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a b s t r a c t

A newly synthesized chelating agent ethyl 2-(2-(4-chlorophenylcarbamothioyl)hydrazono)propanoate
with SNO donor sites is employed for the synthesis of Co(II), Ni(II), Cu(II) and Zn(II) complexes.
Structure of ligand is determined by single crystal X-ray diffraction analysis. Octahedral geometry is
assigned to all the complexes based on the physical and spectral data. The copper complex has shown
redox responses in the applied voltage range, whereas the ligand and other complexes are electrochemi-
cally inactive. The new complexes synthesized have been evaluated for in vitro antiproliferative activity
against human cancer cells of different origin such as COLO-205 and K-562. Among the compounds tested
for their antiproliferative activity, IC50 value of copper complex is 15.16 and 8.65 lM for K-562 and COLO-
205, respectively. Time dependent significant fall in mitochondrial membrane potential (DWm) without
generating reactive oxygen species (ROS) is observed in COLO-205 cells treated with copper complex,
whereas its antiproliferative effect mediated by the induction of apoptotic cell death is evidenced by
the sub-G0/G1 cells accumulation, oligonucleosomal DNA fragmentation, caspase-3 activation and the
nuclear condensation. Further results confirmed subsequent apoptosis induction through activation of
intrinsic apoptotic pathway.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Metal based drugs such as organoplatinum compounds are
extensively used in cancer chemotherapy [1–3]. The clinical utility
of these compounds is limited to a relatively narrow range of
tumors (sarcomas, small cell lung cancer, ovarian cancer, lym-
phomas and germ cell tumors) [4,5], by dose-limiting side effect
and acquired resistance due to prolonged administration. To cir-
cumvent these problems, much attention has been focused on
designing unconventional metallo-organic compounds which
greatly facilitate the interaction of the biomolecules in biological
systems [6–9]. Recently it is shown that cupredoxin azurin
preferentially enter cancer cells rather than normal cells and form
complex with the tumor suppressor protein PS3, stabilizing it and
increasing its intracellular level, thereby inducing apoptosis via
corpus mediated mitochondrial pathway [10].
Thiosemicarbazone of ethyl pyruvate (EP) derivatives have
been a subject of interest to researchers of different profiles
including pharmacologists and coordination chemists [11–15].
These derivatives have shown promising antitumor activity
against various cancer cell lines [16,17]. Their biological activities
are explained on the basis of various mechanisms including
intercalation properties, inhibition of DNA and RNA, breaking of
DNA strands, alteration of cell membrane functions and free radi-
cal mediated alkylation [18,19]. Thus, a combination of such a
small molecule (EP) with potent cytotoxic thiosemicarbazide
pharmacophore may act in an additive or synergistic mode,
showing effect on the DNA-binding properties of the parental
moiety. Metallo-organic compounds of such derivatives tend to
be strongly mutagenic and have shown promising chemothera-
peutic activities. Elevated intracellular metal levels in particular
copper levels predispose cancerous cells to ionophoric copper
sensitivity. Several copper coordinating lipophilic thiosemicar-
bazone compounds are being investigated as potential anticancer
therapeutics [20].
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http://dx.doi.org/10.1016/j.ica.2015.03.013
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Therefore, in the present work, as a part of our search for new
molecules with anticancer activity, we have focused our attention
toward the synthesis of ethyl pyruvate derived thiosemicarbazone
ligand (E)-ethyl 2-(2-(4-chlorophenylcarbamothioyl)hydrazono)-
propanoate and its cobalt (CoL2), nickel (NiL2), copper (CuL) and zinc
(ZnL2) complexes. These were characterized thoroughly and
systematically tested for their anticancer activity. Among all the
complexes tested, copper complex was found to be more active on
colon adenocarcinoma. Using varied lines of experimental strate-
gies, it is shown that copper complex induces cell death through
apoptotic mode. Thus the present results might open a new insight
in the design of a new type of metal based therapeutic agent.
2. Experimental protocols

2.1. Materials and methods

All the reagents are commercially available (Aldrich or Merck)
and used as supplied. Solvents were purified and dried according
to standard procedures. Thiosemicarbazone was prepared accord-
ing to the earlier reports with slight modifications [21]. Metal chlo-
rides used were in the hydrated form. Metal content was
determined according to the standard methods. Melting points
(m.p.) were determined in open capillaries and are uncorrected.
The molar conductivity was measured on ELICO-CM-82
Conductivity Bridge. Infrared spectra were recorded in KBr discs
in the region 4000–400 cm�1 on a Nicolet 170 SX FT-IR spectropho-
tometer. 1H and 13C spectra of the ligand were recorded in
(CD3)2SO on a BRUKER 500 MHz spectrometer. All the compounds
were analyzed for Carbon, Hydrogen, Nitrogen and Sulfur by
Thermo quest elemental analyzer. Electronic spectra of all the
compounds in DMSO were recorded on a UV–Vis spectrophotome-
ter (Varian Cary 50 Bio). Magnetic susceptibilities at room
temperature were determined using a Gouy balance with
Hg[Co(SCN)4] as the reference compound and magnetic moments
were calculated making the necessary diamagnetic corrections.
Thermal analysis of the metal complexes were carried out in nitro-
gen atmosphere on universal V2.4F TA Instrument keeping final
temperature at 1000 �C with a heating rate of 10 �C/min. The cyclic
voltammetric experiments were carried out with a three electrode
apparatus using a CHI1110A electrochemical analyzer (USA).
The EPR spectra of copper complex were recorded on a Varian
E-4 X-band spectrometer using TCNE as g-marker.

2.1.1. Preparation of ethyl 2-(2-(4-
chlorophenylcarbamothioyl)hydrazono)propanoate (LH)

The ligand (LH) was prepared in two steps. First, 4-(4-
chlorophenyl)thiosemicarbazide was obtained and purified by
the literature method [22]. It (0.201 g, 1 mmol) was then refluxed
with methanolic solution (20 mL) of ethyl pyruvate (0.116 g,
1 mmol) for 2 h. Partial evaporation of the solvent yielded crystals
suitable for X-ray single crystal analysis which were filtered off,
washed with methanol and dried in vacuum (Scheme 1).

Yield: 86%; mp: 133–135 �C.
C12H14ClN3O2S: Anal. Calc. C, 48.07; H, 4.71; N, 14.02; S, 10.70%.

Found: C, 48.10; H, 4.77; N, 13.98; S, 10.73%. IR (cm�1). 3249,
Hydrazine NH; 3290, Phenyl NH; 1685, C@O; 1627, C@N. 1H
NMR (DMSO-d6) ppm: 11.01 (s, 1H, Hydrazine NH), 10.00 (s, 1H,
NH phenyl), 4.20–4.23 (m, J = 5, 2H, CH2), 2.17 (s, 3H, N@C@CH3),
1.26 (t, J = 5, 3H, CH3), 13C NMR (DMSO-d6) d: 177.71 (C@S),
164.14 (C@O), 140.07 (C@N), 61.25 (CH2), 14.02 (CH3).

2.1.2. Preparation of the complexes
To a hot solution of LH (1 mmol) in methanol (20 mL) was

slowly added, a hot solution of the metal chlorides Viz: Co(II),
Ni(II), Cu(II) and Zn(II) (1 mmol) in methanol (5 mL) and the mix-
ture was stirred at room temperature for 4 h. The precipitates
obtained were filtered, washed thoroughly with methanol, then
with ether and dried in vacuo. Attempts to grow single crystals
were unsuccessful. The proposed structures of the complexes are
given in Scheme 2.

2.1.2.1. C24H26Cl2N6O4S2Zn (ZnL2). Anal. Calc. C, 43.48; H, 3.95; Cl,
10.70; N, 12.68; O, 9.65; S, 9.67; Zn, 9.86%. Found: C, 43.47; H,
3.95; Cl, 10.76; N, 12.65; S, 9.69; Zn, 9.80%. IR (cm�1). NH; 3325,
Phenyl NH; 1651, C@O; 1593, C@N. 1H NMR (DMSO-d6) d: 10.23 (s,
1H, NH phenyl), 4.21–4.24 (m, 2H, CH2), 2.17 (s, 3H, N@C@CH3),
1.26 (t, 3H, CH3), Molar conductivity (ohm�1 cm2 mol�1): 21.33. leff.

Diamagnetic.

2.1.2.2. C24H26Cl2CoN6O4S2 (CoL2). Anal. Calc. C, 43.91; H, 3.99; Cl,
10.80; Co, 8.98; N, 12.80; S, 9.77%. Found: C, 43.93; H, 3.97; Cl,
10.80; Co, 9.05; N, 12.77; S, 9.80%. IR (cm�1). 3303, Phenyl NH;
1652, C@O; 1590, C@N. Molar conductivity (ohm�1 cm2 mol�1):
3.78. leff. 4.33 BM.

2.1.2.3. C24H26Cl2N6NiO4S2 (NiL2). Anal. Calc. C, 43.93; H, 3.99; Cl,
10.81; N, 12.81; Ni, 8.94; S, 9.77%. Found: C, 43.91; H, 4.02; Cl,
10.82; N, 12.79; Ni, 9.01; S, 9.81%. IR (cm�1). 3314, Phenyl NH;
1654, C@O; 1590, C@N. Molar conductivity (ohm�1 cm2 mol�1):
6.93. leff. 3.12 BM.

2.1.2.4. C12H19Cl2CuN3O5S (CuL). Anal. Calc. C, 31.90; H, 4.24; Cl,
15.69; Cu, 14.06; N, 9.30; S, 7.10%. Found: C, 31.96; H, 4.26; Cl,
15.74; Cu, 14.01; N, 9.59; S, 7.10%. IR (cm�1). 3310, Phenyl NH;
1639, C@O; 1594, C@N. kmax (nm), 440–460, 670. kmax (nm): 306
and 367. Molar conductivity (ohm�1 cm2 mol�1): 19.78. leff.

1.86 BM.

2.2. Crystal structure analysis of ethyl 2-(2-(4-
chlorophenylcarbamothioyl)hydrazono)propanoate [LH]

A selected crystal of LH was mounted on the tip of a 200 lm
Mitagen loop with perfluorinated oil and cooled rapidly to 100 K
in a stream of cold nitrogen. Data were collected on an Oxford
Diffraction, (Agilent Technologies), SuperNova X-ray diffractome-
ter equipped with an Oxford Cryosystems Cobra Low temperature
device using Cu Ka radiation (a = 154.178 pm) from a SuperNova
Cu X-ray micro source and focusing mirror optics. The structures
were solved by direct methods and refined against F2 by full-
matrix least-squares using the program SHELXTL [23]. Full data col-
lection and refinement details are given in Table 1.

2.3. Cell lines and culture conditions

Human chronic myelogenous leukemia (K-562) was obtained
from Prof. Kondaiah, Indian Institute of Science (Bangalore,
India). Colon adenocarcinoma (COLO-205) and non-tumor cell line
(VERO, renal, green monkey) was purchased from National Centre
for Cell Science (Pune, India). K-562 and COLO-205 cell lines were
cultured in RPMI-1640 supplemented with 10% FCS (Invitrogen,
USA), penicillin G (100 IU/mL) and streptomycin (100 lg/mL) at
37 �C in a humidified 5% CO2 atmosphere. VERO cell lines were
maintained in MEM medium.

2.4. Preparation of working stock

Solutions were freshly prepared by dissolving the prepared
compounds in DMSO to a concentration of 50 mM and further
diluted with RPMI-1640 for the experiments. Each experiment
contained two controls: cell control (untreated cells) and
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Table 1
Crystal data and crystal refinements of LH.

Crystal data LH

Empirical formula C12H14ClN3O2S
Formula mass 299.77
Crystal size (mm) 0.40 � 0.40 � 0.20
Crystal system monoclinic
Space group P21/c
a (pm) 1063.99(4)
b (pm) 1256.02(4)
c (pm) 1073.88(5)
b (�) 106.142(4)
V (pm3 � 106) 1378.55(9)
Z 4
Dcalc (g cm�3) 1.444
l (cm�1) (Mo Ka) 0.430
T (K) 100
2h(max) (�) 52.74
Index range
h �13 ? 9
k �12 ? 15
l �13 ? 12
Reflections collected 6196
Unique reflections (Rint) 2808
Reflections with Fo > 4r(Fo) 2480
Number of parameters 182
R1 0.0290
wR2 (all data) 0.0774
Maximum and minimum residual density

((e pm�3) � 10�6)
0.339, �0.244
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additional control (cells treated with maximal concentration of
used DMSO solution-less than 0.01%).
2.5. In vitro cytotoxicity evaluation

2.5.1. MTT assay
MTT assay was carried out as described earlier [24,25], with

slight modifications. Briefly, exponentially growing cells were
seeded at a density of 5 � 104 cells/mL, incubated for 24 h and
treated with various concentrations of CoL2, CuL and NiL2 (0.5–
250 lM). After 48 h of incubation, MTT reagent (1 mg/mL) was
added and incubated for 4 h. Formazan crystals formed were dis-
solved by adding 100 lL of DMSO and absorbance were measured
at 570 nm using microplate reader (Bio-Rad, USA). A graph of con-
centration versus percentage cell viability was plotted and IC50 val-
ues were calculated.
2.5.2. LDH release assay
Release of lactate dehydrogenase (LDH) is an indicator of loss of

membrane integrity and hence cell injury. This assay was designed
to estimate the number of nonviable cells present in a mixed pop-
ulation of living and dead cells, using standard protocols [26].
5 � 104 cells/mL were seeded and treated with 20 lM of copper
complex (CuL) for 24, 48 and 72 h. The percentage of LDH released
upon treatment was analyzed. The percentage of LDH released
was calculated as: (LDH activity in media) = (LDH activity in
media + intracellular LDH activity) � 100.
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2.6. Measurement of mitochondrial membrane potential (DWm) and
intracellular ROS

The effect of CuL treatment on mitochondrial membrane poten-
tial was measured using JC-1 dye (Molecular Probes, USA) as per
standard protocol [27]. Cellular ROS levels were evaluated with
the redox sensitive dye CM-H2DCFDA (Molecular Probes, USA).
For both the experiments, 5 � 104 cells/mL were treated with
15 lM concentration of CuL and incubated for different time peri-
ods at 37 �C. After respective treatment period, cells were washed
and labeled for 10 min with dye at 37 �C. Cells were then washed,
resuspended in PBS, and fluorescence were measured using fluo-
rescence spectrophotometer (Varian, The Netherlands) [27]. JC-1
was excited at 490 nm, and emission was monitored at 530 and
590 nm. CM-H2DCFDA fluorescence emission was measured at
530 nm by exciting at 490 nm.
2.7. Measurement of caspase-3 activity

The activity of caspase-3 in cell lysates was performed using
caspase-3 colorimetric assay kit (Sigma, USA), following the manu-
facturer instructions. 1 � 106 cells/mL were treated with CuL
(5 lM) for 48 h and washed with PBS. Thereafter, pellet was sus-
pended in lysis buffer and incubated on ice for 15 min, followed
by centrifugation at 20000g for 15 min at 4 �C. The supernatant
was collected and samples were mixed with assay buffer with or
without caspase-3 inhibitor (Ac-DEVD-CHO). Finally, caspase-3
substrate (Ac-DEVD-pNA) was added to all the samples and incu-
bated at 37 �C for 90 min. Absorbance was recorded at 405 nm.
Units of caspase-3 were determined from a standard curve.
2.8. DNA fragmentation assay

The DNA fragmentation assay was performed as described pre-
viously with slight modifications [28]. 5 � 105 cells per well were
cultured for 48 h with 5 and 25 lM of CuL. The cells were washed
twice with PBS (4 �C, pH 7.4) and collected by centrifugation at
250g for 5 min. The pellet was then treated with 0.5 mL of lysis
buffer (1 M Tris–HCl, pH 7.4, 0.5 M EDTA, 10% sucrose) for over-
night at room temperature. Supernatants were collected, treated
with 20% SDS and 100 lg/mL RNase, and incubated at 56 �C for
8 h. After incubation, Proteinase K was added and further incu-
bated over night at 56 �C. DNA was precipitated using 10 M ammo-
nium acetate and absolute alcohol, stored at �80 �C over night, and
washed with 70% ethanol at 13000 rpm. DNA was then collected
and dissolved in TE buffer (10 mM Tris pH 8.0, EDTA 1 mM).
Purity of extracted DNA was checked by performing dipheny-
lamine method. For analysis, 10–20 lL of DNA was loaded on a
1.5% agarose gel containing 10 mg/mL ethidium bromide.
Electrophoresis was performed in 0.5� Tris borate–EDTA buffer
(pH 8.0) at 100 V for 1 h, and fragmented DNA was visualized
and photographed using gel documentation system (DNR, Israel).
2.9. Acridine orange–ethidium bromide (AO/EB) double staining

The morphological changes in COLO-205 cells upon treatment
with CuL due to apoptosis were detected by performing fluores-
cence microscopy using acridine orange (AO) and ethidium
bromide (EB) staining [29]. Briefly, 1 � 104 cells/mL were seeded
on to cover slip, and treated with CuL for 48 h. After treatment,
cells were washed with PBS and stained with AO/EB (working
concentration of 10 lg/mL) dye for 10 min. The cells were then
washed twice with PBS, mounted and immediately observed under
fluorescence microscope (Olympus, Japan) using blue filter.
2.10. Cell cycle analysis

Cells were cultured and treated with the different concentration
of CuL (5, 10, and 20 lM). After 48 h of treatment, cells were har-
vested, washed and fixed at 4 �C in 70% ethanol overnight. Fixed
cells were washed and incubated at 37 �C with RNase (20 mg/
mL) for 4 to 5 h. After RNase treatment, propidium iodide (PI,
1 mg/mL) was added and incubated in dark at room temperature
for 30 min before acquiring the flow cytometric reading (FACS cal-
ibur using Cell Quest Pro software, BD Biosciences, USA). The per-
centage of cells in sub-G0/G1, G0/G1, S and G2/M phase were
determined. At least 10000 cells were sorted per FACS experiment.

2.11. Qualitative assessment of apoptosis by performing confocal
imaging

Annexin V/PI labeling assay was performed as per the manufac-
turer instructions (Invitrogen, USA). Briefly, 1 � 106 cells were
treated with CuL (20 lM) for 48 h, washed with ice cold PBS and
resuspended in binding buffer. Then the cells were stained with
annexin V conjugated to FITC (25 lg/mL) and PI (100 lg/mL) for
15 min in dark. Subsequently, cells were washed and resuspended
in annexin V binding buffer, spread over a slide and observed
under an inverted confocal laser scanning microscope (LSM 510
META; Zeiss). Imaging was performed to visualize the early and
late apoptotic cells.

2.12. Statistical analysis

All the results have been expressed as the mean ± S.E. for data
obtained from at least three separate experiments. Data were ana-
lyzed for statistical significance by the paired t test and p < 0.05 val-
ues were considered to indicate statistically significant differences.
3. Results and discussion

3.1. Molar conductivity measurements

Molar conductance values of complexes in DMSO at concentra-
tion 10�3 M fall in the range 1.29–21.33 mho cm2 mol�1. These
values are much less than that expected for 1:1 electrolytes
(65–90 mho cm2 mol�1) and hence are non-electrolytic in nature
[30]. The analytical and physicochemical data of the complexes
are summarized in experimental section.

3.2. IR spectral studies

Comparison of the IR spectra of the metal complexes with that
of the free ligand revealed the tridentate behavior of the ligand
coordinating through >C@O, >C@N and >C@S groups. As there are
two five-membered coordination rings adjacent to each other, it
would impose considerable strain. The negative shift of m(>C@O)
and m(>C@N) bonds of the ligand on coordination suggests its
association with metal ions through carbonyl oxygen and azome-
thine nitrogen. The bands observed for free LH at 3290 and
3249 cm�1 may be assigned to the symmetric vibrations of the
m(NH). The absence of a band at 2500 cm�1 indicates the thioketo
nature of free LH in the solid state [31]. The m(>C@S) band,
observed at 752 cm�1 in the spectrum of the free LH, shifts by
60 ± 67 cm�1 to lower wave numbers in the complexes as a result
of enolization and consequent coordination to the metal through
the deprotonated thiolate [21]. This is also supported by the
disappearance of the band at 3249 cm�1 assigned to m(NH) in the
spectrum of ligand. Thus the ligand apparently coordinates
through the N, O and S atoms.
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3.3. NMR spectral studies

The ligand LH displays two sharp singlets at 11.01 and
10.00 ppm attributed to the thiohydrazinic and phenyl NH, respec-
tively. The first signal disappeared on complexation with Zn(II) ion,
indicating the thioenolisation and subsequent coordination of sul-
fur via deprotonation. Further no peak corresponding to @SH was
observed in the spectrum indicating the sulfur coordination
through deprotonation. The aromatic protons observed in the
region 7.44–7.64 ppm show small shifts on coordination, due to
variation in electron density and steric constraints brought about
by chelation. A multiplet at 4.21 and a triplet at 1.26 ppm are
assigned to CH2 and CH3 protons of ester, respectively. The CH3

proton signal observed at 2.17 ppm in ligand shifts downfield
due to the involvement of the adjacent nitrogen of azomethine
group >C@N in bonding with the Zn(II) ion, as a result of which
the CH3 protons become less shielded.

13C NMR spectrum of ligand show a signal at 177.71 ppm corre-
sponds to the thioamide carbon (HN@C@S). The resonances at
164.14 and 140.07 are assigned to >C@N and >C@O, respectively,
the methylene and methyl carbon signals of ester group are
observed at 61.25 and 14.02, respectively. The 13C NMR spectrum
of Zn(II) complex showed a downfield shift of signal corresponding
to carbonyl, azomethine and thioamide carbon suggesting the
coordination through carbonyl oxygen, azomethine nitrogen and
thioamide sulfur.
3.4. Mass spectral studies

The mass spectrum of the ligand shows a molecular ion peak
m/z at 299 (M+) corresponds to the molecular weight of the ligand
and some prominent signals corresponding to its various frag-
ments and isotopes.
Table 2
Selected bond lengths (Å) of LH.

Atoms Bond distances (Å) Atoms Bond distances (Å)

Cl1–C4 1.7414(15) C8–C9 1.498(2)
S1–C7 1.6720(15) C8–C10 1.500(2)
O1–C10 1.2182(18) C9–H9A 0.9800
N1–C7 1.3440(19) C9–H9B 0.9800
N1–C1 1.4157(18) C11–C12 1.506(2)
N2–N3 1.3629(17) C11–H11A 0.9900
N3–C8 1.2893(19) C12–H12A 0.9800
C1–C6 1.390(2) C12–H12B 0.9800
C1–C2 1.395(2) C12–H12C 0.9800
3.5. Magnetic properties, electronic and EPR spectral studies

The electronic spectrum of ligands show bands around 276, 310
and 360 nm. The first band �276 nm is assigned to a ligand p ? p⁄

transition, while the band around 300–310 nm to n ? p⁄ transition
associated with imine function of thiosemicarbazone. This
band shifts to lower energies upon complexation. Another band
observed at 330–360 nm region is assigned to n ? p⁄ transition
originating from the thioamide function of thiosemicarbazone
[32].

The UV–Vis spectrum of Cu(II) complex exhibits bands around
455 nm and 670 nm attributable to C.T. transition of S ? Cu(II)
[33] and the d–d transition, 2E ? 2T2, respectively, corresponding
to octahedral structure [33]. The magnetic moment of 1.86 BM
for Cu(II) supports octahedral structure for the complex [34]. The
broad isotropic peak observed with giso 2.01 and 2.03 in the X-band
EPR spectra at RT and LNT suggest the absence of spin–spin inter-
action in the complex [21]. In the electronic spectrum of nickel
complex, three d–d bands were observed at 913, 617, and
371 nm attributable to spin-allowed transitions 3A2g ?

3T2g,
3A2g ?

3T1g and 3A2g ?
3T1g (P) respectively, representing octahe-

dral geometry for the complex [35]; the magnetic moment
3.12 BM obtained for the complex suggest the same [33]. The elec-
tronic spectrum of Co(II) complex shows absorption at �370 nm
and is assigned to LMCT transition [36]. The peaks around 438–
450 and 640–670 nm were attributed to 4T1g(F) ? 4T1g (P) and
4T1g ?

4A2g assigning an octahedral structure for the complex with
the magnetic moment value 4.33 BM [21,37]. The diamagnetic zinc
complexes show absorptions only in the higher frequency region
with high extinction coefficient values attributed to the ligand
electron transitions.
3.6. Electrochemical studies

The redox activity of ligand and its complexes were studied in
the range +0.2 to �0.8 V versus the ferrocene–ferrocenium redox
system in DMSO (0.1 M tetrabutylammonium bromide supporting
electrolyte). No peak corresponding to the reduction has been
observed down to �0.8 V, as the ligand is shown to be electro-
chemically inactive in the potential range studied. Further the
nickel, cobalt and zinc complexes were also found to be electro-
chemically inactive. The analysis of cyclic voltammetric responses
of copper complex with the scan rate varying from 0.05 to
0.15 vs�1 gives the evidence for a quasi-reversible one electron
redox process. At a scan rate of 0.05 vs�1, the copper complex exhi-
bits a pair of cathodic and anodic peak potentials at �0.043 V and
+0.305 V, respectively, representing the Cu(II)/Cu(I) couple. The
negative shift of DEp > 59 mV (DEp is the difference in the anodic
and cathodic peak potentials) and Epc (cathodic peak potential)
with increasing scan rate suggest a quasi-reversible nature of the
system [38].

3.7. Thermal studies

Thermogravimetric analysis of the complexes has been carried
out in nitrogen atmosphere with a heating rate of 10 �C/min. The
thermogram of [CuLCl(H2O)2]*H2O complex exhibits several ther-
mal events. The first weight loss of 3.81% (cal 3.98%) in the tem-
perature range of 60–100 �C corresponds to the loss of a lattice
water molecule. The second weight loss of 8.12% (cal 7.96%) in
160–230 �C corresponds to two coordinated water molecules. The
corresponding DTA peak at 190 �C in the complex signifies the
endothermic process. Further decomposition of 74.81% (73.70%)
above 250 �C corresponds to the combined loss of coordinated
chloride and the ligand. Whereas the thermograms of Co(II) and
Ni(II) shows no weight loss in the region 30–200 �C indicating
the absence of lattice or coordinated water molecules. Weight loss
of 87.4% and 89.16%, in the temperature range 200–400 �C, is due
to the loss of ligand in the respective metal complexes. The plateau
obtained above 700 �C corresponds to the formation of stable
respective metal oxides.

3.8. Crystallographic studies of LH

The ligand LH (CCDC 978614) crystallized as yellow colored
crystals in monoclinic crystal system having space group C2/c
with a = 10.639 Å, b = 12.5602 Å, c = 10.7388 Å, a = c = 90.00�,
b = 106.142�, V = 1378.55 Å3 and Z = 4.00. Details of the data collec-
tion and refinements are given in Table 1. Selected bond lengths,
bond angles and torsion angles are given in Tables 2–4, respec-
tively. The ORTEP diagram is shown in Fig. 1.

The bond angles around C8, viz. N3–C8–C9 = 117.31(13)�, N3–
C8–C10 = 123.38(13)�, C9–C8–C10 = 119.31(13)� clearly reveals
the sp2 hybridized state of C8. The bond angles around N2 viz.,
N3–N2–C7 = 120.10(13)�, N3–N2–H2B = 119.3(13)�, and C7–N2–



Table 3
Selected bond angles of LH (�).

Atoms Bond angles (�) Atoms Bond angles (�)

C10–O2–C11 115.86(11) C2–C1–N1 116.18(13)
C7–N1–C1 130.32(13) C3–C2–C1 120.46(14)
C7–N1–H1A 113.5(13) O1–C10–O2 124.25(14)
C1–N1–H1A 116.0(13) O1–C10–C8 124.24(13)
N3–N2–C7 120.10(13) O2–C11–H11A 110.3
C7–N2–H2B 120.6(13) O2–C11–H11B 110.3
C8–N3–N2 120.22(13) N1–C7–S1 127.51(12)
C6–C1–C2 119.83(13) O2–C11–C12 106.93(12)
C6–C1–N1 123.94(13) N2–C7–S1 118.00(11)
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H2B = 120.6(13)� also illustrate the sp2 hybridized state of N2. The
bond distance of 1.3629(17) Å, 1.3687(19) Å confirms the single
bond character of the N2–N3 and N2–C7 linkage. The C–C bond
distances and C–C–C bond angles of phenyl ring are in accordance
with the values reported in literature [21,39,40]. The bond dis-
tances C@O (C2@O1@1.231 Å) and C@N (C8@N3@1.2893(19) Å)
are in conformity with the double bond character. The torsional
angle �178.25(13)� exhibited by N3–C8–C10–O2 and 2.0(2)� by
N3–C8–C10–O1 indicates that N3 and O2 atom are trans to one
another and N3 and O1 are cis to each other. The torsional angle
for N3–N2–C7–S1 = 174.31(10)� clearly shows that S1 and N3 are
trans to each other. The molecular packing diagram shows two lay-
ers of molecules. In each molecule, presence of intra molecular
hydrogen bonding stabilizes the crystal packing. The two strong
intramolecular hydrogen bonds between N1H and N3 [N1–
H. . .N3 = 2.171(18) Å] and N2H and O1 [N2–H2B. . .O1 = 1.97(2) Å]
are also present. It gives a significant contribution to the planarity
of the thiosemicarbazide moiety.
3.9. Evaluation of cytotoxicity and possible mechanism of cell death

To evaluate the role of synthesised metal complexes (CoL2, NiL2

and CuL) as antiproliferative agents, they were tested on two dif-
ferent human cell lines, K-562 and COLO-205. Both the cells were
treated with different concentrations of CoL2, NiL2 and CuL for
48 h and subjected to MTT assay, with cisplatin as a positive con-
trol [39]. All tested complexes showed noticeable antiproliferative
effect (Fig. 2a) and IC50 values (Table 5). Among the panel of com-
plexes, CuL exhibited strong dose dependent antiproliferative
activity against COLO-205 cell line (IC50 value 8.65 lM) com-
parable with positive control cisplatin (IC50 value of 7.24 lM), than
against more resistant [41] cell line K-562 (IC50 of 15.16 lM). On
the other hand, cobalt (CoL2) and nickel (NiL2) complexes exerted
weak activity against K-562 (IC50 > 250) and showed compara-
tively more activity against COLO-205. As copper complex (CuL)
showed higher antiproliferative activity among all tested com-
plexes, CuL is selected further for mechanistic studies. Further, it
is noticed that ethyl pyruvate derived thiosemicarbazone ligand
coordinated with copper ion has a synergetic effect on the
Table 4
Torsional angles of LH.

Atoms Bond angles (�) Atoms Bond angles (�)

C1–N1–C7–N2 178.06(13) C7–N2–N3–C8 178.71(13)
C1–N1–C7–S1 �0.8(2) C7–N1–C1–C6 24.2(2)
N3–N2–C7–N1 �4.69(19) C7–N1–C1–C2 �158.36(15)
N3–N2–C7–S1 174.31(10) C6–C1–C2–C3 �1.4(2)
N3–C8–C10–O2 �178.25(13) N1–C1–C2–C3 �178.93(13)
C9A–C8–C10–O1 2.0(2) Cl1–C4–C5–C6 179.74(11)
C2–C3–C4–F1 178.51(12) C3–C4–C5–C6 �0.8(2)
antitumor activity compared to ligand alone (Table 5). Also copper
alone did not induced any significant cytotoxicity on the cell lines
tested. The enhanced activity of copper complex is mainly attribu-
ted to redox active metal ion and the ligand attached. Interestingly,
cytotoxicity of these molecules on a non tumor cell line (VERO cell
line) showed IC50 value higher than 250 lM, which might suggest
these compounds have a low toxicity to normal cells.

LDH is a cytoplasmic enzyme that is constantly expressed in all
cells, enables its use in assessing plasma membrane integrity by
determining the amount of LDH in extracellular space [40]. LDH
release assay was performed as a means of cytotoxicity in terms
of cellular damage on CuL treated COLO-205 cells. A significant
(p < 0.01) time dependent increase in the release of LDH into the
surrounding media was noticed upon treatment with CuL
(20 lM) compared to control (Fig. 2b). This may be due to intense
cellular damage caused by CuL complex upon treatment. Results
from LDH assay are consistent with cytotoxic MTT assay results
and confirm the potential cytotoxic effect of CuL complex.
3.10. Copper complex alters DWm without generating ROS

To supplement the encouraging cytotoxicity results of CuL, it
was thought to explicate its molecular basis. The changes in the
DWm after treating COLO-205 cells with 15 lM of CuL were mea-
sured. A time dependent significant (p < 0.01) fall in the membrane
potential was observed from 6 h of treatment and continued as
time increased (Fig. 2c). Pre-incubation with 50 lM N-acetyl cys-
teine (NAC) did not reversed the fall in DWm.

To elucidate the possible pathway involved in the copper com-
plex induced cell death, ROS levels were monitored at different
time points by treating COLO-205 cells with 15 lM CuL.
However, significant increase in the ROS level was not observed
in CuL treated cells compared to control cells (Fig. 2d). Cells pre-
treated with NAC also did not show any changes in ROS level.
Hence, comparing the close correspondence between the DWm fall
and absence of ROS in CuL treated cells, one can rule out the
involvement of ROS in altering the DWm. Since fall in DWm has
direct relationship with caspase mediated cell death [42], it was
proved that mitochondrion plays an important role in the cell
death process. This result further confirms the potential of CuL to
destroy integrity of mitochondrial membrane.
3.11. Measurement of caspase-3 activity and DNA fragmentation

To check whether CuL induced cell death is mediated by apop-
tosis; caspase-3 activity and DNA fragmentation assay were per-
formed. CuL induced apoptosis was first demonstrated by
caspase-3 activity assay. Changes in the caspase-3 activity upon
treatment (5 lM) of CuL in COLO-205 cells were measured using
colorimetric assay kit. A significant (p < 0.01) time dependent
increase in the caspase-3 activity was observed upon treatment,
confirming the apoptotic mode of cell death (Fig. 2e). Activation
of caspase-3 often leads to the activation of caspase activated
DNase (ICAD) through removal of its inhibitor site, inhibitor of cas-
pase activated DNase (ICAD) [43] thereby playing important role in
the CAD dependent induction of apoptosis [44]. Such activated CAD
cleaves the DNA at internucleosomal region and leads to DNA frag-
mentation in apoptotic cell. Therefore, we analyzed the DNA frag-
mentation in cells upon CuL treatment. In our studies, COLO-205
cells treated for 48 h with 5 and 25 lM CuL showed typical DNA
ladder conformation upon gel electrophoresis (Fig. 2f), which is
the major biochemical hallmark of apoptosis. A notable increase
in the percent DNA damage was observed with increasing concen-
trations of CuL, with control cells showing no laddering of DNA.



Fig. 1. ORTEP diagram of LH.

Fig. 2. Effects of metal complexes of ethyl 2-(2-(4-chlorophenylcarbamothioyl)hydrazono)propanoate on cancer cell lines. (a) Cytotoxic effect of test complexes on K-562 and
COLO-205 cell lines after 48 h treatment was assessed by performing MTT assay. (b) LDH release was assayed after treating COLO-205 cells with 20 lM of CuL for 24, 48 &
72 h treatment. (c) Time-dependent measurement of DWm upon 15 lM CuL treatment on COLO-205 cells with or without 30 min pre-incubation with 50 lM NAC was
measured using JC-1 dye. (d) Intracellular ROS level was measured using CM-H2DCFDA. COLO-205 cells were treated with 15 lM CuL with or without pre-treatment of NAC
for 30 min and were stained and fluorescence was measured. (e) Caspase-3 activity was determined in COLO-205 cells treated with 5 lM of CuL for 24 and 48 h, using DEVD-
pNA as substrate at 405 nm. Activity was measured in terms of concentration of pNA formed per min per ml of cell lysate. (f) CuL induces internucleosomal DNA
fragmentation. DNA separated from COLO-205 cells treated for 48 h with 5 and 25 lM CuL, were subjected to electrophoresis in 1.5% agarose. Lane 1, 200 bp DNA ladder; Lane
2, DMSO control; Lane 3, 5 lM CuL; Lane 4, 25 lM CuL. Data presented are representative of two experiments and the results were same. The data represents Mean ± SE
(n = 3). ⁄p < 0.05, ⁄⁄p < 0.01 compared with the control group.
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3.12. Morphological evaluation of apoptosis

3.12.1. Acridine orange–ethidium bromide (AO/EB) double staining
Nuclear morphology of cells undergoing apoptosis was

phenotypically evidenced by staining the cells with AO/EB.
COLO-205 cells treated for 48 h with 15 lM of CuL were stained
and observed under fluorescent microscope (Fig. 3). Cells treated
with DMSO stained green, represent viable cells with intact
membrane. In contrast, CuL treated cells exhibited apoptotic mor-
phological changes including condensed chromatin and frag-
mented nuclei. A stronger apoptosis signal was observed with
treatment of the CuL, strongly suggesting the apoptotic mode of
cell death, since chromatin condensation, loss of membrane integ-
rity, formation of apoptotic bodies and formation of membrane
blebbing are the major events involved in apoptotic mode of cell
death [45].



Table 5
In vitro antiproliferative activity of the complexes evaluated in human cancer cell
lines after 48 h exposure. Results are mean of three independent experiments.

Complexes IC50 (lM) VERO

COLO-205 K-562

Cu-L 8.65 15.16 120.15
Co-L2 99.94 >250.00 >250.00
Ni-L2 94.75 >250.00 >250.00
LH 230.00 >250.00 >250.00
Cisplatin 7.87 5.99 ND

ND – Not determined.

Fig. 3. Detection of apoptosis by fluorescence microscopy. Acridine orange–ethidium
performing AO/EB double staining. COLO-205 cells were treated with 15 lM of CuL for 4
shrinkage and nuclear granulation.

Fig. 4. Flow cytometric determination of effect of metal complexes on cell cycle and apop
Cell cycle distribution was analyzed by flow cytometry. Histograms are representative of t
cells, stained with Annexin V/PI. (e) Cells treated with DMSO. (f) Cells treated with CuL sh
cells.
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3.12.2. Cell cycle analysis and annexin V-FITC/PI staining
To further support our findings, we checked the effect of CuL

complex on cell cycle progression by flow cytometry. COLO-205
cells incubated with different concentrations of CuL for 48 h
showed significant sub-G0/G1 peaks indicating apoptosis, and the
percentage of apoptotic cells presented a dose-dependent increase
from 5 to 20 lM (sub G0/G1: 4.98–20.64%) compared to control
(Fig. 4a–d). The histograms of CuL treated cells did not show any
significant change in cell cycle profile, except sub G0/G1 pop-
ulation, suggesting the inefficiency of the complex to induce cell
cycle arrest at any phase of the cell cycle. Put together, cell cycle
analysis data clearly indicate that the mechanism of cytotoxicity
bromide double staining. Morphological evidence of apoptosis was obtained by
8 h and fluorescence microscopic imaging was done. Arrow heads indicate cellular

tosis. (a–d) Impact of CuL on cell cycle of COLO-205 cells after the treatment for 48 h.
hree independent experiments. (e, f) Confocal micrographs of CuL treated COLO-205
owing both Annexin V/PI and Annexin V (late and early of stage apoptosis) positive
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by CuL may primarily involve apoptotic mode of cell death
induction.

These conclusions were furthermore verified by observing the
annexin V-FITC/PI stained cells under a confocal microscope.
After 48 h of treatment with CuL, most of the control cells were
negative for both annexin V-FITC and PI (Fig. 4e). Upon CuL treat-
ment, cells were stained with either annexin V-FITC (green color)
alone or by both annexin V-FITC (green color) and PI (red color),
suggesting presence of both early apoptotic and late apoptotic cells
with complete membrane damage (Fig. 4f). These results clearly
suggest that apoptosis could be the mechanism of cell death
induced by the CuL.
4. Conclusion

The ligand LH acts as tridentate monobasic chelate with N, O
and S as the donating sites toward Co(II), Ni(II), Cu(II) and Zn(II)
ions leading to octahedral geometries. Antiproliferative activity of
panel of complexes synthesized was evaluated. Among the com-
plexes tested, CuL showed potent antiproliferative activity with
its activity comparable to that of standard drug, cisplatin. The
CuL antiproliferative effect was mainly exerted through the induc-
tion of apoptotic cell death as confirmed by flow cytometric sub
G0/G1 cells accumulation and confocal imaging. Possible mecha-
nism of cell death induction was through caspase dependent
intrinsic mitochondrial mediated apoptotic pathway.

Presence of greater number of nucleophilic sites (H2O) seems to
have a greater influence on the overall biological activity of the
complex. The biological activity has been augmented specifically
by redox active Cu and presence of water.
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Appendix A. Supplementary material

CCDC 978614 contains the supplementary crystallographic data
for LH. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif. Supplementary data associated with this arti-
cle can be found, in the online version, at http://dx.doi.org/10.
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