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A B S T R A C T

In the present study, two binuclear copper(II) coordination compounds bridged by hydroxy- and thiodipropionic
acid have been synthesized. The structure of compounds was determined by X-ray crystallography. The central
copper atoms exist in square pyramidal surroundings. Basal plane is formed by nitrogen atoms of amines and
oxygen atoms of bridges, whereas apical positions are occupied by oxygen atoms of coordinated water mole-
cules. Temperature dependence study of magnetic susceptibility proved strong antiferromagnetic exchange
between copper atoms in hydroxy-bridged complex. These coordination compounds were also tested for their
biological activities in vitro. Both coordination compounds exhibit pronounced cytocompatibility in mammalian
epithelial cells with no induction of oxidative stress and DNA fragmentation. Moreover, synthesized compounds
are hemocompatible and do not alter expression of a marker of multiple cellular stress, p53. On the other hand,
both compounds had stimulatory effect on expression of metallothioneins (MT-1/2 and MT-3). Antimicrobial
testing on Escherichia coli, Staphylococcus aureus and methicillin-resistant Staphylococcus aureus revealed that
both copper compounds exhibit antibacterial activity regardless the cell wall composition. Overall, current work
presents a synthesis of Cu(II) coordination compounds with interesting biological behavior and with a promising
potential to be further tested in pre-clinical models.

1. Introduction

Copper exhibits considerable biochemical activity either as an es-
sential trace metal or as a constituent of various exogenously ad-
ministered compounds. Any excess of Cu beyond physiological capacity
may be misallocated to nonspecific and low-affinity metal ion binding
sites that results in inactivation of crucial enzymes and interference
with normal metabolism [1]. In the field of medicinal bioinorganic
chemistry, Cu compounds have been the subject of numerous reports
demonstrating activity of Cu against viruses, bacteria or fungi or as
central atom in various anticancer drugs [2–4]. Due to its bacteriostatic

activity, Cu is commonly present in touch surfaces used in hospitals and
healthcare setting, disallowing the growth and transfer of bacteria
[5,6]. In cancer therapy, copper coordination compounds are reported
to have a broader spectrum of activities circumventing inherited and/or
acquired resistance to platinum drugs [7–9]. From such compounds,
structurally determined copper coordination compounds with bridging
thiodiacetic acid (H2tda) are known [10–12]. On the basis of these
molecular structures it can be stated that thiodiacetate anion can co-
ordinate Cu in different coordination modes and sulfur atom can be
involved in coordination, too. It is interesting to compare these com-
pounds with those possessing a longer carboxylate bridge chain, namely
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with thiodipropionic acid (H2tdpa), which was studied by Arici et al.
[13–15].

The current study focuses on a synthesis, characterization and bio-
logical testing of two binuclear Cu(II) coordination compounds with
amines [N,N,N′,N″,N″-pentamethyldiethylenetriamine (pmdien) and
N,N,N′,N′-tetramethylethane-1,2-diamine (tmen)] bridged by thiodi-
propionic acid or by hydroxo groups that are well known for their
biocompatibility in mammalian cells [16,17]. The amines were chosen
because of their steric hindrance caused by the presence of methyl
groups. On the other side, hydrogens of methyl groups can be involved
in hydrogen bonding with biomolecules. Using the synthesized and
characterized coordination compounds, an array of biological tests was
performed to reveal cytotoxicity in mammalian epithelial cells as well
as antimicrobial activity especially for methicillin-resistant Staphylo-
coccus aureus (MRSA).

2. Experimental

2.1. Chemicals and methods

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA)
in ACS purity, unless noted otherwise. C, H, N, and S were determined
on EA 1108 instrument (Fisons, Loughborough, UK).

2.2. Procedure for synthesis of 1 and 2

[Cu2(pmdien)2(H2O)2(μ-tdpa)](ClO4)2·H2O (1)

The ligand pmdien (0.2mL, 1mmol) was added to a stirred solution
of Cu(ClO4)2·6H2O (0.36 g, 1mmol) in methanol (40mL). Solution of
H2tda (0.089 g, 0.5mmol) neutralized with KOH (0.056 g, 1mmol) in
water (5mL) was added. Blue color turned to violet and white pre-
cipitate formed was removed by filtration. The filtrate was left for
crystallization. After a week blue crystals (suitable for X-ray analyses)
were collected, washed with methanol and dried in air. Yield: 345mg,
77%. Anal. calcd. (C24H60N6O15SCl2Cu2): C, 31.9; H, 6.7; N, 9.3; S, 3.5
Found: C, 31.7; H, 6.7; N, 9.2; S, 3.3%.

[Cu2(tmen)2(H2O)2(μ-OH)2](ClO4)2 (2)

The ligand tmen (0.3 mL, 2mmol) was added to a stirred solution of
Cu(ClO4)2·6H2O (0.36 g, 1mmol) in methanol (45mL). Color of solu-
tion turned to dark blue. Solution of H2tda (0.075 g, 0.5 mmol) with
KOH (0.056 g, 1mmol) in water (4mL) was added. Little amount of
white precipitate was filtered off. After a week violet crystals were
collected on a frit funnel, washed with methanol and dried in air. Yield:
220mg, 70%. Anal. calcd. (C12H38N4O12Cl2Cu2): C, 22.9; H, 6.1; N, 8.9
Found: C, 22.8; H, 6.1; N, 8.8%.

2.3. Determination of crystal structure

The dark blue and blue-violet crystals of compounds 1 and 2
(scheme of synthesis and structures of synthesized compounds are
shown in Fig. 1A and B) were mounted in turn on a Bruker APEXII
automatic diffractometer equipped with charge-coupled device de-
tector, and used for data collection. The compounds were analysed in
sealed glass capillaries filled with helium. X-ray intensity data were
collected at temperature of 100.0(1) K with microsource (with
MonoCap capillary) CuKα (λ=1.54178 Å) radiation and ω scan mode.
The 25 s exposure time was used. The unit cell parameters were de-
termined from 661 and 375 strongest reflections for 1 and 2, respec-
tively.

Details concerning crystal data and refinement are given in Table 1.
An examination of reflections on two reference frames monitored after
each 20 frames measured showed no loss of the intensity for both
compounds. During the data reduction Lorentz, polarization, and

empirical absorption [18] corrections were applied. The structures
were solved by partial structure expansion procedure. All the non‑hy-
drogen atoms were refined anisotropically using full-matrix, least-
squares technique on F2. All the hydrogen atoms were found from
difference Fourier synthesis after four cycles of anisotropic refinement,
and refined as “riding” on the adjacent atom with geometric idealiza-
tion after each cycle of refinement and individual isotropic displace-
ment factors equal 1.2 times the value of equivalent displacement factor
of the parent non-methyl carbon or nitrogen atoms and 1.5 times of
parent methyl group carbon or oxygen atoms. The methyl groups were
allowed to rotate about their local three-fold axis. Some atoms of both
compounds show the symptoms of disorder exhibiting in prolating and
oblating ellipsoids. The introduction of multipositional disorder models
to these atoms, except the one perchlorate anion, does not improve the
quality of refinement, thus it can be supposed that this disorder is dy-
namic in character. The part of one perchlorate anion of compound 2
exhibits the two-domain static disorder (with 6:4 participation of do-
mains) accompanied by further dynamic disorder (the atoms of the both
domains still exhibits ellipsoids of revolution). The static disorder is
rotational in character, i.e. the domains are rotated about local three-
fold axis going thought Cl11 and O11 atoms. The SHELXS, SHELXL and
SHELXTL [19,20] programs were used for all the calculations. Atomic
scattering factors were taken from International Tables for Crystal-
lography.

2.4. Magnetic measurements

Variable – temperature (2−300 K) direct current (DC) magnetic
susceptibility measurements under applied field of 0.1 (T < 20 K) and
1.0 kG (T≥20 K) and variable – field (0–7 T) magnetization measure-
ments at low temperatures within the range from 2 to 6 K were carried
out with Quantum Design SQUID magnetometer. Raw magnetic sus-
ceptibility data was corrected for the underlying diamagnetism and the
sample holder [7]. Magnetic analyses were carried out by crushing the
crystals and restraining the sample in order to prevent any displace-
ment due to its magnetic anisotropy.

2.5. Electron paramagnetic resonance (EPR) spectroscopy

X- (9.5 GHz) and Q-band (35 GHz) EPR measurements were carried
out on polycrystalline samples using a Bruker ElexSys E 500 spectro-
meter and cavities. The measurements were performed in the nitrogen
atmosphere at room temperature. The spectrometer was equipped with
nuclear magnetic resonance teslameter (ER 036TM) and at X-band
frequency counter (E 41 FC). At Q-band as the standard of g-parameter,
1,1-diphenyl-2-picrylhydrazyl was used. Measurements parameters
were as follows: microwave power 10mW, modulation amplitude 8 G,
center field 3500 G, range 7000 G for X-band and microwave power
11mW, modulation amplitude 10 G, center field 11,000 G, range
3990 G for Q-band.

2.6. Fourier-transform infrared spectroscopy (FT-IR)

The middle-infrared (4000–400 cm−1) and far-infrared
(600–100 cm−1) spectra were collected on the Fourier-transform,
Bruker VERTEX 70V vacuum spectrometer equipped with an air-cooled
deuterated triglycine sulfate detector. The copper(II) coordination
compounds were placed on the diamond crystal of the attenuated total
reflectance accessory. The spectral data were recorded at the resolution
of 2 cm−1 collection of 128 scans. The spectral data were collected and
further elaborated using Bruker OPUS software.

2.7. Theoretical calculations

To perform full geometry optimization, vibrational harmonic fre-
quencies for all molecules were performed by the density functional
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theory B3LYP-D3 (standard hybrid density functional B3LYP [21,22]
method with dispersion correction D3) [23]. This method combined
with the basis sets def2-TZVP, for all other atoms, was used to optimize
geometry without any symmetry restrictions and wavenumber calcu-
lations were carried out to verify whether the optimized molecular
structure corresponded to minimum energy. Since the density func-
tional theory (DFT) functional is not able to describe long range London
dispersion interactions, we corrected the (semi) local density functional
with the original D3 damping function [23]. The DFT calculations of
the atomic charges and natural bond orbital (NBO) were performed for
the complexes studied [24,25]. The J parameter was calculated at the
same level of theory. The calculations were carried out with the
Gaussian 09 [26], Orca-ver 4.0 [27] and NBO 6.0 programs [28].

2.8. Cell lines and culture conditions

The human breast cancer cell lines used in this study were: i) MDA-
MB-231 (ATCC® HTB-26); and ii) HBL-100 (ATCC® HTB-124). All cell
lines were purchased from Health Protection Agency Culture
Collections (Salisbury, UK). Cells were cultured in a RPMI-1640

medium with 10% foetal bovine serum. Media were supplemented with
penicillin (100 U/mL) and streptomycin (0.1mg/mL), and the cells
were maintained at 37 °C in a humidified incubator (Eppendorf,
Hamburg, Germany) with 5% CO2. The treatment with copper com-
pounds was initiated after cells reached ∼60–80% confluence.

2.9. Testing the effects of 1 and 2 on cellular proliferation

The viability was assayed using MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. Briefly, the suspension of
5000 cells in 50 μL medium was added to each well of microtiter plates,
followed by incubation for 24 h at 37 °C with 5% CO2 to ensure cell
growth. Treatments with 1 and 2 were carried out for 24 h. Then, 10 μL
of MTT [5mg/mL in phosphate buffered saline (PBS)] was added to the
cells and the mixture was incubated for 4 h at 37 °C. After that, MTT-
containing medium was replaced by 100 μL of 99.9% dimethyl sulf-
oxide and, after 5min incubation, absorbance of the samples was de-
termined at 570 nm using Infinite 200 PRO (Tecan, Maennedorf,
Switzerland).

Fig. 1. Syntheses of complexes (A) 1 and (B) 2.

Table 1
Crystal data and structure refinement for 1 and 2.

Compound 1 2

Empirical formula C24H60Cl2Cu2N6O15S C12H38Cl2Cu2N4O12

Formula weight 902.82 628.44
Crystal system, space group Monoclinic, P21/c (no. 14) Monoclinic, P21/c (no. 14)
Unit cell dimensions [Å, °] a=17.5682(15) a=7.6923(5)

b=15.5344(10) b=14.9129(9)
c=14.8028(9) c=11.4087(7)
β=101.377(2) β=108.074(3)

Volume [Å3] 3960.5(5) 1244.17(14)
Z, Calculated density [mg/m3] 4, 1.514 2, 1.678
Absorption coefficient [mm−1] 3.655 4.640
F(000) 1896 652
Crystal size [mm] 0.140, 0.120, 0.110 0.093, 0.091, 0.084
θ range for data collection [°] 2.565 to 72.439 5.042 to 72.384
Index ranges −21≤ h≤21, −19≤ k≤18, −18≤ 1≤18 −9≤ h≤8, −18≤ k≤18, −14≤ 1≤14
Reflections collected/unique 42,727/7816 [R(int)=0.0390] 13,244/2457 [R(int)=0.0318]
Completeness [%] (to θ=67°) 99.9 99.7
Min. and max. transmission 0.607 and 0.690 0.668 and 0.685
Data/restraints/parameters 7816/0/461 2457/0/176
Goodness-of-fit on F2 1.099 1.105
Final R indices [I > 2σ(I)] R1=0.0497, wR2=0.1268 R1=0.0524, wR2=0.1392
R indices (all data) R1=0.0497, wR2=0.1268 R1=0.0526, wR2=0.1395
Largest diff. peak and hole [e·Å−3] 1.202, −1.248 0.961, −1.004
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2.10. Wound-healing assay

For the wound-healing assay, the cells were cultured in 6-well plates
until they reached ~80% confluency. Then, a pin was used to scratch
and remove cells from a discrete area of the confluent monolayer to
form a cell-free zone. After that, cells were re-suspended in a fresh
medium enriched with 0.5mM 1 or 2, respectively. After 24 h, micro-
graphs of cells were taken and compared with micrographs obtained at
0 h using TScratch software (CSElab, Zurich, Switzerland).

2.11. Fluorescence microscopy of reactive oxygen species (ROS)

Cells were cultivated directly on microscope glass slides
(75× 25mm, thickness 1mm, Thermo Fisher Scientific, Waltham, MA,
USA) in Petri dishes. After treatment (0.5 mM, 24 h), microscope glass
slides with a monolayer of cells were removed from Petri dishes, rinsed
with cultivation and directly used for analysis of ROS using CellROX®
Green Reagent (Thermo Fisher Scientific) according to manufacturer's
instructions. For nuclei counterstaining, Hoechst 33342 was employed.
Cells were also visualized under phase contrast (PC). All analyses were
carried out using the EVOS FL Auto Cell Imaging System (Thermo
Fisher Scientific).

2.12. Single-cell gel electrophoresis (SCGE)

The cells were plated at a density of 106 cells/well in six-well dishes
and treated with 1 and 2 (0.5mM) for 24 h. As a control, 150 μM H2O2

was employed. After harvesting, app. 15 μL of the cell suspension was
mixed with 75 μL of 0.5% low melting point agarose (CLP, San Diego,
CA, USA) and layered on one end of a frosted plain glass slide. Then, it
was covered with a layer of the low melting agarose (100 μL). After the
solidification of the gel, the slides were immersed in a lysing solution
(2.5M NaCl, 100mM Na2EDTA, 10mM Tris, pH 10) containing 1%
Triton X-100 and 10% dimethyl sulfoxide), with an overnight incuba-
tion at 4 °C. A cold alkaline electrophoresis buffer was poured into the
chamber and incubated for 20min at 4 °C. The electrophoresis was
carried at 4 °C, (1.25 V/cm, 300mA) for 30min. The slides were neu-
tralized (0.4M Tris, pH 7.5) and then stained with ethidium bromide
(2 μg/mL). The cells were analysed under fluorescence microscope
EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific) and
classified according to the shape of the fluorescence of the comet tail [0
(no visible tail) to 4 (significant DNA in tail)].

2.13. Hemocompatibility

Hemocompatibility of 1 and 2 was assayed using human red blood
cells (RBCs). Fresh blood sample was withdrawn aseptically by ante-
cubital venipuncture of healthy human donor with signed informed
consent. RBCs suspensions were washed with 150mM NaCl solution
three-to-five times. Then, different concentrations of 1 and 2
(0.07–0.5 mM), diluted in PBS were mixed with RBCs and incubated for
1 h at 37 °C. The degree of hemolysis was determined by measuring the
absorbance of the supernatant at 540 nm after centrifugation and cal-
culated according to the following equation: %hemolysis=[(At− Ac) /
A100%−Ac)]× 100, where At is the absorbance of the supernatant
from samples incubated with the 1 and 2; Ac is the absorbance of the
supernatant from negative control (PBS, pH 7.4) and; A100% is the ab-
sorbance of the supernatant from positive control (0.1% Triton X-100),
which causes complete lysis of RBCs.

2.14. Analysis of an effect of 1 and 2 on protein aggregation

Immediately after blood collection, plasma was isolated from whole
blood by centrifugation (3000×g, 5 min). Subsequently, 1 and 2
(0.5 mM in PBS) were incubated in plasma at 1:1 ratio (v/v) in order to
mimic the protein concentration in vivo (50% plasma in blood). The

incubation was done for 35min at 37 °C under continuous agitation.
The protein aggregates were recovered after 10min centrifugation at
15,000×g and washed three times with cold PBS to remove unbound
proteins. Finally, the proteins were eluted by adding sodium dodecyl
sulfate (SDS), separated by 12.5% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and stained by Coomassie
brilliant blue. Gels were visualized using Azure c600 (Azure Biosys-
tems, Dublin, CA, USA). Plasma proteins were quantified by densito-
metric analysis with the AzureSpot software (Azure Biosystems, Dublin,
CA, USA).

2.15. Western blotting

Total cellular proteins were extracted upon 1 and 2 treatments
(0.5mM) with radioimmunoprecipitation assay buffer containing pro-
tease inhibitor cocktail. After SDS-PAGE, the proteins were electro-
transferred onto a polyvinylidene fluoride membrane (Bio-Rad,
Hercules, CA, USA) and a non-specific binding was blocked with fresh
non-fat milk (1 h at 22 °C). Membranes were incubated with primary
mouse anti-MT1/2 (dilution 1:200), mouse anti-MT3 (1:200) mouse
anti-p53 (1:250), mouse anti-c-JUN (1:250), mouse anti-Bcl-2 (1:200),
mouse anti-MMP-1 (1:200) or mouse anti-GAPDH (1:750), overnight at
4 °C. After washing, the membranes were incubated with rabbit anti-
mouse-horseradish peroxidase (HRP) secondary antibodies (Dako,
Santa Clara, CA, USA) for 1 h at 20 °C with chemiluminescence detec-
tion by Bio-Rad Immun-Star HRP Luminol/Enhancer (Bio-Rad). Mem-
branes were analysed using Azure c600 (Azure Biosystems).

2.16. Determination of antibacterial activities of 1 and 2

Bacterial cultures [Staphylococcus aureus NCTC 8511, Escherichia coli
NCTC 13216, methicillin-resistant S. aureus (MRSA) CCM 7110] were
purchased from the Czech Collection of Microorganisms (Brno, Czech
Republic). All strains were cultivated in Mueller-Hinton broth (MHB;
Oxoid, Hampshire, UK) overnight at 37 °C. The bacterial cultures were
diluted with MHB to a concentration ∼1×106 CFU/mL. The bacterial
concentrations were normalized by optical density at 600 nm (OD600).
The 100 μL of these bacterial suspensions was added into a 96-well
microplate and mixed with 1 or 2 in ratio 1:1, with total volume 200 μL.
The growth of bacteria suspension with 1 and 2 was monitored by
Multiskan EX (Thermo Fisher Scientific). The optical density readouts
(OD620) were realized at zero time-point, and then each half-h for 16 h
at 37 °C.

Antimicrobial activity was further verified using spread-plate
method by inoculating solutions from wells with 1 and 2. The diluted
aliquots were applied onto MHB (Oxoid, Hampshire, UK) plates by
spreading a volume of 100 μL and followed by incubation at 37 °C for
24 h.

2.17. Live/dead assay

For live/dead assay the bacterial cultures after the treatment with 1
and 2 were harvested by centrifugation and washed with 0.85% NaCl
thrice. Into bacteria solutions fluorescent dyes, SYTO 9 (Thermo Fisher
Scientific) and propidium iodide were added and followed by incuba-
tion (15min in dark). Then 5 μL of sample was placed on a glass slide,
covered by a glass coverslide and observed with an Olympus IX71 in-
verted fluorescence microscope (Olympus, Tokyo, Japan).

2.18. Descriptive statistics

For the statistical evaluation of the results, the median was taken as
the measurement of the main tendency, while the standard deviation
was taken as the dispersion measurement. Differences between groups
were analysed using a paired t-test. For analyses, Software Statistica 12
(StatSoft, Tulsa, OK, USA) was employed.
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3. Results and discussion

3.1. Characterization of the structure of 1 and 2

The designed compound 1 with tdpa bridge was successfully syn-
thesized, however similar synthesis in the presence of thiodiacetate
anion led to formation of 2 with hydroxo bridges. It can be assumed
that potassium salt of the acid and higher amount of tmen form basic
conditions, disallowing coordination of tda. Instead of tda bridges, the
hydroxo bridges are created in solution. Although central atoms co-
ordination of 2 were already proved [29], the structure was solved at
high pressure only and bond lengths are significantly different. Mole-
cular structures of 1 and 2 are shown in Fig. 2A and B. In both com-
pounds, all atoms occupy the general positions. One asymmetric unit of
compound 1 contains one dinuclear complex cation, two perchlorate
anions and one solvent water molecule. The complex cation of 1 is
composed from one bridging difunctional thiodipropionate anion (each
carboxylate group acts in monodendate mode), two copper cations, two
water molecules and two N,N,N′,N″,N″-pentamethyldiethylenetriamine
molecules. Each copper ion is five coordinated by one water molecule,
three N atoms from pmdien and one O atom of thiodipropionate anion.
The existence of the inversion center (special position a with multi-
plicity 2 [30]) at the centroid of the Cu2O2 ring core of compound 2
causes that the asymmetric unit contains a half of dinuclear complex
cation and one perchlorate anion. The complex cation of 2 consists of
two bridging hydroxide anions, two copper cations, two water mole-
cules and two tmen molecules. Each copper ion is five coordinated by
one water molecule, one difunctional tmen and hydroxide anions
(acting as monodendate ones toward one specific copper cation). The
central atom of both compounds exists in the distorted tetragonal
pyramid [31] coordination environment (Fig. 2C and D).

The pmdien molecules possess sc−, ap+, ap−, sc+ conformation,
and it agrees with the finding that this conformation is strictly con-
nected with the formation of the tetragonal pyramidal/bipyramidal

coordination environment, while sc−, sc−, ap+, sc− conformation ex-
ists for trigonal pyramidal/bipyramidal coordination polyhedra. In
addition, the bond valences were computed as νij=exp[(Rij− dij) / b]
[32,33], where Rij is the bond-valence parameter (in the formal sense Rij
can be considered as an parameter equal to the idealized single-bond
length between i and j atoms for given b, and theνij is relative re-
presentation of the bond strength [34–36] and b was taken as 0.37 Å
[33]. The RCu-N and RCu-O were taken as 1.735 and 1.654 respectively
[37,38]. The computed bond valences (Table S1) show that the weakest
is the CueOH2 coordination bond in each inner coordination sphere,
and in compound 2 this bond is almost twice weaker than in compound
1. Oxygen atoms of bridging ligands are bonded to the Cu atoms
stronger than the nitrogen atoms of chelating ligands. Total valence of
compound 1 Cu atoms is 2.00 v.u. (valence units), and of compound 2 is
2.08 v.u., which proves the correctness of the inner coordination sphere
assignment.

The presence of OeH donors in both compounds leads to the for-
mation of classical hydrogen bonds (Table S2). The OeH⋯O interac-
tions expands the molecules and ions of 1 to the helical chain (Fig. 3)
extending along crystallographic [010] plane. The neighboring helixes
are interconnected by CeH⋯O weak hydrogen bonds [39] via per-
chlorate ions to the three-dimensional network. In 2 the OeH⋯O in-
teractions links the cation and anions and these linkages assemble the
ionic species to the three-dimensional supramolecular network. This
network is interconnected by multiple CeH⋯O weak hydrogen bonds
(Table S2).

In compound 1 the shortest Cu1⋯Cu1# distances in the crystal net
are: 8.2973(9), 9.0879(9), 8.8470(6), 8.8470(6), 9.5505(6) and
9.5505(6) Å, respectively. The shortest Cu1⋯Cu2# distances in the
crystal net are: 8.3198(7), 9.3440(9), 8.4418(9) and 8.1321(7) Å, re-
spectively. In compound 2 Cu1⋯Cu1# distances are: 7.6923(5),
7.6923(5), 8.9909(11), 9.1353(11), 2.9829(9), 7.4366(12), 8.1413(6),
8.1413(6), 9.8695(7), 8.0908(8), 8.0908(8) and 9.8695(7), respec-
tively.

Fig. 2. The molecular structures of (A) 1 and (B) 2 with atom numbering, plotted with 50% probability of displacement ellipsoids. The hydrogen atoms and the
disordered domain of 2 are omitted for clarity. The coordination polyhedrons of (C) 1 and (D) 2.
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3.2. Analysis of DC susceptibility

The exchange interaction between two Cu(II) ions (SA= SB= 1/2)
in both compounds was approached to the model of binuclear units
realized through thiodipropionate bridge in 1 or bi-hydroxo bridge in 2
together with different additional Cu⋯Cu contacts transmitted through
OeH⋯O interactions in all compounds. The calculations were based on
spin Hamiltonian (Heisenberg-Dirac-Van Vleck) in zero field given in
Eq. (1) (SI) describing the isotropic magnetic exchange interaction,
antiferromagnetic for J < 0 and interaction zJ′ between z number of
adjacent binuclear units around given binuclear unit in the crystal
lattice according to molecular field approximation (MFC) [40]. The
experimental magnetic data have been fitted according to Bleaney-
Bowers [41] Eq. (2) modified by Eq. (3). shown in Fig. 4.

The temperature independent paramagnetism (TIP) was included
also into the fitting procedure. In addition, the presence of different
magnetic pathways in the crystal structures of the 1 prompted us to
analyze the temperature dependence of the magnetic susceptibility
using the alternating Ising chain model, corresponding to the Ha-
miltonian (Eq. (4)) and the fitting of magnetic data according to Eq. (5)
was used (SI).

The magnetic susceptibility data for 1 and 2 were collected over a
temperature range of 1.8–300 K under a constant magnetic field of
0.5 T. The temperature dependence of the χM, χMT and 1/χMT products
for 1 and 2 are shown in Fig. 4A and B, respectively. In the case of 1 the
χM value increases slowly with the decrease of temperature, but at the
low–temperature region a rapid increase of molar susceptibility values
occurs. The value of χMT at room temperature is 0.82 cm3mol−1K
(2.56 μB), which is slightly higher than expected for spin–only value for
two isolated Cu(II) ions (with S=1/2 and g=2.00). The χMT value
increases systematically with lowering the temperature, reaching
0.88 cm3mol−1K (2.65 μB) at 5.0 K (Fig. 4A) and then a small decrease
up to 0.78 cm3mol−1 K (μeff= 2.51 μB) is observed at 1.8 K. The com-
pound obeys the Curie – Weiss law in the 5–300 K regions of tem-
perature giving the value of C and Θ constants equal to

0.83 cm3mol−1K and 1.92 K, respectively.
Completely different magnetic interaction is observed for 2. Molar

magnetic susceptibility gradually decreases with decreasing tempera-
ture to a minimum at 9 K (Fig. 4B). Below this temperature, χM in-
creases again due to the presence of paramagnetic impurity, the exact
nature of which is unknown. The decrease of magnetic susceptibility is
indicative of a strong antiferromagnetic coupling between Cu(II) cen-
ters in the Cu2O2 moieties. The corresponding plot of χMT value [per
two Cu(II) center] vs. temperature shows a decrease from
0.403 cm3mol−1 K (1.80 μB) at 300 K (lower than expected for spi-
n–only value for two isolated coper(II) ions with S= 1/2 and g= 2.00)
to 0.0075 cm3mol−1 K (0.24 μB) at 1.8 K.

The best agreement with the experimental magnetic data for 1 was
obtained with J=−1 · 10−5 cm−1, zJ′= 0.52 cm−1, g=2.13 and
TIP=16 · 10−6 cm 3mol−1, R=Σ[(χT)exp−(χT)calc]2/Σ[(χT)exp]2

= 6.81 · 10−4 (blue lines in Fig. 4A) for 1 and with J=−186 cm−1,
zJ′=−2.01 cm−1, g=2.06, and x=0.0322 – we add this
value according to presence of paramagnetic impurities,
TIP=116 · 10−6 cm 3mol−1, R=Σ[(χT)exp−(χT)calc]2/Σ[(χT)exp]2

= 4.81 · 10−5 (red lines in Fig. 4B) for 2. The g-values of 2.12 de-
termined by analysis of the magnetic susceptibility data are close to
these obtained by simulation of the electron paramagnetic resonance
spectra.

The 1-D model used for 1 allows very well fit of the experimental
data, slightly better (R=6.13 · 10−5 vs R=6.81 · 10−4) than
the obtained with Eq. (2), with g=2.14 and J1=10–5 cm−1,
J2=0.41 cm−1, g=2.13 and TIP=18·10−6 cm3mol−1 (red lines in
Fig. 4A). The better agreement between the fit and the experimental
results seems to give substance to the polymeric vision of the com-
pounds.

Firstly, the value of |J|≈ 10−5 cm−1 for 1 means that the possible
exchange path through thiodipropionate bridge is ineffectual due to
long Cu⋯Cu separation of 10.514 Å. Secondly, the value of
zJ′ ≈ 0.5 cm−1 suggested that, the exchange path of ferromagnetic
nature, through the hydrogen bonds OeH⋯O formed between the di-
mers, which expands the molecules to the helical chain can't be ruled
out. The shorter intermolecular Cu⋯Cu contact are 8.091 and 8.132 Å.

The magnetic behavior of 2 can be explained by the occurrence of
magnetic exchange – pathways between Cu(II) pairs. At high tem-
peratures strong antiferromagnetic coupling through oxygen bridges
predominates making the χMT values decay, at about 10 K the Cu⋯Cu
pairs almost cancel their spins and plateau is reached. According to
literature data (Table S3) concern magnetostructural [42] correlations
in dinuclear doubly di-μ-hydroxo-bridged Cu(II) dimers this strong
antiferromagnetic interaction present in complex 2 is a result of few
structural parameters: the value of CueOeCu angle, φ=102.48 (3)°
(for φ ˃ 97.5o the interaction is predicted to be antiferromagnetic, S=0
ground state), CueCu distance of 2.983(1) Å and angular distortions of
LCu(μ2-OH)2CuL which can be expressed by dihedral angle
(δ= 177.6°) between the two Cu2O2 planes.

However, the quite important intensity of the intermolecular in-
teraction (zJ′) in 2 could indicate the presence of a non-negligible
second exchange pathway within the material which can be attributed
to the presence of OeH⋯O hydrogen bond in the crystal lattice.
Further, the variation of magnetization versus magnetic field at 2 K
(Fig. 4, right), clearly supports the occurrence of spontaneous magnetic
moments in examined complex with Ms.= 1.99 μB for 1 and 0.38 μB for
2. In such the cases, the ground state is equal S= 1 and the magneti-
zation should saturate to the value of M=Mmol / (NAμB)= 2 at B=7 T
and T=2.0 K. The obtained value at higher magnetic field for 1 is si-
milar but for 2 drastically smaller and it indicates strong anti-
ferromagnetic interaction between Cu(II) ions.

To rationalize this magnetic behavior, DFT calculations of both
complexes have been performed within a broken-symmetry (BS) and
high-spin (HS) states [43] framework using the combination of B3LYP
and B3LYP-D3 hybrid functionals [see SI] [44–46].

Fig. 3. The part of molecular packing of compound 1, showing the formation of
the supramolecular helical chains.
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The obtained results are presented in Table S2. These data clearly
show that spin-polarized give the most accurate agreement for ex-
amining complexes 1 and 2. However, due to the strong localization of
the wave function at the metal centers, both computational techniques
produce results that are in remarkable agreement, both in sign and in
the magnitude of the exchange interaction, with the experimental data
(Table S2).

In addition to the magnetic coupling constant, it is interesting to
pursue natural bond orbital (NBO) analysis applied separately to α and
β spin density matrices, as described by Carpenter and Weinhold [47].
These computations were carried out with the Gaussian 09 and NBO 6.0
set of programs. The calculated at the B3LYP-D3/LanL2dz levels of
theory the NBO atomic spin densities (Δ) for 1 and 2 in triple state of
the [Cu2(pmdien)2(μ-tdpa)]2(H2O)2]·(ClO4)2 (1), [Cu2(tmen)2(μ-
OH)2(H2O)2]·(ClO4)2 (2) dimer and in doublet state of corresponding
monomer, as well as differences between these values, are presented in
Table S4 and S5, respectively [see discussion in SI]. The surfaces of the
spin density for monomer and dimer discussed are illustrated in Fig. S1.

The values of the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals of
studied different forms of complexes are collected in the inset of Fig. 5.
The DFT energy of HOMO orbital was calculated as −3.820 (for 1) and
−12.688 eV (for 2). The energy of LUMO orbital of this complex was
calculated as −0.909 and −12.444 eV, indicating the energy gap be-
tween frontier orbitals of 2.911 and 0.244 eV, respectively. In mole-
cular interaction, the HOMO and LUMO play the key role. HOMO is the

orbital, which has ability to donate electrons and its energy corresponds
to ionization potential, while LUMO has electrons accepting ability, and
its energy corresponds to electron affinity.

B3LYP-D3 calculated interatomic distances, selected bond angles
and torsion angles are collected in Table S8 and S9 (numbering com-
patible with experimental data, see Fig. 2A and B). In the gas phase the
crystal packing effects and strong H-bonding interactions are omitted.
For the initial geometry in the optimization procedures, the fragment of
the crystallographic structure was used. According to the results ob-
tained with respect to the both complexes, the calculated interatomic
distances in most cases reflect well the values determined by X-ray. To
compare reproducing the experimental interatomic distances and the
bond angles for discussed complexes, the corresponding values of the
root mean square deviations (RMSD's) were calculated. These values
are shown in Table S6 and S7. With regard to these results, there is good
compatibility between the results obtained experimentally and those at
the DFT level. The value of the RMSD of distances for this complex is
0.148 Å and 0.046 Å, for 1 and 2, respectively. The analogous situation
was noticed for the bond angles. The value of the RMSD is 4.83° and
5.77°, respectively.

3.3. EPR spectra

The polycrystalline EPR spectra of the magnetically concentrated
samples were recorded at room temperature and liquid nitrogen tem-
perature Fig. 6. There is no change in the line shape, line width and

Fig. 4. DC magnetic data for compounds (A) 1 and (B) 2. Left – temperature dependence of the χMT (inset, molar magnetic susceptibility). The solid blue lines are the
curves calculated using Blaeney-Bowers expression. Right – field dependence of the magnetization per formula unit at 2 K (•) and 5 K (o). Lines – fitted.
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resolution as a function of temperature for 1 (Fig. 6Aa). The anisotropic
EPR spectral features can be associated to the axial symmetry having
dx2−y

2 ground state, where the geometry can correspond to an elongated
octahedral, a square pyramidal or a square planar.

The spectra at Q band present (Fig. 6Ab) signals typical for counter-
rotation of neighboring complex molecules around gz axes [48]. The
observed g values g1= 2.165, g2= 2.129, g3= 2.057 (where
g1≈ gz≈ g and (g2+ g3) / 2≈ (gx+ gy) / 2≈ g┴ corresponds to mo-
lecular g values) correspond to the orthorhombic symmetry. The in-
dividual molecules within the dimer are bridged by thiodipropionic ion,
but the dimeric units which can be connected by the axial oxygen atom
through hydrogen bond interaction are counted (large torsion angle
116.98°).

The room temperature spectra of 2 at X and Q band show only broad
lines typical for axial symmetry (dx2−y

2 ground state). At liquid nitrogen

temperature, 2 shows three signals H1 (3021mT), H2 (3200mT), H3

(3308mT) with g1= 2.254, g2= 2.19, g3= 2.053 (gav= 2.12) re-
presenting a rhombic distortion of the CuO3N2 core (Fig. 6Ba). Possible
reason for the rhombic-axial discrepancy of the EPR-structural analysis
of 2 can be the dynamic Jahn-Teller effect, which causes distortions in
the coordination octahedron noticed from non-orthogonal coordination
axes and/or different coordinating of oxygen atoms [49].

One question may arise at this juncture regarding the effective
species present in solution. In order to correlate the solid and solution
structures, we have examined the EPR spectral output of both com-
pounds in frozen solutions (water) and compared to that of the solid
samples. The frozen solution EPR spectra of 1 and 2 at 77 K exhibit a
well-defined resolution of hyperfine splitting of parallel orientation
resulting from the interaction of an unpaired electron with copper nu-
clei (I=3/2). The spin Hamiltonian parameters are obtained by

Fig. 5. Spin density surfaces in triple state of: (A) the dimer 1 (see Table S5), (B) the dimer 2 (see Table S6). Orange color corresponds to the positive values of spin
density and violet color to the negative values of spin density.

Fig. 6. (A) EPR spectra of: (a) polycrystalline compound at X band 1; (b) at Q band - experimental and simulated (sim 1), (c) complex 1 frozen solutions in water
together with the simulated spectra, sim 2. (B) X band EPR spectra of: (a) polycrystalline compound 2; experimental and simulated (sim 1) (b) compound 2 frozen
solutions in water together with the simulated spectra, sim 2.
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computer simulation (sim 2 Fig. 6Ac and Fig. 6Bb) of the experimental
spectra with gx= gy= g⊥ =2.041, gz= gk= 2.24 and Ak=151 G for
1 and gx= gy= g⊥ =2.055, gz= gk=2.25 and Ak= 163 G for 2.
Hence, the EPR parameters of both complexes in frozen solutions are
also consistent with the axial symmetry of the Cu(II) coordination
sphere. Furthermore, the change of the parameters upon dissolving 1
and 2 strongly suggests the replacement of the labile oxygen ligands in
the binuclear molecule by the solvent molecules in the solutions as was
found in many other similar compounds [50,51]. Therefore, if we
couple the FT-IR, X-ray and EPR findings, it may be presumed that in 1
and 2, the dimeric nature exists but with an altered coordination set
though the actual composition in solution could not be ascertained.

3.4. FT-IR analysis of 1 and 2

The FT-IR measurements of 1 and 2 in the middle- and far-IR region
are shown in Figs. S1–S4. The calculated vibrational frequencies, as
well as the bands observed in the experimental IR spectra along with
their assignments, are collected in Table S10 for 1 and in Table S11 for
2. A detailed vibrational assignment of the experimental spectra has
been made on the basis of the potential energy distribution (PED) cal-
culated by the FCART06 program [52] with using B3LYP/def2tzvp level
of the theory.

In accordance with the PED, the vO–H(H2O) band appears as
medium peak in spectrum of 1 at 3523 cm−1, but in the experimental
FT-IR spectrum of 2 it is not observed (see SI). The aliphatic vC–H
stretching vibrations in experimental FT-IR spectrum of 1 are observed
as weak bands in the range 3010–2801 cm−1 with maximum at
2901 cm−1 as well as vC–H in 2, 2898 cm−1. The characteristic
asymmetric stretching vibration corresponding to carboxylate group of

thiodipropionate anion (tdpa) is observed at 1569 cm−1 in the FT-IR
spectrum of 1. Interestingly, the Δ value (νas(COO−)− νs(COO−))
equals to 178 cm−1 in 1, which suggests that the coordination mode of
the carboxylate group of tdpa is monodentate one [53]. This was con-
firmed by an X-ray analysis. A similar monodentate type of coordina-
tion, was observed for copper(II)-3,3′-thiodipropionate complexes with
imidazole, benzimidazole and bipyridine derivatives as well [13–15].
The νCeN, νCeC stretching and δH–N–C bending vibrations of ligand
pmdien are coupled and they are observed as medium bands in the
1292–919 cm−1 range and at 778 cm−1 as the sum of the νCeN
stretching vibrations. In the IR spectrum of 2 with tmen ligand the same
type of mode (the νCeN coupled with νCeC) is observed in
1077–936 cm−1 range. The next two strong bands and one medium
band at 807, 778 and 756 cm−1 in the FT-IR spectrum of 2 are the sum
of the νCeN stretching vibrations in the two molecules of tmen ligand.
The band at 808 cm−1 in 1 has medium intense absorption and it is due
to the δH–O–Cu bending vibrations, the same situation concerns the
strong peak at 890 cm−1 in FT-IR spectrum of 2. The strong peak at
622 cm−1 in FT-IR spectrum of 1 can be assigned to the vC-C and vC-S
stretching vibrations of tdpa molecule (calculated 619 cm−1).

The characteristic vibrations of Cu coordination sphere of 1 are
formed by the δC1–O1–Cu bending (336 cm−1) and vCu–N (437 cm−1),
vCu–O(H2O) (213 cm−1) stretching vibrations [53]. The vCu–O(tdpa)
stretching vibrations are observed at 500 cm−1 in FT-IR spectrum of 1.
The interesting breath of Cu2O2 ring core in FT-IR spectrum of 2 is
observed as medium intense absorption with maxima at 461 cm−1

(calculated 460 cm−1). The next medium peak at 449 cm−1 in 2 is due
to the νCu1i-O1 and νCu1-O1i stretching vibrations. The assignment of
νCu-N at 242 cm−1 is supported by calculations (232 cm−1).

Fig. 7. (A) Cytotoxicity (MTT) screenings showing viability of MDA-MB-231 cell line upon incubation with 1 and 2. The values are expressed as the mean of six
independent replicates (n=6). Vertical bars indicate standard error. (B) Microscopy analysis showing no deteriorating effects of 1 and 2 on cellular morphology and
also no induction of oxidative stress. Scale bar, 100 μm. PC – phase contrast images. (C) Wound-healing assay showing no effect of 1 and 2 on a collective cell
migration. The percent indicates the size of a gap related to the control. N.d. – artificial gap not detected. (D) Representative SCGE fluorescence micrographs showing
negligible presence of genotoxicity (DNA fragmentation) induced by 1 and 2 in HBL-100 cells. PBS (pH 7.4) and 150 μM H2O2 were used as controls. Scale bar,
100 μm. (E) Quantitation of index of damage (comet grades). The values are expressed as the mean of three independent replicates (n= 3). Vertical bars indicate
standard error.
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3.5. Toxicity studies in mammalian epithelial cells

MDA-MB-231 and HBL-100 cells were cultured in the presence of
varying concentrations of 1 and 2 for 24 h. As it can be seen in Fig. 7A,
both coordination compounds were cytocompatible, as was also re-
flected by the fact that under any treatment the 24IC50 was not
achieved (up to 5mM concentration). Since copper compounds often
induce oxidative stress [54], which can result in DNA mutations and/or
DNA damage, we further analysed formation of ROS in tested cells
exposed to 1 and 2. Fig. 7B illustrates that upon 24 h treatment, 1 and 2
did not induce a formation of ROS when compared to non-treated
control cells. Moreover, in PC images, it was observed that even upon
24 h exposure, the cellular morphology was not altered and no ob-
servable apoptotic morphological features were found. Cytocompat-
ibility of 1 and 2 is also highlighted in Fig. 7C, showing no inhibitory
effects on cellular migration. Thus, it can be concluded that in short-
term experimental setup the prepared copper compounds do not affect
the growth and proliferation of epithelial cell. To confirm exceptional
cytocompatibility of 1 and 2, we further performed SCGE, in which
intensity of comet tail relative to the head reflects the number of DNA
single- and double-strand breaks in a particular cell. Long comet tails
extending toward the anode were observed for cells exposed to positive
control only (H2O2, Fig. 7D). Using manual scoring (index of damage),
50 randomly selected comets were classified. Fig. 7E illustrates that
copper compounds induced a small amount of grade 1 and 2 comets
indicating a low amount of DNA damage. Since no ROS induction was
found, we anticipate that both copper compounds can bind DNA in
small amount (no higher grade comets observed), but without the de-
vastating effects on cellular proliferation.

3.6. Evaluation of in vitro biocompatibility of 1 and 2 and their effect on
expression of selected regulatory proteins

To characterize the interactions of 1 and 2 with blood environment,
we further analysed the copper compounds-induced hemotoxicity and
aggregation of plasma proteins. Fig. 8A shows that both compounds are
fully hemocompatible without any hemoglobin release. Interestingly,
Fig. 8B demonstrates that the incubation of 1 in human plasma resulted
in a marked protein aggregation. From densitometry (Fig. 8C), it can be
concluded that aggregated proteins are albumins (with approx. 66 kDa)
that are the main proteins of blood plasma and commonly bind phar-
maceuticals and bioinorganic compounds [55]. Since exposure to metal
coordination compounds can alter cellular regulatory mechanisms, we
attempted to identify whether 1 and 2 may affect the expression of
proteins involved in regulation of cell cycle, apoptosis and response to
metals. Noteworthy, Fig. 8D illustrates that we found no 1 or 2-induced
up-regulation of p53 that can be activated by myriad stressors, such as
oxidative stress or chemical agents [56]. This fact highlights an ex-
ceptional biocompatibility of tested copper compounds. On the other
hand, both, 1 and 2 caused subtle down-regulation of MMP-1 that is
involved in the breakdown of extracellular matrix in various processes
including cancer metastasis [57]. It can be hypothesized that our
copper compounds could be useful in combination therapy for meta-
static cancers. We are eager to further study this aspect. Moreover, we
also identified the stimulatory effects of copper coordination com-
pounds on expression of MT-1/2 and MT-3 that are responsible for
metal homeostasis and detoxification [58]. This could be a result of i) a
direct interaction of 1 and 2 with metal regulatory transcription factor
1 (MTF1) that control expression of MTs and willingly interacts with

Fig. 8. (A) Hemocompatibility of 1 and 2 assayed on human RBCs. Representative photographs show a clear supernatant above sedimented RBCs in all exposed
samples except for positive control (0.1% Triton X-100). (B) Plasma protein aggregation profiles obtained after 1 h incubation of 1 and 2 with human plasma,
followed by loading onto 12% SDS-PAGE. MW, Weight marker. (C) Resolved protein profiles were analysed using densitometry. (D) Western blots of whole-cell
lysates showing effect administration of 1 and 2 on expression of selected proteins. GAPDH - loading control.
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copper [59], or of ii) a competition of 1 and 2 with distinct protein-
bound metal ions that are released to cytoplasm and interact with
MTF1. Either way, up-regulated MTs presumably help the cells under 1
and 2 exposures to maintain metal homeostasis that leads to a cyto-
compatibility of copper compounds. Plausibly, higher concentrations of
1 and 2 would result in a saturation of MTs and in increased cell death.
This was evidenced by viability screenings (Fig. 7A).

3.7. Evaluation of the antimicrobial activity of 1 and 2

Since the synthesized copper compounds exhibited a surprising
cytocompatibility in mammalian cells, we further decided to test their
toxicity in prokaryotic systems. Some studies show that the Cu(II)
compounds exhibit mild antimicrobial activities [2–4]. In line with
these results, we found that both, 1 and 2 have similar antimicrobial
effects in Gram(+) positive S. aureus and Gram(−) negative E. coli
(Fig. 9A and B, respectively). This fact underpins that an activity of 1
and 2 is not associated with the differences in cell wall structures.
Noteworthy, better antimicrobial performance was identified for 2 as
also evidenced by spread-plate technique. Representative experiment
performed with E. coli demonstrated that when exposed to 0.3 mM E.
coli almost lost its ability to constitute viable colonies (Fig. 9C). This is
particularly interesting, since Gram(−) bacteria own mechanisms
specialized in the efflux of strange substances out of the cell that in-
hibiting the action of antimicrobial agents [60]. As 2 showed the best
antimicrobial performance, we further validated the obtained results
using the Live/dead cell staining (Fig. 9D). The obtained micrographs
are in a good agreement with the rest of assays. Importantly, the lowest
antimicrobial activity was found for MRSA. MRSA phenotype is medi-
ated by the acquisition of extrachromosomal genetic element SCCmec
containing the mecA gene responsible for resistance to β-lactams [61].

Despite 1 and 2 do not have β-lactam structural feature, it must be
noted that different SCCmec genotypes confer different resistance
characteristics through regulation of distinct resistance and virulence
factors present in SCCmec cassette [62]. For instance, Cavaco and co-
workers identified a putative metal resistance gene in various MRSA
isolates of human and animal origin [63]. This finding is not uncommon
and a number of studies have described a various metal resistance loci
in SCCmec [64–66]. A question, which arises, is why the synthesized
copper compounds exhibit selective antimicrobial properties. Despite
the answer is most likely multifactorial, we anticipate that this phe-
nomenon presumably associates with a bacterial metal homeostasis
regulation. In bacteria cytosolic copper levels are typically very low and
mostly bound and transported by chaperones that prevent undesired
toxicity [67]. As a result of copper over-dosing in bacterial cell, ad-
ventitious mismetallation or damage of bacterial chromosomal DNA
can occur. However, to prove this hypothesis further studies might
follow.

4. Conclusion

The two binuclear Cu(II) coordination compounds containing hy-
droxy- or thiodipropionate bridge were designed, synthesized and
characterized by X-ray crystallography. Moreover, a detailed magne-
tochemical and EPR study of synthesized compounds was performed.
The biological behavior of compounds was studied in a set of experi-
ments comprising either mammalian epithelial cells and distinct bac-
terial strains. Both compounds were markedly cytocompatible in
human epithelial cells. The antimicrobial assays revealed that both
compounds exhibit antimicrobial activity regardless the cell wall
structure. Despite the mechanism of action of synthesized compounds
remains unknown, it most likely associates with metal homeostasis

Fig. 9. Growth inhibition of the tested bacterial strains upon incubation with (A) 1 and (B) 2. The values are expressed as the mean of three independent replicates
(n=3) of growth curve analysis. (C) Representative photographs of E. coli plates obtained from spread-plate technique upon incubation with 1 and 2. (D) Live/dead
(SYTO 9/PI) assay showing pronounced antibacterial activity of 2 in all tested bacterial strains. Scale bar, 100 μm.
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regulation of prokaryotic cells. Overall, we describe the copper com-
pounds with an interesting selective toxicity and with a promising po-
tential to be further tested in pre-clinical models.

Abbreviations

H2tda Thiodiacetic acid
H2tdpa Thiodipropionic acid
pmdien N,N,N′,N″,N″-pentamethyldiethylenetriamine
tmen N,N,N′,N′-tetramethylethane-1,2-diamine
MRSA Methicillin-resistant Staphylococcus aureus
DC Direct current
MFC Molecular field approximation
TIP Temperature independent paramagnetism
EPR Electron paramagnetic resonance
FT-IR Fourier-transform infrared spectroscopy
DFT Density functional theory
BS Broken-symmetry
HS High-spin
NBO Natural bond orbital
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
RMSD Root mean square deviation
PED Potential energy distribution
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide
PBS Phosphate buffered saline
PC Phase contrast
SCGE Single-cell gel electrophoresis
RBC Red blood cell
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
MT Metallothioneins
MMP-1 Matrix metalloproteinase 1
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HRP Horseradish peroxidase
MHB Mueller-Hinton broth
OD Optical density
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Appendix A. Supplementary data

Tables of crystal data and structure refinement, anisotropic dis-
placement coefficients, atomic coordinates and equivalent isotropic
displacement parameters for non-hydrogen atoms, H-atom coordinates
and isotropic displacement parameters, bond lengths and interbond
angles have been deposited with the Cambridge Crystallographic Data
Centre under No. CCDC1435220 & CCDC1435221 for compounds 1 and

2, respectively. Supplementary data to this article can be found online
at doi: https://doi.org/10.1016/j.jinorgbio.2018.10.011.
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