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Two mixed-ligand complexes of copper(i) chloride containing guanidine derivatives and ciprofloxacin (HCip),
namely [Cul'™(Cip)ICl (1Cip) and [CuL®™(Cip)ICl (2Cip) (L' = amidino-O-methylurea, L>™ = N-(benzyl)-
amidino-O-methylurea), were synthesized and characterized by elemental analysis and spectroscopic
techniques, including density functional theory (DFT) calculations. The possible coordination geometry of
1Cip and 2Cip was predicted to be distorted square planar. The binding mode and strength of the
complexes to calf thymus (CT) DNA were explored using absorption titration, viscosity measurements,
circular dichroism and fluorescence spectroscopies, which suggested intercalation between the DNA-bases
as the most probable binding mode. The intrinsic binding constants (K},) were determined and found in the
trend of 2Cip > 1Cip. Analysis of the cleaving ability of the complexes toward pBR322 plasmid DNA in the
absence and presence of hydrogen peroxide was also carried out by gel electrophoresis. The results of our
studies suggest that the main cleaving pathway of 1Cip and 2Cip may occur via an oxidative mechanism.
Their cytotoxicity was then tested against human cervical cancer (Hela) and breast cancer (MCF-7) cells in
comparison to normal kidney (Vero) cells. The studied complexes showed greater anticancer activity against
both cancer cells than HCip and the starting compounds (1 and 2). In addition, the complexes are inactive
toward normal cells, probably due to their additional ciprofloxacin. The mechanism of cell death was further

Received 21st March 2022, investigated by flow cytometry, and it was found that 1Cip and 2Cip may induce the death of the cancer
Accepted 27th May 2022 cells via apoptosis pathways in the S phase for Hela cells, and the GO/G1 phase for MCF-7 cells. The
DOI: 10.1039/d2nj01377k antibacterial activities of the complexes were also tested against three human food poisoning bacteria

(E. coli, Salmonella, and Campylobacter). According to the MIC values, the antibacterial activity of 1Cip and
rsc.li/njc 2Cip was the best against Salmonella (1.95 pg mL™Y).

1. Introduction

Following the discovery of the anticancer activity of cisplatin
(cis-[Pt(NH;),Cl,]) in 1965," the metal complexes used as anti-
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Fig. 1 (a) The starting compounds and (b) ciprofloxacin.

Copper complexes with diverse organic ligands also exhibit a
wide spectrum of biological properties such as antibacterial,®
antifungal,” anti-inflammatory® and antiviral activities.’
Thus, copper-based complexes are among the best choices for
cancer therapy. N,N-Bidentate amidino-O-alkylurea and its
derivatives comprise one of the most interesting ligand systems
because they possess many hydrogen-bonding groups and are
very stable after coordination with copper ions. In 2015,
the copper(u) complexes containing 1-amidino-O-methylurea
(L™) and N-(benzyl)-amidino-O-methylurea (L*™), namely
[Cu(L™)Cl,], (1) and [Cu(L*™)Cl,], (2), which adopt a square-
pyramidal geometry, were synthesized and their anticancer
activities were studied and reported on by our research groups
(Fig. 1(a))."® Complexes 1 and 2 have shown DNA cleavage
and DNA-binding abilities through non-intercalative modes.
Their anticancer activities against lung cancer (NCI-H187)
have been reported with ICs, values of 49.42 pug mL ™" for 1
and 47.63 pg mL ™" for 2.'° In an attempt to enhance the
anticancer potential, the interactions of 1 and 2 with another
ligand which is, in this work, ciprofloxacin, should be consid-
ered of great importance and further evaluated.

Ciprofloxacin (HCip) (Fig. 1(b)) is an antibacterial drug used
to treat diverse infections caused by Gram-negative bacteria,
such as urinary tract infections, lower respiratory tract infec-
tions, bone and joint infections, and typhoid fever.'" In addi-
tion, ciprofloxacin can act as an O,0O-bidentate ligand and
coordinate with transition metals through a pyridone oxygen
and one carboxylate oxygen. According to the literature,
several metal complexes of HCip in the deprotonated form,
including Mn(u), Fe(u), Co(u), Ni(1), Mo(u) and Cu(u),"*"** have
been studied in an attempt to investigate the structure, spectro-
scopic and biological properties, such as antituberculosis,"*
antibacterial,"®> antimicrobial,'® anticancer'” and antifungal®
attributes. The mechanism of biological action of HCip is
believed to inhibit DNA gyrase, an essential bacterial enzyme
that maintains superhelical twists in DNA."

In order to improve the biological activity of copper(u)
complexes, in the present work, we have synthesized, charac-
terized, and studied the cytotoxicity of two new mixed-ligand
copper(n) complexes containing 1-amidino-O-methylurea (L'™)
or N-(benzyl)-amidino-O-methylurea (L>™) and ciprofloxacin,
[CuL"™(Cip)]Cl (1Cip) and [CuL*™(Cip)]Cl (2Cip), respectively.
These two complexes are characterized by infrared, diffuse
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reflectance, UV-Visible, mass and electron paramagnetic reso-
nance spectroscopies and DFT calculations. A major aim is to
investigate the potential anticancer activities of the complexes
containing ciprofloxacin compared to the relevant starting
compounds (1 and 2). The binding property of the complexes
towards calf thymus (CT) DNA was examined by the absorption
titration method, circular dichroism (CD) spectroscopy, com-
petitive binding study using fluorescence spectroscopy, and
viscosity measurements. Additionally, the cleaving ability of
the complexes toward plasmid pBR322 DNA was evaluated by
gel electrophoresis. Data on the biological activities of the
synthesized complexes acting as a drug were investigated by
using the MTT assay. An apoptosis assay and cell cycle arrest
were used to investigate the mechanism of cell death caused by
the complexes. Finally, antibacterial activity was investigated by
the agar-well diffusion method.

2. Experimental

2.1 Materials and physical measurements

Copper(n) chloride dihydrate (CuCl,-2H,0), hydrochloric acid
37% (HCI), n-butanol 99%, methanol (MeOH), dimethyl sulfoxide
(DMSO), sodium hydroxide (NaOH), benzylamine, ethidium bro-
mide (EB), cis-diammineplatinum(n) dichloride (cisplatin), and
sodium salt of calf thymus DNA (CT-DNA, type I fibrous) were
purchased from Sigma-Aldrich. Sodium dicyanamide 97%, and
ciprofloxacin 98% (HCip) were purchased from Acros organics.
Plasmid pBR322 DNA and Tris hydrochloric acid (Tris-HCI) were
obtained from Bio Basic INC. All chemical reagents were used as
received without further purification.

Melting points were measured on Electrothermal IA9000 Series
melting point apparatus. FT-IR spectra (4000-600 cm™ ') were
recorded on a Bruker TENSOR27 ATR-FTIR spectrophotometer.
Elemental analyses (C, H and N) were performed with a
PerkinElmer PE 2400 CHNS analyzer. Electrospray ionization
mass spectra (ESI-MS) in positive mode were obtained on a
liquid chromatography-micrOTOF-benchtop ESI-TOF-MS spec-
trometer. Electronic absorption spectra were recorded on an
UV-Vis spectrophotometer, Agilen8453 (for solution phase),
using quart cuvettes of 1 cm path length, and an UV-Vis-NIR
scanning spectrophotometer, Shimadzu 3101 (for solid phase).
Electron paramagnetic resonance (EPR) spectra were detected
by a Bruker EMXmicro spectrometer at 9.40 GHz frequency
(X-band). Circular dichroism (CD) spectra using a 1 cm quartz
cuvette were recorded on a Jasco J-815 spectropolarimeter.
Fluorescence spectra were acquired on a FS5 Spectrofluorom-
eter. Cell growth inhibition was collected by a Bio-Rad 680
microplate reader. The mechanism of cell death was investi-
gated using a BD FACSCalibur flow cytometer.

2.2 Synthesis of the copper(u) complexes of guanidine
derivatives

The blue copper(n) complexes [CuL'™Cl,], (1) and [CuL*>™Cl,],
(2) were used as a starting compound and synthesized accord-
ing to the procedures reported in our previous work.>°
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2.3 Synthesis of the mixed-ligand complexes (1Cip and 2Cip)

The starting compounds 1 (0.0501 g, 0.2 mmol) for 1Cip or 2
(0.0681 g, 0.2 mmol) for 2Cip in methanol (20 mL) were added
to ciprofloxacin (HCip) (0.1325 g, 0.4 mmol) deprotonated by
1 M NaOH (0.4 mL, 0.4 mmol). The resulting mixtures were
stirred at ambient temperature for 2 h for 1Cip and 4 h for 2Cip.
The purple products were obtained, filtered off and dried in a
vacuum desiccator.

[CuL"™(Cip)]Cl (1Cip). Purple solid, yield: 72.3% (0.0788 g,
0.14 mmol). m.p. (°C): 215.0-217.5. Anal. calc. for C;oH,5N,O,4F-
CuCl (My = 545.42): C, 44.04; H, 4.62; N, 17.98%; found: C,
43.91; H, 4.54; N, 17.10%. IR (cm™%): 3358br, 2951w, 2838m,
1613s, 1577s, 1513w, 1476s-1457s, 1376s, 1302m, 1254s,
1196w-1112w, 1043w-1027m, 946s, 896w—-701m, 655m-629m.
Diffuse reflectance (A/nm, cm ™ ): 562.0, 17 794. UV-Vis (2 mM
in hot MeOH) (4/nm, cm™'): 572.0, 17 483. MS (ESI positive
ion), m/z: 332, [HCip+H]"; 509, [CuL'™(Cip)]".

[CuL*™(Cip)]Cl (2Cip). Purple solid, yield: 79.2% (0.1006 g,
0.16 mmol). m.p. (°C): 235.0-238.0. Anal. calc. for C,,H3,N;O,F-
CuCl (My = 635.53): C, 51.02; H, 4.92; N, 15.43%; found: C,
51.12; H, 5.46; N, 15.26%. IR (cm '): 3238br, 2947w, 2836w,
1613s, 1579s, 1523s, 1479m, 1459m, 1374m, 1352w, 1335w,
1259s, 1192m-1095w, 1050m, 1019w, 946m, 898w. Diffuse
reflectance (i/nm, cm™"): 556.0, 17 986. UV-Vis (2 mM in hot
MeOH) (A/nm, cm™"): 578.0, 17 301. MS (ESI positive ion), m/z:
332, [HCip+H]"; 599, [CuL>™(Cip)-H]*".

2.4 Density functional theory (DFT) calculations

All calculations were carried out using the Turbomole
package.>"** Gas-phase geometries of the studied compounds
were optimized at the ground state using the hybrid functional
B3LYP**?** with the def2-TZVP basis set.”> The optimized
geometries were visualized using the VESTA program.>®

To determine the relative stabilities of 1Cip and 2Cip in
different configurations, their binding energies (E},) were cal-
culated from eqn (1).

Eb = EC - EM - ZEL (1)

where Ec, Ey, and Ej, are the energies of the metal-ligand
complex, metal atom, and ligands, respectively. The more
negative the binding energies are, the higher the stability of
the complexes is.

2.5 Stability determination

The stability of 1Cip and 2Cip in Tris-buffer containing 0.3%
DMSO was monitored at seven different time points (0, 3, 6, 12,
24, 48 and 72 h) by UV-Vis spectrophotometry at room tem-
perature. Rate constants (k) and half-lives (¢,,) were calculated
by fitting the concentration of the complex, In(c), calculated
from the UV-Visible absorbance changes to the pseudo first-
order kinetics equation. The concentration values at different
time points (0-72 h) were plotted and k is given by the slope of
the linear fit, while ¢, = In(2)/k.>”
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2.6 DNA binding studies

The stock DNA solution was performed using calf thymus (CT)
DNA in Tris-buffer (containing 5 mM Tris-HCl and 50 mM NaCl
at pH 7.1). The concentration of CT-DNA was determined by UV
absorbance at 260 nm with the molar absorption coefficient
value of 6600 M~ ecm™'.*® The absorbance spectra of CT-DNA
solution give a ratio of the bands at 260 nm and 280 nm with a
1.8:1 ratio, suggesting that the CT-DNA is protein-free.”® The
DNA stock solution was kept in 4 °C and used within 4 days. In
addition, the complex stock solutions of 1Cip and 2Cip were
dissolved in Tris-buffer containing 0.3% DMSO for all experi-
ments. All stock solutions were freshly prepared before use.

2.6.1 Absorption titration experiments. Absorption spectra
of the mixed-ligand complexes (1Cip and 2Cip) were performed
by using different concentrations of CT-DNA (0, 20, 40, 60, 80,
and 100 pM), and a constant concentration of 1Cip and 2Cip
(50 uM) in Tris-buffer containing 0.3% DMSO at 37 °C for 24 h.
The spectra were recorded using a UV-Vis spectrophotometer at
room temperature. To subtract the absorption due to the DNA
itself (in each sample), the reference solutions (free CT-DNA) at
the corresponding concentrations (0-100 uM) were used before
recording the absorption band of each sample. This technique
can determine the binding affinity between CT-DNA and the
complexes by calculating the intrinsic binding constant (Kj),
using the Wolfe-Shimer eqn (2).*°

[DNA]/({Za — Sf) = [DNA]/({Ib — {If) + 1/Kb(€b — {Zf) (2)

where [DNA] is the concentration of DNA, ¢, is given by Agps/
[Cu], and & and ¢, are free and fully bound compounds,
respectively. Ky, is given by the ratio of the slope to the y
intercept.

2.6.2 Viscosity measurements. Viscosity measurements
were performed using an Ubbelodhe viscometer in a water bath
at a constant temperature of 37.0 £ 0.1 °C. The concentration of
CT-DNA was kept constant (50 pM) with varying the [Complex]/
[DNA] ratios in the range of 0.00-2.00 with 0.20 intervals in Tris-
buffer containing 0.3% DMSO. Flow times for each sample were
recorded three times, using a digital stopwatch and the average
flow time was calculated. Relative viscosity values (1) were
calculated from n = (t — t,)/ty, where ¢ is the observed flow time
of DNA containing the complexes at various concentrations and
to is the flow time of Tris-buffer alone.*' The data are presented
as (/no)'? vs. [Complex]/[DNA] ratios, where 5, and # are the
viscosity of the free DNA solution and the DNA-complex
solution, respectively.

2.6.3 Circular dichroism spectroscopy. The solution of CT-
DNA was kept constant (50 uM) in the presence of the 1Cip and
2Cip (0, 25 and 50 pM) in Tris-buffer containing 0.3% DMSO at
37 °C for 24 h. The CD spectra of these solutions were recorded
from 200 to 400 nm using a quartz cuvette with an optical path
length of 1 mm and a scanning rate of 50 nm min'. The data
were collected in triplicate with a time constant of 1 s and a
spectral bandwidth of 1.0 nm.

2.6.4 Fluorescence titration experiments. The different
concentrations of the complexes (0, 20, 40, 60, 80, and 100 pM)
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in Tris-buffer containing 0.3% DMSO were added into the EB-
DNA solution (50 uM EB and 50 pM CT-DNA). These mixture
solutions were kept in the dark for 30 min before measurement.
The excitation wavelength was 510 nm and the emission data
were recorded from 530 to 800 nm. The possible fluorescence
quenching mechanism can be interpreted using the classical
Stern-Volmer eqn (3).*>

FolF =1 + Ksy[Q] (3)

where F, and F are the fluorescence intensities of the EB-DNA
in the absence and presence of the metal complex [Q], respec-
tively. Kgy is the Stern-Volmer quenching constant, which can
be obtained as the slope of Fy/F versus [Q]. Furthermore, the
apparent binding constant (K,pp) was utilized to determine the
strength of the binding between the complexes and DNA using
eqn (4).

Kgp[EB] = K,pp[Complex] (4)

where [Complex] is the concentration of the complex at a 50%
reduction of the fluorescence intensity of EB and Kgg is 1.0 X
107 M~ ([EB] is 50 uM).

2.7 DNA cleavage studies

Nuclease activity of the complexes was investigated by agarose
gel electrophoresis. Tris-buffer containing 0.3% DMSO was
used as a solvent. The samples were prepared by mixing
plasmid pBR322 DNA (0.2 pg) with the complexes (10, 50,
100, 200, 300, 400, 500 and 1000 uM) in Tris-buffer containing
0.3% DMSO (10 pL) and incubated at 37 °C for 4 h. A loading
dye (2 pL) was added into the samples after incubation and
subjected into 0.8% agarose gel immersed in a 1X TAE running
buffer at 50 V for 1.5 h. After electrophoresis, the gel was
stained with EB for 5 min and photographed under UV light.
To explore the possible DNA cleavage mechanism, H,O,
(10 uM) as a reducing agent was further added into the samples
containing plasmid pBR322 DNA and the complexes, and then
incubated at 37 °C for 1 h. The efficiency of DNA cleavage can
be determined by the %DNA cleavage activity, which is calcu-
lated from eqn (5).>*

%DNA cleavage activity = {[(Volume of DNA Form I)control —
(Volume of DNA Form I)gampie)/(Volume of DNA Form I)congrol}
x 100 (5)

where the volume is band intensity x area of supercoiled DNA
(Form I).

2.8 Cell culture

The cytotoxicity effects of 1Cip and 2Cip against two human
cancer cell lines, cervical (HeLa) and breast carcinoma (MCF-7),
and a normal kidney (Vero) cell line were investigated using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay. All cells were maintained in RPMI1640 medium
with 10% fetal bovine serum (FBS), penicillin (100 U mL™"), and
streptomycin (100 pug mL ") (Gibco-BRL, USA) in a humidified
atmosphere containing 5% CO, at 37 °C. Tris-buffer containing
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0.3% DMSO was used as a solvent control. Cisplatin was used
as a positive control for all cytotoxicity experiments.

2.8.1 MTT assay. Cells were seeded in 96-well microplates
(8 x 10° cells per well) at 37 °C. After 24 h, the cells were treated
with different concentrations of the complexes (0, 10, 20, 40, 60,
80, and 100 pg mL~ ") and incubated at 37 °C for 24, 48 and
72 h. Then, the MTT solution (0.5 pg mL™") was added to each
well and kept at 37 °C for 3 h. Subsequently, the solution was
removed and 100 pL of DMSO was added to solubilize the
formazan crystals at 37 °C for 10 min. The absorbance of
formazan was measured by using a microplate reader at
550 nm (As50) with a reference wavelength of 655 nm (Aes5) to
remove the background. The anticancer activity of the copper(u)
complexes was expressed as 50% inhibitory concentration
(ICs0) and calculated using eqn (6).*

% Cell viability = [Sampley_ — 4, /Controly_ — a 3] x 100
(6)

The complexes with IC5, > 50 pg mL™~* were considered to be
inactive.

2.8.2 Apoptosis assay. HeLa and MCF-7 cells were seeded
in cell plates at a density of 1 x 10° cells per well and incubated
at 37 °C for 24 h. After 24 h incubation, cells were treated with
50 g mL ™" of the complexes compared to the positive control
cisplatin (25 pg mL™"). Tris-buffer containing 0.3% DMSO was
used as a solvent control. After 48 h, the cells were washed,
collected and resuspended in 100 pL Annexin-binding buffer.
Then, the cells were stained with 5 pI. Annexin V-FITC and 2 pL
of propidium iodide (PI) for 15 min at room temperature in the
dark. Finally, the samples were measured using a flow cyt-
ometer. The dot plots of the induction of apoptosis by using PI
and FITC-Annexin V assay show percentage of living cells
(Annexin V FITC—/PI—, Q1), early apoptotic cells (Annexin V
FITC+/PI—,Q2), late apoptotic cells (Annexin V FITC+/PI+, Q3),
and necrotic cells (Annexin V FITC—/PI+, Q4).

2.8.3 Cell cycle analysis. HeLa and MCF-7 cells were seeded
in a 60 x 15 mm dish at a density of 1 x 10° cells per plate
and incubated at 37 °C for 24 h. Each plate was treated with
50 pg mL ™" of the complexes and incubated at 37 °C. After 48 h,
the cells were harvested and washed twice with ice-cold phos-
phate buffered saline (PBS). The cells were permeabilized in
70% cold EtOH at 4 °C for 1 h, washed with PBS, added with
5 uL of RNase (20 mg mL ') and incubated at room tempera-
ture for 30-45 min. Finally, the cells were stained with 5 pL of PI
for 30 min and analyzed by flow cytometry.

2.8.4 Antibacterial activity. Antibacterial activities of the
complexes against three Gram-negative bacteria, namely E. coli,
Salmonella and Campylobacter (1 x 10° CFU mL™ ") were per-
formed by the agar-well diffusion method.*® Each bacteria was
transferred into 0.75% (w/w) semisolid Brucella agar (10 mL) at
50 °C. Then, the incubated medium was swirled to distribute
the cell culture of bacteria and held at room temperature for
30 min. Wells were prepared in the agar plates using a sterile
cork of 6.0 mm diameter. The plates were placed at 37 °C for
48 h under the appropriate conditions to allow cell culture
growth. The stock solution of all complexes (250 pg mL™") was
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Scheme 1 Synthetic routes of 1Cip and 2Cip.

dissolved in Tris-buffer containing 0.3% DMSO and then
transferred into a well aseptically. The minimum inhibitory
concentration (MIC) values were also determined by the two-
fold serial dilution method.?” The experiments were carried out
in triplicate. Ciprofloxacin was use as a positive control.

2.9 Statistical analysis

All data in the parts of the DNA interactions and biological
activity were collected in three separate experiments. The
statistical program SPSS version 17.0 for windows (SPSS Cor-
poration, Chicago, IL) was used to conduct the analyses. The
criterion for the significant difference was set at *P < 0.01.

3. Results and discussion
3.1 Synthesis and characterization of the complexes

The mixed-ligand complexes (1Cip and 2Cip) were successfully
synthesized in relatively high yield (72-80%) by the reaction of
the appropriate starting compounds [CuL'™Cl], (1) or
[CuL®™Cl,], (2) with ciprofloxacin in a 1:2 molar ratio
(Scheme 1). The change in color from blue (for 1 and 2) to
purple (for 1Cip and 2Cip) was observed when the reactions
were complete, indicating that the environment around the
copper(u) center had been altered. Both 1Cip and 2Cip are
stable in air and easily soluble in DMSO, but dissolve only
partially in hot methanol and water. Results from the elemental
analysis of the mixed-ligand complexes are in good agreement
with theoretical expectations. Their proposed structures are
shown in Scheme 1. Further characterization of the complexes
was undertaken by infrared, mass, electron paramagnetic reso-
nance and UV-Visible spectroscopic techniques.

FT-IR spectra of the starting compounds (1 and 2), the
mixed-ligand complexes (1Cip and 2Cip), and ciprofloxacin
(HCip) were recorded, as shown in Fig. 2. The characteristic
absorption bands corresponding to the functional groups from
the starting compounds and HCip ligand were found in the
infrared spectra of 1Cip and 2Cip (Table S1, ESIT). Broad bands
in the region of 3400-3100 cm ™" were assigned to the v(NH) or
VY(NH,) stretching vibrations of the piperazinyl moiety. The
carboxylate ¥(C==0)qr, Stretching vibration at 1586 cm ™' of
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Fig. 2 Overlayered infrared spectra of the starting compounds (1 and 2),
the mixed-ligand complexes (1Cip and 2Cip) and ciprofloxacin (HCip).

HCip was replaced with two characteristic bands at 1577
and 1376 cm ' for 1Cip and 1579 and 1374 cm™ " for 2Cip,
corresponding to the asymmetric v,5(COy)carp, and symmetric
Vs(COy)carb Stretching vibrations, respectively. To determine the
coordination mode of HCip, the frequency separation (Av =
V,5(CO,) — 14(CO,)) was calculated and found to be in the range
of 201-205 cm ™" (Table 1), thus suggesting that the carboxylate
group of HCip coordinates with the metal center via a uni-
dentate bonding nature.*® In addition, the pyridone 1(C=0),,
asymmetric stretching vibration of HCip was slightly shifted
from 1615 cm ™" to 1613 cm™ ' upon complexation. Such results
indicate that the carboxylate and pyridone oxygen atoms of
Cip~ coordinate with the copper(n) center.
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Table 1 Selected infrared bands and electronic absorption data of ciprofloxacin (HCip), the starting compounds (1 and 2), the mixed-ligand complexes

(1Cip and 2Cip), and the related compounds

Wavenumber (cm ™)

Electronic absorption, Amax (nm, cm™*)

Compound Y C=0),, /(C=O0) Va5(COy) v5(CO,) A4 Solid Solution”
Ciprofloxacin, HCip 1615 1586 — — — — —
[CuL'™Cl,],, 1 — — — — — 670, 14 925 697, 14347
[CuL?™Cl,],, 2 — — — — — 636, 15 723 658, 15198
[CuL'™(cip)]Cl, 1Cip 1613 — 1577 1376 201 562, 17794 572, 17483
[CuL'™(cip)]Cl, 2Cip 1613 — 1579 1374 205 556, 17 986 578, 17 301
[Cu(cyclops)]ClO,-H,O° — — — — — 520, 19231 —
CuL'X,-nH,0¢ — — — — — 588-526, 17 000-19 000 —

[Cu-Cip,)* — — — — — — 516, 19380
YA = 1,(CO,) — vg(COy). ? Dissolved in MeOH. “ Ref. 40 (cyclops = 1,1-difluoro-4,5,11,12-tetramethyll-1-bora-3,6,10,13 tetraaza-2,14

dioxocyclotetradeca-3,5,10,12-tetraenate). @ Ref. 41 (L' = N,N’-bis(benzimidazol-2-ylethyl)-ethane-1,2-diamine, X = Cl, Br or NO;). ¢ Ref. 42.

ESI-MS spectra in the positive mode of the mixed-ligand
complexes (1Cip and 2Cip) confirm the formation of the com-
plexes (Fig. 3). The presence of [CuL'™(Cip)]* species for 1Cip
and [CuL*™(Cip)-H]** species for 2Cip was identified at m/z =
509 and 599, respectively. The peak at m/z = 332 in the mass
spectra of both complexes may be assigned to [HCip + H]"
species, which could indicate the presence of ciprofloxacin in
the products. These obtained results are consistent with the
data from elemental analysis. This led to the proposed formu-
lae of [CuL'™(Cip)]CI for 1Cip and [CuL*™(Cip)]Cl for 2Cip.

To further investigate the binding of Cip~ to the copper
center and predict the stereochemistry of the products, the
electronic spectrum in the solid state (diffuse reflectance) and
in methanol solution (UV-Visible) of the starting compounds
(1 and 2) and the mixed-ligand complexes (1Cip and 2Cip) were
recorded at room temperature, as illustrated in Fig. 4. Their
maximum absorptions are given in Table 1.

The blue color of the starting compounds (1 and 2) changed
to purple for the mixed-ligand complexes (1Cip and 2Cip), thus
preliminarily suggesting that the environments around the
copper centers of the mixed-ligand complexes differ from the
starting compounds. Moreover, in comparison with 1 and 2,

(a) 509, [CuL™(Cip)]*

332, [HCip+H]J*
1 '

200 400 600 800 M/z
(b) 599, [CuL2m(Cip)-H]?*
500, [Cul2m(Cip)-CH,y(CHs)]*
332, [HCip+H]*
- d + 1 l T Ak, - l A - " r
200 300 400 500 600 760 800 mM/z

Fig. 3 ESI-MS spectra of (a) 1Cip and (b) 2Cip in DMSO : EtOH (1: 3, v/v) at
125 K.
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Fig. 4 (a) Diffuse reflectance and (b) UV-Visible spectra of the starting

compounds (1 and 2) compared with the mixed-ligand complexes (1Cip
and 2Cip).

the d-d absorption bands of 1Cip and 2Cip shifted to shorter
wavelengths and were observed to be in the region of 556-
562 nm (17986-17794 cm ') in the solid phase and 572-
578 nm (17483-17301 cm ') in the solution phase. This
indicates that the ligands interact with the copper center and
may adopt a square planar geometry with the CuN,O,
chromophore.®® According to the literature reviews, the
copper(ir) complexes containing the N,N-bidentate ligands such
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Fig. 5 (a) EPR spectra and (b) hyperfine splitting of 1Cip and 2Cip.

as [Cu(cyclops)]ClO,-H,0" and [CuL'X,]-nH,0*" or ciprofloxacin,
[Cu-Cip,],** adopt a square planar geometry with the CuN, or
CuO, chromophores, which show a maximum absorption band
similar to our complexes, in the range of 17000-19380 cm ™"
(Table 1).

To further confirm the geometry of the mixed-ligand com-
plexes (1Cip and 2Cip), the EPR spectra in the solid state were
recorded at room temperature (Fig. 5). The Spin Hamiltonian
parameters are significantly related to the type of donor atoms,
and thus, can provide information on the stereochemistry of
the complexes. The EPR spectra of 1Cip and 2Cip displayed a
typical anisotropic spectrum of monomeric copper(u) com-
plexes containing four hyperfine lines in the g, region due to
the interaction of the S = 1/2 electron spin with the I = 3/2
copper nucleus. In comparison with the g values of their
starting compounds and an unpaired electron (2.0023), the g,
values of 1Cip and 2Cip were shifted to higher magnetic fields
in the range of 2.36-2.67 (Table 2), indicating that the Cip~
possibly interacts with the copper center. Moreover, their g,
values are higher than the g, values (g > g, > 2.0023),
suggesting that the unpaired electron of the copper(n) is located
in a d,2_» orbital of an axial square-based geometry.**>** To
uncover the exchange interactions between the copper centers
in polycrystalline complexes, the G values were calculated

Table 2 Spin Hamiltonian parameters of the starting compounds (1 and 2)
and the mixed-ligand complexes (1Cip and 2Cip)

Compound g g1 G* A4 (G)  g/A (em)
[CuL'™Cl,),, 1 228 206 4.81 168 —
[CuL>™Cl,),, 2° 2.27  2.06 4.64 158 —
[CuL'™(Cip)ICl, 1Cip  2.67 212 567 100 267
[cuLl>™(Cip)Cl, 2Cip 236 2.07 528 141 167

“G=(g, — 2.0023)/(g, — 2.0023). ” Ref. 20.
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(Table 2). If G > 4, the exchange interaction is negligible,
while G < 4 indicates a considerable exchange interaction.**"*®
According to these data, the G values > 4 of both 1Cip and 2Cip
show that there are no exchange interactions between the
copper centers in the solid state. In addition, the g/4; values,
which can tell us the degree of distortion of the square-planar
geometry around the copper atom, of 267 and 167 cm for 1Cip
and 2Cip, respectively, indicate that 1Cip has considerable
distortion but 2Cip has only small to moderate distortion.*¢*”

3.2 DFT calculations

To explore the possible geometries of the synthesized 1Cip and
2Cip complexes, selected geometries of both complexes have
been optimized at the B3LYP/def2-TZVP level of theory in the
gas phase. Three different configurations were optimized,
including a distorted square planar (A and B) and a distorted
square pyramid (C), as shown in Fig. 6.

From all three configurations (A, B and C), the copper atom
coordinates through the oxygen atoms of pyridine (O1) and
carboxylate (O2) groups of the deprotonated ciprofloxacin
(Cip7) in a bidentate fashion. The bonding between the central
copper atom with the guanidine-based ligand and the Cl atom
differs in each configuration. For configuration A, the copper
atom binds to the N1 and N2 atoms of the guanidine-based
ligand, forming a four-fold complex, while the CI acts as a
counter ion. Similarly, in the B form, the copper atom also
forms a four-fold-coordinated complex, but it binds with the N1
atom of the guanidine-based ligand and a Cl atom. In contrast,
in the C form, while both Cip~ and the guanidine-based ligands
bidentately bind to the copper center, the copper atom addi-
tionally coordinates with the Cl atom, forming a five-fold-
coordinated complex.

In considering the binding energy from eqn (1), 1A and 2A
exhibit the lowest binding energies among the three different

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022



Paper

[ ®
cC N O

e o0
H G €l F

Fig. 6

configurations of the analogs for both 1Cip and 2Cip. As
shown in Fig. 6(b), for the 1Cip complex, the 1A configuration
(—8.30 eV) is significantly more stable than the 1B (—7.47 eV) or
1C (—7.23 eV) configurations. The same trend is also found in
the 2Cip complex, where the 2A configuration (—7.80 eV) is
much more stable than the 2B (—6.90 eV) or 2C (—6.74 eV)
configurations. The calculated results suggest that the distorted
square planar orientation of the A configuration is preferred
over the B configuration or the distorted square pyramid (C).

To better understand the origin of such a stable configu-
ration of the distorted square planar (A), we closely examined
some important parameters of the optimized geometrical
structures, as summarized in Table S2 of the ESL{ The opti-
mized 1Cip complex is inappreciably different from the 2Cip
complex with the same form. For the distorted square planar
geometries (A) of 1Cip (1A) and 2Cip (2A), the bond lengths of
Cu-01 and Cu-O2 are in the range of 1.970-1.971 and 1.918-
1.919 A, respectively. The O1-Cu-02 angles of both compounds
range from 93.31° to 93.42°. For the guanidine-based ligand,
the Cu-N1 and Cu-N2 bonds are 1.954 and 1.947 A long, while
the N1-Cu-N2 angle is between 88.49° and 88.68°. The geome-
trical parameters for each configuration show small deviations
compared with its analog.

Next, the geometrical parameters of the complexes were
further compared in the same system. For the 1Cip complex,
the bond distances between the copper center and the donor
atoms are shorter in the A form compared with the B and C
forms (Table S2, ESIt), i.e., the Cu-O1 bond of 1.970 A for 1A is
shorter than those of 1.980 and 2.294 A for 1B and 1C,
respectively; the Cu-N1 bond of 1.954 A for 1A is shorter than
those of 2.004 and 2.076 A for 1B and 1C, respectively. This
trend is also found in the 2Cip complex in which the A form
exhibits shorter distances between the copper atom and the
donor atoms. Thus, the distorted square planar geometry (A)
exhibits stronger metal-ligand interactions than those of B and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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(a) Optimized geometries of 1Cip and 2Cip complexes and (b) their binding energies computed at the B3LYP/def2-TZVP level of theory.

the distorted square pyramid (C), respectively. Such findings
are consistent with the binding energies of the A form, which
has the highest stability among the studied forms. This may be
due to the strong interactions between copper and the ligands.

3.3 Stability of 1Cip and 2Cip

Since the complexes were tested in a solution for DNA inter-
action and in vitro cytotoxicity, it was necessary to investigate
their stability in the presence of Tris-buffer containing 0.3%
DMSO at 0-72 h. The stability of the complexes was monitored
by using UV-Visible spectroscopy. The kinetic rate constants
and half-lives [rate constants (k), half-lives (¢;,,)] were calculated
from ¢, = In(2)/k (Fig. S1, ESIY). The results showed that the
absorbance spectra of 1Cip and 2Cip in Tris-buffer containing
0.3% DMSO do not significantly change over time (0 to 72 h).
This behavior indicates that both complexes are stable in this
solution. The ¢,,, values for 1Cip and 2Cip were calculated and
found to be 495 h and 385 h, respectively. Such a result
indicates that these compounds could be stable enough to
carry out the DNA binding and cytotoxicity experiments.

3.4 DNA binding studies

Transition metal complexes with diverse organic ligands play a
role in inhibiting the growth of cancer cells.*®*® Thus, under-
standing the binding ability of the complex with DNA is
essential to the development and evaluation of potential med-
ical applications. In principle, metal complexes are known to
bind to DNA through covalent and/or non-covalent binding
modes. In the covalent binding mode, the metal center can
directly bond to the nitrogen atoms of nucleobases on the DNA
strand.”® On the other hand, the non-covalent DNA interactions
are divided into three possible modes; (i) intercalation between
two adjacent DNA base pairs, (ii) groove binding (major and
minor grooves) via hydrogen bonds or van der Waals forces, or
(iii) electrostatic forces on the sugar-phosphate backbone of the
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Fig. 7 Absorption titration spectra of (a) 1Cip and (b) 2Cip (50 puM) in the
absence (---) and presence (—) of CT-DNA (0-100 uM) after incubation at
37 £ 0.1 °C for 24 h. Inset: Plot of [DNAIl/(e; — &) vs. [DNA]. The arrows
indicate the intensity change upon increasing concentrations of CT-DNA.

helix.’" In the present work, the interactions of the complexes
with CT-DNA were carefully investigated by electronic absorp-
tion titration, viscosity measurement, circular dichroism
spectroscopy, and fluorescence titration experiments.

3.4.1 Absorption titration experiments. The changes in
intensity observed in the UV-Visible absorption bands of the
complexes with different concentrations of CT-DNA make it

Paper

possible to investigate the DNA binding modes. In principle,
small molecules insert into base pairs of DNA through the
intercalation mode, showing hypochromism and bathochro-
mism in the absorption intensity, which arises from strong
n — 7* stacking interactions of the planar aromatic moieties
between the base pairs of DNA.”>*® In contrast, non-
intercalation modes lead to a hyperchromic effect.”® The
absorption spectra of 1Cip and 2Cip in the absence and
presence of CT-DNA are illustrated in Fig. 7. The intrinsic
binding constants (Kp) of the mixed-ligand complexes are
summarized in Table 3.

Upon increasing the concentrations of CT-DNA, absorption
bands of both 1Cip and 2Cip exhibit hypochromism and slight
bathochromism (~1 nm), which arise from the n-n* charge
transfer transitions of the Cip~ ligand (Fig. 7).>> In addition,
the percentages of hypochromism of both mixed-ligand com-
plexes upon binding to DNA were found to be 23.9% for 1Cip
and 34.0% for 2Cip, observed at 272-273 nm. These results
reveal that the mixed-ligand complexes may interact with CT-
DNA through the intercalation mode. The intrinsic binding
constants (K,) of 1Cip and 2Cip were calculated by the Wolfe-
Shimer eqn (2), and the plots of [DNA]/(e, — &) vs. [DNA] are
depicted in Fig. 7. According to the K}, values in Table 3, 2Cip
exhibits stronger DNA binding potential than 1Cip. Such a
result may be due to the existence of the phenyl ring of the
L>™ ligand in 2Cip, which possibly triggers an additional
interaction, ie. intercalation, with DNA. This is in contrast to
the starting compounds (1 and 2), which showed the opposite
situation (hyperchromism effect) to 1Cip and 2Cip. The K
values of 1Cip and 2Cip are slightly higher than those of 1
and 2 (Table 3), suggesting that the addition of ciprofloxacin
(HCip) as a second ligand may improve the DNA binding
capacity of 1Cip and 2Cip. However, their K, values are lower
than the classical intercalator, ethidium bromide (EB), since
they have less m-conjugated aromatic area, and the aromatic
rings of EB are similar to the rings of the bases in DNA, leading
to easier n—m stacking interaction,'® while the K;, value of 2Cip
is higher than those of other previously reported metal com-
plexes containing Cip~ (Table 3). It is probable that the
steric structures of M(Cip),(H,0),,"* [Cu(Cip)(A*®)CI]** and
[Cu(Cip),(OH),]*® make interaction with DNA difficult. To con-
firm their DNA-binding behaviors, it was necessary to carry out

Table 3 The effect on intensity of the complex-DNA, DNA binding constants (K,,), Stern—Volmer constants (Ks,) and apparent binding constants (Kapp)

Electronic absorption titration

Fluorescence titration

Compound Effect on intensity K, (M) Effect on intensity Ky, (M) Kapp M™1)  Ref.
Ethidium bromide (EB) Hypochromism 5.35 x 10° Hypochromism — 1.00 x 107 10 and 33
[CuL'™Cl, ], 1 Hyperchromism 5.63 x 10" — — — 10
[CuL®™Cl,],, 2 Hyperchromism 1.07 x 10° — — — 10
[cuL'™(cip)]Cl, 1Cip Hypochromism 7.66 x 10" Hypochromism 1.36 x 10" 1.32 x 10°  This work
[CuL®™(Cip)]Cl, 2Cip Hypochromism 1.26 x 10° Hypochromism 3.59 x 10° 3.75 x 10°  This work
M(Cip),(H,0)," Hyperchromism 1.57 x 10*-8.71 x 10 Hypochromism 4.47 x 10°-7.13 x 10° — 13
[Cu(Cip)(A’®)CI]” Hypochromism 1.27 x 10°-4.73 x 10* — — — 34
[Cu(Cip),(OH),] Hypochromism 1.63 x 10° Hypochromism 1.20 x 10* — 56

“M = Mn, Co and Ni. > A’ = 1, 4’-(4-chloro phenyl)-2,2":6’,2"-terpyridine; 2, 4’-(3-chloro phenyl)-2,2':6’,2"-terpyridine; 3, 4’-(4-bromo phenyl)-
2,2":6',2"-terpyridine; 4, 4’-(3-bromo phenyl)-2,2":6’,2"-terpyridine and 5, 4’-(4-fluoro phenyl)-2,2":6’,2"-terpyridine.
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Fig. 8 The relative viscosity of DNA solution (50 pM) upon the addition of
ethidium bromide (EB) and the complexes (0-100 pM) in Tris-buffer
containing 0.3% DMSO at 37.0 £ 0.1 °C.

further experiments, including viscosity, circular dichroism,
and fluorescence emission titration tests.

3.4.2 Viscosity measurements. The binding modes of the
complexes were further investigated by viscosity measure-
ments. In the intercalation mode, the viscosity of DNA is
increased because the molecule inserts between the base pairs
of DNA, leading to the elongation of the double-helix.’” On the
other hand, a dramatic reduction in viscosity is observed in the
case of the non-intercalation mode. Meanwhile, a few changes
were observed in the DNA viscosity when the molecule inter-
acted with DNA through electrostatic interaction or groove
binding.’® The effects of the complexes on the relative viscosity
of CT-DNA are shown in Fig. 8.

Both 1Cip and 2Cip exhibit similar effects to EB, thus suggest-
ing that they possibly bind to DNA via the intercalation mode.
However, they have the opposite results to the starting com-
pounds (1 and 2), which decrease the viscosity of DNA. Such a
result indicates that the presence of Cip~ may trigger different
DNA binding modes and/or an additional site for binding to DNA
strands. The results from viscosity measurements are in good
agreement with electronic absorption titration.

3.4.3 Circular dichroism spectroscopy (CD). This techni-
que is another tool that is useful in assessing possible structure
changes in CT-DNA induced by metal complexes. Normally, CD
spectra of CT-DNA show a positive band at 275 nm, and a negative
band at 245 nm, corresponding to 1 — m* base stacking and the
right-handed helicity characteristic of B-DNA, respectively.>® In
intercalation mode, the intensities of both bands are increased
because the planar aromatic moiety in metal complexes can
stabilize the double helical conformation of DNA. In contrast,
the interactions of DNA and complexes through electrostatic
forces or groove binding cause few or no perturbations of the
base stacking and helicity bands.®® The CD spectra of CT-DNA in
the presence of 1Cip and 2Cip (the [Complex]/[DNA] ratio (r) = 0.0,
0.5 and 1.0) are illustrated in Fig. 9.

Upon increasing the concentrations of 1Cip and 2Cip in
DNA solution, the intensity of both the positive and negative

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 9 CD spectra of CT-DNA in the absence and presence of (a) 1Cip
and (b) 2Cip in Tris-buffer containing 0.3% DMSO, with incubation at
37.0 +£ 0.1 °C for 24 h.

bands was enhanced with the increased [Complex]/[DNA]
ratios. Such a result suggests that 1Cip and 2Cip may interact
with DNA via intercalation mode, which differs from their
starting compounds.’® At r = 1.0, the intensity of both the
positive and negative bands significantly increased with a large
blue-shift (10-12 nm). The large modification in intensity of the
CD spectra may indicate some changes in the secondary
structure of CT-DNA induced by 1Cip and 2Cip.®" This may
be due to the presence of the Cip~ ligand, which may enhance
the DNA-binding potential due to the strong © — 7 interaction
between the ligand and the base pairs of DNA.

3.4.4 The fluorescence titration experiments. A competi-
tive binding analysis using fluorescence spectroscopy was
carried out to provide further evidence for the binding modes
between the complexes and CT-DNA. Ethidium bromide (EB),
which emits fluorescence at 610 nm when bound to DNA
through its planar aromatic ring between the base pairs of
DNA (EB-DNA), was employed as a fluorescence intercalator.®
The fluorescence emission band of EB-DNA would be
quenched if the complexes were able to intercalate between
the base pairs of DNA and displace the bound EB. The emission
spectra of the EB-DNA in the absence and presence of 1Cip and
2Cip are shown in Fig. 10. The Stern-Volmer quenching
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Fig. 10 Emission spectra of EB-DNA (50 pM) in the absence and
presence of (a) 1Cip and (b) 2Cip (0—-100 uM). Inset: Plot of (Fo/F) vs.
[Complex]. The arrows indicate the emission intensity changes upon
increasing concentrations of the complexes.

constants (K,) and apparent binding constants (K,p,) are listed
in Table 3.

The emission intensity of the EB-DNA with increasing con-
centrations of the mixed-ligand complexes exhibited a significant
hypochromic effect at 59% for 1Cip and 79% for 2Cip. These
results indicate that the complexes possibly displace EB and
strongly interact with DNA via the intercalative binding mode.
The K, and K,p,;, values were calculated and found to be in the
order of EB > 2Cip > 1Cip.**> The DNA binding abilities of the
complexes are in good agreement with their Kj, values (Table 3)
and when the results were compared to data collected from a
literature review (Table 3), and it was found that the Kj, value of
2Cip was greater than that of [Cu(Cip),(OH),],”® but close to that
of the M(Cip),(H,0),."* Such results indicate that 2Cip containing
an aromatic ring on the L*™ ligand, and Cip~ can improve DNA
binding ability, corresponding with the results from absorption
titration, viscosity, and CD experiments.

3.5 DNA cleavage studies

The DNA cleavage efficiency of 1Cip and 2Cip was determined
by a gel electrophoresis experiment. In general, plasmid
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Fig. 11 Cleavage of plasmid pBR322 DNA (0.2 ng) by the different con-
centrations (0—-1000 pM) of (a) 1Cip and (b) 2Cip in Tris-buffer containing
0.3% DMSO at 37.0 £ 0.1 °C for 4 h.

pBR322 DNA is divided into three forms: (i) supercoiled
(Form I), (ii) open circular (Form II), or (iii) linear (Form III).
The normal form of plasmid pBR322 DNA is Form I, which has
been observed to produce the fastest migration on gel. If one
strand of DNA is cleaved, the supercoiled form (Form I) will
relax into the open circular form (Form II), which is the slowest
moving on gel. On the other hand, the linear form (Form III) is
created by cutting both DNA stands, and migrates between
Form I and Form II.

An electrophoretic diagram of DNA in the presence of 1Cip
and 2Cip (Fig. 11) reveals that only DNA Form II increased in
quantity due to single-strand scission of DNA Form I initiated
from 200 puM for 1Cip (Fig. 11(a)), and 100 uM for 2Cip
(Fig. 11(b)). This suggests that the DNA cleavage activity of
2Cip is superior to that of 1Cip. Moreover, both 1Cip and 2Cip
exhibited much greater DNA cleaving ability than did the
starting compounds (1 and 2)."° This may result from the
presence of ciprofloxacin as a secondary ligand, which is
consistent with their DNA binding properties.

To enhance the DNA cleaving ability of 1Cip and 2Cip, H,O,
(10 uM) as an oxidant agent was added in the same conditions
(Fig. 12). It was found that DNA Form I can be cut to create
Form II and Form III. Meanwhile, the H,O, itself does not
cause any DNA degradation (Fig. 12). At 80 uM and 100 uM,
1Cip completely cleaved Form I into Forms II and III

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 12 Cleavage of plasmid pBR322 DNA (0.2 pg) by the different con-
centrations (0—-100 pM) of (a) 1Cip and (b) 2Cip in the presence of H,O,
(10 uM) in Tris-buffer containing 0.3% DMSO at 37.0 & 0.1 °C for 1 h and the
percentage of DNA cleavage in each form when treated by the complexes.

(Fig. 12(a)). Meanwhile for 2Cip, the band intensity of Form II
considerably increased at 40 pM, and from 60 pM upward, DNA
Form I was completely cleaved into Forms II and III (Fig. 12(b)).
Such results show that the efficiency in cleaving the DNA of

Table 4
from three independent experiments
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2Cip in the presence of H,0, is significantly greater than that of
1Cip. The DNA cleavage mechanism of the complexes in the
presence of H,O, under an aerobic environment was further
investigated, and is proposed to be an oxidative pathway. This
mechanism pathway involves the formation of reactive oxygen
species (ROS) such as hydroxyl radicals (OH*) via the Fenton
mechanism (eqn (7) and (8)), causing DNA damage.®’

Cu(u) + O, — Cu(l) + O,*~ (7

Cu(r) + H,0, — Cu(u) + OH™ + *OH (8)

3.6 Cytotoxicity and mechanisms of cell death

3.6.1 Anticancer activity. The promising results from the
DNA binding and cleavage studies prompted us to try to
determine, using the MTT assay, the antiproliferative activities
of 1Cip and 2Cip against human cervical cancer (HeLa), human
breast cancer (MCF-7), and normal cells (Vero). The anticancer
drug cisplatin was used as a positive control. The complexes
were tested against all three cell lines in the same condition
range, from 0 to 100 pg mL~". The ICs, values for the complexes
are listed in Table 4.

Complexes 1Cip and 2Cip showed similar results for growth
inhibition over time. After 24 h, both complexes were inactive
towards all cells. However, after 48 h, 2Cip, unlike 1Cip,
displayed a cytotoxic effect against HeLa and MCF-7 cells.
Meanwhile, after 72 h, both 1Cip and 2Cip were active against
HeLa and MCF-7 cells (Table 4). Such a results show that 2Cip is
more active and slightly more efficient than 1Cip toward both
types of cancer cells. In comparison to the starting compounds
(1 and 2) and the free ligand, 1Cip and 2Cip were found to have
lower ICs, values than those compounds, suggesting that they
have greater cytotoxicity against cancer cells. The most satis-
factory result is that both 1Cip and 2Cip did not affect the
normal cells (Vero) at all. On the other hand, cisplatin exhibited
high cytotoxicity toward HeLa, MCF-7, and Vero cells, which
highlights that the complexes containing ciprofloxacin can
enhance cytotoxic efficiency specific to cancer cells, and inac-
tive to normal cells.

3.6.2 Apoptosis assay. To further understand the cytotoxi-
city phenomenon, cell distribution with apoptotic/necrotic
features caused by 1Cip and 2Cip was investigated by using

ICs0 values for 1Cip, 2Cip and the related compounds against HeLa, MCF-7 and Vero cells. All data are the mean and standard errors obtained

ICs50 & SD (ug mL ™)

HeLa MCF-7 Vero
Compound 24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h
HCip Inactive Inactive Inactive Inactive Inactive Inactive Inactive 45.48 £ 0.53 43.35 £ 0.45
[CuL'™Cl, ], 1 Inactive Inactive Inactive Inactive 47.46 £+ 1.23 45.17 £ 0.30 41.82 + 0.15 33.58 &+ 0.65 15.23 & 0.87
[CuLszlz]z, 2 Inactive 29.65 + 0.59 27.99 + 0.38 Inactive 46.74 + 1.20 45.5 £ 0.23 37.99 £+ 0.25 30.70 £ 0.27 13.30 £ 0.67
[CuL'™(Cip)]Cl, 1Cip Inactive Inactive 30.57 & 0.66 Inactive Inactive 43.25 + 0.88 Inactive Inactive Inactive
[CuL®™(Cip)]Cl, 2Cip Inactive 28.32 £+ 1.22 25.84 + 1.19 Inactive 43.33 £+ 0.88 40.79 + 1.62 Inactive Inactive Inactive
Cisplatin 5.12 £+ 0.30 2.99 £ 0.10 2.93 £0.04 8.75 +1.35 4.12 £ 0.54 3.13 £0.26 12.86 + 0.72 3.71 £ 0.19 1.97 + 0.24
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Fig. 13 The representative dot plots of apoptosis induction of (a) HelLa and (b) MCF-7 cells after treatment with 1, 2, 1Cip and 2Cip (50 ug mL™?) for 48 h
with Tris-buffer containing 0.3% DMSO as a solvent control. Percentages of apoptotic cells for (c) HelLa and (d) MCF-7 cell lines. Cisplatin (25 ng mL™%)
was used as a positive control. Data represent the mean + SD of three independent experiments. *P < 0.01 significant difference between samples and
solvent control.

flow cytometry. In principle, the mechanism of cell death is
divided into two pathways: (i) apoptosis and (ii) necrosis.
Apoptosis is an important occurrence in cytotoxicity induced

12354 | New J. Chem., 2022, 46, 12342-12357

by anticancer drugs, and it is associated with morphological
characteristics such as chromatin condensation, cell shrinkage,
and nuclear fragmentation. On the other hand, necrosis is
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Fig. 14 The percentage of cell cycle distributions of (a) Hela and
(b) MCF-7 cells treated with cisplatin (25 pg mL™), 1, 2, 1Cip and 2Cip
(50 pg mL™* with Tris-buffer containing 0.3% DMSO) on each cell cycle
phase at 48 h. Data represent the mean values of three experiments (+SD).
*P < 0.01 significant difference between the sample and solvent control.

accidental cell death, which is followed by cell swelling and the
inflammation of cells. Apoptosis induction can be detected by
double staining with Annexin V-FITC and propidium iodide
(PI). Results of this testing are presented in Fig. 13. After 48 h
treatment, all complexes (50 ug mL ') were able to induce cell
death of HeLa and MCF-7 through the apoptosis pathway. In
HeLa, 2Cip reduced the number of viable cells, and late
apoptosis (Q3) was increased (31.9%) and greater than 1Cip
(19.2%). Meanwhile, there was no difference in the number of
apoptotic cells against MCF-7 cells between 1Cip and 2Cip. In
comparison with their starting compounds (1 and 2), both 1Cip
and 2Cip markedly enhanced the number of early apoptotic
cells (Q2) with respect to both HeLa and MCF-7. It is noted that
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they induced the conversion of cancer cells into necrotic cells
(Q4) significantly less than cisplatin. Such a result shows that
1Cip and 2Cip containing Cip~ as a secondary ligand could
possibly enhance the cytotoxicity toward the two tested cancer
cells via apoptosis.

3.6.3 cell cycle arrest. The effectiveness of cell cycle arrest
in each phase of the cell cycle that is triggered by adding the
complexes was determined by flow cytometry. The distribution
of cells is divided into three phases, which are G0/G1 phase (2n
DNA content), S phase (2n-4n DNA content) and G2/M phase
(4n DNA content), where n is the genetic material. In addition,
the characteristic of apoptotic cell death is exhibited in sub-G1
due to a small DNA fragmentation (<2n DNA content). The
effects of the complexes on each phase of the cell cycle
uncovered in this study are shown in Fig. S2 (ESIt). The results
of cells in each phase of the cell cycle being in the absence and
presence of 1, 2, 1Cip and 2Cip are listed in Table S3 (ESIt) and
Fig. 14.

Treatment of HeLa cells with 1Cip and 2Cip increased the
cell distribution at the S phase by 18.3% and 19.9%, respec-
tively. This compares to results from the solvent control
(13.2%), indicating that 1Cip and 2Cip induced cell cycle arrest
at the S phase (Fig. 14(a)). On the other hand, MCF-7 cells
treated with these complexes exhibited cell cycle arrest at the
GO0/G1 phase, an increase of 58.0% for 1Cip and 53.9% for 2Cip,
which is an improved result compared with the solvent control
(52.7%) (Fig. 14(b)). Such a result shows a majority of the cell
population in different phases of the cell cycle to be in arrest.
After treatment with 1Cip and 2Cip, the apoptotic cell popula-
tion was significantly increased in the sub-G1 fractions in both
HeLa and MCF-7 cells (Fig. 14). Compared with the starting
compounds (1 and 2), an increase in cycle arrest at the G2/M
phase in both HeLa and MCF-7 cells was observed, while
cisplatin inhibited the cell growth at the S phase. According
to the obtained results, the presence of Cip~ as an additional
ligand probably affects the cell death in different phases.

3.6.4 Antibacterial activity. The antibacterial activity of
complexes 1Cip and 2Cip containing Cip~ was further tested
against E. coli, Salmonella and Campylobacter by the disc diffu-
sion technique. The inhibition-zone (mm) and the minimum
inhibitory concentrations (MICs) are listed in Table 5 and
Fig. S3 (ESIY).

Both 1Cip and 2Cip demonstrated antibacterial activity
against all three tested bacteria; this compares to their starting

Table 5 Inhibition zone and MIC values for HCip, 1, 2, 1Cip and 2Cip

Inhibition-zone diameter + SD (mm) MIC* (ug mL ™)
Compound E. coli Salmonella Campylobacter E. coli Salmonella Campylobacter
Ciprofloxacin, HCip 10.33 + 1.52 14.33 + 1.15 Inactive 62.5 1.95 Inactive
[CuL'™ClL, ], 1 Inactive Inactive Inactive Inactive Inactive Inactive
[CuL®™Cl,],, 2 Inactive Inactive Inactive Inactive Inactive Inactive
[cuL'™(cip)]Cl, 1Cip 15.00 + 0.58 20.00 + 0.00 11.66 + 1.53 62.5 1.95 250
[cuL>™(cip)]Cl, 2Cip 12.66 + 0.55 30.00 £ 0.00 10.00 = 2.00 31.2 1.95 125
0.3% DMSO/Tris-buffer Inactive Inactive Inactive Inactive Inactive Inactive

“ MIC means the lowest concentration of the complexes which can prevent the visible growth of bacteria.
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complexes (1 and 2), which did not demonstrate inhibitory
activity (Table 5). Complex 2Cip exhibited the greatest cytotoxi-
city, resulting in lower MIC values than 1Cip. Having consid-
ered the results of the antibacterial drug HCip alone, both 1Cip
and 2Cip displayed good antibacterial activity against all
three bacteria, while HCip was inactive toward Campylobacter.
Such results confirm that the existence of Cip~ in the copper(u)
complexes possibly enhances the antibacterial activity.
Hence, the two mixed-ligand complexes in this present work
have promising potential for development as antibacterial
agents.

4. Conclusion

In summary, the present report describes two newly synthe-
sized complexes of guanidine derivatives and ciprofloxacin
(1Cip and 2Cip) with interesting DNA interaction properties,
and biological activities against human cancer cells, and
human food poisoning bacteria. All analytical data, together
with the DFT calculations, have revealed that both complexes
possibly adopt a distorted square planar geometry. These
ciprofloxacin-containing compounds have been found to have
greater efficiency in DNA-binding and cleavage abilities than
their starting compounds (1 and 2). Both 1Cip and 2Cip
exhibited strong binding to CT-DNA by an intercalative mode,
with relatively high binding constants. Complex 2Cip seems to
have higher DNA-interacting potential than 1Cip. The evalua-
tion of the anticancer activity of the complexes by the ICs,
values found that the ciprofloxacin containing complexes
showed better activity than 1, 2 and free HCip against HeLa
and MCF-7. Apparently, they are inactive toward normal cell
lines (Vero cells) under the studied conditions. Mechanisms of
cell death were further investigated, and it was found that both
1Cip and 2Cip induce apoptosis against cancer cells at the S
phase for HeLa and the G0/G1 phase for MCF-7, while cisplatin
inhibited cell growth at the S phase. Furthermore, antibacterial
activity of the complexes was observed against all three tested
bacteria, although 1Cip and 2Cip showed the best antibacterial
activity against Salmonella. From all obtained results, the
reported complexes are suitable candidates for the next gen-
eration of anticancer and/or antibacterial drugs.
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