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Introduction

Synthesis, structure and biological evaluation
of mixed ligand oxidovanadium(iv) complexes
incorporating 2-(arylazo)phenolatest

Sudhir Lima,® Atanu Banerjee,® Monalisa Mohanty,® Gurunath Sahu,?

Chahat Kausar,” Samir Kumar Patra,” Eugenio Garribba, ()¢ Werner Kaminsky
and Rupam Dinda (2 *?

d

[VO(acac),] was used as a metal precursor to synthesize a series of mixed ligand oxidovanadium(iv)
complexes [VVOL*)(LNN)] (1-5) with tridentate ONO donor arylazo ligands (H.L'™*) (where H,L! =
1-(2-hydroxyphenylldiazenyl)naphthane-2-ol, H,L? = 1-(2-hydroxy-4-methylphenyl)diazenyl)naphthane-
2-ol, HoL3 = 1-(2-hydroxy-4-nitrophenyl)diazeny)naphthane-2-ol and H,L* = 1-(2-hydroxy-4-bromo-
phenyl)diazenyl)naphthane-2-ol) along with an ancillary ligand (L), namely 2,2’-bipyridine (bipy) or
1,10-phenanthroline (phen) as a co-ligand. All complexes were characterized by spectroscopic, ESI-MS
and X-ray crystallographic techniques, which show their distorted octahedral geometry. The molecular struc-
ture shows the presence of a vanadyl group in six-coordinated VVNsOs geometry. The species exhibit quasi-
reversible one-electron transfer of Ef, value between —129 and —1.37 V, while irreversible one-electron
oxidation peaks lie in the range 0.37-0.67 V versus SCE in acetonitrile solution. All the complexes show DNA
binding activity with CT-DNA having binding constant values in the range 7.1 x 10°-2.03 x 10* M~ The
interaction of synthesized mixed ligand oxidovanadium(iv) species with bovine serum albumin (BSA) was
also studied experimentally, which revealed moderate binding affinity. Further, the antiproliferative activity
of 1-5 was examined against A549 (lung cancer) cancer cell lines by MTT assay. The cytotoxicity of the
complexes is affected by the various functional groups attached to the arylazo derivative as well as the
presence of two different co-ligands and 2 showed considerable antiproliferative activity compared to
other chemotherapeutic drugs.

metal-based drugs specifically considering biocompatibility,
toxicity, high pharmacological effect, target-specificity and

Designing metal based drugs is an active area of research in non-covalent binding with DNA.> Further, increasing the

medicinal inorganic chemistry to develop alternatives to platinum
based anticancer drugs such as cisplatin and its derivatives
because of their limitations and disadvantages,' underlining the
importance to develop non-platinum transition metal complexes
as anti-cancer agents for possible therapeutic uses. Therefore,
efforts have been made in the last few years to synthesize
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capability of metal complexes to interact with DNA can allow
us to design new and promising drugs, develop new probes for
nucleic acids, allow study of DNA-dependent electron transfer
reactions, improve DNA footprinting techniques, and to
develop sequence-specific cleaving agents and antitumor
drugs.® Also, proteins are the most important biomolecules
responsible for maintaining normal cell functions. Bovine
serum albumin (BSA) is the major soluble protein in blood.
It is often used as a target protein molecule because of its
medical importance, low cost, easy availability, intrinsic
fluorescence emission, and structural homology with human
serum albumin (HSA).* In addition, it can regulate many
physiological processes, such as maintaining the pH level
of blood and the osmotic pressure, and has the ability to transport
many endogenous and exogenous compounds, for example, fatty
acids, steroids, drugs, metal ions and metabolites.” Hence, the
interactions of transition metal complexes with DNA and BSA are
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currently key research areas for both inorganic chemists and
biochemists.®*™

Among the transition metals, vanadium is an essential trace
element in biological systems. It is reported that vanadium can
reduce the concentration of cholesterol, triglycerides in blood
vessels and is also responsible for the enhancement of oxygen-
affinity of hemoglobin and myoglobin. ™" In addition, the
coordination chemistry of vanadium compounds is of interest
because of its biological properties” such as antiproliferative,” /¢
and it is involved in DNA binding’””® and photo-induced DNA
cleavage’”*'® and exhibits insulin mimetic activity.”**'* Moreover,
vanadium also has the ability to control biological processes
such as cellular regulation’® and many physiological processes
such as haloperoxidation,”*™® phosphorylation,'” vanadium
nitrogenases,'® and antifungal/antibacterial””*° activities.

On the other hand, the coordination chemistry of the azo
(N=N) functionalized ligand is of interest because of its
properties as a noninnocent ligand®® and low-lying azo centered
molecular orbital.>* Furthermore, metal mediated azo ligands
have become a focus of attraction because of their m-acidity,
metal binding ability, dying and pigmenting behavior, and
redox, photo-physical, catalytic and biological properties®* Also,
azo complexes are involved in many biological processes, such
as inhibition of DNA, RNA, and protein synthesis, nitrogen
fixation, and carcinogenesis.”® Thus, the synthesis of ligands
containing a -N—N- group is an important area of research.
Again, ligands based on the pyridine ring, like 2,2'-bipyridine,
2,2'-bipyrimidine, 1,10-phenanthroline, and related terpyridine
derivatives are among the most versatile and studied ligands.**
They easily form complexes with transition metal ions in
different oxidation states and many of them have also shown
pharmacological activity; for example, anti-ulcer action with
Bi"",*® anti-cancer activity with Ru'™,?® anti-bacterial and anti-
parasitic action with Rh",>” and possible anti-cancer effects with
Pt28 Au™ 2 Ti'V,*° pd"*! and Mn"™.*? Specifically, it was also
proven that some VYO complexes designed with 2,2/-bipyridine,
1,10-phenanthroline and their derivatives are effective as anti-
cancer agents,” and anti-diabetic drugs** and show anti-
oxidant action.>® Keeping all the above results in mind, in this
work we focus on the complex formation of 2-arylazo derivatives
as main ligands and 2,2’-bipyridine and 1,10-phenanthroline as
co-ligands with V'VO ions, whose pharmacological potential is
well recognized.* ¢

Over the last few years, we have been studying the chemistry
of oxido and nonoxido vanadium(v/v) complexes incorporating
several O,N”*” and O,N,S” donor ligands in relation to their
DNA/BSA binding,”” photoinduced DNA cleavage,”” and
antiproliferative’* "¢ and insulin mimetic activity.”* In con-
tinuation, herein we have reported the synthesis, characteriza-
tion and biological evaluation of series of mixed ligand
oxidovanadium(iv) complexes [VVO(L'*)(L"™)] (1-5) containing
tridentate arylazo derivatives as main ligands and bidentate
ancillary ligands 2,2’-bipyridine and 1,10-phenanthroline as
co-ligands. Complexes (1-5) were characterized by using differ-
ent physicochemical, spectroscopic and single crystal X-ray
diffraction techniques. The interactions of these complexes
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(1-5) with CT-DNA and BSA (bovine serum albumin) were
studied. In addition, the cytotoxicity of the complexes against
A549 cell lines was studied.

Experimental section
General methods and materials

2,2'-Bipyridine (bipy), 1,10-phenanthroline (phen), 2-amino-5-
nitrophenol and 2-amino-5-methylphenol were purchased from
Sigma-Aldrich, whereas 3 naphthol was from Merck, 2-amino-
phenol was from Avra and 2-amino-5-bromophenol was purchased
from TCI chemicals and used without further purification. Calf
thymus (CT) DNA was purchased from SRL (India) (biochemistry
grade). Bovine serum albumin (BSA), DAPI (4,6-diamidino-2-
phenylindole dihydrochloride) and propidium iodide were
supplied by Sigma Aldrich (USA). Methyl green and ethidium
bromide were procured from HiMedia Laboratories. MTT was
procured from Spectrochem. A549 (lung cancer) cell line was
purchased from NCCS, Pune. The arylazo ligands (H,L'™*)’® and
the metal precursor [VO(acac),]*® were prepared by the reported
methods. The syntheses were performed under inert atmo-
sphere using Schlenk techniques. Elemental analyses were
carried out on a Vario ELcube CHNS Elemental analyzer. IR
spectra were recorded on a PerkinElmer Spectrum RXI spectro-
photometer. "H and '*C NMR spectra were recorded on a
Bruker Ultrashield 400 MHz spectrometer in the presence of
SiMe, as an internal standard. Electronic spectra were recorded
on a Shimadzu spectrophotometer (UV-2450). Electrospray
ionization mass spectra (ESI-MS) were recorded on a Bruker
MAT SSQ 710 spectrometer. Electrochemical data were collected
with the help of a CH-Instruments (Model No. CHI6003E) in the
presence of acetonitrile as a solvent and TBAP (tetrabutylammo-
nium perchlorate) was used as the supporting electrolyte under
inert atmosphere at 298 K by using a Pt working electrode,
Pt auxiliary electrode and SCE as a reference electrode, whereas
the ferrocene-ferrocenium couple was used as a standard to
calibrate the instrument. EPR spectra were recorded at 298 K
using an X-band (9.4 GHz) JESFA200 ESR spectrometer equipped
with microwave power, 0.998 mW. >'V spin-Hamiltonian para-
meters (giso and A;g,) were simulated with the WINEPR SimFonia
software,*® taking into account the third-order effects; the ratio
Lorentzian/Gaussian was 0.2, linewidth was described through
the m; dependent equation a + bm; + cm;”, where m; is the nuclear
magnetic quantum number and a, b and ¢ are three numerical
coefficients (@ = 30, b = —2 and ¢ = 2 for the solid state spectra, and
a between 90 and 150, b between —1 and —12 and ¢ between 0 and
10 for the solution spectra). A Fluoromax 4P spectrofluorometer
(Horiba Jobin Mayer, USA) was used for the competitive DNA
binding analysis. We have performed NMR and UV-vis in 100%
DMSO, whereas biological assays were in less than 2% DMSO as
solvent. But, for the other two experiments using EPR and cyclic
voltammetry we have used DCM and acetonitrile, respectively,
because these two experiments give better results in those solvents
as we observed earlier.”*/"*7%¢ Again, when using EPR spectra
to characterize the structures of complexes, it is better to use a
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non-coordinating solvent such as DCM to maintain their identity
and not to allow them to undergo dissociation/isomerization.

Synthesis of ligands (H,L'™)

The ligands H,L'™* were prepared via a two-step process. In the
first step an aromatic diazonium ion was prepared from a
substituted aminophenol derivative. The next step is coupling
of the diazotized substituted aminophenol with B naphthol.”®
The resulting solid compounds were collected by filtration,
washed thoroughly with cold water and finally dried over fused
CaCl,. Synthesized ligands have been characterized through
elemental analyses, NMR (*H and '*C) and IR spectroscopy.

H,L". Yield: 62%. Anal. caled for C;sH;,N,0,: C, 72.72; H, 4.58;
N, 10.60. Found: C, 72.69; H, 4.50; N, 10.69. IR (KBr pellet, cm™):
3448 {O-H); 1545 {N=N). '"H NMR (400 MHz, DMSO-dg): 6 9.73
(s, 1H, OH), 8.50-6.85 (m, 10H, aromatic). >*C NMR (100 MHz,
DMSO-d): 0 137.2-116.1 (16C, aromatic).

H,L>. Yield: 64%. Anal. caled for C,,H;,N,0,: C, 73.37; H, 5.07;
N, 10.07. Found: C, 73.37; H, 5.09; N, 10.09. IR (KBr pellet, cm™):
3382 1{O-H); 1552 (N—N). 'H NMR (400 MHz, DMSO-d): § 8.81
(s, 1H, OH), 7.65-6.47 (m, 9H, aromatic), 2.20 (s, 3H, CHj).
3C NMR (100 MHz, DMSO-dg): § 138.69-118.01 (16C, aromatic),
21.66 (-CH,).

H,L?. Yield: 64%. Anal. caled for C,H;1N3O,: C, 62.14; H, 3.58;
N, 13.59. Found: C, 62.10; H, 3.61; N, 13.56. IR (KBr pellet, cm™"):
3389 (O-H); 1546 {N—N). "H NMR (400 MHz, DMSO-d,): J 8.49
(s, 1H, OH), 7.77-6.67 (m, 9H, aromatic). *C NMR (100 MHz,
DMSO-dg): 0 161.15-106.30 (16C, aromatic).

H,L". Yield: 66%. Anal. caled for C,6H,,BrN,O,: C, 56.00; H, 3.23;
N, 8.16. Found: C, 56.05; H, 3.22; N, 8.15. IR (KBr pellet, cm™%):
3321 YO-H), 1587 {N=N). '"H NMR (400 MHz, DMSO-d): 9 8.54
(s, 1H, OH), 7.75-6.45 (m, 9H, aromatic). >*C NMR (100 MHz,
DMSO-de): 6 149.77-114.98 (16C, aromatic).

Synthesis of oxidovanadium(iv) [VO(L'*)(L"")] compounds (1-5)

The complexes were prepared by refluxing an equimolar
mixture of the metal precursor [VO(acac),], ligands(H,L"™*) and
2,2'-bipyridine (1, 3, 4 and 5) or 1,10-phenanthroline (2) in
20 mL of methanol under nitrogen atmosphere. After 3 h of
reflux, brown colored crystals were obtained from the reaction
mixture, which were filtered off, washed thoroughly with
methanol, and dried. Some crystals were of diffraction quality
and used directly for X-ray structure determination using a
single crystal X-ray diffractometer.

[VVO(LY)(bipy)]- H,O (1). Yield: 60%. Anal. caled for CosH,oN,O,V:
C, 62.03; H, 4.00; N, 11.31. Found: C, 62.07; H, 3.73; N, 11.53.
IR (KBr pellet, cm™1): 3582 1(H,0); 1506 »(N=N); 955 1(V=0).
UV-vis (DMSO) [Amax, Nm (¢, M~* ecm™)]: 800(92), 550(5203),
360(1483), 234(7833). ESI-MS: m/z 485 [M — H,0]".

[VVO(L")(phen)] (2). Yield: 60%. Anal. calcd for CpgH;gN,O5V:
C, 66.02; H, 3.56; N, 11.00. Found C, 66.01; H, 3.53; N, 11.05. IR
(KBr pellet, cm™'): 1516 y(N=N); 952 1(V=0). UV-vis (DMSO)
[Amax, DM (5, M™" ecm™)]: 798(96), 532(5583), 362(1533),
267(9083). ESI-MS: m/z 509 [M]".

[VVO(L?)(bipy)] (3). Yield: 64%. Anal. caled for C,,Hy,N,05V: C,
64.93; H, 4.04; N, 11.22. Found C, 64.96; H, 4.08; N, 11.20.
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IR (KBr pellet, cm™): 1508 1(N=N); 959 1(V=0). UV-vis (DMSO)
[maw DM (5, M~ em™)]: 789(90), 528(5000), 357(1493),
273(10 083). ESI-MS: m/z 499 [M]".

[VVO(L?)(bipy)] (4). Yield: 65%. Anal. calcd for CogH;,N5O5V:
C, 58.88; H, 3.23; N, 13.20. Found C, 58.90; H, 3.22; N, 13.21 IR
(KBr pellet, cm™"): 1516 ©(N=N); 959 (V=0). UV-vis (DMSO)
[lmaxy nm (5, M™" em™)]: 792(94), 574(4917), 389(1333),
263(7167). ESI-MS: m/z 530 [M]".

[VVO(L*)(bipy)] (5). Yield: 68%. Anal. caled for C,6H;,BrN,O,V:
C, 55.34; H, 3.04; N, 9.93. Found: C, 55.34; H, 3.02; N, 9.92. IR
(KBr pellet, cm™"): 1552 1{N=N); 965 (V=0). UV-vis (DMSO)
[maw nM (5, M~ em™ Y] 794(93), 541(5333), 361(1483),
269(11 750). ESI-MS: m/z 564 [M]".

X-ray crystallography

Crystallographic data of the compounds 1 (color: black; size:
0.07 x 0.06 x 0.02 mm?; prism), 2 (color: orange, size: 0.07 x
0.05 x 0.02 mm?®; shard), 3 (color: black; size: 0.15 x 0.14 x
0.13 mm?; prism), 4 (color: black golden; size: 0.50 x 0.07 x
0.04 mm®; needle) and 5 (color: black; size: 0.33 x 0.07 x
0.05 mm?; prism) and details of refinement are summarized
in Table 1.

Inclusion-free prismatic single crystals of all the five
compounds were used to record the intensity data and cell
parameters at 100(2) K on a Bruker APEX II single crystal X-ray
diffractometer, Mo-radiation. The collected data were processed
using SAINT and SADABS within the APEX2 software package by
Bruker."® The structures were solved by direct methods (SHELXS,
SIR97*") for compounds 1 and 2, (SHELXT** or SIR97*') for
compounds 3-5 and refined on F* by full-matrix least-squares
procedures, using SHELXL.*>** The non-hydrogen atoms were
refined anisotropically by full-matrix least-squares. Scattering
factors are from Waasmair and Kirfel.** All hydrogen atoms were
placed at calculated positions and refined using a riding model
with C---H distances in the range 0.95-1.00 A.

DFT calculations

DFT calculations were performed with the Gaussian 09 (revision
D.01) software.*® The geometries and harmonic frequencies of
the complexes 1-5 were computed at the B3P86/6-311g level
of theory as reported for other V complexes.*” The calculation of
the isotropic >V hyperfine coupling constants tensor A was
performed on the optimized structures at the BHandHLYP/
6-311+g(d) level of theory.*® The theory background was
described in the literature.*

DNA binding

The DNA binding experiments were performed in 50 mM
Tris-HCI buffer (pH 8.0) with a Shimadzu spectrophotometer
(UV-2450) using a fixed concentration of metal complex (25 uM)
but variable CT-DNA concentrations ranging from 0 to 100 uM.
Binding of ligands to CT-DNA was also studied. For this, a fixed
concentration of ligand [25 pM in 50 mM Tris-HCI buffer
(pH 8.0)] was titrated with variable DNA concentrations ranging
from 0 to 100 puM.
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Competitive DNA binding by fluorescence measurements

Three fluorescent dyes namely 4’,6-diamidino-2-phenylindole
(DAPI), methyl green (MG) and ethidium bromide (EB) were
used to study competitive binding of the complexes 1-5 with
CT-DNA by using a Fluoromax 4P spectrofluorometer (Horiba
Jobin Mayer, USA). On increasing the concentration of the
complex, EB binds to the CT-DNA by intercalation whereas
DAPI and MG bind to the minor and major grooves of the DNA,
respectively.”®

BSA binding

Fluorescence quenching experiments were carried out to
examine the interaction between BSA and the mixed ligand
oxidovanadium(v) complex in 50 mM Tris-HCI buffer (pH 8).
In this method, 10 uM of BSA along with the increased
concentrations (0-100 puM) of the complex was excited at
295 nm and the emission intensities of BSA were recorded at
340 nm for the calculation of quenching parameters.

Cytotoxicity studies

MTT assay. A549 (lung cancer) cells cultured in RPMI 1640
containing 10% FBS and penicillin (100 U mL™") in a humidified
5% CO, incubator at 37 °C were used. The cytotoxicity was
assayed by determining the viability of A549 cells after treatment
by 1-5 by MTT assay. The cells were seeded in 96 well plates at a
concentration of 10> cells per well. After confluency, treatment
was given with varying concentrations (5, 15, 25, 50 and 100 uM)
of the complexes. The complexes were dissolved in DMSO at a
concentration of 500 puM and then suitably diluted in plain
DMEM. Final working concentration of DMSO was kept less
than 2%. ICs, was calculated for each compound by treating the
cells for 48 h.

Propidium iodide staining. Treated and untreated A549 cells
with different concentrations 5, 15, 25, 50 and 100 uM of the
complexes were incubated for 48 hours, after that fixed with

VO(acac),, CH3;0H
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3.7% of formaldehyde for 15 min and washed twice with PBS,
followed by treatment with 0.2% Triton-X 100 in PBS for
30 seconds and washing with PBS. Finally propidium iodide
solution (10 pg mL ") was added and kept for 15 min in the
dark, and then the cells were washed twice with PBS and
imaged under a fluorescence microscope (Olympus IX 70).

Results and discussion
Synthesis

Five mixed ligand oxidovanadium(iv) complexes were synthe-
sized by refluxing an equimolar ratio of [VO(acac),], a tridentate
arylazo ligand (H,L'™) and a bidentate polypyridyl ligand bpy
(1, 3,4 and 5) and phen (2) in methanol under inert atmosphere
which is summarized in Scheme 1. The detailed methods used
for the syntheses of oxidovanadium(iv) are given in the Experi-
mental section. The solution state stability of 1-5 was further
analysed in Tris-HCI buffer over a period of 72 h by time-
dependent UV/vis (Fig. S1, ESI{) spectroscopy.

Spectral characteristics

The IR spectra of the ligands, H,L'™, and synthesized metal
complexes (1-5) are given in the Experimental section. A band
in the region of 3321-3448 cm ™' in the ligands is assigned
to the stretching vibration of aromatic O-H in the phenolic
moiety.”>¢/&372:650 The VO(iv) mononuclear mixed ligand
complex does not show the band in a range of 3321-3448 cm ™",
indicating the OH hydrogen is deprotonated after complexation.
However in complex 1 a new band found at 3582 cm™ " may be
assigned to H,O molecules in the crystal structure of [VO(L")bipy]-
H,0. The IR spectra of all the complexes show a single N—N
stretch in the range of 1506 to 1552 cm™ ', which is considerably
lower than that of the free ligand in the range of 1545 to
1587 cm™ ' which might be attributable to the coordination
to the metal atom. Furthermore, the ©(V=—0) stretch of the
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oH O—/V
H2L1-4 \
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Ligand LNN Complex u
H,L' H | bipy | [VVO(L'(bipy)].(H20) (1)
H,L" H | phen [VVo(L")(phen)] (2) | [VVOL™(L"N)I(1-5)

H,L2 | CH3 | bipy

[VVO(L?)(bipy)]  (3)

HL®> | NOz | bipy
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4
Hol Br bipy

VVO(L*)(bipy)]  (5)

Scheme 1 Schematic representation for the synthesis of [VVO(L!~4)(LNV)] (1-5).
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complexes occurs in the 950-970 cm™ " range which is in the
usual range (960 + 50 cm ') observed for the majority of
oxidovanadium(iv) complexes,”?¢¢/8375,6,51

Electronic absorption spectra of complexes 1-5 were recorded
in DMSO which are given in the Experimental section. All of
the complexes exhibit three intensity bands in the range
580-234 nm, among which the two absorption bands in the
UV region (389-234 nm) are attributed to the ligand centered
transitions, whereas the lowest energy absorption is observed
in the visible range, Zmax = 574-528 nm due to the LMCT
transition.”*>> The low intensity band in the range of 800-790 nm
is due to d-d transition.”

'H and *C NMR of the ligands (H,L'™*) were recorded in
DMSO-ds. The "H NMR spectra of the free ligands exhibit
signals in the range J 9.73-8.49 ppm which are attributable
to the phenolic ~-OH proton of the arylazo ligand. The aromatic
protons of each of the ligands have resonated as multiplets
in the region, § 8.50-6.45 ppm. The peaks observed in the
3C NMR spectra in the region of § 161.15-106.30 ppm are
assigned to aromatic carbons, while the aliphatic protons
(-CH3;) for ligand H,L” appear at § 21.66 ppm.”®

EPR spectroscopy

EPR spectra were recorded on the bipy derivatives 1, 3-5 in the
solid state and after dissolution in DCM. The spectra recorded
on the solid compounds were characterized by an isotropic
absorption centred at a g factor in the range 1.974-1.987
(Table 2). A g value lower than 2 is expected for a VYO ion with
a d' electronic configuration.®® The broad signal is typical for
solid samples and is due to a mixture of intercenter exchange
and dipolar interactions.”® The experimental and simulated
spectra of 5 are reported as an example in Fig. S2 (ESIT).
When the spectra were recorded on the complexes dissolved
in an organic solution (DCM), isotropic signals were obtained
with eight lines due to the coupling between the unpaired electron
and nucleus of *'V (I = 7/2, 99.8% natural abundance). Only one
set of resonances is revealed indicating that 1-5 maintain in
solution their hexa-coordinated structure (see Fig. 1 showing the
spectrum of complex 5). The values of gis, are 1.965-1.966 and
|Aiso| 100.8-101.8 x 10~* cm™' (Table 2). The *'V isotropic
hyperfine coupling constants were calculated by DFT methods
using the BHandHLYP functional which, as substantiated in the
literature,*® slightly underestimates A;;, and the values found are
in agreement with what was expected (percent deviations with
respect to the experimental values between —4.4 and —5.5%).

Table 2 Experimental and calculated spin Hamiltonian parameters for the
VYO complexes with bipy as the co-ligand 1, 3-5

Solid state Solution Calculated
Complex  giso Ziso Aiso/107  em™t Ajo/107  em e
1 1.974 1.965 —100.8 —95.9
3 1.979 1.966 —101.8 —96.2
4 1.987 1.965 —101.0 —96.6
5 1.977 1.965 —101.2 —96.1

¢ Calculated at the BHandHLYP/6-311+g(d) level of theory.

17716 | New J. Chem., 2019, 43, 17711-17725

View Article Online

NJC

r T T : : )
240 280 320 360 400 440
Magnetic field /mT

Fig. 1 Experimental (in black) and simulated with the software WINEPR
SimFonia (in red) isotropic EPR spectra of complex 5.

Electrochemical properties

The electrochemical properties of all the complexes (1-5) have
been examined by cyclic voltammetry at 100 mV s~ ' scan rate in
acetonitrile solution in the presence of 0.1 M TBAP as an
electrolyte using a Pt as a working as well as an auxiliary electrode
and SCE as a reference electrode. The cyclic voltammograms of
1-5 show a similar type of pattern (Fig. 2 represents the cyclic
voltammogram of complex 1 and rest of the cyclic voltammo-
grams of complexes 2-5 are depicted in Fig. S3, ESIT) and their
redox potential data have been summarized in Table 3. From the
voltammograms it is observed that in the cathodic region all the
complexes exhibit a quasi-reversible single-electron wave at an
E°y), value in the range of —1.29 to —1.37 V due to the reduction

V(IV)—=Vv(lll)

V(IV)==V(lll)

V(V) =V(IV)

I v | M 1 v 1 v 1 v | v ] v ] v 1
20 15 10 05 00 -05 -1.0 -1.5 -2.0
E/V Vs SCE
Fig. 2 Cyclic voltammogram of [V!VOLY(bipy)]-H,O (1).

Table 3 Cyclic voltammetric results of complexes 1-5 at 298 K in
acetonitrile?

Complex Ep, (V) ES; (V) AEp (mV)
1 0.66 —1.34 260
2 0.37 —1.29 220
3 0.64 —1.32 256
4 0.67 —-1.37 262
5 0.62 —1.30 255

“ In acetonitrile at a scan rate of 100 mV s~ . E5,, = (Epa + Epc)/2, where
Ep, and Ep, are anodic and cathodic peak potentials vs. SCE, respectively.
AEp = Ep, — Epc.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


https://doi.org/10.1039/c9nj01910c

Published on 12 July 2019. Downloaded by Fail Open on 2025-05-07 9:17:46 AM.

NJC

of the V(iv) center to V(m).” In the anodic region an irreversible
single electron response observed due to the V(iv)/V(v) oxidation
was observed for the complexes containing bipy as co-ligand
(1, 3, 4 and 5) at the potential window of 0.62 to 0.67 V, and
at 0.37 V for complex 2 containing phen as co-ligand.>®
The corresponding single electron oxidation and reduction
peaks observed in the CVs of each complex (1-5) were confirmed
by comparing the voltammograms at different scan rates
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maintaining the identical experimental conditions and by
comparing the current height with that of the standard ferrocene/
ferrocenium couple.

Description and DFT prediction of X-ray structures

The molecular structures of complexes (1-5) are shown in Fig. 3
and some important bond distances and angles are collected
in Table 4. Single crystal X-ray structural analysis shows that
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Fig. 3 ORTEP diagrams of compounds (a) [VVOL(bipy)l-H,O (1), (b) [VVOLY(phen)] (2), (c) IVVOL2(bipy)] (3), (d) [VVOL3(bipy)] (4) and (e) [VVOL*(bipy)] (5)

with thermal ellipsoids at the 50% probability level.
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Table 4 Selected bond lengths [A] and angles (°) for complexes 1-5

Complexes 1 2 3 4 5

Bond lengths [A]

V(1)-0(1) 1.9692(15) 1.967(3) 1.9735(15) 1.9851(13) 1.9808(12)
V(1)-0(2) 1.9721(15) 1.969(3) 1.9632(15) 1.9696(13) 1.9713(12)
V(1)-0(3) 1.6059(16) 1.607(3) 1.6075(15) 1.6036(13) 1.6063(13)
V(1)-N(2) 2.056(2) 2.063(4) 2.0711(18) 2.0533(15) 2.0642(15)
V(1)-N(3) 2.3308(19) 2.357(3) 2.3380(18) 2.3080(14) 2.3134(14)
V(1)-N(4) 2.132(2) 2.136(4) 2.1669(17) 2.1277(15) 2.1365(15)
N(1)-N(2) 1.294(3) 1.286(5) 1.284(2) 1.294(2) 1.2901(19)
Bond angles (°)

0O(1)-V(1)-0(2) 157.12(7) 155.42(12) 154.65(7) 157.30(6) 156.22(5)
0(1)-v(1)-0(3) 99.34(8) 100.85(14) 98.79(7) 96.95(7) 97.48(6)
0(2)-V(1)-0(3) 101.25(8) 102.06(14) 104.14(7) 103.53(6) 104.18(6)
0(1)-V(1)-N(2) 83.92(7) 84.43(14) 84.53(7) 84.79(6) 84.66(5)
0(2)-V(1)-N(2) 81.20(7) 81.32(15) 80.34(7) 80.48(5) 80.71(5)
0(3)-V(1)-N(2) 105.06(8) 104.63(14) 101.89(7) 105.31(7) 104.10(6)
0O(1)-V(1)-N(3) 79.75(6) 79.43(12) 80.41(6) 78.38(5) 77.72(5)
0(2)-V(1)-N(3) 82.11(6) 80.01(12) 80.65(6) 83.99(5) 83.53(5)
0(3)-V(1)-N(3) 168.18(8) 167.96(14) 163.39(7) 165.25(6) 165.05(6)
N(3)-V(1)-N(4) 72.83(7) 73.25(13) 71.12(6) 72.34(5) 72.24(5)
0O(1)-V(1)-N(4) 95.99(7) 93.22(13) 104.85(6) 102.68(5) 102.78(5)
0(2)-V(1)-N(4) 91.84(7) 93.61(14) 84.66(6) 85.21(5) 84.99(5)
0(3)-V(1)-N(4) 95.63(8) 94.75(14) 93.28(7) 95.40(7) 95.40(6)
N(2)-V(1)-N(3) 86.62(7) 87.39(13) 94.57(6) 88.31(5) 89.66(5)
N(2)-V(1)-N(4) 159.07(7) 160.58(13) 160.83(7) 157.05(6) 158.10(6)

complexes 1 and 2 crystallize in triclinic space group P1 while
complexes 3, 4, and 5 are monoclinic with space group P2,/c.
In all the five complexes the monomeric hexacoordinated V(iv)
centers are distorted octahedrally coordinated. The tridentate
arylazo ligand (H,L'™*) places equatorially to a VO** moiety,
leaving the ancillary ligand, namely 2,2’-bipyridine and 1,10-
phenanthroline, to bind axial-equatorially. In the case of
complex 1, one disordered water molecule is present. The
V=0 distances for all the five complexes lie within the range
of 1.605-1.607 A which is comparable to the reported lengths
from 1.59 to 1.62 A for most other VO*' complexes.”®"°
The unequal lengths of the V(1)-O(1), V(1)-O(2), V(1)-O(3),
V(1)-N(2), V(1)-N(3) and V(1)-N(4) bonds and differing angles
generated by these bonds cause the distortion of the vanadium
coordination octahedron. Specifically, the crystallographic data
reveal that the length of the V-N(azo) bond is shorter than that
of V-Npipy/phen Which is indicative of a stronger binding affinity
of the arylazo ligand towards the vanadium center than that of
bipy/phen. The stronger trans effect of the terminal V—0 bond
causes the VIV—Nbe/phen bond trans to the V—0 bond to be
longer than the other V'Y—Np,y/phen bond.”

The structure of 1-5 was also optimized by DFT methods
according to the procedure established in the literature.*”
Based on the experimental XRD analysis, for all the species a
distorted octahedral geometry was considered with the tridentate
ligand on the equatorial plane in a mer fashion and the co-ligand
in an equatorial-axial arrangement. In Table S1 of the ESIf the
comparison between selected experimental and calculated bond
lengths and angles for 1-5 is summarized, while in Fig. S4 (ESIt)
the overlap of the XRD and DFT optimized structures is shown.
The agreement is very good with a mean absolute percent
deviation of 0.5% for the bond lengths, and 2.6% for the bond
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angles, the maximum percent deviation being between —1.2 and
0.9% for the distances and between —5.6 and 5.0% for the angles.
These optimized structures were used to calculate the *'V A
tensor (see above).

DNA binding

Binding of the mixed ligand oxidovanadium(iv) complexes (1-5)
with CT-DNA was studied via the absorption spectroscopic
method. As a representative the electronic spectra of the
complex 2 in the absence and presence of CT-DNA is shown
in Fig. 4 whereas the rest of the spectra are depicted in Fig. S5
(ESIT). For this experiment 25 pM of metal complexes were
titrated with increasing amounts of CT-DNA in the range from
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Fig. 4 Absorption spectroscopic study of complex 2 (25 puM) with

increasing concentrations of CT-DNA (0-100 puM) in 50 mM Tris—HCl

buffer (pH 8.0). The arrow shows the changes in absorbance with respect

to an increase in the CT-DNA concentration. The inset shows the linear fit
of [DNAIl/(e; — &) vs. [DNA].
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0 to 100 pM. The complexes show absorption bands in the region
580-357 nm. The lower energy absorption in the visible range,
Amax = 574-528 nm and the bands in the higher energy UV
absorption region, 389-357 nm are attributed to a L-V(dr) ligand
to metal charge transfer (LMCT) and intraligand transitions,
respectively. With increasing concentration of CT-DNA, the
complexes showed a hypochromic shift in both the LMCT and
intra-ligand transition bands. This hypochromicity is due to
strong stacking interaction between the aromatic chromophore
of the ligand and DNA base pairs.””®*”%® To determine the
binding affinity of the complexes with CT-DNA, the binding
constant, K}, was calculated through the following equation:
[DNA] _ [DNA] N 1 1)
ea—er e —er  Kp(en —er)

where [DNA] is the concentration of DNA base pairs, and &,, &
and ¢, correspond to apparent extinction coefficients for the
complex ie. Abs/[complex] in the presence of DNA, in the
absence of DNA and to fully bound DNA, respectively. A plot
of [DNA]/(e, — &g vs. [DNA] gave a slope and the intercept equal
to 1/(ep — &) and 1/Kp(ep, — &), respectively, while the binding
constant K}, was calculated from the ratio of the slope to the
intercept. The binding constant of the complexes followed an
orderof 2 > 4 > 1 > 3 > 5 and has been given in Table 5. The
order of the binding affinity can be described on the basis of
the presence of a different co-ligand in the complexes and
incorporation of the electron withdrawing and electron releas-
ing groups attached to the aromatic rings in the ligands.>**°
Among all, complex 2 shows the highest binding affinity

Table 5 DNA binding parameters for 1-5

Complexes Binding constant (K)* (M%)

1.60 x 10*
2.03 x 10*
1.50 x 10*
1.70 x 10*
7.10 x 10°

Tl W N

“ DNA binding constants were determined by the UV-vis spectral
method.
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compared to the other complexes which may be due to the
presence of phen as co-ligand.”®> Comparing the binding
affinity of the other four complexes, the maximum binding
affinity of complex 4 and the lowest values of complexes 3 and 5
may be due to the presence of electron withdrawing (NO, and
Br) and releasing (CH3) groups, respectively,’® whereas complex
1 shows a value in between because it has neither an electron-
withdrawing nor a releasing group in the ligand. We had also
studied the binding affinity of the ligands; however, it was
found to be significantly lower than that of the complexes
(Fig. S6 and Table S2, ESI{).

Competitive binding studies

The investigation of the binding mode of the present complexes
with CT-DNA was carried out through competitive binding
experiments by fluorescence spectroscopy.®' These experiments
are generally performed with three fluorescent dyes, namely
4,6-diamidino-2-phenylindole (DAPI), methyl green (MG) and
ethidium bromide (EB). EB binds to DNA though the intercalation
mode, whereas DAPI and MG bind through the minor groove and
major groove of the DNA, respectively.”>

Ethidium bromide (EB) displacement experiment. The bind-
ing of complexes to CT-DNA was studied by considering
the quenching of the fluorescence emission from EB bound
CT-DNA on successive addition of the complexes. On increasing
the concentration of complex the emission intensity of EB is
decreased due to the displacement of EB from CT-DNA. This
clearly indicates that EB molecules are displaced from their
CT-DNA binding sites by the complexes.®>®* The efficiency of
fluorescence quenching can be calculated by using the Stern-
Volmer equation. The K, values for complexes (1-5) lie in the
range 3.4 x 10°-7.6 x 10" M~" s~! which were obtained from
the slope of a linear plot of Fy/F versus [Q]. Among all, complex
4 showed the highest quenching of EB bound to CT-DNA
fluorescence intensity at 600 nm ie. 95%. The fluorescence
quenching curves of EB bound to CT-DNA in the presence of
the complexes and the Stern-Volmer plots of fluorescence
titrations of the complexes with CT-DNA are shown in Fig. 5
and Fig. S7 (ESIf). These studies suggest that the complexes
(1-5) can bind to CT-DNA via an intercalative mode.
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Fig. 5 (a) Fluorescence quenching of EB (10 uM) by complex [VVO(L®)(bipy)] (4) (0-100 pM) and the inset shows the Stern—Volmer plot of complex

VVO(L®)(bipy)] (4); (b) the Scatchard plot of complex [VVO(L®)(bipy)] (4).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

New J. Chem., 2019, 43, 17711-17725 | 17719


https://doi.org/10.1039/c9nj01910c

Published on 12 July 2019. Downloaded by Fail Open on 2025-05-07 9:17:46 AM.

Paper

 8x10°
< 7x10°
=

'Z 6x10°
2 c1n8
£ 5x10°1
S 4x10°
51 5]
g 3x105
£ 2x10

= 1x10°

420 440 460 480 500 520 540
Wavelength(nm)

Fig. 6 Fluorescence quenching of DAPI (10 uM) by complex [VVO(LY) (bipy)]-
H,O (1) (0-100 pM).

4’ 6-Diamidino-2-phenylindole (DAPI) displacement experiment.
To confirm the minor groove competitive binding, experiments
were carried out by titrating DAPI bound CT-DNA solution with
increasing amounts of complexes. On successive addition of the
complexes to DAPI bound CT-DNA, the emission intensity decreases
at 449 nm which is due possibly to the displacement of the DAPI
bound to CT-DNA by the complexes.” The K, values for complexes
(1-5) lie in the range 3.5 x 10"*-3.3 x 10> M~ ' s~ which were
obtained from the slope of a linear plot of Fo/F versus [Q]. Among
all the complexes, 1, 2 and 5 show the highest quenching, 70%,
of DAPI bound to CT-DNA having fluorescence intensity at
449 nm (Fig. 6 and Fig. S8, ESIf). Therefore, it can be deduced
that these complexes can also bind to the CT-DNA via a minor
groove binding mode.

Methyl green (MG) displacement experiment. Similar experi-
ments were performed with MG bound CT-DNA with increasing
concentrations of 1-5. Upon the addition of the complexes to
MG bound CT-DNA we did not observe any significant change
in fluorescence intensity of MG. This implies that these
complexes do not interact with CT-DNA via a major groove
binding mode.

Hence, from the above experiments it can be concluded that
these complexes (1-5) interact with CT-DNA via both inter-
calative and minor groove binding modes.”*%*%*
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Protein binding

The protein binding studies with 1-5 were also performed via
tryptophan emission quenching experiments.” Three amino
acids such as tryptophan, tyrosine, and phenylalanine are
generally responsible for showing fluorescence intensity of BSA
protein® showing emission at 347 nm due to the presence of
tryptophan residues in its amino acid sequence. To predict the
quenching of these residues by the complexes we have studied
their interactions with BSA in the wavelength range of
305-500 nm upon excitation at 295 nm. For this purpose 10 pM
of BSA was titrated with different concentrations of complexes
(0-100 uM) and it is observed that the fluorescence intensity
gradually decreases (Fig. S9, ESIt). Upon successive addition of
the complexes, the fluorescence intensity at 347 nm is decreased
due to the interactions of the complexes with the BSA protein
along with blue shift in complexes 1, 3, 4 and 5, and red shift in
complex 2. Among the complexes, 4 shows the highest binding
affinity towards BSA. All the spectra are given in Fig. 7 and
Fig. S10 (ESIT). This quenching effect may be due to the changes
in the secondary structure of BSA.®® The quenching effect was
further determined by the Stern-Volmer equation (Table 6).

Fy
7 = 1+ Kqno[Q = 1+ Ksv[Q] (2)
where F, and F are the fluorescence intensities of BSA solution
in the absence and presence of a quencher, respectively, [Q] is
the concentration of a quencher, 7, is the average bimolecular
lifetime in the absence of the quencher and K, is the bimole-
cular quenching rate constant, and Kgy is the Stern-Volmer
quenching constant in M~". From the Scatchard equation we
can calculate the binding constant (K,) and the number of
binding sites (n) which is given below (Table 6).

Fo—F

log = log K, + nlog[Q] (3)

The quenching constants (Kgy) for all the vanadium complexes
lying in the range of 7.6 x 10°-2.3 x 10> M ' are given in
Table 6 which revealed that the quenching ability of the com-
plexes is in the order 4 > 1 > 3 > 5 > 2. Similarly the binding
constant (K,) values and biomolecular rate constant (K,) values

(b)

log(Fo-F)/F)
— —_— — — e [3°]
AT

0.84
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Fig. 7 (a) Fluorescence quenching of BSA (10 pM) by complex [VVO(L®)(bipy)] (4) (0-100 pM) and the inset shows the Stern—Volmer plot of complex

VVO(L®)(bipy)] (4); (b) the Scatchard plot of complex [VVO(L®)(bipy)] (4).

17720 | New J. Chem., 2019, 43, 17711-17725

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


https://doi.org/10.1039/c9nj01910c

Published on 12 July 2019. Downloaded by Fail Open on 2025-05-07 9:17:46 AM.

NJC

Table 6 BSA binding parameters of the complexes 1-5
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Complex Stern-Volmer constant Ksy (M~ ') Bimolecular rate constant K, (M~*

1) Binding constant K, (M~') Number of binding sites (n)

1 6.6 x 10° 1.1 x 10**
2 2.3 x 10° 3.7 x 10™
3 5.4 x 10° 8.7 x 10"
4 7.6 x 10° 1.2 x 10
5 4.3 x 10° 6.9 x 10

Table 7 1Csq value of the complexes 1-5

ICso (UM)

Complexes A549

49.66 £ 0.11
44.72 + 0.04
53.80 £ 0.07
48.92 £ 0.30
57.54 £ 0.28
52.10 £ 2.30

T W=

Pyriplatin

of complexes followed the same order as observed for the
quenching constant (Kgy) values towards BSA. We had also
studied the binding affinity of the ligands, however it was found
to be significantly lower than that of the complexes (Fig. S11 and
Table S3, ESIT).
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Fig. 8 Effect of the complexes (1-5) on cell viability of A549 cells.
The cells were treated with different concentrations of the test
compounds for 48 h and then cell viability was calculated by MTT assay.
Data are presented as mean values + SEM. Differences are con-
sidered statistically significant when **p < 0.01, ***p < 0.001 and
****p < 0.0001.

Control 15uM

2.5 x 10™ 2.35

9.3 x 107 1.63

1.4 x 10" 2.07

5.2 x 10™ 2.42

8.1 x 10° 2.04
Cytotoxicity

MTT assay. The anticancer activity of 1-5 has been studied
against the A549 cell line via the MTT assay method.®®%”
The ligands, H,L'™ and VO(acac), gave high ICs, values of
>200 uM, whereas 1-5 gave values in the range 57.54-44.72 pM
(Table 7 and Fig. 8). Standard drug pyriplatin (cis-diammine-
(pyridine)chloroplatinum()) gives an ICs, value of 52.1 & 2.3.%®
From the results, it was found that there is a significant
increase in the antiproliferative efficacy of the metal complexes
in comparison to their corresponding ligands, which indicates
that the coordination of vanadium metal has a marked effect
on their cytotoxicity. Among all the complexes, 2 showed the
highest cytotoxicity, which may be due to the presence of phen
as co-ligand,”® while the other complexes showed cytotoxicity in
the order of 2 > 4 > 1 > 3 > 5. These results are in accord
with the DNA binding ability of the complexes. Also, the
variation of cytotoxicity of the complexes may be attributed to
the presence of electron withdrawing (NO, and Br) and releas-
ing (CH3) groups, respectively.””
between, because of having neither an electron-withdrawing

However, 1 shows a value in

nor a releasing group in the ligand.”® These results show
that the synthesized metal complexes exhibit greater cytotoxic
activity than the free ligands which is agreement with previous
reports.”*5¢

MTT assay was also performed to determine the cytotoxicity
of 1-5 on the HaCaT (immortalized human keratinocytes) cell
line. The complexes gave high ICs, values (144.00-614.00 pM,
Table S4, ESIT) and their cell viability (Fig. S12, ESIt) in HaCaT
cells indicated that the compounds did not manifest any
notable cytotoxicity to normal keratinocytes. It will be signifi-
cant to mention here that we had also evaluated the cytotoxicity
of the complexes against HeLa (cervical cancer) and HT-29
(colon cancer) cell lines; however, they gave high ICs, values
of >100 uM. So it can be also be deduced that the complexes

25uM 50uM 100pmM

Fig. 9 Pl staining of complex 2 of A549 (lung cancer line) taken using an Olympus IX 74 fluorescence microscope. Arrows showing the morphological
changes in nuclei of A549 cells observed on applying increasing concentrations (5, 15, 25, 50 and 100 pM) of complex 2 at different concentrations in

comparison to control. The scale bar corresponds to 100 pm.
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25uM 50uM iooum

Fig. 10 Gray scale images of complex 2 of A549 (lung cancer line) taken using an Olympus IX 74 fluorescence microscope. Arrows showing the
morphological changes in nuclei of A549 cells observed on applying increasing concentrations (5, 15, 25, 50 and 100 puM) of complex 2 at different
concentrations in comparison to control. The scale bar corresponds to 100 um.

are specific in cytotoxicity towards a particular cell line. This type
of specificity has also been reported by ourselves earlier.”s"*°

Propidium iodide staining. To study the effect of the treat-
ment of the test complexes on live cells, propidium iodide
staining was used.®®’° Fig. 9 and Fig. S13 (ESIt) show images
taken after PI staining in red fluorescence and the observed
morphological changes in nuclei of A549 cells on applying
increasing concentrations (5, 15, 25, 50 and 100 pM) of the
complexes. Fig. 10 and Fig. S14 (ESIt) show the gray scale
images after the treatment with increasing concentrations of
1-5. It is observed that in comparison to the control, the treated
wells show a reduced number of PI stained nuclei. This
indicates that the complexes induce a dose dependent cell
death in the cancer cells.”® The arrows show nuclear condensa-
tion and fragmentation taking place in the treated cells. This
type of dose dependent cell death in the cancer cells is well
reported in the literature.”’

Conclusions

In summary, the synthesis of mixed ligand oxidovanadium(iv)
complexes [VVO(L")(L"Y)] (1-5) with tridentate binegative
arylazo ligands containing an ONO donor atom and bidentate
ancillary ligands (2,2'-bipyridine and 1,10-phenanthroline)
is presented. All the complexes have been characterized by
different spectroscopic methods, and molecular structures are
provided by single crystal X-ray diffraction. X-ray crystallo-
graphy reveals that hexacoordinated vanadium anions are
located in a distorted octahedral geometry within the N;O3;
donor environment where the tridentate arylazo ligand (H,L'™)
coordinates equatorially to a VO** moiety leaving the ancillary
ligand to bind at the axial-equatorial positions. Further, the
DNA binding activity of all the complexes has been investi-
gated. The experimental results show that the complexes
moderately bind with CT-DNA via both intercalative and minor
groove modes with binding constants within the range of
7.1 x 10°-2.03 x 10* M~*. However compound 2 shows the
highest binding affinity towards CT-DNA compared to the other
complexes. The interaction of 1-5 with bovine serum albumin
was also studied via tryptophan emission quenching experi-
ments in order to understand the interaction of the complexes
with serum albumins. All the complexes show an efficient
binding interaction towards BSA and we found that the binding

17722 | New J. Chem., 2019, 43, 17711-17725

constants are in the order of 4 > 1 > 3 > 5 > 2. In addition,
antiproliferative activity of 1-5 against the A549 cancer cell line
has been examined by using MTT assay. Complex 2 was the
most cytotoxic against A549, while propidium iodide staining
assay revealed dose dependent cell death for all the complexes.
The results of the present study regarding the abilities of new
oxidovanadium(iv) complexes further inspire us to continue on
with the development of metal-based agents for anti-cancer
studies.
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