(16)
Cu–N1i 2.0235(9) Cu–N7 2.0360(16)
O4–Cu–O4i 180.0 O4–Cu–O11 178.45(5)
O4–Cu–O1i 98.17(4) N1–Cu–O4 90.21(6)
O4i–Cu–O1i 81.83(4) N1–Cu–O11 88.41(6)
O4–Cu–O1 81.83(4) N1–Cu–N3 90.05(6)
O4i–Cu–O1 98.17(4) N3–Cu–O4 91.40(5)
O4–Cu–N1 87.73(4) N3–Cu–O11 89.31(5)
O4–Cu–N1i 92.27(4) N5–Cu–O4 93.97(6)
O4i–Cu–N1i 87.73(4) N5–Cu–O11 87.40(6)
O4i–Cu–N1 92.27(4) N5–Cu–N1 175.76(5)
O1–Cu–O1i 180.0 N5–Cu–N3 90.51(6)
N1i–Cu–O1i 91.67(3) N5–Cu–N7 88.53(6)
N1i–Cu–O1 88.32(3) N7–Cu–O4 92.21(5)
N1–Cu–O1 91.68(3) N7–Cu–O11 87.09(5)
N1–Cu–O1i 88.33(3) N7–Cu–N1 90.64(6)
N1–Cu–N1i 180.0 N7–Cu–N3 176.32(6)
N2–O1–Cu 125.44(6) S1–O11–Cu 151.35(8)
C1–N1–Cu 118.10(6) C1–N1–Cu 121.40(12)
C2–N1–Cu 123.90(6) C4–N1–Cu 121.52(11)

C5–N3–Cu 120.57(11)
C8–N3–Cu 122.42(12)
C9–N5–Cu 121.77(11)
C12–N5–Cu 121.02(11)
C13–N7–Cu 120.22(11)
C16–N7–Cu 122.22(12)
O11–S1–C17 101.52(8)
O12–S1–O11 115.02(8)
O12–S1–O13 115.06(9)
O12–S1–C17 104.93(9)
O13–S1–O11 114.02(8)
O13–S1–C17 104.12(9)

a Symmetry code: (i) �x + 3/2, �y + 3/2, �z + 1/2.
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coordination sites occupied by oxygen atoms belonging to tri-
uoromethanesulfonate (triate) and water. The coordination
sphere in 2 is strongly distorted from regular octahedral
geometry: the Cu–O4(water) and Cu–O11(triate) bond lengths
of 2.304(2) and 2.382(2) Å, respectively, are signicantly longer
than the mean Cu–N(pz) bonds of 2.037 Å (Table 1), reecting
a large tetragonal distortion. The mean Cu–N(pz) bond distance
in 2 compares well with that found in other mononuclear cop-
per(II) complexes with equatorial nitrogen-containing
ligands.38,41 The coordinated triate anion adopts a staggered
ethane-like conformation around S–C bond, with O–S–O angles
(mean 114.7�) greater than the C–S–O angles (mean 103.5�)
(Table 1). The O13 atom of the coordinated triate anion acts as
acceptor in intermolecular hydrogen bonding with the coordi-
nated water molecules (Table S1†).

Diazanaphthalene-containing copper(II) complexes 3–5. The
molecular structures of the copper(II) complexes with quinazo-
line (3 and 4) and phthalazine (5) are shown in Fig. 2, while their
86698 | RSC Adv., 2016, 6, 86695–86709
selected bond distances (Å) and valence angles (�) are listed in
Table 2.

Complexes 3 and 4 have monodentatedly coordinated qui-
nazoline ligands and are mononuclear. In complex 3, the Cu(II)
ion is equatorially coordinated to two nitrogen atoms of qui-
nazolines and two oxygen atoms of water molecules, and two
axial oxygen atoms from nitrate anions complete the coordi-
nation sphere (Fig. 2). Complex 3 has a distorted octahedral
geometry with the axial Cu–O1(nitrate) bonds (2.395(1) Å)
signicantly longer than the equatorial Cu–O4(water) and Cu–
N1(qz) bonds at 1.982(1) and 2.012(1) Å, respectively (Table 2).
Like in the pyrimidine-containing complex 1, the angle O4–Cu–
O1 (98.21(5)�) deviates from the ideal angle of 90�.

Complex 4 crystallizes as an acetonitrile solvate. The coor-
dination geometry around Cu(II) in 4 (Fig. 2), is intermediate
between trigonal bipyramidal and square pyramidal
(TBDSBP).42 This emerges from the trigonality index43 s of 0.35, s
¼ (b � a)/60� where b ¼ N1–Cu–N3 ¼ 177.20(4)� and a ¼ O1–
Cu–O4¼ 156.48(4)� (square pyramidal and trigonal bipyramidal
geometries result in s values of 0 and 1, respectively).43 The
corners of the plane in the coordination geometry of 4 are
occupied by two nitrogen atoms of qz ligands (N1 and N3) and
two oxygen atoms of the monodentatedly coordinated nitrate
anions (O1 and O4) (Fig. 2). The remaining coordination site at
the axial position in 4 is occupied by a water molecule. The
lengths of Cu–N1(qz) and Cu–N3(qz) of 2.023(1) and 2.028(1) Å,
respectively, compare well to those in the qz-containing
complex 3 (2.012(1) Å) (Table 2). The O2 nitrate oxygen atom,
as well as the uncoordinated N4 nitrogen atom of the qz ring,
are engaged in intermolecular hydrogen bonding with the
coordinated water molecule (Table S1†).

The phthalazine-containing copper(II) complex 5 has a trinu-
clear structure, in which the Cu(II) ions are linked by bridging
phtz, nitrate and hydroxide ligands (Fig. 2). The two further
nitrate anions are not coordinating. This results in six-
coordination of the central Cu(II) ion, which is surrounded
equatorially by two N3 nitrogen atoms of phthalazines and two
O2 oxygen atoms of hydroxides, while two O4 oxygen atoms of
nitrates are at the axial positions. This Cu(II) ion (designated as
Cu2 in the ORTEP drawing of 5; Fig. 2) has a pseudo-Jahn–Teller
distorted octahedral geometry, emerging from the fact that the
axial Cu2–O4(nitrate) bond (2.396(2) Å) is signicantly longer
than those in the equatorial plane, i.e. Cu2–N3(phtz), 2.052(2) Å,
and Cu2–O2(hydroxide), 1.904(2) Å (Table 2). Contrary to the
central Cu2, both of the terminal Cu(II) ions (Cu1) are penta-
coordinated (Fig. 2). Along with the bridging phtz, nitrate and
hydroxide ligands, the coordination around Cu1 ions is
completed by monodentatedly coordinated phtz and water
ligands. The Addison parameter s43 of the pentacoordinated Cu1
ions is 0.012, (b¼ O2–Cu–O1¼ 178.24(7)� and a¼ N1–Cu–N11¼
177.54(7)�), indicating that the geometry around the metal is very
close to the perfect square pyramidal. The apical Cu1–O3(nitrate)
bond (2.322(2) Å) is longer than the bonds in the square plane
(Table 2). The Cu1–N1(phtz) bond involving the nitrogen atom of
the monodentatedly coordinated phtz (2.020(2) Å) is slightly
shorter than that involving the nitrogen atom of the bridging one
(Cu1–N11(phtz) at 2.050(2) Å). This structural characteristic was
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Molecular structures of diazanaphthalene-containing copper(II) complexes 3–5. Solvent of crystallization (acetonitrile) and non-coor-
dinating nitrate anion in 4 and 5, respectively, are omitted for clarity. Displacement ellipsoids are drawn at 50% probability level and H atoms are
represented by spheres of arbitrary size.
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also previously noted for the trimetallic copper(II) complex with
pyridazine (pydz), in which both coordination modes of pydz
(monodentate and bidentate bridging) were observed.44

Spectroscopic characterization

The IR spectroscopic data for copper(II) complexes 1–5 are listed
in the Experimental section (vide infra). Except for the peaks that
are attributed to the coordinated N-heterocycles, the IR spectra of
the complexes show the typical peaks of the corresponding anion
and water molecules. Thus, a broad absorption at �3400 cm�1

attributed to the stretching vibration of OH conrms the pres-
ence of a coordinated water molecule and hydroxide anion in 1–4
and 5, respectively.45 In the IR spectra of 1, 3 and 4, the band
corresponding to the asymmetric stretching modes of nitrate is
split into two bands with a relatively small separation (Dn ¼ 31
cm�1 for 1 and 3 and 27 cm�1 for 4). This is in accordance with
nitrate coordination to the Cu(II) ion in these complexes.46

Moreover, two very weak bands in the overtone region at �1767
and �1751 cm�1 for complexes 1, 3 and 4 can be ascribed to the
combination of symmetric stretching and in-plane bending of
nitrate, indicating that this anion ismonodentatedly coordinated
to Cu(II).47 On the other hand, complex 5 exhibits three discern-
ible nitrate combination band absorptions, indicating the pres-
ence of coordinated and uncoordinated nitrate groups in this
complex.47 The additional band in the region of 1300–1320 cm�1
This journal is © The Royal Society of Chemistry 2016
in the IR spectrum of 5 is also in accordance with the presence of
uncoordinated nitrate in its structure.46

The IR spectrum of 2 with a monodentate triate and triate
incorporated in the crystal lattice, shows a number of strong
absorptions in the 1000–1300 cm�1 region. In order to nd
a correlation between vibrational frequencies and the mode of
coordination, much attention has been devoted to the 1200–1300
cm�1 region, due to the fact that splitting of the nas(S–O) band is
due to the coordination of triate in monodentate or bidentate
fashion.48 By comparison of the IR spectrum of 2 with that of
Cu(CF3SO3)2, the band at 1286 cm�1 was assigned to the asym-
metric stretching mode of S–O of the uncoordinated CF3SO3

�

anion. The frequencies at 1252 and 1230 cm�1 are due to the nas(S–
O) of the monodentate triate. The presence of these two bands is
in accordance with that previously observed for the monodentate
triate in [Cu(bpt)(CF3SO3)(H2O)]2 (Hbpt ¼ 3,5-bis(pyridin-2-yl)-
1H-triazole)49 and [Cu(CF3SO3)2(py)4] (py ¼ pyridine) complexes.41

The wavelengths of maximum absorption for the copper(II)
complexes 1–5 (lmax, nm) and molar extinction coefficients (3,
M�1 cm�1) determined aer dissolution of the complexes, are
listed in the Experimental section. The investigated copper(II)
complexes exhibit a single band in the expected region,50

assigned to the dz2, dxy, dxz, dyz / dx2�y2 transitions with a dx2�y2

ground state.51 The energy of absorption maxima for complexes
1–5 increases in the following order: 3 < 1 z 2 < 4 < 5.
RSC Adv., 2016, 6, 86695–86709 | 86699
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Table 2 Selected bond distances (Å) and valence angles (�) in diazanaphthalene-containing copper(II) complexes 3–5a

3 4 5

Cu–O4 1.9816(11) Cu–O1 1.9925(12) Cu1–O1 2.0335(16)
Cu–O1 2.3951(12) Cu–O4 2.0282(13) Cu1–O2 1.8937(16)
Cu–N1 2.0123(13) Cu–O7 2.2153(13) Cu1–O3 2.3216(17)
Cu–N1i 2.0123(13) Cu–N1 2.0229(13) Cu1–N1 2.0202(19)

Cu–N3 2.0281(13) Cu1–N11 2.0497(19)
Cu2–O2 1.9038(16)
Cu2–O4 2.3955(18)
Cu2–N3 2.0522(19)

O4–Cu–O4i 180.0 O1–Cu–O4 156.48(4) O1–Cu1–O3 81.05(6)
O4–Cu–O1i 81.79(5) O1–Cu–O7 121.23(4) O1–Cu1–N11 92.05(7)
O4–Cu–O1 98.21(5) O1–Cu–N1 91.28(4) O2–Cu1–O1 178.24(7)
O4–Cu–N1 93.28(5) O1–Cu–N3 88.50(4) O2–Cu1–O3 99.89(7)
O4–Cu–N1i 86.73(5) O4–Cu–O7 82.28(4) O2–Cu1–N1 91.41(7)
O1–Cu–O1i 180.0 O4–Cu–N3 91.36(4) O2–Cu1–N11 86.47(7)
N1–Cu–O1 92.61(4) N1–Cu–O4 87.73(4) N1–Cu1–O1 90.06(7)
N1–Cu–O1i 87.39(4) N1–Cu–O7 93.37(5) N1–Cu1–O3 91.46(7)
N1–Cu–N1i 180.0 N1–Cu–N3 177.20(4) N1–Cu1–N11 177.54(7)
N3–O1–Cu 129.16(8) N3–Cu–O7 89.13(4) N11–Cu1–O3 90.11(7)
C1–N1–Cu 124.66(8) N5–O1–Cu 115.04(8) O2–Cu2–O2ii 180.00(9)
C9–N1–Cu 118.40(9) N6–O4–Cu 105.65(7) O2–Cu2–O4ii 91.59(7)

C1–N1–Cu 119.27(8) O2–Cu2–O4 88.35(7)
C8–N1–Cu 123.95(8) O2–Cu2–N3ii 86.92(7)
C9–N3–Cu 117.84(8) O2–Cu2–N3 93.08(7)
C16–N3–Cu 125.25(8) O4ii–Cu2–O4 180.0

N3–Cu2–O4 83.10(7)
N3–Cu2–O4ii 96.90(7)
N3–Cu2–N3ii 180.0
Cu1–O2–Cu2 116.27(9)
N4–O3–Cu1 120.82(14)
N4–O4–Cu2 130.68(15)
N2–N1–Cu1 116.19(14)
C8–N1–Cu1 122.51(16)
N11ii–N3–Cu2 118.16(13)
C9–N3–Cu2 120.49(15)
N3ii–N11–Cu1 114.38(14)
C16ii–N11–Cu1 125.63(15)

a Symmetry codes: (i) �x, �y, �z; (ii) �x + 2, �y, �z.
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Antimicrobial and antiproliferative activity of copper(II)
complexes

The MIC values of copper(II) complexes 1–5, as well as
Cu(NO3)2$3H2O and Cu(CF3SO3)2 salts used for their synthesis,
were determined against pathogenically relevant Gram-negative
Table 3 Antimicrobial activity of the copper(II) complexes 1–5 and the c
aeruginosa, Staphylococcus aureus and Candida albicans

Copper(II) compound

P. aeruginosa PAO1 P. aeruginosa

mg mL�1 mM mg mL�1

1 1000 3.29 >1000
2 500 0.71 >1000
3 >1000 >2.07 >1000
4 1000 2.06 >1000
5 1000 0.97 >1000
Cu(NO3)2$3H2O 500 2.07 1000
Cu(CF3SO3)2 1000 2.76 1000

86700 | RSC Adv., 2016, 6, 86695–86709
Pseudomonas aeruginosa (PAO1 strain, as well as clinical isolate
DM-18 that showed higher resistance to a wide panel of anti-
biotics), Gram-positive Staphylococcus aureus and the fungal
yeast representative Candida albicans (Table 3). We have previ-
ously established that the used N-heterocyclic ligands (Scheme
orresponding salts used for their synthesis (MIC) against Pseudomonas

DM-18 S. aureus C. albicans

mM mg mL�1 mM mg mL�1 mM

>3.29 1000 3.29 1000 3.29
>1.43 500 0.71 500 0.71
>2.07 >1000 >2.07 >1000 >2.07
>2.06 1000 2.06 1000 2.06
>0.97 1000 0.97 1000 0.97
4.14 500 2.07 250 1.03
2.76 1000 2.76 500 1.38

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 In vitro antiproliferative effect of copper(II) compounds on
human fibroblasts (MRC5) following 48 h exposure (a) at a range of
concentrations ( – 250; – 50; – 10; – 5 mg mL�1) and (b)
calculated IC50 values (IC50 ¼ concentration required to inhibit 50%
cell growth).

Fig. 4 Inhibition of violacein synthesis in Chromobacterium viola-
ceum CV026 by the investigated copper(II) compounds (50 mg per
disc).
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1) did not show signicant antimicrobial activity against these
strains nor antiproliferative effect on normal human broblast
cell line.52,53 Overall, none of the tested copper(II) compounds
showed signicant antimicrobial activity under the tested
conditions with MIC values mostly $1 mg mL�1 (mM range).
Given the numerous literature data on antimicrobial properties
of Cu(II) ions, these results were surprising and confusing at the
beginning. Nonetheless, they are in line with MIC values
previously determined for copper(II) complexes with 2-ace-
tylpyridine- and 2-benzoylpyridine-derived hydrazones, as well
as for CuCl2$2H2O.54 While we have not observed any difference
in the activities against bacterial and fungal strain, Despaigne
et al.54 reported slightly better activity against C. albicans, which
was still quite high (220–1600 mM). Similarly, but in the
different experimental setup, when disc diffusion was used to
determine the antimicrobial potency, neither discs loaded with
CuCl2$6H2O and [Cu(ma)2] (Hma ¼ maltol) showed any growth
inhibition against ve different bacterial pathogens, including
P. aeruginosa and S. aureus.55 Even with copper(I) complexes
containing phenanthroline-type ligands, poor activity against P.
aeruginosa has been reported.56 On the contrary, complexation
with Cu(II) usually improves the antimicrobial potential of the
already active ligands, e.g. with 3,4,7,8-tetramethyl-1,10-
phenanthroline and 4,7-diphenyl-1,10-phenanthroline with
MIC values in the 1–25 mM range.11 It appears that the activity
and nature of the ligand has a marked effect on the bacterial
uptake and denes the activity and lipophilicity of the complex.

The ability of bacteria to survive in the presence of soluble
copper salts or on solid copper surfaces is dependent on the
expression of copper tolerance genes for example copper
exporting ATPase-type pumps.57 For instance, it was shown that
multiple genes exist in P. aeruginosa that are responsible for
copper resistance and that mutations in the copper homeo-
stasis cueA gene encoding P-type ATPase reduce its pathoge-
nicity in the murine model.58,59 Several recent studies suggest
that the same pathways of copper tolerance within certain
pathogenic bacteria are required to survive the innate immune
response during infection. This relatively new eld of biometal
research underscores a novel role for copper in host immunity
and emphasizes the medical importance of understanding
copper homeostasis at the host–pathogen interface.2,60

The studied copper(II) compounds were not efficient anti-
proliferative agents, even though IC50 values determined for 48
h exposure of the MRC5 cell line were from 3.7- to 40.0-fold
lower in comparison to the MIC values for 2 and 5, respectively
(Fig. 3 and Table 3). Most cytotoxic proved to be trinuclear
complex 5 containing phthalazine ligand. Again, all N-
heterocyclic ligands exhibited low cytotoxic activity against
MRC5 cells (results not shown). Recently, IC50 values between
4.8–53.0 mM were reported for copper(II) complexes with
heterocyclic bases (1,10-phenanthroline and 2,20-bipyridine)
and 3-hydroxypicolinic acid against MRC5 cells aer 24 h
exposure.13 Although numerous copper(II) complexes have been
investigated for antitumoral purposes with general [Cu(L1-N,N)
L2]X structure (Casiopeinas) and described to interact with
mitochondria, DNA, inhibiting oxidative phosphorylation and
causing cellular ATP depletion,61 the compounds described in
This journal is © The Royal Society of Chemistry 2016
this study were not further persuaded in this context due to the
relatively low cytotoxicity (Fig. 3).

Effect of copper(II) complexes on bacterial quorum sensing
(QS)

In many bacteria, including P. aeruginosa, pathogenicity is
regulated by an intercellular communication process called
quorum sensing (QS). So far, QS is considered one of the most
promising targets for antivirulence therapies.20,33 Prompted by
the nding that CuSO4 showed a negative effect on the virulence
of a pathogenic Edwardsiella tarda and pathogenic Vibrio harveyi
strains,62,63 we have decided to examine whether the copper(II)
compounds utilized within this study exerted an effect on
bacterial QS.

Effect on violacein and pyocyanin production. Firstly, all
copper(II) compounds were tested for the ability to inhibit vio-
lacein production in Chromobacterium violaceum CV026 in
concentration of 50 mg per disc (Fig. 4). Wild-type C. violaceum is
RSC Adv., 2016, 6, 86695–86709 | 86701
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Fig. 5 Effect of copper(II) compounds (50 mg mL�1) on acyl homo-
serine lactone (AHL) production in P. aeruginosa PAO1 ( – short-
chain (C4-HSL); – long chain (3OC12-HSL) and – AHQs) (* ¼
statistically significant differences between compounds and DMSO
control).

Fig. 6 P. aeruginosa PAO1 biofilm formation in the presence of
concentrations of (a) 50 and (b) 250 mg mL�1 of copper(II) compounds.
The biofilm formation in the presence of DMSO was considered to
represent 100% biofilm formation (results were considered significant
when compared to DMSO control; *p < 0.05, **p < 0.01).
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a Gram-negative bacterium that produces the characteristic
purple pigment, violacein, when AHL (N-acyl homoserine
lactone) signaling molecules reach a threshold level, while
CV026 is a derivative strain harboring a LuxR receptor homo-
logue and a corresponding QS-controlled promoter fused to
a violacein production gene cluster and it is unable to produce
violacein unless exogenous AHLs are supplied.64,65 Based on this
readily observed pigmentation phenotype, C. violaceum strains
can be used to detect various aspects of AHL-mediated QS
activity.66 Colorless, but not clear zones around the compound-
loaded discs in our assay, indicated anti-QS activity, observed
with the copper(II) compounds in the following order 5 > 1 > 4$
3 > Cu(NO3)2$3H2O, while 2 and Cu(CF3SO3)2 did not inhibit
violacein production under these conditions (Fig. 4).

Notably, Cu(NO3)2$3H2O caused a zone of clearance imme-
diately around the disc, conrming the activity on the bacterial
growth. This initial screen, lead us to conclude that the cop-
per(II) compounds have the potential to interfere with the AHL-
dependant QS pathway. Surprisingly, in the same concentra-
tion, none of the compounds had the ability to affect the pyo-
cyanin production in P. aeruginosa PA14 strain (Fig. S1†).
Pyocyanin is a blue-green phenazine pigment also associated
with AHL concentration,67 suggesting either strain dependence
or that much higher concentrations are required to affect pyo-
cyanin production.

Effect on specic QS pathways in P. aeruginosa PAO1. The
opportunistic pathogen P. aeruginosa PAO1 uses elaborate
interconnected QS pathways to regulate biolm formation,
group motility and an arsenal of virulence factors in order to
overwhelm host defenses and establish chronic infections.
Therefore, it was important to differentiate which of the QS
pathways was affected by the copper(II) compounds used in this
study. Hence, three biosensor strains developed for this
purpose were included: the PAO1 DrhlIpKD-rhlA biosensor was
used to directly measure the levels of C4-HSL (N-butanoyl-
homoserine lactone), and the PA14-R3DlasIPrsaI lux strain
was used to measure the levels of 3OC12-HSL (N-3-oxo-
dodecanoyl-homoserine lactone) in the culture supernatants
of P. aeruginosa PAO1, while the detection of AHQs (2-alkyl-4-
quinolones), such as PQS (2-heptyl-3-hydroxy-4-quinolone) and
HHQ (2-heptyl-4-quinolone), was performed by the biosensor
PAO1 DpqsA mini-CTX luxPpqsA (Fig. 5).

The production of short chain acyl homoserine lactones
such as C4-HSL by P. aeruginosa PAO1 was the least affected by
the copper(II) compounds. Only pm-containing 1, pz-containing
2 and Cu(NO3)2$3H2O signicantly affected the production of
C4-HSL negatively for 30% and positively for 25% in compar-
ison to DMSO control, respectively (Fig. 5). The polynuclear
complex 1 signicantly reduced the production of 3OC12-HSL
for 40% and had no effect on AHQs production, indicating
that it specically affected HSL mediated QS in P. aeruginosa
PAO1.

The production of longer chain acyl homoserine lactones,
such as 3OC12-HSL was affected by all copper(II) complexes and
not by inorganic salts to a various extent (Fig. 5). Apart from
complex 1, all other compounds caused higher production of
this signaling molecule between 25–50% in comparison to the
86702 | RSC Adv., 2016, 6, 86695–86709
DMSO control, with the highest effect caused by the qz-
containing complex 4.

The production of diverse 2-alkyl-4-quinolones (AHQs),
which act as QS signal molecules and are also involved in the
regulation of many virulence factors in P. aeruginosa PAO1 (i.e.
This journal is © The Royal Society of Chemistry 2016
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Table 4 Minimal inhibitory concentration (MIC, mg mL�1) of individual antibiotics and in the presence of copper(II) compounds against P.
aeruginosa clinical isolate DM-18

Antibiotic

Cu(II) Compound

1 3 Cu(NO3)2$3H2O

—
500 mg
mL�1

1000 mg
mL�1 — 500 mg mL�1

1000 mg
mL�1 —

500 mg
mL�1

1000 mg
mL�1

Piperacillin 250 125 62.5 250 125 62.5 250 125 62.5
Ceazidime 1000 500 250 Indifferent 1000 500 250
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elastase, pyocyanin, rhamnolipids, biolm development), was
negatively affected by Cu(II) complexes 5 > 2 > 4 and has been
stimulated by Cu(NO3)2$3H2O salt for 25% (Fig. 5). The corre-
sponding N-heterocyclic ligands, supplied in 50 mg mL�1,
exerted no signicant effect on any of the biosensors (results
not shown).

These results indicated that the tested copper(II)
compounds, that showed no signicant effect on the growth of
P. aeruginosa strains (Table 3), were able to successfully modu-
late the production of signaling molecules that are part of the
QS system (Fig. 4 and 5). It appears that the acyl homoserine
lactone and the quinolone-mediated QS system in P. aeruginosa
PAO1 were affected, with the quinoline system more reduced
and the longer chain AHL more stimulated. The quinoline
system is usually transferred via extremely hydrophobic mole-
cules, usually in membrane vesicles,68 so structural differences
of the selected copper(II) complexes could not account for the
observed differences in the QS modulating activity.

Effect on P. aeruginosa PAO1 biolm formation. The
involvement of cell-to-cell signals in the development of
a bacterial biolm has been recognized for more than 20 years,69

and the recent report of Ni(II) and Cd(II) ions successfully pre-
venting biolm formation of Burkholderia multivorans without
affecting its viability70 provided further reason to examine the
effect of Cu(II) complexes on the ability of PAO1 to form bio-
lms. Indeed, copper(II) complexes showing QS antagonistic
activity were also able to reduce biolm formation, when
supplied in two different concentrations of 50 and 250 mg mL�1

(Fig. 6). Inorganic salts were less successful in biolm preven-
tion and only Cu(NO3)2$3H2O supplied in 250 mg mL�1 reduced
the biolm formation by 30%.

At concentration of 50 mg mL�1, complexes 1, 3 and 4 showed
the best antibiolm activity, reducing the biolm formation
between 23–38% in comparison to the DMSO treated control
(Fig. 6a). When the compounds were supplied in 250 mg mL�1,
the negative effect was more pronounced (3 > 5 > 4 > 1 >
Cu(NO3)2$3H2O), causing biolm inhibition between 30–60%
(Fig. 6b). Both of these concentrations had no effect on bacterial
growth (Table 3), while most of the compounds were cytotoxic at
250 mg mL�1 (Fig. 3). Overall, qz-containing complex 3 have the
most pronounced ability to inhibit biolm formation of P.
aeruginosa PAO1. To the best of our knowledge, this is the rst
report of a copper(II) complex as efficient inhibitor of biolm
formation of extremely hard to eradicate human opportunistic
pathogen P. aeruginosa PAO1.
This journal is © The Royal Society of Chemistry 2016
Synergy with known antibiotics

Based on the results of the anti-QS activity, we have selected
complexes 1 and 3, and Cu(NO3)2$3H2O to examine whether
they show any synergistic activity with known antibiotics, when
supplied in the combination. For this purpose, the clinical
isolate P. aeruginosaDM-18, that showed increased resistance to
a wide panel of antibiotics, including newer generation piper-
acillin and ceazidime, was selected (Table 4). With piper-
acillin, addition of 500 mg mL�1 of the copper(II) compounds
that had no effect on planktonic growth of P. aeruginosa DM-18
(Table 3), reduced theMIC two fold in the case of all three tested
copper(II) compounds, and four-fold when 1000 mg mL�1 were
used (Table 4). In the case of ceazidime, the effect of 3 was
indifferent, while the polynuclear complex 1 and Cu(NO3)2-
$3H2O enhanced the effect of the antibiotic (Table 4). Similarly,
organic quorum sensing inhibitors, such as cinnamaldehyde,
were found to increase the success of the antibiotic treatment by
increasing the susceptibility of bacterial biolms and/or by
increasing the host survival, following an infection with P. aer-
uginosa.71 This effect was not previously reported for copper(II)
complexes.

One of the strategies to overcome the problem of resistance
is the application of commonly used antibiotics in combination
with different agents.72,73 Metal ions and especially metallic
nanoparticles have shown great promise when used in combi-
nation with a number of antibiotics such as ampicillin, kana-
mycin, erythromycin and chloramphenicol against different
Gram positive or Gram negative strains.74 For instance, Au(III)
ions enhance the efficacy of a number of commonly used anti-
biotics against P. aeruginosa up to 146%.75
Conclusions

In summary, ve copper(II) complexes with the diazines
pyrimidine (pm, 1) and pyrazine (pz, 2), and the diazanaph-
thalenes quinazoline (qz, 3 and 4) and phthalazine (phtz, 5)
were synthesized and structurally characterized by spectroscopy
and crystallography. The results of the crystallographic analysis
show that the nuclearity of the N-heterocycle-copper(II)
complexes can be tuned by modication of the ligand structure.
The investigation of the antimicrobial properties of these cop-
per(II) complexes shows that, although they are not efficient
growth inhibitors of Pseudomonas aeruginosa strains, they are
able to inhibit quorum sensing (QS) by successful modulation
RSC Adv., 2016, 6, 86695–86709 | 86703
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of production of signaling molecules that are part of the QS
system. Beside the action of copper(II) complexes 1–5 on the acyl
homoserine and AHQs level, they are also potent inhibitors of
biolm formation in P. aeruginosa PAO1. These ndings could
serve as a basis for further complexation of Cu(II) ions with
small organic molecules that have already shown strong anti-QS
activity,68 which can be of importance for the development of
novel antivirulence therapeutic agents that attenuate virulence
without killing or a pronounced effect on the growth, thus
offering a lower risk for resistance development. Finally, using
a combination approach, we conrmed the synergies of the
most anti-QS active complexes 1 and 3 and two currently used
organic-based antibiotics, piperacillin and ceazidime against
multi-drug resistant clinical isolate of P. aeruginosa, indicating
that this combination therapy could be considered as a new
approach, and common antibiotics may have an even broader
range of medical applications in the future.
Experimental
Materials

Distilled water was demineralized and puried to a resistance of
greater than 10 MU cm�1. Copper(II) salts (Cu(NO3)2$3H2O and
Cu(CF3SO3)2), ethanol, methanol, acetonitrile and dimethyl
sulfoxide were purchased from Sigma-Aldrich. Pyrimidine (pm),
pyrazine (pz), quinazoline (qz) and phthalazine (phtz) were
obtained from ABCR. All reactants were of analytical reagent
grade and used without further purication.
Synthesis of copper(II) complexes 1 and 3–5

Copper(II) complexes with pyrimidine, quinazoline and phthalazine,
[Cu(NO3)2(H2O)2(pm)]n (1), [Cu(NO3)2(H2O)2(qz)2] (3), [Cu(NO3)2
(H2O)(qz)2]$0.5CH3CN (4) and [Cu3(NO3)2(OH)2(H2O)2(phtz)4](NO3)2
(5), were synthesized according to the modied procedure for the
preparation of copper(II) complexes with pyridazine44 and
quinoxaline.76

The solution of 1.0 mmol (241.6 mg for 1, 3 and 5) or 0.2
mmol (48.3 mg for 4) of Cu(NO3)2$3H2O in 5.0 mL of ethanol
was added slowly under stirring to the solution containing 1.0
mmol of the corresponding N-heterocyclic ligand (80.4 mL of
98% pyrimidine (1), 130.2 mg of quinazoline (3 and 4) and
phthalazine (5)) in 5.0 mL of ethanol. The reaction mixture was
stirred at room temperature for 3 h. The solid product of
complexes 1, 3 and 4 precipitated from the reaction mixtures
was ltered off and dissolved in 20.0 mL of acetonitrile. These
complexes were crystallized aer acetonitrile solutions were le
to stand in the refrigerator at +4 �C for ve days. The light blue
crystals of 1 and green crystals of 3 and 4 suitable for single-
crystal X-ray crystallography were ltered off and dried at
ambient temperature. On the other hand, complex 5 was crys-
tallized from themother ethanol solution aer its cooling in the
refrigerator for several days. Yield (calculated on the basis of
Cu(NO3)2$3H2O): 239.9 mg (79%) for 1, 150.0 mg (62%) for 3,
65.2 mg (67%) for 4 and 105.5 mg (41%) for 5.

Anal. calcd for 1 ¼ C4H8CuN4O8 (Mr ¼ 303.68): C, 15.82; H,
2.66; N, 18.45. Found: C, 15.89; H, 2.73; N, 18.81%. IR (KBr, n,
86704 | RSC Adv., 2016, 6, 86695–86709
cm�1): 3446(br), 3115(w), 3093(w), 3032(w), 1767(w), 1751(w),
1639(w), 1599(m), 1464(w), 1403(m), 1384(vs), 1353(s), 1218(w),
1182(w), 1143(w), 1084(w), 1036(w), 833(w), 805(w), 684(w). UV-
vis (DMSO, lmax, nm): 838 (3 ¼ 23.0 M�1 cm�1).

Anal. calcd for 3 ¼ C16H16CuN6O8 (Mr ¼ 483.89): C, 39.71; H,
3.33; N, 17.37. Found: C, 39.69; H, 3.38; N, 17.68%. IR (KBr, n,
cm�1): 3411(br), 3114(w), 3090(w), 3020(w), 1763(w), 1751(w),
1670(w), 1621(s), 1589(m), 1574(m), 1491(m), 1384(vs), 1353(s),
1240(m), 1212(m), 1155(m), 1136(m), 1059(w), 1013(w), 969(w),
944(w), 925(m), 871(w), 825(w), 790(m), 750(s), 636(m), 550(w),
484(m). UV-vis (DMSO, lmax, nm): 842 (3 ¼ 23.6 M�1 cm�1).

Anal. calcd for 4 ¼ C17H15.50CuN6.50O7 (Mr ¼ 486.40): C,
41.98; H, 3.21; N, 18.72. Found: C, 42.00; H, 3.14; N, 18.72%. IR
(KBr, n, cm�1): 3453(br), 3115(w), 3066(w), 1767(w), 1751(w),
1621(s), 1575(m), 1490(m), 1384(vs), 1357(m), 1290(m),
1213(m), 1155(m), 1136(m), 1059(w), 1014(w), 969(w), 942(w),
925(m), 812(w), 791(m), 751(m), 636(m), 551(w), 484(m). UV-vis
(DMSO, lmax, nm): 836 (3 ¼ 26.1 M�1 cm�1).

Anal. calcd for 5¼ C32H30Cu3N12O16 (Mr¼ 1029.30): C, 37.34;
H, 2.94; N, 16.33. Found: C, 37.98; H, 3.09; N, 16.57%. IR (KBr, n,
cm�1): 3455(br), 3066(w), 3047(w), 3000(w), 1772(w), 1760(w),
1752(w), 1621(m), 1384(vs), 1354(s), 1335(sh), 1320(m), 1280(m),
1249(m), 1224(m), 1161(m), 1043(w), 1013(w), 987(m), 933(w),
824(w), 765(m), 652(w), 571(w), 471(m). UV-vis (DMSO, lmax,
nm): 760 (3 ¼ 65.1 M�1 cm�1).

Synthesis of copper(II) complex 2

Copper(II) complex with pyrazine, [Cu(CF3SO3)(H2O)(pz)4]
CF3SO3 (2), was synthesized according to the modied proce-
dure for the preparation of [Cu(CF3SO3)2(pz)4]$H2O complex.41

The solution of 0.3mmol of Cu(CF3SO3)2 (108.5 mg) in 2.0mL of
hot methanol was added under stirring to the hot solution of
pyrazine (4.29 mmol, 343.6 mg) dissolved in 5.0 mL of meth-
anol. Aer standing of the mother methanol solution in the
refrigerator for 2 days, the blue crystals of complex 2 were
formed. These were ltered off and dried at ambient tempera-
ture. Yield (calculated on the basis of Cu(CF3SO3)2): 155.4 mg
(74%). Anal. calcd for 2 ¼ C18H18CuF6N8O7S2 (Mr ¼ 700.06): C,
30.88; H, 2.59; N, 16.01. Found: C, 30.29; H, 2.63; N, 16.05%. IR
(KBr, n, cm�1): 3443(br), 3138(w), 3102(w), 3051(w), 1648(w),
1419(s), 1286(vs), 1252(vs), 1230(s), 1177(s), 1151(s), 1125(m),
1084(w), 1056(m), 1034(s), 974(w), 805(m), 639(s), 575(w),
516(m), 493(w), 457(w). UV-vis (DMSO, lmax, nm): 838 (3 ¼ 27.4
M�1 cm�1).

Measurements

Elemental analyses for carbon, hydrogen and nitrogen were
performed on a Vario EL instrument by the Microanalytical
Laboratory, Department of Organic Chemistry, Heidelberg
University. Infrared spectra were recorded as KBr pallets on
a Perkin Elmer Spectrum 100 spectrometer over the range of
450–4000 cm�1. The UV-vis spectra were recorded on a Cary 100
spectrophotometer (Varian, USA), aer dissolving of the corre-
sponding copper(II) complex in dimethyl sulfoxide (DMSO), over
the wavelength range of 200–1100 nm. The concentration of the
copper(II) complex was 2.5 mg mL�1.
This journal is © The Royal Society of Chemistry 2016
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X-ray crystal structure determinations

Crystal data and details of the structure determinations are
listed in the ESI (Table S2†). Full shells of intensity data were
collected at low temperature with an Agilent Technologies
Supernova-E CCD diffractometer (Mo-Ka radiation, microfocus
X-ray tube, multilayer mirror optics; complex 5) or a Bruker AXS
Smart 1000 CCD diffractometer (Mo-Ka radiation, sealed X-ray
tube, graphite monochromator; all other compounds).
Detector frames (typically w-, occasionally j-scans, scan width
0.4–1�) were integrated by prole tting.77–79Data were corrected
for air and detector absorption, Lorentz and polarization
effects78,79 and scaled essentially by application of appropriate
spherical harmonic functions.80–82 Absorption by the crystal was
treated numerically (Gaussian grid, complex 5)83 or with
a semiempirical multiscan method augmented by a spherical
correction (as part of the scaling process; all other
complexes).81,82 For the dataset collected with the microfocus
tube(s) an illumination correction was performed as part of the
numerical absorption correction.78,81 The structures were solved
by the heavy atom method combined with structure expansion
by direct methods applied to difference structure factors84

(complex 3) or by the charge ip procedure85 (all other
complexes) and rened by full-matrix least squares methods
based on F2 against all unique reections.86 All non-hydrogen
atoms were given anisotropic displacement parameters. An
empirical extinction correction87 was applied to the data of
complex 1.86

Hydrogen atoms were generally input at calculated positions
and rened with a ridingmodel. When justied by the quality of
the data the positions of some or all hydrogen atoms were taken
from difference Fourier syntheses and rened. Except for
complex 5, hydrogens on oxygen were always fully rened. For 5,
difference Fourier syntheses showed two shallow maxima close
to the terminal oxygen atom O1 on Cu1, which were attributed
to the two hydrogen atoms of a water ligand (dO–H ¼ 0.86 and
0.81 Å, angle(HOH) ¼ 107�). Inspection of the hydrogen bond
network indicated possible disorder, with the two water
hydrogen donors to choose from three nitrate oxygen acceptors.
Independent renement of these hydrogens did not result in
a reasonable geometry nor was it possible to identify a third
Fourier peak resulting from disorder. Constrained renement
was therefore carried out with the water molecule treated as
a rigid group pivoting on the oxygen atom and the initial posi-
tions of the hydrogen atoms taken from the Fourier peaks.
Drawings were prepared with MERCURY.88
Bacterial strains, growth media and culture conditions

Biosensor strain Chromobacterium violaceum CV026 89 was
provided by Prof. Vittorio Venturi (ICGB, Trieste, Italy). Pseu-
domonas aeruginosa PAO1, P. aeruginosa PA14, P. aeruginosa
PAOJP2, P. aeruginosa PA14-R3 and PAO1 DpqsAmini-
CTXluxPpqsA were kindly provided by Dr Livia Leoni, Depart-
ment of Biology, University Roma Tre, Italy. Bacteria were
routinely grown in Luria–Bertani (LB) medium (1%, (w/v) NaCl,
1% (w/v) tryptone, 0.5% (w/v) yeast extract) with or without agar
(1.5%, w/v) with shaking (180 rpm) at 37 �C. TSB (tryptone soy
This journal is © The Royal Society of Chemistry 2016
broth) (Oxoid) was used for growth of P. aeruginosa PAO1 in the
assay of biolm formation. When required, antibiotics kana-
mycin, streptomycin and tetracycline (BioReagent, Sigma-
Aldrich, Germany) were incorporated into growth medium at
the concentration of 30 or 200 mg mL�1 in the case of kana-
mycin, 20 mg mL�1 for streptomycin and 100 mg mL�1 for
tetracycline.

P. aeruginosa strain DM-18, clinical isolate, showing reduced
susceptibility towards commonly used antibiotics including
ceazidime, amikacin, enrooxacin, piperacillin, colistin, imi-
penem and meropenem, was kindly provided by Prof. Dusan
Misic (Department of Microbiology and Immunology, Faculty of
Veterinary Medicine, University of Belgrade) and used in
experiments to determine the synergy of copper(II) compounds
and antibiotics, namely piperacillin and ceazidime. P. aerugi-
nosa strain DM-18 was routinely grown in LB medium. Piper-
acillin and ceazidime were purchased from Sigma-Aldrich,
Germany.
Minimal inhibitory concentration (MIC) determination and
antiproliferative activity

To determine minimal inhibitory concentrations (MIC) of each
copper(II) complex and salt, N-heterocyclic ligand and antibiotic
against bacterial (P. aeruginosa and S. aureus) and fungal (C.
albicans) strains, standard broth microdilution method has
been used in LB broth.89 Tested compounds were included in
concentrations from 0.8 to 1000 mg mL�1. The carrier solvent
DMSO was used as a control. Cell growth was measured via
optical density at 600 nm (OD600) using Tecan Innite 200 Pro
multiplate reader (Tecan Group, Männedorf, Switzerland) aer
24 h incubation at 37 �C.

Synergy tests. To determine the synergy between the selected
copper(II) compounds (1, 3 and Cu(NO3)2$3H2O) and antibi-
otics, piperacillin and ceazidime, against P. aeruginosa DM-18,
previously described checkerboard microdilution method has
been used. Bacterial suspension with turbidity equivalent to 0.5
McFarland standards was adjusted to give a nal inoculum 3 �
105 to 5 � 105 colony forming units (CFU) mL�1, in 100 mL LB
broth and incubated for 24 h at 37 �C. Plates were read for visual
turbidity and spectrophotometrically at 600 nm, and results
were recorded aer 24 h of incubation at 37 �C as turbidity in
wells indicated growth of the microorganism. The MIC was
determined in the microtiter plate with the lowest drug
concentration at which there was no visible growth. TheMICs of
single antibiotics (MICA) and in combination with Cu(II)
compound (MICAB) were determined aer 24 h of incubation at
37 �C.MICAB was dened as theMIC of drug A in the presence of
compound B.90

Antiproliferative assay. Antiproliferative activities of cop-
per(II) complexes and control compounds were measured using
the methods described previously.91 MRC5 cells (human lung
broblast, obtained from ATCC) were plated in a 96-well at-
bottom plate at a concentration of 1 � 104 cells per well,
grown in humidied atmosphere of 95% air and 5% CO2 at 37
�C, and maintained as monolayer cultures in RPMI-1640
medium supplemented with 100 mg mL�1 streptomycin, 100 U
RSC Adv., 2016, 6, 86695–86709 | 86705
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mL�1 penicillin, and 10% (v/v) fetal bovine serum (FBS). Aer 24
h of MRC5 cells incubation, the media containing increasing
concentrations of each tested compound (5, 10, 50 and 250 mg
mL�1) were added to the cells. Control cultures received
the solvent DMSO and blank wells contained 200 mL of
growth medium. Aer 48 h of incubation, cells proliferation
was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay. Cell
proliferation was determined from the absorbance at 540 nm on
Tecan Innite 200 Pro multiplate reader (Tecan Group,
Männedorf, Switzerland). The MTT assay was performed two
times in four replicates and the results were presented as
percentage of the control (untreated cells) that was arbitrarily
set to 100%.

Effect of copper(II) compounds on violacein synthesis in
Chromobacterium violaceum CV026 and pyocyanin synthesis
in Pseudomonas aeruginosa PA14

C. violaceum CV026, mini-Tn5mutant, dependent on exogenous
AHLs for violacein production, was used as an indicator
organism to monitor QS inhibition in disc diffusion assay.64

Briey, semi-solid LB agar (0.3%, w/v; 5 mL) was seeded with 50
mL of an overnight culture of C. violaceum CV026, supplemented
by N-hexanoyl-L-homoserine lactone (Sigma, Germany) to a nal
concentration of 5 mM and poured over the surface of LB agar
plates. When the overlaid agar had solidied, sterilized discs
containing 50 mg of each compound were placed on the plates.
Petri dishes were incubated in the upright position overnight
(30 �C) and examined for the violacein synthesis. Inhibition of
violacein synthesis was dened by the presence of white haloes
in a purple background.

Overnight culture of P. aeruginosa PA14 grown in Kings
Medium A (Himedia, Mumbai, India) was diluted to OD600 of
0.2 (5 mL). Different copper(II) compounds at a concentration of
50 mg mL�1 were added to the asks with P. aeruginosa PAO1
and incubated at 37 �C for 24 h. Cultures were then extracted
with chloroform (3 mL), chloroform layer was transferred to
fresh tube and mixed with 0.2 M HCl (1 mL) giving it a pink to
deep red color, indicating the presence of pyocyanin. To
determine the amount of pyocyanin the absorbance was
measured at 520 nm.92 The experiment was done in triplicate
and repeated two times. The values were expressed as ratio
(OD520/OD600) � 100.

Assays for acyl homoserine lactones (AHL) production in P.
aeruginosa

For the extraction of AHLs, P. aeruginosa PAO1 was grown in LB
broth at 37 �C for 24 h, supplemented with appropriate test
compound to a nal concentration of 50 mg mL�1 from DMSO
stock solution. Control containing the equivalent amount of
DMSO was also included. Aer 24 h of growth, optical density of
the culture at 540 nm (OD540) was determined and the cells were
centrifuged. Supernatants (20 mL) from these cultures were
extracted with the same volume of acidied ethyl acetate (acetic
acid, 0.1% (v/v)) for 10 min with shaking and centrifuged to
separate aqueous and ethyl acetate phase. Ethyl acetate phase
86706 | RSC Adv., 2016, 6, 86695–86709
was transferred to a clean bottle and solvent was removed under
reduced pressure and the remaining residue weighted and
dissolved in the same solvent in an appropriate amount which
corresponded to following ratio: 1 mL of nal extract corre-
sponding to 1 � 109 cells of the original culture.93 Experiments
were performed in triplicate. Concentrated extracts were used in
AHL assays. Semi-solid LB agar (0.3%, w/v; 5 mL) was seeded
with 50 mL of an overnight culture of C. violaceum CV026 and
poured over the surface of LB agar plates. When the overlaid
agar had solidied, sterilized discs containing 10 mL of each
AHL extract were placed on the surface of plates. These Petri
dishes were incubated in the upright position overnight (30 �C)
and examined for the stimulation of violacein synthesis. QS
induction was detected as purple pigmentation of bioreporter
strain grown around the discs. Measurements were made from
the outer edge of the discs to the edge of the zones of QS-
stimulation or QS-inhibition. Assays were performed in
triplicate.

For the micro-volumetric determination of long-chain
(3OC12-HSL) and short-chain AHLs (C4-HSL) levels in P. aeru-
ginosa PAO1 culture supernatants, cultures were grown over-
night at 37 �C in LB. Cultures were diluted 1 : 1000 in 10 mL LB
in the presence of copper(II) compounds or DMSO and grown at
37 �C. Aer 6 h of growth the OD600 was measured, and 2 mL of
culture was centrifuged and the supernatant was ltered and
stored at �20 �C until used. Aliquot of culture supernatants (20
mL) was added to 180 mL of LB inoculated with P. aeruginosa
PA14-R3 (measurements of 3OC12-HSL) or P. aeruginosa PAOJP2
(measurements of C4-HSL) (nal OD600 ¼ 0.045).94 Plates were
incubated at 37 �C with shaking, and cell density (OD600) and
bioluminescence (light counts per second, LCPS) were simul-
taneously measured aer 4 h of incubation using Tecan Innite
200 Pro multiplate reader (Tecan Group Ltd., Männedorf,
Switzerland). Luminescence values were normalized per cell
density.

2-Alkyl-4-quinolones (AHQs) production assay. For the
detection and quantication of quorum sensing molecules 2-
alkyl-4-quinolones (AHQs), such as 2-heptyl-3-hydroxy-4 quino-
lone (PQS) and 2-heptyl-4-quinolone (HHQ), which represent
the major P. aeruginosa AHQs signal molecules present in
bacterial culture supernatants, a lux-based P. aeruginosa AHQ
sensor was employed in liquid microtiter plate assay. PAO1
DpqsA mini-CTX luxPpqsA biosensor was used for detection
and quantication of AHQs molecules extracted from P. aeru-
ginosa PAO1 cultures as described previously.95
Activity of copper(II) compounds on P. aeruginosa biolm
formation

P. aeruginosa biolms were grown in TSB medium without
shaking conditions. The effect of copper(II) compounds on
biolm forming ability was tested at concentrations of 50 and
250 mg mL�1, using polystyrene at-bottomed microtitre 96 well
plates as previously described with some modications.96

Briey, overnight culture of P. aeruginosa was diluted in a fresh
LB medium to OD600 of 0.2 and 100 mL of the diluted culture
with appropriate copper(II) compound. Aer incubation for 24 h
This journal is © The Royal Society of Chemistry 2016
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at 37 �C, the plate was washed twice with sterile water, dried,
stained for 30 min with 0.4% crystal violet in order to determine
biolm formed. Stained cells were washed with sterile water to
remove unbound crystal violet. Aer drying, 150 mL of 30% (v/v)
acetic acid was added to solubilize the dye. Aer 10 min, the
content of the wells was homogenized and the OD of samples
was measured at 550 nm using Tecan Innite 200 Pro multi-
plate reader (Tecan Group, Männedorf, Switzerland). The
experiment was done in quintuplicate and repeated two times.
Statistical analysis

For each species, three samples were used and all the assays
were carried out in triplicate. The results were expressed as
mean values and standard errors, and analyzed using one-way
analysis of variance (ANOVA) followed by Tukey's HSD Test
with a ¼ 0.05. This analysis was carried out using SPSS v. 18.0
program.
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27 P. Williams and M. Cámara, Curr. Opin. Microbiol., 2009, 12,
182–191.

28 M. Schuster, D. J. Sexton, S. P. Diggle and E. P. Greenberg,
Annu. Rev. Microbiol., 2013, 67, 43–63.

29 C. Winstanley and J. L. Fothergill, FEMS Microbiol. Lett.,
2009, 290, 1–9.

30 T. Bjarnsholt, T. Tolker-Nielsen, N. Høiby and M. Givskov,
Expert Rev. Mol. Med., 2010, 12, e11.

31 J. T. Thaden, S. Lory and T. S. Gardner, J. Bacteriol., 2010,
192, 2557–2568.

32 N. Amara, B. P. Krom, G. F. Kaufmann and M. M. Meijler,
Chem. Rev., 2011, 111, 195–208.

33 M. G. P. Page and J. Heim, Curr. Opin. Pharmacol., 2009, 9,
558–565.

34 W. R. J. D. Galloway, J. T. Hodgkinson, S. D. Bowden,
M. Welch and D. R. Spring, Chem. Rev., 2011, 111, 28–67.

35 C. J. Sumby, Coord. Chem. Rev., 2011, 255, 1937–1967.
36 D. J. Connolly, D. Cusack, T. P. O'Sullivan and P. J. Guiry,

Tetrahedron, 2005, 61, 10153–10202.
37 M. A. J. Duncton, E. L. Piatnitski, R. Katoch-Rouse,

L. M. Smith II, A. S. Kiselyov, D. L. Milligan, C. Balagtas,
W. C. Wong, J. Kawakami and J. F. Doody, Bioorg. Med.
Chem. Lett., 2006, 16, 1579–1581.

38 M. Yasui, Y. Ishikawa, N. Akiyama, T. Ishida, T. Nogami and
F. Iwasaki, Acta Crystallogr., Sect. B: Struct. Sci., 2001, 57,
288–295.
RSC Adv., 2016, 6, 86695–86709 | 86707

http://dx.doi.org/10.1039/c6ra19902j


RSC Advances Paper

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l L
ib

ra
ry

 o
f 

Se
rb

ia
 o

n 
11

/1
9/

20
18

 1
0:

29
:3

9 
A

M
. 

View Article Online
39 C. V. K. Sharma and R. D. Rogers, Cryst. Eng., 1998, 1, 19–38.
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