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properties and mechanism of
action of a new copper(II) pyrazine-based complex
with high anticancer activity and selectivity
towards cancer cells†

B. Rogalewicz, *a T. Sierański, a M. Szczesio,a A. Olczak,a K. Gobis,b C. Orlewska,b

I. Korona-Głowniak,c A. Korga-Plewko,d M. Iwan,e M. Michalczuk,d J. Kubik,d

G. Adamczuk,d M. Korga,d N. Rutkowska, f T. Boruta,g K. Gas, h M. Sawicki, h

E. Poleszak,i W. Maniukiewicz, a M. Świątkowski a and A. Czylkowska *a

Two compounds, benzyl-2-(amino(pyrazin-2-yl)methylene)-1-methylhydrazine-1-carbodithioate (L) and

its copper(II) complex Cu(L) were synthesized and studied in terms of their physicochemical properties,

including single crystal, spectroscopic and magnetic properties; in silico simulations, including DFT

calculations and pharmacokinetic profile analysis; and in vitro biological activity. The Cu(L) compound

was found to exhibit good anticancer activity against A375, PANC-1, MKN-74, T-47D, HeLa, and NCI-

H1563 cells, with the IC50 value against the HeLa cell line reaching 17.50 mM, significantly surpassing the

activity of the organic ligand. Moreover, at the same time, the Cu(L) complex did not exhibit significant

toxicity towards healthy cells. Mechanism of action studies revealed that its activity is connected with the

oxidative stress and redox imbalance caused by the upregulation of genes encoding superoxide

dismutase (SOD2) and catalase (CAT) antioxidant enzymes. The reported results further underscore the

anticancer potential of pyrazine-based copper(II) complexes.
1. Introduction

With 24.6 million estimated new cases in 2030, cancer remains
one of the deadliest diseases in the modern world.1 The most
common therapeutic approaches include chemotherapy,
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radiation therapy, surgery, and hormonal therapy. Despite
several disadvantages, chemotherapy remains at the forefront of
the treatment, especially when alternative approaches such as
radiation or surgery cannot be applied.2,3 With the growing
resistance to some of the currently used drugs and collateral
damage to healthy tissues, which result in severe adverse side
effects, the search for new, more efficient, and safer therapeutics
seems to be of superior importance. One of the most promising
approaches is the utilization of coordination compounds con-
taining metals lighter than platinum or ruthenium, which are
mostly regarded as less toxic than heavier ones, which decreases
the possibility of the occurrence of severe side effects. Current
leadingmetals in this effort include copper and iron.4,5One of the
advantages of coordination chemistry, in terms of medicinal
chemistry, is the possible synergistic effect of metal cations and
organic ligands. This in turn allows for tailoring the properties of
compounds and maximizing the possibility of obtaining
compounds with good activity and low toxicity towards healthy
cells. Currently, nitrogen- and sulfur-based compounds have
attracted scientists' attention owing to their signicant anti-
cancer potential and remarkable coordinating properties.6–8

Copper complexes are known for their redox-active proper-
ties under physiological conditions, which have led to the
synthesis and biological characterization of a number of
copper-containing anticancer drugs and radiopharmaceuticals.
RSC Adv., 2024, 14, 36295–36307 | 36295
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Intracellular generation of reactive oxygen species (ROS) via thiol-
mediated reduction of copper(II) to copper(I) has been assumed
as the major mechanism underlying the anticancer activity of
copper(II) complexes. Cancer cells have higher basal levels of ROS
in comparison to normal cells. However, their redox homeostasis
is maintained by the increased capacity of the antioxidant
defense system, which involves several compounds and enzymes
such as glutathione (GSH), peroxiredoxin (Prx), thioredoxin (Trx),
superoxide dismutase (SOD) and catalase. Thus, an increase in
ROS levels and/or inhibition of antioxidant processes causes
redox imbalance and disrupts cancer cells homeostasis, which in
turn leads to oxidative stress as well as lipid, protein and DNA
damage, and ultimately cell death.9–11

NNS-coordinating ligands containing pyrazine or dithio-
carbazate moieties have attracted ever-growing attention due to
their excellent coordinating and biological properties. Their
Cu(II) complexes are known to exhibit signicant anticancer
activity.12,13 At the same time, only three structures containing
both pyrazine and dithiocarbazate moieties were reported,
although their biological potential was not investigated.14 NNS-
coordinating Cu(II) dithiocarbazate complexes bearing the
pyridine moiety have been better characterized in the literature,
with some of those complexes exhibiting strong activity against
pancreatic, breast, and brain cancer cells.15–17

Considering the above rationale, we designed, synthesized,
and studied the physicochemical properties and biological
activity of a new copper(II) pyrazine-based complex bearing both
pyrazine and dithiocarbazate moieties, Cu(L). Analytical tech-
niques used to study the complex included single crystal and
powder X-ray diffraction analyses (SC-XRD and PXRD);
elemental analysis (EA); inductively coupled plasma (ICP),
infrared (FTIR), UV-visible (UV-vis) and uorescence spectros-
copies; and magnetic studies. The physicochemical analysis
was supported with in silicomethods, like Hirshfeld surface and
ngerprint plots analyses, electrostatic potential maps and DFT
calculations. In silico ADME analysis gave insight into the bio-
logical potential and pharmacokinetic prole of ligand L. In the
last step, the in vitro activity against cancer and normal cells was
studied, as well as on a panel of different bacterial strains and
yeasts. For anticancer activity, mechanism of action was studied
in detail, including apoptosis/necrosis detection, cell cycle
analysis, thiol levels, ROS-related gene expression and DNA
damage analysis.
2. Experimental
2.1 Chemistry and synthesis

All reagents used for the syntheses were purchased from Sigma-
Aldrich and Avantor Performance Materials Poland companies,
Fig. 1 The synthesis route of the ligand L.

36296 | RSC Adv., 2024, 14, 36295–36307
and used without further purication. For the reaction control,
thin-layer chromatography was performed on Merck silica gel
60F254 plates and visualized with UV light. 1H and 13C NMR
spectra were recorded on an INOVA-500 spectrometer (Fig. S1
and S2†). The melting point was determined on a Boetius
apparatus (HMK, Dresden) and is uncorrected. The contents of
C, H, N, and S were determined by a Vario MICRO company
Elementar Analysensysteme GmbH. The content of Cu was
determined by ICP spectroscopy. A standard solution from
Merck (1000 mg L−1) was used for the preparation of the diluted
solutions used for calibration. For analysis, distilled water
(electrical conductivity= 0.05 mS cm−1) was used (obtained with
the Polwater system). Solid samples were decomposed using the
Anton Paar Multiwave 3000 closed-system instrument. Miner-
alization was carried out for 45 min at 240 °C under a pressure
of 60 bar. Accurate mass measurements were obtained with the
use of a high-resolution Q-TOF mass spectrometer SYNAPT G2
(Waters Corporation, Milford, MA, USA) under ESI+ mode
(Fig. S3†). The following analytical conditions were applied:
capillary 3.00 kV, sampling cone 25 V, extraction cone 4.0 V,
source 120 °C, desolvation gas 500 L h−1. UV-vis spectra were
acquired using a Jasco V-660 spectrophotometer, with solid
samples compressed between two quartz plates. An integrating
sphere was employed for this measurement. Solution
measurements were performed for both compounds at
a concentration of 5 mM in a DMSO/H2O (1 : 1) mixture in a time-
dependent manner to investigate their stability aer 24 and
48 h. These solutions were analyzed using quartz cuvettes with
a 1 cm optical path length. Three-dimensional uorescence
spectra were collected on a Jasco FP-6300 spectrouorometer
(Jasco, Easton, MD, USA), positioning the solid samples at a 30°
angle relative to the incident beam. Both monochromators were
set with a data pitch and bandwidth of 1 nm. The FTIR spectra
were recorded using an IR Tracer-100 Shimadzu Spectrometer
(Shimadzu Corporation, Kyoto, Japan) (4000–600 cm−1) with an
accuracy of recording of 1 cm−1, using KBr pellets. Spectra were
processed and analyzed using Spectragryph soware.18

2.1.1 Synthesis of the ligand L. The startingmaterial for the
synthesis of the ligand L was methyl pyrazine-2-carbimidate,
which was converted into N0-methylpyrazine-2-
carbohydrazonamide in a reaction with methylhydrazine in
ethanol, as reported previously.19,20 This intermediate was
reacted with carbon disulde and benzyl chloride in the pres-
ence of triethylamine in ethanol to obtain the nal benzyl 2-
(amino(pyrazin-2-yl)methylene)-1-methylhydrazine-1-
carbodithioate (Fig. 1). N0-Methylpyrazine-2-
carbohydrazonamide (0.520 g, 3.4 mmol) was suspended in
methanol (10 mL), and trimethylamine (0.486 mL, 3.74 mmol)
and carbon disulde (0.211 mL, 3.74 mmol) were added. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mixture was stirred for 1 h at room temperature, and benzyl
chloride was added (0.402 mL, 3.74 mmol). The mixture was
stirred overnight and undissolved residues were ltered off. The
ltrate was mixed with water and cooled. The precipitate was
ltered off, washedwith water, and recrystallized frommethanol.21

Ligand L (C14H15N5S2) (benzyl-2-(amino(pyrazin-2-yl)
methylene)-1-methylhydrazine-1-carbodithioate) (317.43 g
mol−1) yield (54%) m.p. 140–141 °C. 1H NMR (500 MHz, DMSO-
d6): d 3.60 (s, 3H, NCH3), 4.36 (s, 2H, CH2), 7.20 (t, 1H, Ph, J =
7.33 Hz), 7.26 (t, 2H, Ph, J = 7.32 Hz), 7.34 (d, 2H, Ph, J = 7.32
Hz), 7.71 (br s, 2H, NH2), 8.73 (br s, 1H, pyrazine), 8.82 (d, 1H,
pyrazine, J = 2.44 Hz), 9.25 (d, 1H, pyrazine, J = 0.97 Hz) ppm;
13C NMR (125 MHz, DMSO-d6): d 42.29, 127.44, 128.80 (2C),
129.58 (2C), 137.81, 143.66, 144.01, 145.07, 147.39, 157.06,
191.37 ppm, signal of CH3 carbon overlapped with the solvent.
Anal. calculated (%): C, 52.97; H, 4.76; N, 22.06. Found (%): C,
52.78; H, 4.64; N, 21.39. HRMS (ESI/Q-TOF) m/z: [M + H]+

calculated for C14H16N5S2: 318.0847; found: 318.0854 FTIR
spectra (KBr, cm−1): n(NH): 3410, 3309; n(CH): 3024, 3000, 2970,
2931; n(CN)aliph: 1647; n(CC), d(CH), d(NH): 1580, 1561, 1452,
1416, 1367; n(CN)arom: 1339; n(NN): 1018; n(CSS): 985.

2.1.2 Synthesis of the complex Cu(L). The copper(II)
complex, Cu(L), was obtained in a single-step reaction between
the ligand L and copper(II) chloride dihydrate (Fig. 2). Equi-
molar amounts of the ligand and copper(II) chloride dihydrate
were dissolved in ethanol, and kept on a magnetic stirrer for
24 h at room temperature. Aer a couple of days, dark-green
crystals of Cu(L) were ltered, washed a couple of times with
diethyl ether, dried in open air, and analysed. Apart from SC-
XRD measurements (for details, see Table S1†), PXRD
measurements were also performed to conrm the sample's
purity and homogeneity (Fig. S4†).

Complex Cu(L) (C14H15Cl2CuN5S2) (451.88 g mol−1) yield
(73%) Anal. calculated (%): C, 37.21; H, 3.35; N, 15.50; S, 14.19;
Cu, 14.06. Found (%): C, 37.11; H, 3.39; N, 15.28; S, 14.83; Cu,
14.51. HRMS (ESI/Q-TOF) m/z: [M − Cl]+ calculated for C14H15-
N5S2CuCl: 414.9753; found: 414.9760. FTIR spectra (KBr, cm−1):
n(NH): 3316; n(CH): 2974, 2874; n(CN)aliph: 1651; n(CC), d(CH),
d(NH): 1602, 1574, 1483, 1460, 1428, 1391; n(CN)arom: 1364;
n(NN): 1038; n(CSS): 1005.
2.2 SC-XRD analysis

Single crystals of the studied compound that were suitable for X-
ray diffraction were obtained by slow solvent evaporation at
room temperature from an ethanol solution. Diffraction
measurements were performed using a XtaLAB Synergy, Dual-
ex diffractometer, (Rigaku Oxford Diffraction, Poland-Japan-
Fig. 2 The synthesis route of the copper(II) complex Cu(L).

© 2024 The Author(s). Published by the Royal Society of Chemistry
UK), with a Pilatus 300 K detector at low temperature (100.0(2)
K) using Mo Ka radiation (0.71073 Å). Diffraction data were
processed using CrysAlisPRO soware (Rigaku Oxford Diffrac-
tion. CrysAlisPRO; Rigaku Oxford Diffraction Ltd: Yarnton,
Oxfordshire, England). Solving and renement of the crystal
structure were performed with SHELX22,23 using full-matrix
least-squares minimization on F2. All H atoms were geometri-
cally optimized and allowed as riding atoms, with C–H = 0.95 Å
for aromatic CH groups, and 0.99 Å for secondary CH2 groups
with Uiso(H) = 1.2 Ueq(C). In all studied structures, the methyl
H atoms were rened with C–H = 0.98 Å and with Uiso(H) = 1.5
Ueq(C). ShelXle soware24 was used to visualize the molecular
structure. Graphical representation of the crystal structures was
performed using the Mercury program.25 As a result of rene-
ment of the crystal structure of the tested compound, a Hoo
parameter equal to 0.5 was obtained. It turned out that this
crystal is a merohedral twin, in which the two equivalent
components are rotated 180° relative to each other around the
OX or OY axis. Unfortunately, it is generally impossible to
determine which rotation we are dealing with based on the
diffraction data. The studied structure was rened with the
matrix −1 0 0/0 −1 0/0 0 −1 because it is formally an inversion
twin, but the same results can be obtained using the matrix 1
0 0/0−1 0/0 0−1 (rotation around the OX axis) or matrix−1 0 0/
0 1 0/0 0 −1 (rotation around the OY axis). CCDC 2292685†
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures. Hirshfeld surfaces and ngerprint plots were
calculated and visualized using Crystal Explorer 17.5
(University of Western Australia, Nedlands 6009, Australia).26

2.3 PXRD analysis

Room temperature powder X-ray diffraction patterns of Cu(L)
were collected using a PANalytical X'Pert Pro MPD diffractom-
eter in the Bragg–Brentano reection geometry (Cu Ka radia-
tion, l = 1.54059 Å, 40 kV/30 mA). The pattern was acquired in
the 2q range of 4–90° in a continuous scan mode with 0.0167°
step size and an exposure per step of 30 s. The sample was
rotated during the measurement to reduce the effect of
preferred orientation in the crystalline phase.

2.4 Quantum-mechanical calculations

The excited states for the organic ligand L and its coordination
compound Cu(L) were calculated using time-dependent density
functional theory (TD-DFT) based on coordinates determined
via X-ray measurements. Input structural models were prepared
RSC Adv., 2024, 14, 36295–36307 | 36297
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using Mercury 2022.3.0 soware (Cambridge Crystallography
Data Centre, Cambridge, UK).25 Hydrogen atom positions were
normalized by adjusting them along the covalent bond vector (X
/H) to a distance equivalent to the average neutron diffraction
value. For the coordination compound, only the coordination
unit was initially used as input. Calculations were carried out
using Gaussian09 rev. E.01,27 employing the B3LYP density
functional and 6-31g(2d,2p) basis set.28–30 To ensure the inclu-
sion of all experimentally determined maxima, the number of
calculated transitions was set to 500. Assignment of the calcu-
lated excited states to the observed experimental maxima was
performed by comparing excitation energies and oscillator
strengths/intensities of the corresponding maxima.

Furthermore, the Cu(L) complex was optimized and calcu-
lated in dimethyl sulfoxide (DMSO) as a solvent, utilizing the
polarizable continuum model (PCM) to account for solvent
effects.31 To assess the energetic stability of the compound in an
aqueous environment, optimization of Cu(L) was also per-
formed in water using the same solvent model. The computa-
tional methods, including the basis set, remained consistent
with those used for the systems with X-ray derived coordinates.

The nature of the specic orbital excitations was analysed
based on orbital contour plots. All orbital transitions were
further examined using Chemissian v4.67 soware.32 Molecular
electrostatic potential maps (MESP) of the studied compounds
were also generated, based on electron density calculations
performed using the B3LYP/6-31g(2d, 2p) method.

2.5 Magnetic properties

5.6(2) and 2.1(2) mg sized samples of the ligand L and its
coordination compound Cu(L), respectively, were magnetically
investigated in a superconducting quantum interference device
(SQUID) magnetometer MPMS XL of Quantum Design (San
Diego, CA, USA) in magnetic eld H up to several tenths of kOe
and in temperature T down to 2 K. For the measurements, the
powders were transferred into polycarbonate capsules (ob-
tained also from Quantum Design). To facilitate accurate
magnetic measurements of such miniscule powder specimens
in much larger and heavier capsules (with a typical mass of
about 33 mg), a recently described method of in situ compen-
sation of the magnetic signal of the sample-carrying capsules
was applied.33 By a careful selection of the abutting capsules,
a compensation factor of above 40 has been obtained. During
these measurements, the SQUID magnetometer was registering
only 1/40 of the capsule carrying the powder specimen, thus
reducing in the same proportion all uncertainties connected
with determination of the searched signal of the powder,
including very sizable errors.33 All the results analysed here are
corrected for the (small) signals exerted by the empty sample
holder, which are established separately. The measurements
have been carried out following the code described for high-
sensitivity studies of minute magnetic signals.34

2.6 In silico biological properties predictions

For in silico biological properties predictions, freely available
online tools were used. The pharmacokinetic prole and
36298 | RSC Adv., 2024, 14, 36295–36307
druglikeness of the ligand L were analysed using the Swis-
sADME service (Swiss Institute of Bioinformatics 2021).35,36 The
overall toxicity was evaluated using ProTOX II service,37 and the
cytotoxicity predictions towards cancer cells were calculated
using CLC-Pred 2.0 (Cell Line Cytotoxicity Predictor).38
2.7 Anticancer activity

2.7.1 Cell culturing. Cytotoxic activity of ligand L and its
complex Cu(L) were evaluated against six human cancer cell
lines: malignant melanoma A-375, pancreatic cancer PANC-1,
gastric cancer MKN-74, breast cancer T-47D, cervical cancer
HeLa and non-small cell lung cancer NCI-H1563. Additionally,
the cytotoxicity of the tested compounds was evaluated against
normal human broblast BJ. All cell lines originated from the
American Type Culture Collection (ATCC). A375 and PANC-1
were cultured in Dulbecco's modied Eagle's medium
(DMEM) (Corning, New York City). MKN-74 and T-47D were
cultured in RPMI-1640 Medium (Corning, New York City). HeLa
cells were cultured in Eagle's Minimum Essential Medium
(EMEM) (Corning, New York City). All of these culture media
were supplemented with 10% heat-inactivated fetal bovine
serum (PAN-Biotech, Aidenbach, Germany), 100 mg per mL
penicillin, 100 mg per mL streptomycin, and 0.25 mg per mL
amphotericin B (Sigma-Aldrich, St. Louis, MO, USA). Cultures
were maintained at 37 °C in a humidied atmosphere of 95%
air and 5% CO2. The experiments were performed using cells
from passages 5 to 10.

2.7.2 MTT tests. The cells were plated in 96-well culture
plates (2 × 104 cells per well for all cell lines except the BJ
broblast, which was seeded with 4 × 104 cells per well density)
and incubated in a CO2 incubator. The next day, treatment was
given according to the experimental requirement. The cells were
incubated with the tested compounds in concentrations
ranging from 6.25 to 100 mM or DMSO as a vehicle in control
cultures for 48 h (max. DMSO concentration <0.5%). The cyto-
toxicity of the tested compounds was evaluated using the MTT
(methylthiazolyldiphenyl-tetrazolium bromide) test. MTT solu-
tion (4.0 mg mL−1) was added to the culture aer 48 h of
incubation. Aer 4 h, the medium with MTT was removed, and
the formed crystals were dissolved in DMSO (200 mL per well).
The solution absorbance was measured at 570 nm using the
PowerWave microplate spectrophotometer (BioTek Instru-
ments, USA). The experiment was performed twice with three
replicates for each concentration of the tested compounds. IC50

values were determined using the AAT Bioquest IC50 calcu-
lator.39 Similarly, IC50 values were determined for copper(II)
chloride alone, as well as for standard chemotherapeutic
agents: cisplatin for MKN-74, HeLa and NCI-H1563 cells,
dacarbazine for A375, gemcitabine for PANC-1 and doxorubicin
for T-47D cells.

2.7.3 Statistical analysis. Statistical analysis and charts for
the MTT test results were performed using STATISTICA 13
soware (StatSo, Krakow, Poland). Comparison of the values
was performed by one-way analysis of variance (ANOVA) and
post hoc multiple comparisons with Tukey's honest signicant
difference test (Tukey's HSD test). The data were calculated as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mean ± SD. The differences were considered to be signicantly
different statistically if the P values were less than 0.05.

2.7.4 Apoptosis detection. Apoptosis detection was per-
formed using the NC 3000 system (ChemoMetec, Lillerød,
Denmark) according to the manufacturer's protocol for the
annexin V assay. The cells were seeded in 6-well culture plates at
a density of 1 × 105 cells per mL. Aer 70–80% conuence was
achieved, they were treated with the complex Cu(L) in
a concentration corresponding to the IC50 value obtained in the
MTT test, and the ligand L in a concentration equal to 100 mMor
DMSO as a vehicle in the control cultures, and analyzed aer
48 h of incubation. The cells were dissociated into single-cell
suspensions in PBS (Corning, New York, NY, USA). Approxi-
mately 4 × 105 cells were resuspended in 100 mL of annexin V
binding buffer, and incubated with annexin V-CF488A conju-
gate and Hoechst 33 342 for 15 min at 37 °C. Next, the cells were
washed with annexin V binding buffer and the cell pellets were
resuspended in 100 mL of annexin V binding buffer supple-
mented with 10 mg mL−1 of propidium iodide (PI), and the
annexin V Assay was performed immediately. Cellular uores-
cence was quantied using a NucleoCounter® NC-3000™
image cytometer (ChemoMetec USA Inc., Lillerød, Denmark).

2.7.5 Cell cycle analysis. The cell cycle was analysed using
the NC 3000 system (ChemoMetec, Lillerød, Denmark) accord-
ing to the manufacturer's protocol for the 2-step cell cycle assay.
The cells were seeded in 6-well culture plates at a density of 1 ×

105 cells per mL. Aer 70–80% conuence was achieved, they
were treated with the complex Cu(L) in a concentration corre-
sponding to the IC50 value obtained in the MTT test, and the
ligand L in a concentration equal to 100 mM or DMSO as
a vehicle in the control cultures, and analyzed aer 48 h of
incubation. The cells were washed with PBS (Corning, New
York, NY, USA), and incubated with lysis buffer (solution 10)
supplemented with 10 mg mL−1 of DAPI for 5 min at 37 °C. Aer
addition of the stabilization buffer (solution 11), the samples
were analysed. The uorescence signal was quantied using
a NucleoCounter® NC-3000™ image cytometer (ChemoMetec,
Lillerød, Denmark).

2.7.6 Analysis of intracellular thiol levels. To evaluate the
intracellular thiol level, HeLa cells were seeded in a 6-well
culture plate at a density of 2 × 105 cells per mL and the tested
compounds were added aer reaching 70–80% conuence.
Aer incubation for 48 h, the cells were washed with PBS and
detached with trypsin–EDTA, followed by collection in a tube,
centrifugation for 5 minutes, removal of the supernatant, and
suspension of the cells with PBS. Subsequently, 10 mL of solu-
tion 5 (VB-48™$PI$AO) was added into 190 mL of the cell
suspension. Next, the stained cells were loaded into 8-chamber
NC-Slides A8™ and measured using the NC-3000 image
cytometer (ChemoMetec, Lillerød, Denmark) according to the
manufacturer's protocol for cell vitality assay. Solution 5
contains three different uorescent dyes: acridine orange (AO)
staining all cells, propidium iodide (PI) staining dead cells only,
and VitaBright-48™ (VB-48™) which stains viable cells in an
intensity that is dependent on their level of thiols. A high
uorescence intensity of a particular cell indicates that the cell
has a high level of thiols such as GSH. The obtained VB-48™
© 2024 The Author(s). Published by the Royal Society of Chemistry
uorescence intensity scatter plots showing the distribution of
cells based on their thiol levels were used to demarcate the
healthy and low vitality cell subpopulations of the tested
samples.

2.7.7 Quantitative real-time PCR analysis (qRT-PCR). Gene
expression levels were determined by quantitative real-time PCR
(qRT-PCR). HeLa cells were seeded into 25 cm3

asks at
a concentration of 2 × 105 cells per mL, and test compounds
were added aer reaching 70–80% conuence. Aer 48 h of
incubation, cells were treated with trypsin and harvested by
centrifugation at 400× g for 5 min at room temperature. Then,
1 mL of TRIzol™ Reagent (Invitrogen, Carlsbad, CA, USA) was
added to lyse the cells. Lysates were centrifuged for 5 min at 12
000× g at 4 °C, and clear supernatants were processed accord-
ing to the manufacturer's protocol. For cDNA synthesis, all
obtained samples (OD260/280 ratio of app. 2.0) were reverse-
transcribed using NG dART RT-PCR reagents (EURx, Gdansk,
Poland) and a Mastercycler gradient thermocycler (Eppendorf,
Hamburg, Germany) according to the manufacturer's instruc-
tions, maintaining a reaction thermal prole of 10 min at 25 °C,
50 min at 50 °C and 5 min at 85 °C. The qPCR reaction was
performed using Fast SG/ROX qPCR Master Mix reagents (2×)
(EURx, Gdansk, Poland) in a 7500 fast real-time PCR system
(Applied Biosystems, USA) in triplicate, according to the
manufacturer's instructions. The thermal prole of the reac-
tions was as follows: 20 s at 95 °C, followed by 40 cycles of 3 s at
95 °C and 30 s at 60 °C. The sequences of primers used in the
qPCR are presented in Table S2.† RNA18SN5 and ACTB were
used as reference genes, and the relative expression of the
tested genes was determined by the DDCt method. Analysis was
performed using RQ values (relative quantication, RQ =

2−DDCt). The data have been obtained from two independent
experiments.

2.7.8 Comet assay. The genotoxicity of the compounds was
determined using the comet assay. Following 48 h of incubation
with tested compounds as well as H2O2 (at 75 mM) as a positive
control, the cells were detached from the 6-well plate using
a trypsin–EDTA solution (Corning, New York, NY, USA), and
they were thoroughly resuspended in DPBS (Corning, New York,
NY, USA) lacking divalent cations. The nal concentration of
HeLa cells in each sample was adjusted to 1 × 105 cells per mL.
The comet assay was performed under neutral conditions (pH
8.5), as described previously by Olive et al.40 The cell suspen-
sions (0.4 mL) were mixed with 1.2 mL of 1% (w/v) low melting
point agarose (EURx, Gdansk, Poland), and then distributed
onto microscope slides coated with 1% (w/v) normal melting
agarose (EURx, Gdansk, Poland), covered with a cover slip, and
kept for 10 minutes at 4 °C to solidify. Then, the microscope
slides were submerged in a covered dish containing N1 lysis
solution (2% sarkosyl, 0.5 M Na2EDTA, 0.5 mg mL−1 proteinase
K (pH 8.0)) and kept at 37 °C overnight in the dark. Aer over-
night lysis, the slides were submerged twice in room tempera-
ture N2 rinse buffer (90mMTris buffer, 90mMboric acid, 2mM
Na2EDTA (pH 8.5)) for 30 minutes and placed horizontally in an
electrophoresis tank side by side. Electrophoresis in solution N2
was run for 25 minutes at 0.6 V cm−1. Aer electrophoresis, the
slides were washed for 15 minutes in distilled water, and
RSC Adv., 2024, 14, 36295–36307 | 36299
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stained using Hoechst 33342 (5 mg mL−1) for another 20
minutes. Comet images were captured using a Nikon Eclipse Ti
inverted microscope with NIS-Elements Imaging Soware
(Nikon, Tokyo, Japan). Fiy individual cells were selected for
calculations for each analysis. All experiments were performed
at least three times, each with two parallel slides per data point.
The images were analyzed using OpenComet (v1.3) a plugin for
the image processing program ImageJ (Rasband, W.S., ImageJ,
U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.net/ij/, 1997–2018.), which directly gives the %
DNA in tail, tail length, and tail moment (TM). The parameter
TM is the product of the tail length and % DNA in the tail.
2.8 Antimicrobial and antifungal activity

The minimal inhibitory concentration (MIC) and the minimum
bactericidal/fungicidal concentration (MBC/MFC) of the tested
complexes were evaluated for antibacterial and antifungal
activity using the microdilution broth method in Mueller–
Hinton broth or RPMI with MOPS for the growth of bacteria and
fungi, respectively. The panel of reference microorganisms,
including Gram-negative bacteria (Escherichia coli ATCC 25922,
Salmonella typhimurium ATCC 14028, Klebsiella pneumoniae
ATCC 13883, Pseudomonas aeruginosa ATCC 9027, Proteus mir-
abilis ATCC 12453), Gram-positive bacteria (Staphylococcus
aureus ATCC 25923, Staphylococcus aureus ATCC BAA-1707,
Staphylococcus epidermidis ATCC 12228, Micrococcus luteus
ATCC 10240, Enterococcus faecalis ATCC 29212, Bacillus cereus
ATCC 10876), and fungi (Candida albicans ATCC 10231, Candida
parapsilosis ATCC 22019, Candida glabrata ATCC 90030) was
investigated. The sterile 96-well polystyrene microtitration
plates (Nunc, Denmark) were prepared by dispensing 100 mL of
an appropriate dilution of the tested compounds in broth
medium or per well by serial two-fold dilutions to obtain nal
concentrations of the tested compounds, ranging from 500 to
3.9 mg L−1. The inocula were prepared with fresh microbial
cultures in sterile 0.85% NaCl to match the turbidity of 0.5. The
McFarland standard was added to wells to obtain a nal density
of 5 × 105 CFU mL−1 for bacteria and 5 × 104 CFU mL−1 for
Fig. 3 Molecular structure of the compound showing atom-labeling sc

36300 | RSC Adv., 2024, 14, 36295–36307
yeasts (CFU, colony forming units). Aer incubation (35 °C for
24 h), the MICs were assessed visually and spectrophotometri-
cally at 600 nm as the lowest concentration of the compounds
that shows complete growth inhibition of the reference micro-
bial strains. An appropriate DMSO control (at a nal concen-
tration of 10%), a strain growth control (inoculum without the
tested compounds), and negative control (the tested
compounds without inoculum) were included on each micro-
plate. MBC or MFC was obtained by culture of 5 mL from each
well that showed through growth inhibition, from the last
positive one, and from the growth control onto recommended
agar plates. The plates were incubated at 35 °C for 24 h for all
microorganisms. The MBC/MFC was dened as the minimum
concentration of compounds that kills 99.9% of the test
microorganisms in the original inoculum. Vancomycin (Van),
ciprooxacin (Cip), and nystatin (Nys) were used as the standard
reference antibiotics.
3. Results
3.1 SC-XRD analysis

The compound crystallized in the space group Pna21 with two
molecules of the neutral complex in the asymmetric unit
(Fig. 3). In both molecules, the copper atom is coordinated by
two nitrogen atoms of the organic ligand, a thione sulfur atom,
and two chlorine ions (Table 1). The neighborhood of the Cu2+

coordination atom may be described as distorted trigonal
bipyramidal. Chlorine atoms and a hydrazine nitrogen atom
occupy the equatorial positions. The structure is stabilized by
hydrogen bonds of the N–H/Cl type (Fig. 4 and Table 2), which
form the R2,4(8) ring according to the hydrogen-bond graph-set
theory.41
3.2 Hirshfeld surface analysis and electrostatic potential
maps

Hirshfeld surface analysis is a useful tool for evaluating the
intermolecular interactions with the neighboring molecules
within crystals. For both compounds, L and Cu(L), Hirshfeld
hemes. Displacement ellipsoids are drawn at the 50% probability level.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Geometric parameters (Å, °) for the Cu(L) compound

Distance (Å) Distance (Å)

Cu1A—Cl1A 2.2420 (15) Cu1–Cl1 2.2587 (14)
Cu1A—Cl2A 2.4832 (14) Cu1–Cl2 2.4789 (14)
Cu1A—S1A 2.3030 (15) Cu1–S1 2.3060 (15)
Cu1A—N3A 1.976 (5) Cu1–N3 1.991 (5)
Cu1A—N42A 2.062 (5) Cu1–N42 2.050 (5)

Angle (°) Angle (°)
Cl1A—Cu1A—Cl2A 100.18 (5) Cl1–Cu1–Cl2 99.83 (5)
Cl1A—Cu1A—S1A 95.33 (6) Cl1–Cu1–S1 95.06 (6)
S1A—Cu1A—Cl2A 102.28 (5) S1–Cu1–Cl2 102.29 (5)
N3A—Cu1A—Cl1A 157.38 (14) N3–Cu1–Cl1 146.63 (14)
N3A—Cu1A—Cl2A 102.18 (14) N3–Cu1–Cl2 113.14 (14)
N3A—Cu1A—S1A 83.22 (16) N3–Cu1–S1 83.21 (16)
N3A—Cu1A—N42A 78.2 (2) N3–Cu1–N42 77.2 (2)
N42A—Cu1A—Cl1A 93.96 (14) N42–Cu1–Cl1 93.80 (15)
N42A—Cu1A—Cl2A 102.01 (14) N42–Cu1–Cl2 98.08 (14)
N42A—Cu1A—S1A 151.97 (14) N42–Cu1–S1 156.01 (14)

Table 2 Hydrogen-bond geometry (Å, °) for the Cu(L) complexa

D—H/A D—H H/A D/A D—H/A

N4A—H4AA/Cl2 0.88 2.50 3.300 (5) 152
N4A—H4AB/Cl2Ai 0.88 2.37 3.199 (5) 158
N4–H4A/Cl2Aii 0.88 2.48 3.289 (5) 154
N4–H4B/Cl2iii 0.88 2.45 3.275 (5) 156

a Symmetry codes: (i) x + 1/2, −y + 5/2, z; (ii) x, y − 1, z; (iii) x − 1/2, −y +
3/2, z.
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surfaces and the ngerprint plots were generated and studied
(Fig. S5–S7†). For all described contacts, enrichment ratio (ER)
values were calculated to determine whether or not a contact is
favored in a crystalline environment.42 For the L compound,
four main contacts were detected: H/H (44.6%), H/C/C/H
(17.5%), H/S/S/H (17.2%), and H/N/N/H (12.2%). With ER
= 1.42, the H/S/S/H contacts seem to play a key role in the
crystal structure of L, as these contacts are the most favored
ones. The ER values for the remaining contacts are close to 1.
The key difference in the Cu(L) contacts is the crucial role of the
H/Cl/Cl/H contacts in the structural assembly, both in terms
of the percentage share (26.6%) and high ER value (1.53). The
distribution of the remaining contacts is similar, with H/H
(29.2%) and H/C/C/H (13.2%), and the highly favored H/S/
S/H (10.9%) and H/N/N/H (9.6%) contacts.

For both compounds, electrostatic potential maps (MEPS)
were generated and analyzed (Fig. 5). MEPS offer a three-
dimensional illustration of a molecule's charge distribution.
For the organic ligand alone, a negative charge is predomi-
nantly localized on the sulfur atoms. However, in the coordi-
nation compound containing chlorine atoms, there is
a noticeable shi, with the negative charge becoming more
pronounced and concentrated on the chlorine atoms. The
Fig. 4 Intermolecular hydrogen bonds in the Cu(L) compound with ato

© 2024 The Author(s). Published by the Royal Society of Chemistry
coordination induces a change in the molecule's geometry and,
consequently, its charge distribution. In both scenarios, the
NH2 group emerges as the most positively charged region. This
pronounced positive charge is due to its electron deciency,
which is far more evident in the coordination compound.
3.3 Quantum-mechanical calculations, UV-vis, uorescence
and FTIR measurements

3.3.1 Quantum-mechanical calculations, UV-vis and uo-
rescence spectra. For the solid state measurements, a notable
correspondence between the TD-DFT calculated and experi-
mental spectra is evident (Fig. S8†), elucidating the involved
electronic transitions. For the organic ligand L, two main
absorption maxima are identied. The rst maximum is
attributed to p / p* and n/p / p* transitions (Table S3†),
predominantly involving the lone pair electrons on the sulfur
atom (Fig. S9†). The second absorption maximum is also
identied as an n/p / p* transition, in which the lone pairs of
the sulfur atom are similarly engaged. In the case of the Cu(L)
coordination compound, a more complex spectroscopic prole
is revealed (Table S3†). The rst maximum is linked to a blend
of n/p / p* and more intricate orbital transitions, involving
the electron density concentrated around the copper atom,
which includes d-electron transitions. Subsequent maxima are
ascribed to transitions where the acceptor orbital encompasses
electron density focused around the copper atom's d-orbitals,
sigma orbitals, and lone pairs of chloride ions (Fig. S9†). The
donor orbital is found to include anti-bonding p and d-orbitals
of the copper atom. Lastly, an absorption maximum appearing
at higher wavelengths (above 700 nm) is attributed to n/d/ p*/
m labeling (left) and coordination polyhedra (right).

RSC Adv., 2024, 14, 36295–36307 | 36301
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Fig. 5 Molecular electrostatic potential maps (MESP) of the studied compounds imposed on electron density at an isovalue of 0.005.
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d transitions, implicating the lone pairs of the chloride ions and
the d-orbitals of the copper atom (Table S3†).

In addition to solid-state measurements, the UV-vis spec-
trum for Cu(L) was also recorded in DMSO. Five distinct
maxima were observed (Fig. S11 and Table S3†), closely corre-
sponding to the calculated values. More pronounced differ-
ences are visible for transitions at high wavenumbers (Fig. S11
and Table S3†), which are typical for TD-DFT calculations in this
range. This is related to the fact that the observed maximum in
the spectrum is actually associated with several different energy
transitions. The nature of the transitions is similar to those
observed in the solid state and mainly concerns transitions in
which the acceptor orbital is an anti-bonding p orbital
(Fig. S11†). However, in aqueous solution, the inuence of the
d orbitals of the central atom (copper) becomes more apparent.
It can be observed that in most cases, the electron density of the
donor orbital is also localized around the copper atom. All
described transitions can therefore be classied as n/ p* and
d/ p* transitions, except for the transition associated with the
rst maximum, where the acceptor orbital is the anti-bonding s
orbitals of the organic ligand. In general, the transitions have
the character of a metal-to-ligand charge transfer (MLCT).
Additionally, optimization of the Cu(L) complex was performed
in a water environment. A decrease in energy was observed
during the optimization process, and no dissociation of the
complex occurred (Fig. S12†), suggesting that the obtained
coordination compound remains intact in aqueous solutions.
To assess the stability of both ligand L and its complex, Cu(L) in
mixed DMSO/H2O solutions, their absorption spectra in DMSO/
H2O (1 : 1) mixture were recorded in a time-dependent manner
(Fig. S13†). No signicant changes were observed aer 24 and
48 hours, conrming the high stability of both compounds.

The organic ligand L also exhibits weak uorescence with
a single pronounced maximum, observed at an excitation
wavelength of 470 nm and an emission wavelength of 481 nm
(Table S3 and Fig. S14†). In contrast, the coordination
compound Cu(L) essentially shows no uorescence. This
quenching effect is attributed to the copper cation, which has
an open-shell electronic structure, and aligns with the general
ndings in the literature.43 Fluorescence quenching may be
useful in applications such as biosensors, where specic
quenching could serve as an indicator of the analyte presence.
36302 | RSC Adv., 2024, 14, 36295–36307
3.3.2 FTIR spectra. In the ligand L spectrum (Fig. S15†),
sharp bands at 3410 and 3309 cm−1 can be attributed to the
n(NH) modes. Interestingly, in the spectrum of a Cu(L) complex
(Fig. S16†), only one weak band at 3316 cm−1 can be observed.
This can be explained by the strong hydrogen bonds formed
between the chlorine atoms and amino group hydrogens, which
correlates well with the crystallographic analysis results. In both
spectra, several n(CH) bands can be observed around
3000 cm−1. For both compounds, n(CN), n(CC), d(CH), d(NH),
n(NN), and n(CS) bands can be found in the range between 1660
and 980 cm−1. Based on the literature, the Cu(L) NNS coordi-
nation mode, and the shi of some of these bands in compar-
ison with the L spectrum, sharp bands at 1647 cm−1 for L and
1651 cm−1 for Cu(L) can be ascribed to the n(CN)aliph azome-
thine modes.44 Furthermore, the single bands at 1018 cm−1 can
be ascribed to L, and those at 1038 cm−1 for Cu(L) are associ-
ated with the n(NN) modes.45 As a result of coordination, both
n(CN)arom pyrazine and n(CSS) bands are shied signicantly:
from 1339 cm−1 in L, to 1364 cm−1 in Cu(L), and from 985 cm−1

in L, to 1005 cm−1 in Cu(L), accordingly.45
3.4 Magnetic properties

In the rst step, the molar magnetic susceptibility cm of the
ligand L was established. The slope of its linear response in H at
T = 300 K yields cm

L = −1.63 × 10−4 emu mol−1. Under the
same experimental conditions, the coordination compound
Cu(L) exhibits a net paramagnetic response, which grows
steadily on lowering T. This behavior can be assigned to the
presence of spin S = 1

2 Cu ions with conguration 3d9 in the
investigated compound. To evaluate the molar spin suscepti-
bility of these ions, cm

S = 1
2, we corrected the experimental data

for the magnitudes of cm
L (noting that the L ligand constitutes

only 70% of the mass of Cu(L) compound) and diamagnetic
corrections for (i) the Cu2+ cation, cm

Cu = −1.1 × 10−5 emu
mol−1 and two Cl− anions, cm

Cl− = −2.34 × 10−5 emu mol−1.46

The resulting temperature dependence of the inverse of cm
S = 1

2

is presented in Fig. S17.† Indeed, the experimental points follow
the paramagnetic T−1 dependency very closely, as indicated by
the solid straight line. The slope of this line yields the magni-
tude of the inverse of the Curie constant Cmol−1 = 3 kB/meff

2/NA,
from which the magnitude of the effective spin moment meff

2 y
© 2024 The Author(s). Published by the Royal Society of Chemistry
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8/Cmol of the Cu ions is readily obtained. Here, meff is given in
units of Bohr magnetons mB, kB is the Boltzmann constant, and
NA is the Avogadro number. We obtained meff

Cu = 1.6(1) mB,
which correlates remarkably well with the spin-only magnitude
of 3d9 conguration, for which meff = 1.73 mB is expected. This
nding conrms the presence of a single unpaired electron on
the Cu site and its 3d9 conguration. The uncertainty of meff

Cu is
determined predominantly by the uncertainty of the masses of
the powder specimens aer transferring into the capsules.
3.5 In silico biological properties predictions

In silico tests covered the ADME bioavailability analysis and
predictions of overall toxicity, as well as cytotoxicity towards
cancer cells of the ligand L. Its pharmacokinetic prole was
evaluated based on six basic properties (lipophilicity, size,
polarity, solubility, exibility, and saturation; Fig. 6a), and
allowed to classify the ligand L as a potential drug candidate. It
meets the rules of Lipinski,47 Ghose,48 Egan,49 Veber,50 and
Muegge51 for druglikeness. The BOILED-egg diagram analysis
suggests moderate solubility in water with high gastrointestinal
absorption and no blood–brain-barrier permeation. Thus,
compound L is predicted not to be the P-glycoprotein substrate
(Fig. 6b). Therefore, it may be a suitable drug candidate with
oral administration and a poor drug candidate against brain
tumors. According to the overall toxicity predictions, compound
L belongs to the 4th toxicity class. The predicted LD50 value was
equal to 400 mg kg−1. The evaluation of the cytotoxicity towards
cancer cell lines revealed good results for the tested compound,
with the highest probability of anticancer activity against skin,
cervix, and lung cancer cells (Fig. S18†). Moderate activity was
predicted against pancreas, breast, stomach, prostate, and
urinary bladder cancers, suggesting the above-mentioned
diseases as potential targets.
Fig. 6 (a) Bioavailability graph generated using the SwissADME service. T
bioavailability. LIPO, lipophilicity (−0.7 < XlogP3 < +5.0); SIZE, molecular w
< 130 Å2); INSOLU, insolubility (0 < log S < 6); INSATU – insaturation (0.25
(b) The BOILED-egg diagram for the compound L. The white area represe
brain barrier permeation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.6 Anticancer activity and mechanism of action

The in vitro cytotoxicity of both ligand L and complex Cu(L) was
investigated on cell lines of different origin, such as A-375
(malignant melanoma), PANC-1 (pancreatic cancer), MKN-74
(gastric cancer), T-47D (breast cancer), HeLa (cervical cancer)
and NCI-H1563 (non-small cell lung cancer), with BJ (normal
human broblast) as the non-cancer control cell line. Results
were compared with those of the widely used drugs (dacarba-
zine, gemcitabine, doxorubicin and cisplatin), as well as cop-
per(II) chloride alone, under the same conditions.

Cells were exposed to 0–100 mM of L or Cu(L) for 48 h, and
cell viability was assessed using the MTT assay. Results were
determined according to the dose values of the potential drug
needed to reduce the cell lines growth to 50% (IC50). In the
range of the concentrations used, the ligand L was slightly
cytotoxic against the tested cell lines. The IC50 value was
calculated only in the case of the MKN-74 gastric cancer line
(Table 3 and Fig. S19†). Complexation of L with copper(II) ions
substantially increased the cytotoxic activity against cancer
cells, without toxicity towards normal broblasts. Signicant
differences were observed starting from the concentration of 25
mM in the case of the HeLa cell line, and 50 mM for the other cell
lines (Fig. S19†). Similarly, for the HeLa line, the lowest IC50

value was obtained. For A375 and HeLa cell lines, the cytotox-
icity of Cu(L) was comparable to the cytotoxicity of the reference
drugs, dacarbazine and cisplatin, respectively. At the same time,
copper(II) chloride alone did not exhibit signicant toxicity in
the tested concentrations.

In addition to theMTT assay, the cytotoxic activities of ligand
L and its complex, Cu(L), were veried by apoptosis detection
using annexin V and image cytometry. Annexin V binds
specically to phosphatidylserine, which is externalized on the
outer surface of the cell membrane to mark the cell to undergo
he red-colored zone is considered physicochemically suitable for oral
eight (150 gmol−1 < MW < 500 gmol−1); POLAR, polarity (20 Å2 < TPSA
< fraction Csp3 < 1); FLEX – flexibility (0 < num. of rotatable bonds < 9).
nts high gastrointestinal absorption; the yellow area represents blood–
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Fig. 8 Cell cycle distribution, showing the populations of HeLa cells in
different phases (subG1, G1, S, and G2/M) after 48 h of incubation with
ligand L (100 mM), complex Cu(L) (17.50 mM), and a positive control.

Table 3 IC50 values based on the MTT test after 48 h incubation with ligand L and its complex Cu(L)

A375 PANC-1 MKN-74 T-47D HeLa NCI-H1563 BJ

IC50 (mM)

Ligand L >100 >100 89.2 � 4.47 >100 >100 >100 >100
Complex
Cu(L)

40.81 � 1.18 46.90 � 3.64 38.1 � 0.78 44.71 � 4.75 17.50 � 2.44 39.11 � 3.99 >100

Reference 47.12 � 2.78
(dacarbazine)

12.05 � 1.12
(gemcitabine)

15.02 � 0.98
(cisplatin)

5.28 � 0.32
(doxorubicin)

13.68 � 1.21
(cisplatin)

2.25 � 0.30
(cisplatin)

—

CuCl2 >100 >100 >100 >100 >100 >100 >100
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apoptosis process.52 Analysis of the ligand L activity conrmed
its low cytotoxicity against the majority of the cell lines – only in
the case of MKN-74, ligand L induced apoptosis at a concen-
tration equal to 100 mM (Fig. 7 and S20†). The Cu(L) complex
induced apoptosis, with a predominance of cells in the early
apoptosis stage in the A375 and PANC-1 lines and late apoptosis
predominance in the MKN-74, T46D, HeLa, and NCI-H1563 cell
cultures (Fig. 7 and S20†).

As the lowest IC50 value was obtained for the complex Cu(L)
against the HeLa cell line, it was subjected to cell cycle analysis.
The concentration of Cu(L) corresponded to the IC50 value ob-
tained in the MTT test, with the ligand L equal to 100 mM or
DMSO used as a vehicle in the control cultures, and the culture
was analyzed aer 48 hours of incubation. Cell cycle analysis
showed that treatment of HeLa cells with ligand L and complex
Cu(L) resulted in an increase in the population of cells in the
G2/M phase at the expense of the population in the S phase
(Fig. 8 and S21†). This pattern was much more pronounced for
Cu(L). Cell cycle arrest in the G2 phase indicates that the cell
has halted its progression through the cell cycle due to various
reasons, such as DNA damage, allowing the cell to undergo the
DNA repair pathway.

Copper(II) complexes are known to induce oxidative stress in
cancer cells via redox cycling, which leads to the production of
superoxide radicals (cO2−) and hydrogen peroxide (H2O2).12,53

Cellular thiols, particularly glutathione (GSH), play a crucial
role in protecting cells from oxidative stress.11 The cycle of
Fig. 7 Cancer cell populations based on apoptosis/necrosis detection v

36304 | RSC Adv., 2024, 14, 36295–36307
oxidation and regeneration of glutathione (GSH) involves GSH
donating electrons to neutralize reactive oxygen species (ROS),
becoming oxidized (GSSG), and then being reduced back to its
active form, GSH. A decrease in the level of reduced thiols shis
the cellular redox potential towards a more oxidative state,
which can trigger oxidative damage to lipids, proteins, and
DNA.11 Therefore, the level of cellular thiols was examined in
HeLa cells, which showed the greatest sensitivity to the tested
compounds.

Analysis of the thiol level distribution by image cytometry
revealed the presence of a subpopulation of cells with decreased
thiol levels aer treatment with ligand L and its complex Cu(L),
ia annexin V and image cytometry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Thiol level distribution in HeLa cells after 48 h of incubation
with the ligand L (100 mM), complex Cu(L) (17.50 mM), and positive
control.
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equal to 32% and 53%, respectively, vs. 4% in the control
culture (Fig. 9 and S22†).

Reduced thiol levels found in the studied cells indicate
a redox imbalance. Thus, it is possible that the cycle arrest is
related to oxidative stress and oxidative DNA damage. The
Fig. 11 DNA damage (tail moment) induced by ligand L (100 mM) and co
mM) detected by the neutral comet assay in HeLa cells. (A) Representative
(B) Representative graph obtained by plotting the means of the tail mom
nucleus) of the HeLa cells comets. The values are presented as the mean
0.05 vs. ligand L.

Fig. 10 The results of mRNA gene expression analysis in HeLa cells t
corresponding to an IC50 value of 17.50 mM). Mean RQ levels are marke

© 2024 The Author(s). Published by the Royal Society of Chemistry
expression of enzymes related to the rst line of cell defense
against reactive oxygen species (ROS) and DNA damage was
evaluated. It was observed that Cu(L) complex treatment
signicantly upregulated expression of the NF2L2 gene, which is
a transcription factor for genes encoding antioxidant enzymes
(such as superoxide dismutase (SOD2) and catalase (CAT))
neutralizing superoxide radicals and hydrogen peroxide,
respectively. These two genes exhibited an approximately a 3-
fold increase in the expression level. The expression of enzymes
involved in the GSH oxidation and regeneration cycle (GPX and
GSR), as well as the genes associated with oxidative DNA
damage (ATM, ATR, OGG1, PARP), increased to a lesser extent.
For comparison, the changes in the tested gene expression in
HeLa cells aer incubation with the ligand L were minor, with
only SOD expression being increased by almost 1.5-fold
(Fig. 10).

To determine the genotoxic effect of ligand L and its copper
complex Cu(L), the comet assay was used, presented as the tail
moment parameter (tail length × DNA amount in the tail). The
tail moment values of the negative control (the untreated HeLa
cells) indicated a low level of spontaneous DNA damage (TM:
mplex Cu(L) (at concentration corresponding to an IC50 value of 17.50
images from the neutral comet assay (100× and 150× magnification).

ent (whose magnitude reflects the frequency of DNA strand breaks per
of three independent experiments ± SD. *p < 0.05 vs. control. - p <

reated with ligand L (100 mM) and complex Cu(L) (at concentrations
d with a color scale.
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7.22 ± 3.25) (Fig. 11). A higher degree of DNA degradation than
that observed in the control was noted in cells treated with
ligand L (14.01 ± 4.18) and the studied complex Cu(L) (29.1 ±

8.08), indicating both their genotoxic and cytotoxic properties.
In addition, complex Cu(L) induces twice as much DNA damage
as compared to ligand L.
3.7 Antimicrobial and antifungal activity

Antimicrobial activities of the free ligand L and its copper(II)
complex Cu(L) were tested against a wide panel of Gram-
negative bacteria, Gram-positive bacteria, and yeasts (Table
S4†). Whereas the ligand L showed a lack of activity in the tested
range of concentrations, Cu(L) revealed negligible activity
against the tested Gram-positive bacteria (MIC 250 mg L−1).
Interestingly, comparable activity was observed against
methicillin-resistant Staphylococcus aureus (MRSA). It was found
that the Cu(L) complex exhibited bactericidal activity since the
MBC/MIC index for most of the tested Gram-positives was <4.
Cu(L) was also slightly active against two out of the three tested
yeasts. Activity against Gram-negative bacteria was not observed
for ligand L or for the Cu(L) complex. Vancomycin (Van),
ciprooxacin (Cip), and nystatin (Nys) were used as the standard
reference antibiotics.
4. Conclusions

In the presented study, a new copper(II) pyrazine-based complex
bearing a dithiocarbazate moiety Cu(L) was synthesized and
studied in terms of its physicochemical properties, in silico
simulations, and biological activity. The NNS-coordinated Cu(L)
complex is stabilized by hydrogen bonds formed between NH2

hydrogen atoms and chlorine atoms, as highlighted through
SC-XRD, Hirshfeld surface and ngerprint plot analysis. Both
the Cu(L) complex and its corresponding ligand L were tested
for anticancer activity against A375, PANC-1, MKN-74, T-47D,
HeLa, and NCI-H1563 cancer cells, and normal human bro-
blasts BJ. Along with the increasing concentration of Cu(L),
a signicant increase in activity against all cancer cells was
observed in comparison with the ligand L alone. The lowest IC50

value (17.50 mM) was reached against HeLa lines. For this cell
line, the studies of the mechanism of action revealed that the
high activity of this compound is related to the redox imbalance
and oxidative stress induced in the treated cells, caused by the
upregulation of genes encoding superoxide dismutase (SOD2)
and catalase (CAT) antioxidant enzymes. Structures of a similar
Cu(II) NNS-coordinated dithiocarbazate complex bearing pyr-
azine moiety were reported, although their biological activity
has not been studied.14 In contrast, complexes containing
pyridine moieties have been more thoroughly investigated,
oen reaching sub-micromolar or near-sub-micromolar IC50

values.15,16 While ligand L was found to be mostly inactive, Cu(L)
exhibited good anticancer activity. This trend can also be
observed in the abovementioned pyridine-based complexes,
highlighting the potential of the novel metalorganic drugs
concept, especially in terms of the application of metals lighter
than platinum or ruthenium (like copper), which are generally
36306 | RSC Adv., 2024, 14, 36295–36307
considered signicantly less toxic. While the synthesized Cu(L)
complex exhibited good anticancer activity, its antibacterial
activity was found to be negligible.

Data availability

Crystallographic data for Cu(L) has been deposited at the CCDC
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