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ABSTRACT

In our ongoing efforts to develop novel trace metal complexes with therapeutically interesting properties, a
neutral mono nuclear oxidomethoxidovanadium(V) complex, [VYO(OCHj;)(hpdbal-sbdt)] (1) and a p-O bridged
dinuclear oxidovanadium(V) complex, [{VVO(hpdbal-sbdt)},u—0] (2) [Hzhpdbal-sbdt (I) is a tridentate and
dibasic ONS®~ donor ligand obtained through the Schiff base reaction of 2-hydroxy-5-(phenyldiazenyl)ben-
zaldehyde (Hhpdbal) and S-benzyldithiocarbazate (Hsbdt)] have been synthesized and characterized by various
analytical techniques such as TGA, EDS, ATR-IR, UV-Vis, CV, '"H NMR, '3C NMR and °!V NMR. Single-crystal X-
ray diffraction analysis of 1 confirms the coordination of phenolate oxygen, imine nitrogen and thioenolate
sulfur of the ligand to the vanadium center with a distorted tetragonal-pyramidal geometry. The compound 2
triggered apoptotic and reproductive death of the cancer cells in vitro with 76% and 62% growth inhibition of
human breast adenocarcinoma (MCF-7) and human lung carcinoma cells (A549) respectively. The compound 2
was found to be sufficiently stable over a wide window of physiological pH. The complex 2 was studied further
for its interaction with a drug carrier protein BSA with the aid of spectroscopic techniques viz. fluorescence,
temperature controlled UV-vis and deconvoluted IR techniques.

1. Introduction

Cancer is a global disease burden which causes high level of mor-
bidity and mortality in the context of non-communicable diseases
(NCDs). It had an estimated 14 million cases as of 2012 and accounted
for about 8.8 million deaths in 2015 [1]. Cases of death due to lung
cancer for men and breast cancer for women being the highest, this
second leading cause of death worldwide is expected to give a 70% rise
in the total number of cases within a span of two decades [2]. In order
to combat this deadly ailment, World Health Organization (WHO) had
launched a global action plan 2013-2020, which aims for the preven-
tion and control of NCDs according to which designing efficient control
strategies for cancer is one of the immediate goals. In this pursuit,
countless organic and inorganic compounds have been synthesized for
exploring their anticancer activities [3—-6]. Notable example of one such
compound is cisplatin [7] which is now utilized in the treatment of
variety of malignancies [8,9]. Many such platinum based drugs have
been developed in the later stages as second generation drugs all of
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which are limited in their tumor targeting ability and cause undesirable
dose-limiting side effects, toxicity [10,11] and drug resistance [10,12]
in treated individuals; cisplatin not being an exception. In order to
overcome these glitches, extensive research is being done to discover
alternative non platinum anticancer drug candidates based on different
trace metals with improved pharmacological activities [13]. Vanadium
is one among such prospective trace metals which has received huge
importance after the discovery of its biological role in certain ascidians
and mushrooms [14]. Vanadium has also been recognized as a micro-
nutrient in humans which prevents minor damages occurring to es-
sential biomolecules like DNA and proteins [15]. This directs the at-
tention towards the biological role of vanadium in DNA maintenance
and genomic stability thereby preventing mutation of healthy cells
leading to cancer [16]. The study of vanadium coordination complexes
got further thrust following the exploration of their therapeutic appli-
cations [17-22] in terms of antidiabetic, anticancer and antiamoebic
activities. Vanadocene compounds [23], amino acid vanadium com-
plexes [24,25], vanadium-oxido [26], vanadium-peroxido [27],
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polyoxovanadates [28] etc. have shown excellent anticancer and cy-
totoxic activities on various cancer cells. A Schiff base vitamin B6 de-
rived oxidovanadium complex displayed a remarkable photodynamic
therapy effect under visible light targeting the endoplasmic reticulum
of HeLa and MCF-7 cancer cells [29]. Curcumin and polypyridyl based
vanadium complexes were found to be remarkably cytotoxic in visible
light against mouse lymphoma, HeLa, HaCaT and MCF-7 cells [30].
Oxidovanadium complexes have also displayed inhibitory effects over
reverse antineoplastic drug resistance [31]. It has been demonstrated
that vanadium can inhibit the Epithelial Mesenchymal Transition pro-
cess which is a key process for migration and colony formation of
cancer cells [32]. In the case of MCF-7 and A549 cells in particular, the
potent vanadium compound might target the expression of H-Ras On-
cogene signal and matrix metalloproteinase-2 signal by intensifying the
apoptosis intervened by ROS generation [33,34]. The ligand environ-
ment also plays a significant role in the design of bioactive metal
complexes; in particular ONS donor Schiff base ligand systems have
been found to be of importance due to their applications in various
pharmacological activities [35].

The pharmacokinetics of a therapeutic drug candidate with re-
ference to transportation in blood is another critical issue to be ad-
dressed. In this direction, a study of metallodrug interaction with serum
proteins like BSA and HSA [36] to gauge metallodrug pharmacokinetics
and structure-activity relationships [37,38] have attracted a major at-
tention in the scientific fraternity. The study can help in understanding
the pharmacodynamics as well and addressing this aspect with the aid
of spectroscopic techniques have gained significant importance in the
recent days.

In the present study, we describe the synthesis and characterization
of mononuclear oxidomethoxidovanadium(V) [VYO(OCHs)(hpdbal-
sbdt)] (1) and dinuclear oxidovanadium(V) complexes [{VVO(hpdbal—
sbdt)}ou— 0] (2) (Scheme 1) derived from the ligand benzyl 2-(2-hy-
droxy-5-(phenyldiazenyl)benzylidene)hydrazinecarbodithioate
[Hyhpdbal-sbdt] (1).

in vitro antiproliferative and apoptosis-inducing activities against
MCF-7 (human breast adenocarcinoma) and A549 (human lung carci-
noma) cells were established for ligand I and complex 2. Furthermore,
interaction of I and 2 with BSA were studied to provide insight into the
nature of binding and the thermodynamic parameters viz. AG, AH and
AS involved in the protein binding process.

2. Experimental
2.1. Materials

All solvents and chemicals procured for the experiments were used
as received. Aniline, salicylaldehyde, hydrazine hydrate monohydrate,
carbon disulphide, benzyl chloride, vanadium pentoxide and triethy-
lamine (anhydrous) were obtained from Spectrochem Pvt. Ltd. Sodium
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nitrite and sodium chloride were procured from Fischer Scientific.
Sodium carbonate (anhydrous), sodium hydroxide and KOH pellets
were procured from Himedia. Acetyl acetone and hydrochloric acid
were obtained from Merck and S D Fine-Chem Ltd. respectively. AR
grade solvents and doubly distilled water were used throughout the
experiments. [VO(acac),] was prepared following a reported method
[39]. 2-Hydroxy-5-(phenyldiazenyl)benzaldehyde (Hhpdbal) and S-
benzyl dithiocarbazate (Hsbdt) were synthesized according to reported
literature [40]. The ligand [H,hpdbal-sbdt] (I) was prepared in ac-
cordance with our previously reported work [41] (see section SI-1 and
scheme SI-1). Synthesis of vanadium complexes [VVO(OCHg)(hpdbal-
sbdt)] (1) and [{VVO(hpdbal-sbdt)}zu—O] (2) in detail is outlined in
sections 2.6.1 and 2.6.2 respectively.

2.2. Instrumentation

'H and '*C-NMR spectra were recorded with Agilent 400MR DD2
FT-NMR Spectrometer using SiMe, as an internal standard. >'V NMR
spectra were obtained on a Varian-Mercury Plus 300 MHz NMR spec-
trometer in DMSO-d¢. Elemental analysis was carried out using Euro
Vector E-3000 system. UV-vis spectra were measured using a UV-1800
Shimadzu UV-vis Spectrophotometer. ATR-IR spectra of solid com-
pounds were obtained from Bruker Alpha Single reflection ATR module
equipped with ZnSe crystal. Energy Dispersive X-ray Spectroscopic
(EDS) analysis were acquired from JEOL-JSM7100F. The sample for
EDS was coated with a thin layer (6-8 nm) of platinum by sputtering
method using a JEC-3000FC auto fine coater for about 100s. TGA
analysis was performed on a Perkin Elmer STA 6000TG/DTA analyzer
up to 700 °C. The cyclic voltammograms were recorded using a PC-
controlled CHI660D potentiostat (CH Instruments, Austin, USA) under
nitrogen atmosphere and room temperature. Measurements were made
using a three compartment cell consisting of glassy carbon as working,
platinum-wire as auxiliary and silver wire as reference electrodes.
Potentials were referred to AgCl/Ag using the ferrocene/ferrocenium
couple (Fe(n°-CsHs),1% %, E{fg E; /5 = 0.549V) as an internal standard
with a scan rate of 0.1 V/s. A pH meter (HI5000 Series, Hanna) cali-
brated with standard buffers of pH 4 and 7 was used for determining
pKa.

2.3. Crystal structure determination

Single crystal of compound 1 was mounted on a Microstar Proteum
8 Bruker Smart Apex CCD diffractometer equipped with graphite
monochromator and CuK, radiation (A = 1.54178 1°\) to obtain the
diffraction data. The crystallographic data and refinement details are
given in Table 1. The unit cell dimensions and intensity data were
measured at 296 K. The intensity data were corrected for Lorentz po-
larization absorption effects. Absorption corrections were done using
SADABS program. The structure was solved by direct methods using the
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Scheme 1. Oxidovanadium complexes [VVO(OCH3)(hpdbal—sbdt)] (1) and [{VVO(hpdbal—sbdt)}z,u—O] (2) obtained in this study.
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Table 1

Crystal data and refinement details for [VVO(OCH3)(hpdba1—sbdt)] .
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empirical formula® CooH16N405S,V
fw", g mol ! 502.47
wavelength A 1.54178
cryst syst triclinic
space group P-1

unit cell dimensions:

a A 7.0323

b, A 7.1209

¢, A 23.2372(7)
a, deg 97.547

B, deg 90.160

y, deg 108.833
volume, A 1090.53

Z 2

Density (calc.), g cm™
absorption coefficient, mm ™
F(000)

crystal size, mm®

1

0 range for data collection, deg

index ranges

reflns collected

independent reflns
completeness to 6 (max), %
data/restraints/params

GOF on F?

final R indices [I > 20(Ip)]
R indices (all data)

largest diff. peak/hole, eA3

1.530

5.875

516

0.29 X 0.26 x 0.22
5.77-64.37

—-8=h=8

-8<k=7

-26 <k =27

12750

3607 [R (int) = 0.0520]
98.5

3607/0/290

1.035

R1 = 0.0437,wR2 = 0.1331
R1 = 0.0451,wR2 = 0.1352
0.580/ -0.433

2 per formula weight.

program SHELXS-90 and refined using least squares with the SHELXL-
97 program. H atoms were either placed or found in calculated posi-
tions and isotropically refined using a riding model. Anisotropic re-
finement was applied for the non-H atoms.

2.4. Preparation of BSA solution

BSA (fatty acid free) solution was prepared by dissolving it in so-
dium phosphate buffer of pH 7.4 (see section SI-2). UV spectro-
photometric method was used to estimate the concentration of the so-
lution knowing the extinction coefficient of BSA (43,890 Mlem™ at
280 nm) [38b]. Following this, BSA stock solution (5uM) and stock
solutions of ligand [Hyhpdbal-sbdt] (I) and [{VVO(hpdbal-sbdt)}Zu— 0]
(2) were prepared in pH 7.4 buffer and DMSO respectively. Thermo-
dynamic studies were conducted using a temperature controlled Ana-
lytik Jena Specord-250 spectrophotometer. Quenching studies were
performed using a Varian Cary Eclipse spectrofluorometer equipped
with a 150 W xenon lamp. BSA conformational studies were carried out
using a Specac Golden Gate diamond ATR sampler fitted to a Bruker
Tensor 27 with an MCT detector.

2.5. Anticancer activity

The anticancer activities of [{VVO(hpdbal—sbdt)}zp—O] (2) and li-
gand Hyhpdbal-sbdt (I) were evaluated by employing two different cell
lines MCF-7 (human breast adenocarcinoma) and A549 (human lung
carcinoma). A vehicle control (1% DMSO) was included in all the ex-
periments. Antiproliferative/anticancer activities were evaluated by
microscopic observation of morphological changes, MTT assay, clono-
genic assay and quantification of apoptosis by subG1 population. For
observation of morphological changes, 0.1 x 10° cells/well were plated
in 6 well plates in 2 mL DMEM medium and treated with 25 uM each of
the test compounds for 24 h and then observed in microscope for any
changes. Similar procedure was followed for apoptosis detection and
quantification where after treatment and incubation for 24 h, the cells
were collected by trypsinization and stained (PI 50 ug/mL, Na-citrate
0.1% and triton X 100 0.1% and RNAse 50 ug/mL). The samples were
acquired in a flow cytometer and the extent of apoptosis in each sample
was quantified. For MTT assay, 10,000 cells were plated per well in a 96
well plate and the cells were allowed to attach overnight. The com-
pounds (25puM) were added and incubated for 48h followed by re-
moval of media by gentle aspiration. The wells were then filled with
0.2mL MTT (0.5 mg/mL in phosphate buffered saline) and incubated
for 4h. At the end of incubation, the insoluble product formed was
solubilized by 0.2 mL of solubilization buffer (10% SDS in 0.01 N HCI)
per well. The readings were read using a microplate reader at 550 nm.
The percentage inhibition was plotted in comparison to vehicle treated

cells. For clonogenic assay, 750 cells were plated in a 6 well plate and
allowed to attach overnight. The compounds (25 uM) were then added
and incubated for 10 days followed by fixing of cells with chilled me-
thanol and staining with 0.5% crystal violet for visual observation of
reproductive cell death.

2.6. Synthesis

2.6.1. Synthesis of [V'O(OCHs)(hpdbal-sbdt)] (1)

[VVO(acac),] (0.56 g, 2.1 mmol) was taken in 20 mL of methanol
and to this was added a solution of Hyhpdbal-sbdt (I) (0.80 g, 2.0 mmol)
dissolved in 20 mL of DCM. The reaction mixture was refluxed for
30 min followed by aerial oxidation. The formation of complex 1 was
triggered by the addition of 3 drops of triethylamine as a mild base
during reflux. Keeping the filtrate from the above reaction for ca. 24 h
gave brown color X-ray quality crystals of 1. Yield: 60%; Anal. Calcd.
for C2oH19N403S,V(MW: 502.47): C, 52.59; H, 3.81; N, 11.15; S, 12.76.
Found: C, 52.61; H, 3.65; N, 11.21; S, 12.62. Selected ATR-IR data (v/
em™1): 1602 (C = N), 1472, 1571 (N = N), 1101 (C-0), 760 (C-S),
1369 (C-N), 3034 (aromatic C-H), 968 (V = 0); 'H-NMR (400 MHz,
DMSO-dg): 88.29-7.15 (m, 13H, aromatic H), 8.86 (s, 1H, N = CH),
4.45 (s, 2H, S-CH,), 2.75 (s, 3H, O-CHs); '*C-NMR (400 MHz,DMSO-
de): 8118.15 (C-1), 165.85(C-2), 117.88 (C-3), 126.52(C-4), 145.13(C-
5), 122.71(C-6, C-8, C-12), 152.65(C-7), 129.04(C-9, C-11), 131.13(C-
10), 148.98(C-13), 204.65(C-14), 46.25(C-15), 136.55(C-16),
128.67(C-17, C-21), 128.82(C-18, C-20), 126.29(C-19), 69.42 (C-22,
—OCH3);°'V NMR (DMSO-dg, 8 ppm): —468.5.

2.6.2. Synthesis of [{V'O(hpdbal-sbdt) },u-0] (2)

Solution of 1 (0.41 g, 1 mmol) in 20 mL of methanol was refluxed on
a water bath for 2 h which resulted in the separation of a green solid.
Upon cooling the solution to room temperature, the product was fil-
tered, isolated, washed with methanol and dried in vacuo over silica gel.
Yield: 85%; Anal. Calcd. For C4oH35NgO5S4V, (MW: 958.90): C, 52.61;
H, 3.36; N, 11.69; S, 13.38; Found: C, 52.69 ; H, 3.39; N, 11.75; S,
13.47; Selected ATR-IR (v/cm™'): 1591 (C = N), 755 (C-S), 1350
(C-N), 1102 (C-0), 1455, 1535 (N = N), 2982 (aromatic C-H), 956
(V = 0), 827 (V-0-V); 'H-NMR (400 MHz, DMSO-dg): 88.37-7.26 (m,
26H, aromatic H), 8.81 (s, 2H, N = CH), 4.44 (s, 4H, S-CH,); '*C-NMR
(400 MHz, DMSO-dg): §118.13 (C-1, C-22), 164.35(C-2, C-23), 117.82
(C-3, C-24), 126.54(C-4, C-25), 144.89(C-5, C-26), 122.51(C-6, C-8, C-
12, C-27, C-29, C-33), 152.82(C-7, C-28), 128.99(C-9, C-11, C-30, C-
32), 130.95(C-10, C-31), 148.33(C-13, C-34), 204.72(C-14, C-35),
46.28(C-15, C-36), 136.55(C-16, C-37), 128.78(C-17, C-21, C-38, C-42),
128.98(C-18, C-20, C-39, C-41), 126.35(C-19, C-40); >’V NMR (DMSO-
de, 8 ppm): —465.2.
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Scheme 2. Synthesis of [VYO(OCHj3)(hpdbal-sbdt)] and [{VVO(hpdbal-sbdt)},u-O].

3. Results and discussion

The reaction between equimolar solutions of [VIVO(acac)z] in me-
thanol and Hyhpdbal-sbdt (I) in DCM in the presence of triethylamine
yielded the VVO-complex [VYO(OCH3)(hpdbal-sbdt)] (Eq. (1) and Eq.
(2)) The reaction of [VVO(OCH3)(hpdba1—sbdt)] in solution leads to
transformation into the corresponding p-O bridged dinuclear oxidova-
nadium(V) complex [{VVO(hpdbal-sbdt)},u-O] (Eq. (3)).

[VVO(acac),] + Hyhpdbal-sbdt —[VVO(hpdbal-sbdt)] + 2Hacac (1)

2[V'VO(hpdbal-sbdt)] + 2MeOH + %%0,— 2[VYO(OCHj;)(hpdbal-

2[VYO(OCH;)(hpdbal-sbdt)] + H,05[{V'O(hpdbal-sbdt)},p-0] +
2MeOH 3

The structural formulae were deduced based on elemental analysis,
spectroscopic techniques and single crystal X-ray diffraction analysis of
compound 1. Scheme 2 provides an overview of how the complexes
described in this work were obtained.

3.1. Characterization of compounds

3.1.1. Structure description

ORTEP plot of oxidomethoxidovanadium(V) complex 1 is depicted
in Fig. 1. The complex crystallised with a -OCHj3 group from the solvent
methanol as a donor monodentate ligand per formula unit. The five-
slightly distorted

coordinated vanadium complex exhibited a

tetragonal-pyramidal coordination geometry with the doubly bonded
oxygen atom in the apex, the t value being 0.12 (r = 0 for an ideal
square pyramid, T = 1 for an ideal trigonal bipyramid) [42]. The dis-
tortion is significantly lower than in the related thiohydrazonato com-
plexes such as [VO(OEt)(sal-sbdt)] (Hysal-sbdt = Schiff base derived
from salicylaldehyde and S-benzyldithiocarbazate; t© = 0.27) and
[VO,(acpy-sbdt)] (Hacpy = Schiff base derived from acetylpyridine
and S-benzyldithiocarbazate; t = 0.47) but very similar to
[VO,(Hpydx-sbdt)] (Hpydx = Schiff base derived from pyridoxal and S-
benzyldithiocarbazate; T = 0.13) [18-20,43].

The basal plane is made up by the O-phenolato, S-enolato and N-
imine atoms from the ligand and oxygen atom from the methoxide
group. The Schiff base ligand forms a six-membered ring of S—V—N
with an angle of 77.66 and a five membered chelate ring of O—V—N
with an angle of 92.37. (Table SI-1) The V=0 bond (V—0(2)) length of
1.588 A is characteristic of a strong & bonding between the vanadium
center and the oxido oxygen. Consequently, there is no deviation in the
bond length as the normal V=0 bonds in other oxidovanadium com-
plexes commonly range from 1.57 to 1.62 A. Strong parallel st-x inter-
actions were found between the parallel phenyl rings of the sbdt
backbone and the parallel phenyl rings of the aldehyde backbone in the
two neighboring complex molecules with the centroid distances of
3.924 A and 3.645 A respectively (Figure SI-1). Hence the supramole-
cular structure of 1 is greatly stabilised by - m interactions between the
phenyl rings.

Fig. 1. ORTEP diagram of [VVO(OCH3)(hpdbal—sbdt)] ).

179



M. Kongot et al.

9 0.1
—TGA
84 — DTG L 0.0
74 - -0.1 E
El £
E ¢ L 0.2 80
P E
2. .03 +
s F-0.4 S
o =
- L.0.5 =
g 2- -_0.6 'E
L0.7 R
14
T T T T T T T -0.8
0 100 200 300 400 500 600 700 800

Temperature (OC)

Fig. 2. TGA-DTG profile of [{VVO(hpdbal—sbdt)}zu—O] obtained from thermal
analysis at a temperature range of 40-750 °C.

3.1.2. Thermogravimetric and energy dispersive
spectroscopic (EDS) analysis

TGA and EDS analysis were performed for [{VVO(hpdbal-sbdt)}zp-
O] (2) as single crystals of x-ray diffraction quality were not obtained.
The TGA analysis and the derivative thermogram (DTG) profile of the
dinuclear complex [{VVO(hpdbal-sbdt)}zp-O] (Fig. 2) gave a definitive
evidence of the predicted structure of 2. The thermal analysis was
carried out in a temperature range of 40-750 °C with a heating rate of
20 °C/min under dynamic air atmosphere. The sample showed 2.03%
weight loss in the range of 60-145°C corresponding to the loss of
bridging oxygen (-O-, calc. 1.67%) [18]. The subsequent weight loss of
25.89% corresponds to the elimination of 2 units of ~-SCH,CgHs of the
sbdt ligand backbone between 145-330 °C (C;4H14S., calc. 26.16%).
This was followed by the loss of 2 units of -SCN in the range of
330-483 °C corresponding to the loss of 15.98% weight (SoC,N», calc.
16.70%). The final and major weight loss of 71.57% occurred between
483-620 °C which can be related to the elimination of 2 azo linked
oxygen donor backbone units with one oxygen atom still intact with the
vanadium metal center [(C;3HoN5),0, calc. 69.45%]. Overall, the total
weight loss of 82.65% tallied with the total organic content decom-
position in the sample minus one oxygen atom approximately (calc.
81.52). Accordingly, the residual weight of 17.35% matched to vana-
dium pentoxide and this value is very close to the theoretically calcu-
lated value of the oxide material left (V,Os, calc. 18.48%) (Table SI-2).

EDS analysis further confirmed the presence of the predicted metal
center in [{VVO(hpdbal-sbdt)}zp-O] (2) which was not observed in the
case of ligand and this confirmed the incorporation of vanadium ion in

analysis  (TGA)

500 -
(a)
400

300 4

2001

Intensity (counts)

100 4

2 3 4
Energy (KEV)
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the ligand. The absence of external impurities in the samples was
confirmed through the EDS spectra (Figs. 3a and 3b). Peaks observed
for platinum are due to the coating of platinum to the samples during
EDS sampling for attaining conductive surface.

3.1.3. ATR-IR spectral study

Characteristic IR vibrations of the important functional groups were
studied (Figures SI-2, SI-3 and SI-4). The ligand exhibited a strong band
at 1032cm™ due to the C=S group which justifies the thiocarbonyl
nature. The N—H stretching due to the hydrazide part of the ligand was
observed as a sharp peak at 3100 cm ™ '. The absence of N—H band in
the spectra of complexes can be attributed to the coordination of the
enethiolato sulphur to the vanadium center. This observation is due to
the probable conversion of thioamide form of the ligand to the imi-
dothiol. The band for C—S stretch was observed in the range of
771-755 cm™ for both ligand and metal complexes. Coordination of the
imine nitrogen to the metal centers is explained by a bathochromic shift
of the C=N stretching (1607 cm™) of the ligand system by 5-16 cm™.
The band for para substituted azobenzene (Ph-N = N-) was found in
two regions [44] viz. 1455-1483cm™ and 1518-1571cm™. C—N
stretching was found in the region of 1320-1377 cm™ for the samples
with slight variations in the complexes. An average intense band
varying between 1102 and 1117 cm™'was observed due to the phenolic
C—O stretching. C—H stretching from monosubstituted benzene, p-
substituted benzene and imine carbon were noticed between
682-692 cm™, 823-829 cm ™! and 2857-3048 cm™" respectively. Sharp
bands at 968 cm™ and 956 cm™ are due to the V=0 stretching modes
in complex 1 and 2 respectively and the vibrational peak at 827 cm™ is
attributed to the V-u—0O-V stretching in complex 2.

3.1.4. 'H, 3C and °'V NMR spectra

'H NMR spectra of the ligand and complexes were recorded in
DMSO-dg to confirm the coordinating modes. The signal for phenolic
proton observed at 13.23 ppm for the ligand vanished in the NMR
spectra of metal complexes which is attributable to the coordination of
the phenolic oxygen to the vanadium center by the loss of a proton. A
new resonance at 2.75 ppm appeared in the spectrum of species 1 due
to the —OCHj linkage. The resonance for NH/SH vanished in both
complexes which is due to the coordination of the thioenolate sulphur
to the metal centers. Notable downfield shifts were observed in the
complexes for the azomethine proton on account of imino nitrogen
coordination. The proton signals of metal species 2 exhibited relatively
broad signals which can be attributed to the dinuclear centre/dimeric
nature [19], molecular aggregations or internal flexibility [45]. Re-
sidual proton signals pertaining to the ligand backbone did not shift and
appeared in the expected range following complexation. It was hence
found that 'H NMR spectra is in full agreement with the tridentate

500 4

(b)

Intensity (counts)

0 1 2

3
Encrgy (KEV)

Fig. 3. EDS spectra of (a) Hohpdbal-sbdt (I) and (b) [{VVO(hpdbal—sbdt)}zu—O] 2).
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Table 2
Electronic spectral data and electrochemical data of the compounds.
Compounds  Amax Molar absorption coefficient  E,. (V) Epa (V) E° (V)
(nm) e (Lmol~ ! em™)
I 208 760000 - - -
340 42000
1 207 640000 -0.128 -0.080 -0.104
345 22000
468 6000
2 207 666000 -0.131 -0.079 -0.105
344 26600
470 2900

ONS?~ coordination behavior of the ligand in the complexes.

To additionally support this coordination mode, *C NMR spectra of
the complexes were compared with the *C NMR spectrum of the li-
gand. The complexes 1 and 2 resonated in the similar range as that of
the ligand except with a considerable downfield shift A8 (0.8-8.7 ppm)
for carbon atoms bonded to the donor O, N and S atoms. Also, in
complex 1, a new signal appeared at 69.42 ppm owing to the carbon
atom of the coordinated methoxy group.

The complexes [VVO(OCH3)(hpdbal-sbdt)] and [{VVO(hpdbal-
sbdt)},u-0O] were also characterized in solution by recording >V NMR
in DMSO-dg using ammonium vanadate (NH,VO3) (8 ppm= -576) as
an external standard. The 8 value exhibited a strong broad resonance at
-468.5 ppm and —465.2 ppm for 1 and 2 respectively which confirms
the participation of the soft S atom, O and N donor atoms in co-
ordinating to the vanadium center [46]. The methoxy linked complex 1
resonated in a comparatively downfield region as the coordination of
methoxy to the VV center increases the shielding of metal thereby
causing resonance to shift further in the negative region [47].

3.1.5. Electronic spectral study and electrochemical study

UV-Vis spectra of I, 1 and 2 were recorded in DMSO (Table 2). Li-
gand I exhibited two absorption peaks at 208 nm and 340 nm which are
preferably allotted to the - w* and n- wt* transitions [48] respectively.
The complexes showed absorption peaks at 207 nm and 345 nm for 1
and 207 nm and 344nm for 2 along with an added low absorbance
band at 468 nm and 470 nm respectively due to the ligand-to-metal
charge transfer phenomenon from the phenolate oxygen to an empty d
orbital of the vanadium ion.
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For the cyclic voltammetric measurements, 1 mM solution of the
complexes 1 and 2 in anhydrous DMSO was prepared for testing along
with 0.1 M of tetrabutylammonium hexafluorophosphate (BuyNPF¢) in
acetonitrile as the supporting electrolyte. Ferrocene (1 mM) solution in
the electrolyte was used as the standard reference. The redox behaviors
of the compounds 1 and 2 were obtained from the cyclic voltammo-
grams recorded with a potential scan range of —0.5V to 0.2V. Both
reduction and oxidation peaks were found to be sharp. The observed
standard reduction potential (E’) and the smaller peak-to-peak se-
paration directed attention to the facile one electron quasi reversible
reduction-oxidation couple of V(V)<=V(IV) species [22]. The cathodic
peak potential indicating reduction (E,.) and anodic peak potential
indicating oxidation (Ep,) along with E° values for 1 and 2 are men-
tioned in Table 2.

3.2. Anticancer studies

The anticancer property of the ligand I and the metal complex 2
were investigated by evaluating their activity against MCF-7 (human
breast adenocarcinoma) and A549 (human lung carcinoma) cell lines
using 1% v/v DMSO as a solvent. A standard concentration of 25 uM
was fixed as the optimum concentration of the test compounds citing
best results at this concentration during optimization studies. The un-
treated cancer cells were considered as control and cells treated with
1% DMSO were considered as vehicle or negative control. Complex 1
was not studied as it was found to be unstable in solution state when
kept for prolonged durations and got converted into the dimeric spe-
cies.

3.2.1. Microscopic observation to detect cellular morphological changes

Upon individual treatment of the breast cancer and lung cancer cells
with 25uM of each sample for 24 h, marked morphological changes
were observed under a microscope in the breast cancer and lung cancer
cells incubated with ligand I and in the lung cancer cells incubated with
the complex 2 (Fig. 4a and b). Particularly, in the case of A549 cells
treated with [{VVO(hpdbal-sbdt)}zu-O] (2), cell shrinkage and release
of apoptotic like bodies were observed which is an evidence of cancer
cell death induction.

3.2.2. MTT assay to quantify antiproliferative activity
The antiproliferative activity was evaluated by incubation of cell
lines with 25uM final concentration of each compound for 48h

Fig. 4. (a) MCF-7 cells observed after 24 h incubation. (b) A549 cells observed after 24 h incubation.
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Fig. 5. Graphical representation of MTT assay which quantifies proliferation
inhibition of cancer cells.

followed by staining and incubation with MTT, a yellow tetrazole dye
for 4 h. If proliferation of cancer cells are hindered, lesser of the MTT
dye gets reduced to purple formazan which thereby decreases the
fluorescence given by the respective cell line as compared to the control
cell. From the fluorescence readings taken at 550 nm, it can be deduced
that the complex 2 exhibits significant antiproliferative activity with
about 76% and 62% inhibition against MCF-7 and A549 cells respec-
tively. The ligand showed moderate and poor activity against MCF-7
and A549 cells respectively (Fig. 5).

3.2.3. subG1 analysis for apoptosis detection and quantification

Induction of apoptosis in cancer cells treated with test compounds
was quantified using a flow cytometer. For this, 25uM of the com-
pounds incubated with the cell lines for 24 h in assay were collected by
trypsinization, stained and acquired in a flow cytometer. SubGl po-
pulation was quantified that indicated the presence and extent of
apoptosis (Fig. 6a and b). Substantial apoptosis was observed in both
cell lines treated with the test compounds. Apoptosis was found to be
highly significant in the case of A549 cells incubated with the dimeric
vanadium complex 2 which has about 97.5% of cell population in the
subG1 phase and is a characteristic of apoptotic cells.

3.2.4. Clonogenic assay for visual quantification of reproductive cell death

Clonogenic assay, also termed as colony formation assay, is an in
vitro cell survival assay which is based on the capability of a single cell
to cultivate into a colony. This assay is indicative of the extent of re-
productive death of the cells following long-term treatment with drug
candidates. The cancer cells were treated with 25uM each of test
compounds and incubated for 10 days. The death of cells was visualized
after fixing the treated cells with chilled methanol followed by staining
with crystal violet dye. The percentage of cells that survived were al-
most nil and complete absence of cloned cells was observed in treated
samples (Fig. 7a and b).

All the assays indicated that the complex 2 is a potent anticancer
agent and the activity shown was comparable with previously known
standard drugs like cisplatin which showed 58% and about 60% re-
duction of cell viability when treated against MCF-7 cells [49] and
A549 cells [50] respectively for 24 h. The ICso value of cisplatin was
found to be 28 * 6.0 uM against growth of MCF-7 cells [51] and in this
case, the dimeric vanadium complex 2 has exhibited higher growth
inhibition properties at a concentration of 25 uM.

In the present case, various mechanistic approaches can be postu-
lated to justify the cytotoxic activity of the vanadium complex against
the tumor cells. One possibility is the depolarisation of the mitochon-
drial membrane of the cancer cells by the arrest of G0/G1 phase of cell
division which leads to the activation of capsase-12 [52] and thereby
causing apoptosis induced by ER stress. Another likely perspective
being apoptosis induction by DNA fragmentation and Anoikis-related
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apoptosis by vanadium [53].
3.3. pH stability studies

The optimum physiological pH is 7.4 for humans and hence stability
study of the compounds in aqueous media under this pH range is crucial
to understand if the compound itself is an active species for exhibiting
anticancer activity or it undergoes any disintegration or transformation
to give another active species. Potentiometric titration and UV-vis ti-
tration studies with different pH conditions were carried out for the
bioactive compound 2 in order to test their solution stability. The
physicochemical properties of drugs are highly influenced by their pK,
values and hence the pK, value of the anticancer compound 2 was as-
sessed by titrating it with varied pH conditions using a pH meter
[54,55]. The solution of the compound 2 (0.5mM) was prepared in
90% (v/v) of water/DMSO mixture. The pH of the compound in this
solution was about 5.0 and this pH was gradually brought down to pH 3
by titrating with HCI (5 mM). Following this, the trend in pH variation
was studied with the slow addition of KOH (5 mM) solution from pH 3
to 9 and from the plot of pH vs volume of KOH added, (Figure SI-5) pKa
of the compound 2 was found to be 6.22.

UV-Visible spectral studies were also carried out at different pH
conditions (3-9) to test the stability of 2 under physiological conditions.
With HCI addition, a slight reduction in absorption intensity of the
major peak at 344 nm was seen with no new absorption peaks detected
(Figure SI-6a). A reverse trend was observed with the slow addition of
KOH solution until pH 9 i.e. a marginal increase in absorbance intensity
was seen with increasing pH and no extra peaks were detected (Figure
SI-6b). The original absorbance band was intact at both acidic and basic
pH range which illustrates that the compound 2 is stable over a wide pH
range of 3-9. The intensity shifts observed are purely caused by the
equilibrium shift between the deprotonated and protonated forms of 2.

It is proposed that on treatment with HCI, the hydrazone nitrogen of
the dioxo complex gets protonated [56,57] and with the increase in pH
upon addition of KOH, the hydrazone nitrogen gets deprotonated. The
pK, value and the reversibility trend witnessed in UV spectra suggest
that there is an equilibrium at pH 6.22 between the deprotonated and
protonated species [58] and hence at physiological pH of 7.4, the
compound 2 will mostly be in the deprotonated state or in its native
form. The compound can hence be stipulated to remain stable under
different pH environment prevailing in the human body.

3.4. BSA interaction studies

BSA, a model serum protein behaves as a major reservoir of drug
molecules thereby affecting the overall bioavailability of a particular
drug. Thus, a study of the binding behavior between BSA and bioactive
drug-like compounds is of momentous importance. The ligand I and the
active vanadium complex 2 were studied for their interaction with BSA
using multi-spectroscopic methods.

3.4.1. Steady state/Intrinsic fluorescence study

Fluorescence spectroscopy is a versatile tool to obtain the type of
quenching mechanism, binding constant and the number of binding
sites involved in the binding reaction between BSA and the compound
[59]. Fluorescence emission spectra of BSA (5uM) upon titration with
ten different concentrations (0.83 uM to 8.26 uM each) of the ligand (I)
and complex (2) solutions in phosphate buffer of pH 7.4 at 298 K were
obtained by fixing excitation wavelength at 280 nm (Figs. 8a and 8b).
BSA showed emission maxima at around 347 nm and with the addition
of the compounds, the peak got gradually quenched. The quenching
pattern induced by the compounds might be due to different molecular
interactions like energy transfer, excited state reactions, molecular re-
arrangements, ground-state complex formation or collisional
quenching. To evaluate which one of them is in action in the present
case, Stern-Volmer equation [60] (eq. 4) was used as a standard
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Fig. 6. (a) Flow cytometric analysis of subG1 population in MCF-7 cells after treatment with test compounds. (b) Flow cytometric analysis of subG1 population in
A549 cells after treatment with test compounds.
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a.
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Fig. 7. (a) Clonogenic assay of vehicle treated and test sample treated MCF-7 cells stained with crystal violet after 10 days. (b) Clonogenic assay of vehicle treated and

test sample treated A549 cells stained with crystal violet after 10 days.

equation as given in eq. 4

B 1+ kynlQl =1+ Ksy[Q) @
where F, is the fluorescence peak intensity of pure BSA and F is the
fluorescence peak intensity of BSA added with various concentrations of
the quencher compound. kq is the quenching rate constant of the bio-
molecular reaction and Kg, is the Stern-Volmer quenching constant. [Q]
and 7, refer to the concentration of the compound and the average
lifetime of the pure BSA molecules (10 ~° s) respectively. For both BSA-I
and BSA-2 study, the plot of Fo/F vs [Q] (Figures SI-7a and SI-7b) did
not give a linear plot which is the usual case but gave a curve upward
towards the y-axis. This is a keen observation of competitive quenching
wherein both dynamic and static quenching of the fluorophore are in
action. This unusual case was solved by using the Stern-Volmer mod-
ified equation given in Eq. (5) [61].

F
F = 1+ KplQhA + Ks[QD) ®)

where Kp and Kg are the dynamic and static quenching constants re-
spectively. The values of K, and Kg and the respective kq values for BSA-
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Table 3
Binding and quenching parameters of BSA-I and BSA-2 adducts obtained from
fluorescence measurements at 298 K.

Compound  n Ka Ks (mol™")  Kp(mol™")  Kq (mol~'s™V
I 1.84 1.62x10° 4.84 x 10°  1.42 x 10° 2.45 x 10
2 1.70  214x10° 582x10°  1.35x 10° 2.33 x 10

I and BSA-2 are given in Table 3.

The high values of quenching rate and biomolecular quenching
constants in addition to the non-linear SV plots direct attention towards
the dominancy of static quenching via ground state complex formation.
Hence, static quenching majorly contributes for the overall quenching
of BSA fluorescence profile [62,63]. A graph of log (Fo—F)/F vs log [Q]
was plotted [60,64] to find the total binding sites (n), the slope of which
gave the value of n (using eq. 6).

F, —
log ( F ®)

The value of n was calculated to be about 2 in the case of both I and
2 which indicates that the molar ratio of protein and compounds in the

F

) = logK, + nlog|Q]
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Fig. 8. Intrinsic BSA fluorescence quenching profile with the titration of different concentrations of (a) Hohpdbal-sbdt (I) and (b) [{VVO(hpdbal-sbdt)}zu-O] (2).
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binding response is 1:2. K, is the binding constant which was calculated
using the Benesi-Hildebrand modified equation (Eq. (7)) [61].
1

( : )(Ka [Q] @)

a—>b

where a and b are both constants. K, is given by (Table 3) the value of
intercept/slope in the plot of Fo/(F-Fo) vs 1/[Q] (Figures SI-8a and SI-
8b). Both [{VVO(hpdbal-sbdt)}zu-O] and Hyhpdbal-sbdt exhibited op-
timal binding constant values indicating good binding abilities with
BSA. This observation can be reasoned by the hydrogen bonding be-
tween the phenoxide -O of the ligand and the amino groups of BSA
[61,64].

F

F-F) D

3.4.2. Synchronous fluorescence study

Introduced by Lloyd and Evett in 1970s [65], this technique can
gather information about the molecular environment in the vicinity of
the fluorophore molecules. Fluorescence of BSA is majorly contributed
by two amino acids tyrosine (Tyr) and tryptophan (Trp). To measure
their fluorescence simultaneously in a synchronized way, wavelength
interval of AN = 15nm (Figures SI-9a and SI-9b) and AN = 60 nm
(Figures SI-10a and SI-10b) for Tyr and Trp respectively were set and
the scan was set between Ao, = 200-350 nm and A, = 290-500 nm to
collect information on the quenching brought about by them [61]. The
intensity peak for Trp got quenched to a higher extent in comparison to
that of the Tyr peak. Therfore, the inference was drawn that the com-
pounds quenched BSA fluorescence mostly by Trp quenching which was
evident from the Fig. 9a and b.

3.4.3. 3D fluorescence study

Three dimensional fluorescence spectroscopy aids in examining the
representative conformational variations of BSA in a more reliable
fashion by deciphering the fluorescence information of in a very com-
prehensive way [66]. Three optimal concentrations (0.83 uM, 4.17uM,
8.30 uM) of the ligand and [{VVO(hpdbal—sbdt)}zp—O] were titrated
with BSA (5 puM) taken in phosphate buffer of pH 7.4 at 298 K. The
spectra were recorded between excitation wavelength of 200-360 nm
and emission wavelength of 200-650 nm at a scan rate of 600 nm/min
and an increment of 2nm. Fig. 10 represents the 3D fluorescence
spectra and the contour diagrams of BSA—[{VVO(hpdbal—sbdt)}zp—O] 2
adducts and these representations were similar to the 3D spectra of the
BSA-ligand adducts (Figure SI-11).

Sharp peaks a and b in Fig. 10 are due to 1°' order Rayleigh scat-
tering (Aem = Aex) and 2" order Rayleigh scattering (Aem = 2Aey) re-
spectively. Peak 1 appears due to the n—n* transitions of the aromatic
amino acids, i.e. mainly due to Trp intrinsic fluorophore residues of
protein. Peak 2 being the strongest peak is observed as a result of the
typical n—n* transition occurring in the polypeptide backbone [67].
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Intensities of both these peaks (Table 4) slowly diminished upon sub-
sequent addition of the compounds giving a direct implication that
protein peptide strand alterations and amino acid quenching are two
important observational effects. Hence, through the 3D fluorescence
studies, it is inferred that conformational changes are occurring to BSA
due to slow unfolding of protein polypeptide chain with the addition of
quencher compounds.

3.4.4. UV-vis study

The absorbance shown by BSA depends mainly on the micro-
environment of BSA chromophores and hence the essential parameters
to determine the complex formation between BSA and compounds
using UV-vis studies are the absorbance bands observed due to amide
(-CONH) groups and Trp amino acid residues [67] at 201 nm (strong)
and 280nm (comparatively weaker) respectively. The absorption
spectra of BSA (5uM) in phosphate buffer of pH 7.4 upon titration with
different concentrations of ligand and [{VVO(hpdbal—sbdt)}zp—O] (0.83
UM to 8.26 uM each) at 298 K are presented in Figs. 11a and 11b re-
spectively. It was found that with increasing concentrations of com-
pounds, the absorbance shown by pure BSA increased which proposed
static quenching [68] for the BSA-I and BSA-2 interaction.

Using the UV absorbance data, double reciprocal plot (Ao/(A-Ao) Vs
1/c) (Figures SI-12a and SI-12b) was drawn from which association
constant K, for each temperature was found. Van’t Hoff’s plot (InK, vs
1/T) using Eq. (8) was drawn to probe the type of forces between BSA
and compounds (I and 2) and the thermodynamic parameters involved
in the binding reaction (Figures SI-13a and SI-13b).

®

The free energy relation given by Eq. (9) was used to calculate Gibbs
free energy change AG at different temperatures.

©)

The values of association constant K, and free energy change AG at
four different temperatures are summarized in Table 5. It was observed
that the values of all thermodynamic parameters AH, AS and AG are
negative which is suggestive of hydrogen bonded or van der Waals
interactions between BSA and compounds (I and 2) [69,70] and that
the interaction between them is purely spontaneous.

AG = AH — TAS

3.4.5. Forster resonance energy transfer (FRET) study

FRET is a phenomenon of transfer of electromagnetic energy non-
radiatively to an acceptor quencher present in the ground state from a
photo excited donor fluorophore lying in its proximity [71]. In our
studies, the fluorophore protein is considered as a donor and the
quencher molecule is regarded as an acceptor.

1.04 BSA-1 (a) 1.0 BSA-2 (b)
0.8 —0—AA=15nm 0.84 —0—AA=15nm
—o—A2A=60nm —— A2=60nm
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Fig. 9. Graphs obtained from synchronous fluorescence measurements at A\ = 15 and A\ 60 nm for (a) BSA-I adduct and (b) BSA-2 adduct.
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Fig. 10. 3D fluorescence spectra along with the contour diagrams for (i) pure BSA (5uM), (ii) BSA (5pM)-2 (0.83 uM), (iii) BSA (5uM)-2 (4.17uM) and (iv) BSA

(5uM)-2 (8.30 uM).

Table 4
Fluorescence peak (peak 1 and peak 2) changes observed from 3D fluorescence studies.
Samples Peak 1 Peak 2
Nex Nem Intensity Stokes shift AA(nm) % quench Nex Nem Intensity Stokes shift AA (nm) % quench
(nm) (nm) (nm) (nm)
BSA 280 348 379.73 68 - 224 344 676.67 120 -
I, 280 348 355.97 68 6.26 228 342 476.12 114 29.64
I 280 346 179.54 66 52.72 230 338 189.37 108 72.01
I 280 336 81.42 56 78.56 230 334 70.76 104 89.54
2, 280 338 282.36 58 25.64 226 342 457.24 116 32.43
2y 280 342 156.45 62 58.80 228 344 196.22 116 71.00
2. 280 336 95.38 56 74.88 230 336 81.50 106 87.96
I,: BSA (5 uM) + I (0.83 uM), I,: BSA (5 uM) + I (4.17 uM), I:BSA (5 uM) + I (8.30 puM).
2,: BSA (5 uM) + 2 (0.83 uM), 2;: BSA (5 pM) + 2 (4.17 uM), 2.:BSA (5 uM) + 2 (8.30 puM).
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Fig. 11. UV-vis absorption spectra of BSA upon titration with different concentrations of (a) Hyhpdbal-sbdt (I) and (b) [{VYO(hpdbal-sbdt)},u-O1 (2).
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Table 5
Binding and thermodynamic parameters acquired from UV-vis titration studies.
Sample T (K) K, AH (kJ) AS (J/K/mol) AG
(kJ/mol)
BSA-I 293 2.99 x 10* —40.48 -52.39 —-25.13
298 2.29 x 10* —24.87
303 1.79 x 10* —24.61
308 1.32 x 10* —24.34
BSA-2 293 3.32 x 10* -71.86 —158.06 —25.55
298 2.47 x 10* —24.76
303 1.34 x 10* —-23.18
308 0.82 x 10* —-23.97

Fig. 12a and b depicts the overlap integral of the fluorescence
emission spectrum of BSA and the absorption spectrum of I and 2 re-
spectively. The energy transferred was calculated using the FRET theory
[67] (using Eq. (10)).

F

E=1-2=
F

R}

RS+ rb (10)

where E is the energy transfer efficiency, F is the fluorescence intensity
of pure BSA, F is the fluorescence intensity of BSA added with the
quencher compound and r is the binding site proximity between
fluorophore and quencher molecules. The Forster critical energy
transfer distance (Ro) at which there is an energy transfer efficiency of
50% was calculated using Eq. (11).

RS = 8.79 x 107°K>N—*®J (11)

where K? = 2/3 is the spatial orientation factor for BSA, N = 1.336 is
the average refractive index of the medium, ¢ = 0.15 is the fluores-
cence quantum yield [72] and J is the overlap integral of the absorption
spectrum of compounds (I and 2) and fluorescence emission spectrum
of BSA. This value was obtained using Eq. (12).

SF@Q)e()atdr
J=2—
F(4

{ war 12)
where F(\) is the corrected fluorescence intensity of the fluorophore
BSA over a wavelength range of A to (A +d\). e(A) is the molar ex-
tinction coefficient of the acceptor compounds at A [73]. Using all the
above equations, J, E, Ry and r were calculated and the values obtained
are given in Table 6. According to the rules laid by the Forster non-
radiation energy transfer theory [73], the proximity of binding sites r
should be in between 2 to 8 nm with a condition that 0.5 Rp <r < 1.5
Ro. The present case of BSA-I and BSA-2 interactions are in agreement
with the above rules hence demonstrating high energy transfer prob-
ability from excited state BSA molecules to the ground state quencher
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Table 6

Energy transfer parameters calculated for the binding of compounds with BSA.
Sample J (ecm®/L/mol) E Ro (nm) r (nm)
BSA- 2.81 x 10714 0.79 2.99 2.41
BSA-2 3.42x 1071 0.80 3.10 2.47

compounds. FRET study supplements our observation of BSA fluores-
cence quenching through static mechanism [74] by the compounds I
and 2.

3.4.6. IR binding study

The protein and polypeptide IR spectra exhibit distinctive finger-
print Amide I bands due to the C=0 stretching and Amide II bands due
to the N—H bending associated with the amide bonds linking the amino
acid chains. Both bands are sensitive [75] to the secondary structure of
the protein. This feature can be used as a probe to investigate the
conformational changes in the secondary structure of BSA as both C=0
and the N—H groups are involved in intramolecular hydrogen bonding
between different elements of the secondary structure [76]. To in-
vestigate the influence of compound 2 on the secondary structure
conformations of BSA, IR spectral studies were carried by titrating three
optimal concentrations of 2 (17 uM, 83 uM and 165 pM) with BSA (100
uM). Amide I and amide II bands were observed at 1649 em~! and
1539 cm™ respectively in the original BSA spectrum. A shoulder peak
around 1468 cm™ was also seen. These observations confirm the a-
helical conformational dominancy of the native BSA structure. In-
cubation of the compounds with BSA produced small shifts in the IR
spectra (Table SI-3). The amide I band is usually used as a better pre-
dictor for quantifying the secondary structure of proteins when com-
pared to amide II band even though precisely resolved peaks does not
appear in both the cases. The problem of analyzing the amount of dif-
ferent forms of BSA secondary structure was tackled by performing
peak fitting on the Amide I band in the wavenumber region of 1600-
1700 cm™ in the IR second derivative spectra. This peak fitting was
done with the help of Levenberg- Marquardt (L-M) algorithm [77]
which provided neatly resolved spectra for different secondary struc-
ture confirmations of the protein as shown in Fig. 13. The same method
was used to analyse the conformational changes occurring in the pro-
tein on addition of ligand I (Figure SI-14).

The information on the secondary structure forms of BSA obtained
by resolving the IR spectra of samples is represented in Table 7. The
conversion of a-helical form into p-helical and other minor forms with
the concentration of compounds deliberates that the coiled BSA sec-
ondary structure unfolds in a progressive and steady manner.

All these spectroscopic investigations concludes that the carrier
proteins can transport the novel drug candidate [{VVO(hpdbal-
sbdt)},p-O] (2) to the targeted site of action in a hassle-free manner
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Fig. 12. Depiction of BSA fluorescence intensity overlap with the absorbance of (a) Hpohpdbal-sbdt (I) and (b) [{VVO(hpdbal-sbdt)}zu—O] 2).
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Fig. 13. Peak fitted deconvoluted IR Spectrum of (i) pure BSA (100 uM), BSA-2 (17 uM) and (iii) BSA-2 (83 uM).

Table 7

The percentages of different BSA secondary structure conformations obtained from the deconvoluted Amide I IR band.

Sample a-helix B-sheet Random coil Turn B-antiparallel
em™?! % em™?! % em™?! % em™?! % em™?! %
BSA 1652 68 1616,1628 12 1641 5 1673 14 1691 1
I L, 1650 41.6 1615,1626 15.6 1636 12.7 1671 27.6 1690 2.5
I 1654 38.7 1622,1629 18.1 1640 14.3 1670 26.2 1686 2.6
2 2, 1647 40.3 1609,1620 10.4 1633 14.5 1667 33.2 1688 1.6
2p 1653 37.4 1620,1630 24.1 1640 12.4 1671 22.8 1686 3.3

I,: BSA (100 uM) + I (17 uM), I,: BSA (100 uM) + I (83 uM).
2,: BSA (100 uM) + 2 (17 uM), 2;,: BSA (100 uM) + 2 (83 uM).

without momentously affecting the structure and function of the pro-
teins. These studies can also be used as supporting information in the
future drug development processes with respect to in vivo studies or
clinical trials.

4. Conclusions

Novel oxidovanadium [VYO(OCHs)(hpdbal-sbdt)] (1) and p-oxo
bridged oxidovanadium [{VVO(hpdbal-sbdt)}gu-O] (2) complexes were
obtained by the reaction of [V'VO(acac),] and the ligand Hyhpdbal-sbdt
(D). Dinuclear vanadium complex [{VVO(hpdbal-sbdt)}zp-O] (2) was
revealed to be a potential anticancer molecule due to its ability to in-
hibit proliferation of breast and lung cancer cells, induce apoptosis and
reproductive cell death. The activity was found to be comparable with
the standard cisplatin drug. The compound 2 was also found to be
stable enough at physiological pH condition and was studied for the
interaction with protein alongside the ligand for comparison studies.
The interaction study of BSA-vanadium complex (2) gave a conclusive
remark that the binding is spontaneous and exothermic. A hydrogen
bonded or van der Waals type of interaction between the protein and
the anticancer complex was revealed. The study also indicated high
probability of energy transfer to quencher compounds from BSA via
static quenching mechanism. In addition, the a-helical content of the
protein decreased only when titrated with higher concentrations of the
compound. These arguments will hence support our assertion that the
oxidovanadium complex 2 can pass the blood stream without affecting
the normal functioning of the serum protein in healthy cells.
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