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Abstract: This present work deals with the synthesizes of nine novel thio-
semicarbazone copper(Il) complexes {[Cu(L),]Cl C3, [Cu(L)(bpy)]Cl C4—-Ceé,
[Cu(L) (phen)]Cl C7-C9 (where, L = H(L1)-H(L3), H(L1) = (E)-N-methyl-2-
-(1-phenyl-2-((5-(pyridin-3-yl)-4H-1,2 4-triazol-3-yl)thio)ethylidene)hydraz-
inecarbothioamide, H(L2) = (E)-N-ethyl-2-(1-phenyl-2-((5-(pyridin-3-yl)-4H-
-1,2,4-triazol-3-yl)thio)ethylidene) hydrazinecarbothioamide, H(L3) = (E)-N-
-phenyl-2-(1-phenyl-2-((5-(pyridin-3-yl)-4H-1,2 4-triazol-3-yl)thio)ethylidene)
hydrazinecarbothioamide, bpy = 2,2"-bipyridyl and phen = 1,10-phenanthro-
line) with improved pharmacological results. The synthesized complexes were
characterized by various spectral-analytical techniques. The structure of the
copper(Il) complexes C1-C9 was proposed by EPR spectroscopy. It confirmed
the square planar coordination around Cu(Ill) complexes. The antibacterial
screening of the complexes revealed that complexes C7 and C8 demonstrated
significant activity against Gram-positive (B. thuringiensis) and Gram-negative
(E. coli) bacteria. The concentration-dependent DNA cleavage activity of
supercoiled (SC) pUC18 DNA exhibited complete DNA degradation effect on
complex C6 at a minimum concentration of 40 uM. In vitro cytotoxic results
showed that the mixed ligand copper(Il) complexes C4, C5 and C7 exhibited
higher effects on human cervical cancer cell lines, HeLa, when compared to
cisplatin. Hence, the results obtained from each biological screening indicated
the superior biological efficacy of the mixed ligand copper(Il) complexes bear-
ing diimine moieties. It could be considered as a promising alternative to an
existing anticancer drug.
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322 RAJENDRAN et al.

INTRODUCTION

Over a few decades, platinum-based metal compounds have had a trem-
endous starting point in the development of anticancer drugs. However, the clin-
ical success of cisplatin, oxaliplatin and carboplatin exhibited limited action
against various cancers due to severe side effects, immune efficiency, less phar-
macological stability and toxicity.l-2 As a result, several efforts were made to
prevail with the development of thiosemicarbazone copper(Il) complexes to
reduce the toxicity and increase specificity. Thiosemicarbazones metal com-
plexes are an important group of compounds in the field of inorganic and bio-
inorganic chemistry. Moreover, these compounds were synthesized by simple
and cost-effective procedures with small changes in their structures. Such
changes in the thioamide nitrogen and its metal complexes provided interesting
results due to their n-delocalization over the ring system.3:*Among them, some
developed biologically active thiosemicarbazone compounds, such as triapine (3-
-aminopyridine-2-carboxaldehyde thiosemicarbazone), di-2-pyridylketone thio-
semicarbazone, 2-benzoylpyridine thiosemicarbazone, di(2-pyridyl)ketone 4,4-
-dimethyl-3-thiosemicarbazone, di(2-pyridyl)ketone 4-cyclohexyl-4-methyl-3-
-thiosemicarbazone, 2-formyl thiosemicarbazone, 2-formyl-4-(m-amino)phenyl-
pyridine thiosemicarbazone and 2-formyl(m-amino)phenylpyridine thiosemicar-
bazones, are currently under various stages of preclinical trials and have emerged
for the development a new selective anticancer drug.>~/

Recently, Haribabu and co-workers synthesized in vitro anticancer com-
pounds, i.e., water-soluble ruthenium metal complexes with substituted thiosemi-
carbazone derivatives. These mono and binuclear complexes showed significant
toxicity against human lung carcinoma (A549) and human liver carcinoma cell
lines (HepG-2).8 More recently, Kallus (2019) et al demonstrated that iron(III)
and copper(Il) complexes of biotin-conjugated thiosemicarbazone were quite
interesting owing to their improved in vivo anticancer activity against CT-26
colon cancer-bearing mice.? Presently, DNA interaction and anticancer activities
of copper(Il) complexes were extensively studied in association with both
metabolism and oxidative DNA damage. Based on the assumption, investigations
of copper-thiosemicarbazone-based complexes have been widely studied. In
addition to this, metal complexes with diimine moieties have demonstrated pot-
ential in vitro anticancer activity with strong interaction and also capable to be
exploited as DNA-targeted anticancer drug.10-11 Based on these observations, the
present study was undertaken to synthesize and characterize new thiosemicar-
bazone-based copper(Il) complexes derived from (£)-N-methyl-2-(1-phenyl-2-
-((5-(pyridin-3-yl)-4 H-1,2 4-triazol-3-yl)thio)ethylidene) hydrazine carbothio-
amide H(L1), (E)-N-ethyl-2-(1-phenyl-2-((5-(pyridin-3-yl)-4H-1,2,4-triazol-3-
-yDthio)ethylidene)hydrazine carbothioamide H(L2) and (E)-N-phenyl-2-(1-
-phenyl-2-((5-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)thio)ethylidene)hydrazinecarbo-
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thioamide H(L3) with a varying suitable substitutions at the terminal nitrogen.
Thus, the present study was aimed at achieving the biological effect of these
compounds for clinical application using the disc diffusion method, agarose gel
electrophoresis and MTT assay.

EXPERIMENTAL
Materials and methods

All the reagents and solvents used for the synthesis of ligands and copper(Il) complexes
were of analytical or spectroscopic grade. The commercially available chemicals were pur-
chased from Sigma-Aldrich, such as 4-methyl-3-thiosemicarbazide, 4-ethyl-3-thiosemicar-
bazide, 4-phenyl-3-thiosemicarbazide, phenacyl bromide, 5-(3-pyridyl)-4H-1,2,4-triazole-3-
-thiol, 2,2'-bipyridyl, 1,10-phenanthroline and copper(Il) chloride. The chemicals Tris—HCI,
boric acid, tris-base, ethidium bromide, EDTA (ethylenediaminetetraacetic acid) disodium salt
used for the DNA cleavage studies were procured from Merck. The chemicals used for bio-
logical studies, such as penicillin, streptomycin, chloramphenicol, 10 % fetal bovine serum
(FBS) and MTT (3-(4,5-dimathylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were
acquired from Himedia, India. The pUC18 DNA was obtained from GeNei, Bangalore, India,
and stored at —20 °C. The cervical cancer cell lines (HeLa) were purchased from the National
Centre for Cell Science (NCCS), Pune, India.

The molar conductance of the ligands as well as the complexes was analyzed using Elico
CM 183 EC-TDS analyzer in 1x10-> M solution in DMF at room temperature. The elemental
analyses (C, H, N and S) were obtained from Vario EL-III elemental analyzer. The 'H- and
I3C-NMR spectra of free thiosemicarbazone ligands were recorded on a 300 MHz spectro-
photometer using CDCl; or DMSO-dj as solvent and TMS as an internal standard. The elec-
tronic spectra of the synthesized ligands and copper(Il) complexes were taken using a JASCO
V-630 UV-Vis spectrophotometer within the range 200—1000 nm using 1x10-3 M solution in
DMF. The FT-IR spectra were recorded on a Shimadzu IR Tracer 100 spectrophotometer as
KBr discs in the range 4000-400 cm!. The electrochemical performance of the copper(Il)
complexes was realized using an electrochemical analyzer on 600 C version 5.01 in DMF
using platinum and Ag—AgCl as a working and reference electrode, respectively. Tetrabutyl-
ammonium perchlorate (TBAP, 0.1 M) was used as supporting electrolyte. The ESI-MS
spectrum of the copper(Il) complex was identified using Bruker Daltonics. The X-band EPR
spectra of the copper(Il) complexes were taken at room temperature as well as frozen sol-
utions in DMF by Varian ESR-112 Sspectrometer and ESR JEOL JES-FA200, respectively.

Analytical and spectral data of the complexes are given in Supplementary material to this
paper.

Evaluation of the biological activity

Minimum inhibitory concentration (MIC). The antibacterial activity of the synthesized
thiosemicarbazone ligands H(L1)-H(L3) and copper(Il) complexes C1-C9 were tested using
the method described earlier.!? The minimum inhibitory concentration of the synthesized
compounds (as 5 and 50 pg ml!) against B. thuringiensis (Gram-positive) and E. coli (Gram-
negative) was evaluated in mm using the disc diffusion method in nutrient agar medium.
Chloramphenicol and DMF were used as the positive and negative control, respectively. Filter
paper of about 6 mm diameter was dipped into the compounds and placed in the nutrient agar
plate inoculated with microorganisms under sterile conditions. Then the plates were incubated
at 37 °C for 24 h to observe the zone of inhibition.
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DNA Cleavage activity. The DNA cleavage efficiency of the thiosemicarbazone ligands
and their copper(Il) complexes were assessed by agarose gel electrophoresis.!3 The experi-
ments were performed at 40 and 60 pM concentration of the complexes treated with SC
pUC18 DNA under the experimental conditions in 5 mM Tris—HC1/50 mM NaCl buffer at pH
7.2 and incubated for 1 h at 37 °C in the presence of an activating agent (ascorbic acid). Later,
the sample was mixed with the gel loading buffer (25 % bromophenol blue, 0.25 % xylene
cyanol, 30 % glycerol) and loaded on to 1.2 % agarose gel containing 0.5 mg/mL ethidium
bromide for 1 h. After electrophoresis, the extent of DNA cleavage of the copper(Il) com-
plexes was visualized and photographed by Spectroline ultraviolet transilluminator (Uvitec
GeNeiTM fire reader, India) gel documentation system. A complete conversion of SC DNA
(Form I) to NC DNA (Form II) and linear (Form III) was monitored.

In vitro cytotoxicity analysis

Maintenance of the cell lines. The human cervical carcinoma cell line (HeLa) was rout-
inely maintained in Eagle’s minimal essential medium (MEM) containing penicillin (100 U
mL!) and streptomycin (100 ug ml'') and supplemented with 10 % fetal bovine serum (FBS,
Himedia, India) in a humidified atmosphere of 5 % CO, incubator at 37 °C. Cisplatin (Plati-
nex) was used as the positive control and the cells without treatment as the negative control.

MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay. The complex
stimulated cell toxicity study was realized using human cervical cancer cell line (HeLa). It is
mainly based on the metabolic reduction of soluble MTT to insoluble formazan crystal by
mitochondrial enzyme activity of viable cells.!* The HeLa cell line was seeded onto 96 well
plates with a seeding density of 2x105 cells/well and kept in a CO, incubator at 37 °C for
attachment of the cells. After 16 h, the test sample at 5 pM concentration was added and
incubated for 24 h. To the cells were added 20 pL of MTT (5 mg mL-! in PBS buffer) and
kept for 4 h. Then the supernatant was completely removed and 50 pL. of DMSO was added
into each well to dissolve the precipitants. The absorbance was measured at 570 nm using an
Elisa plate reader (Read well Touch, Robonik, India) with a reference wavelength at 690 nm.
The assay was performed in triplicate and the values were compared with that of the positive
control (cisplatin).

Synthesis of thiosemicarbazone ligands

Preparation of 1-phenyl-2-((5-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)thio)ethanone (HL).
The starting material HL was synthesized by stirring (2 h) in a 1: 1 molar ratio 5-(3-pyridyl)-
-4H-1,2 4-triazole-3-thiol (0.18 g, 1 mmol) and phenacyl bromide (0.20 g, 1 mmol) in dimeth-
ylformamide (2 mL) and ethanol (10 mL). Then, the obtained colorless solid was set aside
under cold conditions for a day. It was then filtered and washed with cold ethanol and dried in
vacuo over anhydrous CaCl,.

Preparation of H(L1)-H(L3). The compound H(L1) was synthesized using the following
procedure: 1-phenyl-2-((5-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)thio)ethanone (0.30 g, 1 mmol)
in ethanol was mixed with 4-methyl-3-thiosemicarbazide (0.12 g, 1 mmol) in water (20 mL).
To this, a few drops of glacial acetic acid were added and the mixture was refluxed for 2 h at
90 °C in a water bath. The resulting clear yellow solution was set aside under cold condition
for 24 h in a refrigerator. Thereafter the obtained yellow solid was filtered, dried and recrys-
tallized from chloroform. The similar method was applied for the synthesis of H(L2) and
H(L3), but using 4-ethyl-3-thiosemicarbazide or 4-phenyl-3-thiosemicarbazide, respectively,
instead of 4-methyl-3-thiosemicarbazide (Scheme 1).
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Scheme 1. Schematic representation of synthesis of thiosemicarbazone ligands.

Synthesis of copper(Il) bis complexes (C1-C3)

To a 2 mmol ethanolic solution of ligand H(L1), a solution of copper(Il) chloride dihyd-
rate (1 mmol in ethanol) was added over 1 h under constant stirring to obtain a clear green
solution. The resulting solution was set aside overnight at room temperature. Subsequently,
the obtained green precipitate was washed several times with cold ethanol and dried to afford
complex CI (Scheme 2). A similar method was applied for the synthesis of complexes C2 and
C3 using H(L2) and H(L3), respectively, instead of H(L1).
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Scheme 2. Schematic representation of the preparation of copper(Il) bis complexes C1-C3.

Synthesis of mixed ligand copper(Il) complexes (C4—C9)

To a 2 mmol ethanolic solution of ligand H(L1), a solution of 2,2'-bipyridyl (1 mmol in
ethanol) was added over 1 h under constant stirring. To this solution, copper(Il) chloride
dihydrate was added dropwise and again stirred for 30 min. Subsequently, the obtained green
precipitate was washed several times with cold ethanol and dried. A similar method was
applied for the synthesis of complexes CS and C6 using H(L2) and H(L3), respectively, ins-
tead of H(L1) (Scheme 3).

Complexes C7-C9 were prepared in a similar manner to C4—C7, respectively, using
1,10-phenanthroline instead of 2,2'-bipyridyl (Scheme 3).
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Scheme 3. Schematic representation of the preparation of the mixed ligand copper(1l)
complexes C4—C9.

RESULTS AND DISCUSSION
!H- and 13C-NMR spectra of the thiosemicarbazone ligands H(L1) — H(L3)

The structures of the free thiosemicarbazone ligands were verified by their
IH- and 13C-NMR spectra in DMSO-dg. The !H-NMR spectra of thiosemicar-
bazone ligand H(L1) is given in the Supplementary material, Figs. S-1 and S-2.
All the synthesized thiosemicarbazone ligands H(L1)-H(L3) showed a singlet of
the hydrazinic proton at 6 10.88 and 11.08 ppm for the methyl and ethyl sub-
stituted thiosemicarbazone ligands H(L1) and H(L2) except for H(L3) that
appeared in J 11.60 ppm as a result of the inductive effect of the electron with-
drawing phenyl group.!3:16 A sharp singlet of azomethine proton was observed at
around J 8.55 ppm. The signals at around ¢ 7.50—-6.90 ppm were attributed to the
aromatic protons of the ligands. The chemical shift of CH; of the free ligand was
found at about ¢ 4.50 ppm. The signals found near § 6 ppm were assigned to
methyl and ethyl protons. Similarly, in the 13C-NMR spectrum, signals of C=N
and C=S appeared within the region of 145 and 175 ppm, respectively. The sig-
nals due to aromatic carbons were observed in the expected region (6 140—112
ppm). The signals corresponding to the CH; carbon showed a signal near to 38.5
ppm.17 The rest of the methyl and ethyl carbon appeared in the downfield region.
Hence, it was clear that the data obtained from the 'H-NMR and 13C-NMR data
were in good agreement with each other and confirmed the structures of the thio-
semicarbazone ligands. The data of the other thiosemicarbazone derivatives,
H(L2) and H(L3), are given in the Supplementary material.
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Electronic spectra

The electronic spectra of thiosemicarbazone ligands H(L1)-H(L3) and their
respective copper(Il) complexes C1-C9 provided good evidence for the geo-
metry of the complexes. The electronic spectra and the absorption spectral data
of ligand H(L1) and complex C5 are given in the Supplementary material, Figs.
S-3 and S-4, respectively. The electronic spectra of thiosemicarbazone ligands in
DMF displayed two intense absorption bands near 240 and 350 nm that are
assigned to m—m* and n—m* transitions, respectively.!8 The band around 240
nm corresponding to the azomethine chromophore experienced a bathochromic
shift as a result of the donation of the lone pair of electrons to the central metal
ion. The absorption band of the thioamide chromophore near 350 nm experienced
blue shift owing to thioenolization.!1:18 In the electronic spectra of copper(Il)
complexes displayed three to four bands. A significant low intensity d—d band
was observed near 600—750 nm for all the copper(Il) complexes. This might be
due to the structural differences of the complexes through the extended conjug-
ation of the present aromatic ring. However, complex C9 exhibited a moderate
intense band in the region 735 nm due to 2B1g—>2A1g transitions of square planar
copper(Il) complexes.!® Noticeably, all the thiosemicarbazone copper(Il) com-
plexes in DMF were in concurrence with the d° electronic configuration of the
Cu(Il) ion.

FT-IR spectroscopy

The coordinating sites of the copper and free thiosemicarbazone ligands
were attained from FT-IR spectroscopy. The characteristics FT-IR spectral data
afforded suitable evidence for the coordination of ligand to the central metal ion
through deprotonated sulfur, the azomethine nitrogen and N,N'-donor of hetero-
cyclic bases. The free thiosemicarbazone ligands displayed v(N(4)-H) band
around 3055-3350 cm~1.19 In general, thiosemicarbazone can exist in thione—
—thiol tautomerism. A strong band around 800-856 cm! in the ligand was
attributed to the presence of -NH—C(=S)-N group that might be converted to
C-S in the spectra of complexes as a result of enothiolization by loss of the
N(2)H hydrogen and the formation of a new —C=N- group, found at around
1530-1560 cm~!.15 In addition, a characteristic high intensity C=N band of a
ligand in the region of 1520-1540 cm! could be shifted to higher frequencies
(1550-1580 cm™!) in the spectra of complexes, suggesting the coordination of
azomethine to copper. The v(N-N) band of thiosemicarbazone was found near to
970-990 cm! and this might be increased by 20-25 cm™! in the complexes upon
chelation that increases in the double bond character as well as a loss of electron
density.20 The infrared spectra of complexes showed medium bands around 420
and 550 cm~!, which is consistent with v(Cu—N) and v(Cu—S), respectively.!”

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



328 RAJENDRAN et al.

EPR spectral study

The EPR spectra of the thiosemicarbazone copper(Il) complexes offer valu-
able information regarding the extent of delocalization of the unpaired electron in
copper(Il) complexes, the geometry and metal ligand bonding. The EPR spectra
of the complexes were recorded at room temperature and at liquid nitrogen tem-
perature (77 K) to facilitate the determination of EPR parameters, such as g||, g1,
A and G. The X-band EPR spectra of mixed ligand thiosemicarbazone cop-
per(I) complex C7 in DMF are presented in the Supplementary material, Fig.
S-5). The X-band EPR spectra of the copper(Il) complexes displayed three well-
resolved peaks at g| region, corresponding to nuclear spin / = 3/2. The thiosemi-
carbazone copper(Il) complexes were found to be g (2.252-2.268) > g (2.056—
—2.074) > 2.0023, which revealed that the unpaired electron of the copper(Il)
complexes had a d,?>,2 ground state that is characteristic of square planar geo-
metry.2! The exchange interaction parameter of the copper(Il) complexes could
be calculated using the following expression: G = ((g) — 2)/(gL — 2)) and values
within 3.55-4.54 were found, indicating negligible interaction in the copper(Il)
complexes according to Hathaway.22 Meanwhile, g|| values less than 2.3 were
found for these complexes, suggesting the covalent nature of the copper(Il) com-
plexes.

It is renowned that a CuN4 chromophore with square planar geometry is exp-
ected to display g and 4| values within the range of 2.220 and (180-200)x104
cm!, respectively.23:24 The replacement of any coordinated nitrogen by sulfur/
/nitrogen would increase the g| value and decrease the A|| likewise. At this point,
the observed values for copper(Il) bis complexes (CuNS;) C1-C3 and mixed
ligand copper(Il) complexes (CuN3S) C4-C9 were found to be g (2.252 to
2.268) and A4 (158 to 163x104 cm!), revealing the presence of square planar
geometry. Furthermore, the geometrical distortions of the copper(Il) complexes
were measured using the g|/4|  ratio. In general, the values for square planar com-
plexes fall between 130-138x10~4 cm. The values for the synthesized copper(II)
complexes were in the range (138-142)x10~4 cm, suggesting that the complexes
reliably have perfect square planar geometry with the absence of any significant
distortion from planarity.25 This was further supported by molar conductivity
measurement in DMF the obtained values of which fall in the neutral and 1:1
electrolyte range of copper(ll) bis complexes and mixed ligand copper(Il) com-
plexes, respectively. 20
High resolution mass spectra

The stoichiometric composition of the synthesized thiosemicarbazone cop-
per(Il) complexes was identified using high-resolution mass spectroscopy and
their molecular ion peaks was used to authenticate the proposed formulae of the
complexes. The high-resolution mass spectra of complex C9 is given in the Sup-
plementary material, Fig. S-6. It showed a molecular ion peak at m/z 765.16,
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which corresponds to the existence of 99 % of the relative abundance of
[C34H6CuNgS, ] Cl~ species with an ethanol adduct. Thus, the m/z of C9 con-
firmed the stoichiometry of complex C9 as a [Cu(L3)(phen)]Cl type.
Electrochemistry

The electrochemical actions of the thiosemicarbazone copper(Il) complexes
were studied using cyclic voltammetry and differential pulse voltammetry (Sup-
plementary material, Fig. S-7 and Table S-I). The measurements were performed
using a platinum working electrode and TBAP as the supporting electrolyte in
DMF. The Cu(Il)/Cu(l) redox potential (DPV) of the bis copper(Ill) complexes
and mixed ligand copper(Il) complexes of bpy/phen could be in the following
order: 0.601 (C1) > 0.529 (C2) > 0.471 (C3); 0.637 (C4) > 0.598 (C5) > 0.446
(C6); 0.643 (C7) > 0.612 (C8) > 0.587 (C9). The Cu(Il)/Cu(I) redox potential
values of the mixed ligand copper(Il) complexes C4, CS5, C8 and C9 were com-
paratively more positive than the copper(Il) bis complexes, which might be attri-
buted to the existence of electron donating —-NMe, —NEt groups and diimine co-
-ligands. It was shown that the incorporation of -NMe, —-NEt and bpy/phen in the
coordination would predominantly raise the Cu(Il)/Cu(l) redox potential rather
than —NPh electron withdrawing substituents. Thus, in the case of copper(ll) bis
complexes C1 and C2, were slightly more positive upon -NMe; and —NEt; sub-
stitution. Similarly, C3 with two electron withdrawing groups (—-NPhj) shows
lower redox potentials than C1 and C2. Therefore, the mixed ligand copper(Il)
complexes facilitating Cu(Il)—>Cu(I) reduction were more feasible than the cop-
per(II) bis complexes.2427
Pharmacological results

In vitro antibacterial activity. The comparative results of antibacterial act-
ivity of thiosemicarbazone ligands H(L1)-H(L3) and their copper(Il) complexes
C1-C9 in association with a zone of inhibition with the standard positive control
(chloramphenicol) are presented in the Supplementary material, Table S-1I. The
tabulated antibacterial results suggested the following: the thiosemicarbazone
derivatives displayed minimal activity against E. coli at 50 pg ml~! concentration
and showed no activity on the other tested Gram-positive bacteria, specifically B.
thuringiensis. Only the copper(Il) complexes C7 and C8 showed higher antibac-
terial activity and act as a potent bacteriostatic agent against both bacterial strains
in comparison with chloramphenicol. This was due to the existence of N(4)-sub-
stituted thiosemicarbazones and diimine co-ligands.12 On the other hand, all the
other complexes were found to exhibit only moderate activity. This could be exp-
lained based on the chelation theory.!l On chelation, the polarity of the cop-
per(Il) complexes would be reduced owing to the overlapping of the donor groups
of a ligand with the orbital and partial positive charge of the copper. Moreover, it
enhances the delocalization of m-electrons over the chelating ring system as well
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as the lipophilicity of the complexes.28 This might enhance the penetration of
lipid layer and therefore affects the growth of the microorganisms.

Cleavage of pUCI8DNA by the copper(ll) complexes. The effect of concen-
tration-dependent DNA cleavage efficiency of the copper(ll) complexes on
pUC18 DNA in the presence of the activating agent was studied by agarose gel
electrophoresis (Figs. 1 and 2). It is interesting to note that many approved anti-
cancer agents can trigger cell death by damaging DNA. For this reason, the ext-
ent of DNA cleavage activity of thiosemicarbazone-based copper(Il) complexes
has been considered for the development of a new novel anticancer drug.2®
During electrophoresis, relatively fastest migration was observed in Form I.
While, Form II occurs on the strand by the nick produced. If both strands were
cleaved, linearized form (Form III) is generated that migrates in the midst of
Forms I and II.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fig. 1. a) Gel electrophoresis of copper(Il) complexes (40 uM) in buffer containing 50 mM
Tris/~—HCl/50 mM NaCl (pH 7.2) in the presence of ascorbic acid at 37 °C. Lane 1: DNA
control; lane 2: DNA + ascorbic acid; lane 3: DNA + ligand HL+ ascorbic acid; lane 4:
DNA + ligand H(L1)+ ascorbic acid; lane 5: DNA + [Cu(L1),] + ascorbic acid; lane 6: DNA
+ [Cu(L1)(phen)]Cl + ascorbic acid; lane 7: DNA+[Cu(L1)(bpy)]CI + ascorbic acid;
lane 8: DNA + ligand H(L3) + ascorbic acid; lane 9: DNA + [Cu(L3),]CI + ascorbic acid;
lane 10: DNA + [Cu(L3)(phen)]Cl + ascorbic acid; lane 11: DNA + [Cu(L3)(bpy)]Cl +
ascorbic acid; lane 12: DNA + ligand H(L2) + ascorbic acid; lane 13: DNA + [Cu(L2),] +
ascorbic acid; lane 14: DNA + [Cu(L2)(phen)]CI + ascorbic acid;
lane 15: DNA + [Cu(L3)(bpy)]Cl + ascorbic acid.

1 2 3 4 5 6 7 8 9 10 11 12 13
e — — —) =) = =

Fig. 2. b) Gel electrophoresis of copper(Il) complexes (60 uM) in buffer containing 50 mM
Tris—HCI/50 mM NaCl (pH 7.2) in the presence of ascorbic acid at 37 °C. Lane 1: DNA +
ligand HL + ascorbic acid; lane 2: DNA + ligand H(L1) + ascorbic acid; lane 3: DNA +
[Cu(L1),] + ascorbic acid; lane 4: DNA + [Cu(L1)(phen)]Cl + ascorbic acid; lane 5: DNA +
[Cu(L1)(bpy)]Cl + ascorbic acid; lane 6: DNA + ligand H(L3) + ascorbic acid; lane 7: DNA +
[Cu(L3),]Cl1 + ascorbic acid; lane 8: DNA + [Cu(L3)(phen)]Cl + ascorbic acid; lane 9: DNA +
[Cu(L3)(bpy)]Cl + ascorbic acid; lane 10: DNA + ligand H(L2) + ascorbic acid; lane 11:
DNA + [Cu(L2),] + ascorbic acid; lane 12: DNA + [Cu(L2)(phen)]Cl + ascorbic acid;
lane 13: DNA + [Cu(L3)(bpy)]Cl + ascorbic acid.
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As illustrated in Fig. S-7a, the cleavage activity of plasmid DNA at 40 uM
concentration involved the effect of complete DNA degradation on C6 into
unnoticeable minor fragments in the presence of ascorbic acid. The predominant
DNA cleavage efficiency of C6 could be strong intercalation of the diimine
moiety (bpy) and the generation of a large amount of reactive oxygen species by
stabilizing Cu(I) species.2# However, other complexes showed partial and moder-
ate activity. In addition, under the same experimental conditions at 60 pM con-
centration resulting in the complete conversion of Form I to Form II by means of
increasing concentration of copper(Il) complexes. However, no cleavage activity
was observed in the control DNA and DNA with ascorbic acid.

In vitro cytotoxic evaluation by the MTT assay

Encouraged by the positive results achieved from the antibacterial and oxid-
ative DNA cleavage activities, the in vitro cytotoxicity of the thiosemicarbazone
ligands and copper(Il) complexes were tested against human cervical cancer cell
line (HeLa). The percentage of cytotoxicity of each compound is displayed in
Table S-III of the Supplementary material. The thiosemicarbazone ligands alone
showed less cytotoxicity towards HeLa cell lines. Interestingly, complexation of
thiosemicarbazone ligands with heterocyclic bases would predominantly enhance
their cytotoxicity even at 5 uM concentration with 24 h exposure. In addition, it
was clearly indicated that the cytotoxicity was time and dose-dependent. Thus,
the activity of complexes C4, C5 and C7 were significantly superior when com-
pared to cisplatin. It was also confirmed that the complexes were very specific to
the cervical cancer cell line. Consequently, varying of heterocyclic bases with the
existence of bulky N(4)-substituents at the thioamide nitrogen could improve
their cell-killing activity through stronger and efficient oxidative cleavage.12:13
Consequently the data obtained for each complex showed the quality of the
results with minimum concentration (5 M) and shorter incubation period (24 h)
when compared to the results of similar observations.12-31,32

CONCLUSIONS

In this study, the coordinating ability of the nine thiosemicarbazone-based
copper(Il) complexes C1-C9 was derived from three sulfur-containing ligands
H(L1)-H(L3) with copper and diimine co-ligands. It was concluded that the cop-
per(Il) bis complexes C1-C3 coordinated to the central metal copper through
two molecules, deprotonated thiolic sulfur and azomethine nitrogen. While the
mixed ligand copper(Il) complexes C4—C9 coordinated through deprotonated
thiolic sulfur and the N,N'-donor of the heterocyclic bases. Remarkably, SC
pUC18 DNA efficiently cleaves the mixed ligand copper(I) complexes and com-
pletely degrades complex C6 through intercalation of bpy/phen in the presence of
an activating agent. The antibacterial studies of the compounds displayed super-
ior activity of C7 and C8 at higher concentrations. However, the mixed ligand
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copper(Il) complexes C4, C5 and C7 exhibited an enhanced cytotoxic effect on
cervical HeLa cell lines upon the existence of N(4)-substituted thiosemicar-
bazone ligands and diimine co-ligands. Hence, the remarkable biological activity
of the mixed ligand copper(Il) complexes C7 should be further studied with dif-
ferent cancer cells to elucidate its mode of action.

SUPPLEMENTARY MATERIAL

Additional data are available electronically from http://www.shd.org.rs/JSCS/, or from
the corresponding author on request.
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H3BOJ
CHUHTE3A KOMITJIEKCA BAKPA(II) CA N(4)-CYTICTUTYUCAHUM TUOCEMU-
KAPBA3UIOM U JUMMHWHOM KAO IMTAHIUMA U UCITIUTUBAIE IbUXOBE
AKTUBHOCTH ITPEMA ITNTASBMOUIHOJ DNK ¥ HeLa REJIMJCKUM IMHUJAMA

NEELAVENI RAJENDRAN', ABIRAMI PERIYASAMY?, NITHYA KAMATCH® 1 VASANTHA SOLOMON"

'PG and Research Department of Chemistry, Lady Doak College, Madurai — 625002, Tamil Nadu, India,
“Department of Biotechnology, Lady Doak College, Madurai — 625002, Tamil Nadu, India u *PG and
*Research Department of Zoology, Lady Doak College, Madurai — 625002, Tamil Nadu, India

Y oBOM pany omucaHe Cy CHHTe3€ H€BET HOBHMX KoMiuiexca Oaxpa(Il) ca Tmocemuxapba-
30HCKUM TUTIOM nuradaza, {{Cu(L),] C1-C3, [Cu(L)(bpy)]Cl C4-C6, [Cu(L)(phen)]Cl C7—C9 (L =
= H(L1)-H(L3), H(L1) = (E)-N-metun-2-(1-denun-2-((5-(mupunun-3-un)-4H-1,2,4-tpruason-3-
-WJI)THO ) eTWIHIeH ) xunpasuakapdbotnoamun, H(L2) = (E)-N-etun-2-(1-penwn-2-((5-(mupupus-3-
-wn)-4H-1,2,4-Tpra3on-3-ui)THo ) eTHHaeHXxupa-3uakapdbotnoamun, H(L3) = (E)-N-denun-2-
-(1-¢penun-2-((5-(nupagun-3-nn)-4H-1,2,4-Tpuason-3-Wi)THO ) eTWINIEH ) XUIPa3UHKapOOTHO-
amug, bpy = 2,2"-d6unupunun u phen =1,10-denantponus). CUHTETHCAHH KOMIUIEKCH Cy OKapak-
TEPUCAHU NPUMEHOM DPa3lIMYUTUX CHEKTPOCKOIICKUX MeTofia. KBagpaTHoO-IsIaHapHa reoMeTpHja
C1-C9 xomIiuiekca je mpeTrrnocras/beHa Ha 0a3M EPR cnexrpockonckux mepema. Ha ocHOBY
UCIIUTHBaWka aHTHOAKTEpPHjCKe aKTMBHOCTH OBUX KOMIUIekca HaheHo je ma C7 u C8 xommiekcu
NoKa3yjy Hajbosby akTUBHOCT ipemMa ['pam-io3utuBHUM (B. thuringiensis) u IT'pam-HeraTuBHuM (E.
coli) baxrepujama. UcnuruBame creneHa jferpaganyje cynepkosnounse (SC) pUC18 DNK y 3aBuc-
HOCTH Ofi KOHLIEHTpallije KOMIUIeKca je mokasano Aa C6 KOMIUIEKC MOoKasyje KOMIUIETHY Aerpa-
nauyjy DNK nmpu MuHMManHOj koHUeHTpauuju (40 pM). In vitro ucnuTHBama LIMTOTOKCUYHE
aKTUBHOCTH CMHTETHUCAHHUX KOMIIIEKCA Cy [OKasasa Aa, y nopehemwy ca HUCIIaTHHOM, KOMIIEKCH
C4, C5 u C7 umajy Hajsehy aKTHBHOCT IpemMa XyMaHo]j henujckoj THHUjK KaHLepa rpiuha mate-
puue (HeLa). Ha ocHOBY nodujeHux pesysirara OMOOMIKAX HCIIUTHBAKA 3aK/byUeHO je Ia Hajoossy
aKTUBHOCT 10ka3yjy komiuiekcH baxpa(Il) koju ka0 nuraHs ©Majy JMMMHMHCKH ocTaTtak. Jodujenu
pesyaTaTi MOTry OWUTH Off 3Hayaja 3a CHHTe3y HOBMX aJITEPHATUBHUX aHTHUKAHIIEPHUX LIUTOCTaTHKA
Y OHOCY Ha OHE KOjH Cy [0 Cajia y MEJULIMHCKO] TPUMEHH.

(ITpummeno 29. anpuna, pesugupano 19. asrycra, npuxsaheno 29. asrycra 2019)
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