Received: 13 June 2019

Revised: 12 September 2019

Accepted: 14 September 2019

DOI: 10.1002/a0c.5283

FULL PAPER

épplied t Ill
rganometallic
Wl LEY Chgemistry

Organotin(IV) complexes of NSAID, ibuprofen, X-ray
structure of Ph;Sn(IBF), binding and cleavage interaction
with DNA and in vitro cytotoxic studies of several organotin

complexes of drugs

Ranjana Kumari' | Somesh Banerjee’ | Partha Roy’ | Mala Nath'

! Department of Chemistry, Indian
Institute of Technology Roorkee, Roorkee
247667, India

*Department of Biotechnology, Indian
Institute of Technology Roorkee, Roorkee
247667, India

Correspondence

Mala Nath, Department of Chemistry,
Indian Institute of Technology Roorkee,
Roorkee 247667, India.

Email: malanfcy@iitr.ernet.in;
malanfcy@gmail.com

Funding information

Ministry of Human Resource Develop-
ment, Grant/Award Number: Grant No.
MHRD -02-23-104-429; Ministry of
Human Resources Development, Grant/
Award Number: MHRD -02-23-104-429

This study encompasses the synthesis and characterization of organotin(IV)
derivatives of non-steroidal anti-inflammatory drug ibuprofen (IBF), viz.
[(Me;Sn)(IBF)] (1), [(BusSn)(IBF)] (2), [PhsSn(IBF)] (3), {[Me,Sn(IBF)],0}, (4)
and [Bu,Sn(IBF),] (5). The crystal structure of complex 3, [Ph;Sn(IBF)], indi-
cates a highly distorted tetrahedral (td) geometry with anisobidentate mode of
coordination of the carboxylate group with tin atom, and a similar structure
has been proposed for other two triorganotin(IV) derivatives. Moreover, the
DFT (density functional theory) calculation and other studies have verified a
dimer distannoxane type of structure for complex 4, {{Me,Sn(IBF)],0},. Com-
plex 5 has been found to exhibit a highly distorted octahedral geometry around
the tin atom. To investigate the DNA binding profile of the synthesized com-
plexes, viscosity measurement, UV-vis and fluorescence titrations were per-
formed, which revealed an intercalative type of binding with DNA for IBF
and complex 5 and external binding in case of the complexes 1 and 2; complexes
3 and 4 could not be studied owing to their insufficient solubility in tris buffer.
Plasmid DNA fragmentation studies of IBF and complexes 1, 2 and 5 indicate
that they cleaved the pBR322 plasmid potentially. Further, the drugs IBF {2-
acid}, MESNA
mercaptoethane-sulfonate), warfarin [2H-1-benzopyran-2-one,4-hydroxy-3-(3-
ox0-1-phenylbutyl)],
methylidene]-2-methyl-1H-inden-3-yl}acetic acid) and their corresponding

[4-(2-methylpropyl)phenyl]propanoic (sodium 2-

sulindac (2-{5-fluoro-1-[(4-methanesulfinylphenyl)
organotin(IV) complexes 1-19 (complexes 6-19 were synthesized/reported pre-
viously) were screened in vitro for cytotoxicity against human cancer cell lines
viz. DU145 (prostate cancer), HCT-15 (colon adenocarcinoma), Caco-2 (colorec-
tal adenocarcinoma), MCF-7 (mammary cancer), LNCaP (androgen-sensitive
prostate adenocarcinoma) and HeLa (cervical cancer), through MTT reduction
assay and the cause of cell death was investigated through acridine
orange/ethidium bromide staining of cells and DNA fragmentation assay. The
probable structure-cytotoxicity relationship is also discussed. The major role
of apoptosis along with small necrosis was also validated by flow cytometry
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1 | INTRODUCTION

It has been reported in the literature that several non-
steroidal anti-inflammatory drugs (NSAIDs) play a
crucial role in suppressing tumor activities'' ! and can
also be used as effective modulators in combination
therapies with anticancer drugs, viz. cyclophosphamide,
melphalanor and carmustine."! Endo et al. suggested that
ibuprofen (IBF) is a potential chemotherapeutic agent
which might allow lower doses of cis-platin and may limit
the challenges associated with its side effects and the
development of resistance, by the down-regulation of
Hsp70, which is a contributor to the process of tumor gen-
eration.”®! Ibuprofen is an NSAID and has been shown to
cure cancers of the colon, protostate, lung and breast.[>®!
Few literature reports have discussed the DNA binding
capacities of aspirin and IBF,"”*! which might be responsi-
ble for their cytotoxicities. Complexes of IBF with different
metals have been found to exhibit significant antimicro-
bial and antitumor activities.”” '3/ Ruthenium and copper
complexes of IBF possess sufficient antitumor activities
in vitro against mouse mammary (EMT6), human breast
(MDA-MB-231), human prostate (DU145), human skin
melanoma (HT-144) and SKMEI-28 cancer cell lines.!*%!3!
Few organotin complexes of IBF have been reported to
show good antibacterial activities; however none of them
was studied for their DNA binding capacity and antitumor
activities.

Utilization of platinum-based compounds as antitumor
drugs has ignited new wave of interest in the synthesis
and testing of new metal complexes as antitumor agents.
However, the side effects, toxicity and drug resistance
associated with platinum-based compounds have led
many researchers to look for new alternatives with higher
potency towards platinum-resistant cancer cells with
fewer side effects. The organotin carboxylates can be
regarded as the best substitute for platinum-based antitu-
mor drugs owing to their extensive structural possibilities
and wide range of biological activities, especially their
high in vivo and in vitro antitumor activities.'*'*! Taking
into account the importance of non-steroidal anti-
inflammatory drugs (NSAIDs) and complexes of drugs
with organotin moieties, this study deals with the synthe-
sis and characterization of five complexes of organotin
(IV) moieties with IBF. Since the organotin complexes

assay using annexin V-fluorescein isothiocyanate and propidium iodide
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were designed to imitate platinum-based drugs, the func-
tion of these complexes was presumed to be based on
interaction with DNA, which is regarded as one of the
major targets for anticancer candidates.!"*™°! Therefore,
the DNA-binding profiles of synthesized complexes, 1, 2
and 5 have been investigated through various biophysical
techniques and the plasmid-DNA cleavage pattern has
been investigated using gel electrophoresis technique.
However, the DNA-binding and cleavage profiles for
drugs, MESNA, sulindac (SUL), warfarin (WR) and their
respective organotin complexes, 6-19, have recently been
reported by us.!?*?? In order to correlate the DNA bind-
ing and cleavage potential with cytotoxic effect exerted
by the different drugs and their corresponding organotin
(IV) complexes, and to explore the comparative accounts
of the structure-activity relationships of different drugs
and complexes 1-19, their in vitro cytotoxicity (MTT
assays) has been investigated against some selected cell
lines, viz. DU145 (prostate cancer), HCT-15 (colon adeno-
carcinoma), Caco-2 (colorectal adenocarcinoma), MCF-7
(mammary cancer), LNCaP (androgen-sensitive prostate
adenocarcinoma) and HeLa (cervical cancer). Further,
the underlying cause of cell death was examined through
acridine orange (AO)/ethidium bromide (EB) staining of
cancer cell lines and DNA fragmentation assay. In order
to ascertain more information about their mode of action,
a flow cytometry assay using annexin V-fluorescein iso-
thiocyanate and propidium iodide was also carried out.

2 | EXPERIMENTAL SECTION

Details of all reagents, materials, methods and instru-
ments used are described in the Supporting Information.
The colourless and rectangular block-shaped crystals of
complex 3 [(Ph;Sn(IBF)] were obtained with very slow
evaporation of solvent (chloroform) from the concen-
trated complex solution filled in a glass tube of small
diameter and left undisturbed at ambient temperature
for 5 days. Single-crystal X-ray diffraction data at ambient
temperature was acquired by mounting a suitable crystal
of Ph;Sn(IBF) (0.25 X 0.20 X 0.17) mm on a Bruker Kappa
Apex-IT charge-coupled device detector diffractometer
having a graphite monochromated Mo K« radiation
(A = 0.71073 A) source at the Institute Instrumentation
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Centre, Indian Institute of Technology Roorkee, Roorkee,
India. The crystal structure was solved by processing the
diffraction data using the ‘direct method' with SIR-92 pro-
gram!?*! and all non-hydrogen atoms were refined aniso-
tropically by applying ‘Full matrix least-squares
calculations based on F2' using the SHELXL97 pro-
gram.®*! All hydrogen atoms were located and were ren-
dered to ride on their respective parent atoms. An
illustrative ORTEP diagram for the molecular structure
(as shown in Fig. 1) of complex 3 (CCDC ID-1814179)
along with the schematic non-hydrogen atom labelling
was developed using Mercury version 4.1.0 software.

2.1 | DNA binding studies of complexes 1-5

To elucidate the mode and extent of binding of
IBF/studied complexes towards DNA, biophysical studies
were carried out by preparing an appropriate dilution of
stock solution (in DMSO) of complexes in Tris—HCI/NaCl
buffer (pH 7.2, 5:50 mM), so that the final dilution
contained no more than 1% DMSO. Complex 3 [Ph;Sn
(IBF)] is insoluble and complex 4, [(Me,Sn-IBF),0], is
partially soluble in tris buffer, hence DNA binding studies
of these complexes could not be performed. Freshly pre-
pared dilutions of remaining complexes were used. CT
DNA (calf thymus DNA) stock solution once prepared
was not used after 2 days.

2.1.1 | UV-vis spectrophotometric
titration

The UV-vis spectra of IBF and complexes (1, 2 and 5;
6.7x107> M) were recorded in the absence and presence

C15
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of CT DNA (calf thymus DNA). Absorbance (A) of IBF
and complexes 1, 2 and 5 was obtained with successive
addition of CT DNA (0.6-15 uM) while keeping total vol-
ume constant. In order to eliminate the absorbance owing
to CT DNA the reference solution was maintained at
equal concentration of CT DNA to that of working solu-
tion. As the data does not fit the linear regression model
when plotted as [DNA]/(e. - ¢) vs [DNA] (where
[DNA] is the concentration of CT DNA, ¢, is the apparent
extinction coefficient and ¢; corresponds to the extinction
coefficient of the metal complexes in free form), thus the
intrinsic binding constant K, (equal to slope to intercept
ratio) could not be determined, and further, fluorescence
studies were employed to estimate the extent of binding.

2.1.2 | Fluorescence titration and viscosity
measurement studies

All of the fluorescence emission experiments were carried
out by diluting stock solution of the complexes, prepared
in 1% DMSO with Tris-HCI/NaCl buffer (pH = 7.2) at
25 °C. IBF and complexes (1, 2 and 5) were excited at
264 nm. Emission spectra were recorded in the range
270-360 nm with maximum emission at 290 nm. The
DNA binding experiment was carried out by recording
the emission spectra of IBF/complexes (6.7x10~> M) alone
and with increasing concentrations (2-20 um) of CT
DNA. In the EB displacement experiment, the emission
spectra of a pre-incubated solution of CT DNA (20 um)
and EB (5 uM) in the absence and presence of increasing
concentrations of IBF and complexes (2-20 uMm) were
recorded. The EB-CT DNA adduct ([DNA]/[EB] = 4)
was excited at 515 nm and emission spectra were

C10

C9

FIGURE 1 ORTEP diagram of Ph;Sn(ibuprofen, IBF) at thermal ellipsoids (50% probability); H-atoms are omitted for clarity
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observed in the range 525-700 nm with a slit width of 2
nm. In another experiment iodide quenching was studied
in which emission spectra of complexes (6.7 x 107> M)
were recorded in the absence and presence of CT DNA
(20 um) with subsequent addition of KI (potassium
iodide) (0-72 mm). Stern-Volmer quenching constants
K, in both the quenching experiments were evalu-
ated®*~2?! using the classical Stern-Volmer equation. Vis-
cosity of CT DNA (100 uMm) was measured in the presence
and absence of IBF/complexes (1, 2 and 5; 20-100 uM) in
Tris-HCIl/NaCl buffer (pH = 7.2) at 25 °C.

2.2 | DNA cleavage and gel
electrophoresis

The DNA cleavage study was performed using supercoiled
pBR322, Escherichia coli plasmid DNA. The supercoiled
DNA (100 ng) was treated with varying concentrations of
IBF and complexes (20-80 uMm) with and without activators
or radical quenchers in buffer solution (5:50 mm Tris-
HCI/NacCl, pH 7.2) and were incubated for 5 h at 37 °C.
Incubated samples were then treated with 2 uL loading
buffer [30 mm EDTA, 0.05 % (w/v) glycerol, 36% (v/v)
bromophenol blue] and loaded onto agarose gel (0.8%)
containing EB (0.5 pug/mL). The agarose gel was run in
0.5 X TBE buffer at 50 V/cm for 3.5 h. Bands formed by
moving plasmid DNA were visualized and photographed
using a gel documentation system (Bio-Rad, USA).

2.3 | Flow cytometry for analysis of
apoptosis

The pattern of cell death in response to the treatment drug,
flow cytometry was performed using Annexin V-
fluorescein isothiocyanate and propidium iodide.!?52¢!
Briefly, 1x10° cancer cells were seeded in six-well plates.
The cells were maintained in DMEM media and incubated
at 37 °C for 24 h in a humidified, 5% CO, incubator. After
this, the cells were incubated with different complexes for
another 24h. Vehicle (DMSO: dimethylsulfoxide) treated
cells were incubated as control cells. After this, the cells
were collected and harvested for processing according to
the manufacturer's protocol (Alexa Fluor 488 Annexin
V/Dead Cell Apoptosis Kit, Invitrogen, USA). After the
incubation in dark was over, the cells were immediately
analysed by FACS Verse flow cytometer (BD Biosciences)
to avoid fluorescence quenching. The data were analysed
using BD FACSuite software (BD Biosciences).

Detailed experimental procedures of the cytotoxic
study through MTT assay, acridine orange/ethidium bro-
mide staining and DNA fragmentation assays were
followed as reported previously[%] and are also given in
the Supporting Information.

2.4 | Synthesis

Complexes of triorganotin(IV) and dimethyltin(IV) with
IBF (complexes 1-4) were synthesized through the ther-
mal method by preparing sodium salt of IBF in situ, and
dibutyltin(OV)-IBF complex (5) was synthesized by the
microwave method. Syntheses of complexes 6-19 was
previously reported.?*-%2!

2.4.1 | Synthesis of triorganotin(IV)-IBF
complexes (1-3)

Sodium salt of IBF was prepared by stirring the solution
of IBF (5 mMm, 1.04 g) in 75 mL methanol and sodium
methoxide, which was prepared by reacting sodium metal
(5.5 mM, 0.126 g) in 15 mL of dry methanol for 4 h at
ambient temperature. The resulting solution was then
evaporated, washed and dried, and preserved for further
synthesis of complexes. To a solution of sodium salt of
IBF (0.5 mmol, 0.115 g) in 15 mL of specially dried meth-
anol, a hot methanolic (15 mL) solution of trimethyltin
(IV) chloride (0.5 mmol, 0.100 g), triphenyltin(IV)
chloride (0.5 mmol, 0.193 g) or tributyltin(IV) chloride
(0.5 mmol, 0.141 mL) was added. The solution thus
formed was refluxed with continuous stirring for 4 h.
The reaction mixture was continuously supplied with
dry nitrogen. The excess solvent was evaporated under
reduced pressure. The products thus obtained were
washed with a mixture of methanol and n-hexane
(1:3, v/v), dried under vacuum and weighed.

2.4.2 | Synthesis of dimethyltin(IV)-IBF
complex (4)

To a mixture of Me,SnCl, (0.5 mmol, 0.110 g) and IBF
(0.5 mmol, 0.103 g) in 30 mL of specially dried methanol,
NaOH (2M, 1 mL) was added and the resulting solution
was refluxed for 2 h. Further, 3 g of Na,SO, was added
in the solution and again refluxed for 4 h. The solution
was kept for 2 days at ambient temperature and product
started to separate out, which was then filtered and
washed with methanol and n-hexane (1:1, v/v), and dried
under vacuum and weighed.

2.4.3 | Synthesis of dibutyltin(IV)-IBF
complex (5) by the microwave-assisted
method

Microwave-assisted syntheses were carried out in an open
glass vessel microwave oven (Magicook 20S (Galaxy)
Whirlpool) with a rotating tray and having maximum
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microwave energy output of 800 W. In order to synthesize
complex 5, IBF (1 mmol, 0.206 g) and dibutyltin oxide (0.5
mmol, 0.124 g) were finely ground together to obtain a
homogeneous mixture. A paste of this mixture was made
by adding few drops of methanol and irradiated for 1 min
in a microwave oven at 400 W, in a Petri dish. The reac-
tion mixture was then allowed to cool at room tempera-
ture and again irradiated for 1 min; this process was
repeated 4 times. An oily compound appeared in the Petri
dish, which was dried after triturating with hexane sev-
eral times. The resulting product was scratched and
washed with n-hexane and dried in vacuum.

2.4.4 | Attempted syntheses

Syntheses of dioctyltin(IV) and diphenyltin(IV) com-
plexes with IBF were also tried through microwave and
thermal methods, but in both the cases an oily mass
was obtained which was a mixture of product and reac-
tants, which could not be purified. Furthermore, efforts
to synthesize the mixed ligand complexes of organotin
(IV) with IBF and 1,10-phenanthroline were made, but
were not successful.

2.4.5 | IBF, Cy3Hy50,

Physical state: white solid; m.p.: 79 °C; MW = 206.2; IR
(KBr, cm™): » (OH) 2500-3300 (br), »(C=0) 1707(s),
WC=C)/v (ring) 1636(m) 1563(s), 1465(s); 'H NMR
[6 (ppm), CDCl5 399.78 MHz]: 3.72 (q, 1H, H-2), 1.51
(d, 3H, H-3), 7.23 (d, 2H, H-5, 5'), 7.11 (d, 2H, H-6, 6"),
2.46 (d, 2H, H-8), 1.85 (m, 1H, H-9), 0.91 (d, 6H, H-10,
10"); *C NMR [§ (ppm), CDCl; 100.53 MHz]: 180.03
(C-1), 45.02 (C-2), 18.04 (C-3), 136.93 (C-4), 127.26 (C-5,
5'), 129.38 (C-6, 6'), 140.83 (C-7), 44.95 (C-8), 30.15
(C-9), 22.38 (C-10, 10).

2.4.6 | (Me3Sn)(IBF), C16H26OZSn

Physical state: off-white, solid; yield: 80%, m.p.: 144 °C;
MW= 370.1; Anal. calcd for C,cH,;,0,Sn: C 52.09, H
7.10, Sn 32.16; observed: C 51.67, H 6.93, Sn 31.69. IR
(KBr, cm™): v,y (C=0) 1577(s), »s(C=0) 1400(s),1359
(m), v = 186 cm ™', ¥(C=C)/v (ring) 1560(s), 1506(m),
1453(m), v,s (Sn—-C)/v (Sn-C) 615(m), 597 (w), v (Sn-0)
547(s); '"H NMR [6 (ppm), CDCl; 399.78 MHz]: 3.69
(q, 1H, H-2), 1.45 (d, 3H, H-3), 7.20 (d, 2H, H-5, 5"), 7.07
(d, 2H, H-6, 6'), 2.46 (d, 2H, H-8), 1.84 (m, 1H, H-9),
0.89 (d, 6H, H-10, 10"), 0.50 (9H, H-a), [*J (***Sn-'H) =
57.6 Hz]; [ £C-Sn-C= 110.8°]; *C NMR [ (ppm), CDCl;
100.53 MHz]: 180.28 (C-1), 45.73 (C-2), 19.50 (C-3), 139.18

Chemistry
(C-4), 127.06 (C-5, 5'), 129.12 (C-6, 6'), 139.95 (C-7), 45.04
(C-8), 30.14 (C-9), 22.37 (C-10, 10’), -2.49 (C-a), [
(*sn-'3C) = 388 Hz|, [«C-Sn-C= 110.8]%; '*°Sn NMR
[6 (ppm), CDCl;, 186.50 MHz]: 136.16.

2.4.7 | (BU3SD)(IBF), C25H34028n

Physical state: white, solid; yield: 83%, m.p.: 52 °C; MW =
496.2; Anal. calcd for C,sH3,0,Sn: C 60.62, H 8.59, Sn
23.97; observed: C 60.28, H 8.44, Sn 23.11; IR (KBr, cm™~
. ,(C=0) 1586(s), v(C=0) 1391(s), 1356(m), v = 218
cm™Y, w(C=C)/v (ring) 1507(s), 1453(m), v,s (Sn—C)/vs
(Sn-C) 597(m), 511 (w), v (Sn-0) 544(m); 'H NMR [§
(ppm), CDCl; 399.78 MHz|: 3.69 (q, 1H, H-2), 1.46
(d, 3H, H-3), 7.22 (d, 2H, H-5, 5), 7.06 (d, 2H, H-6, 6'),
2.43 (d, 2H, H-8), 1.84 (m, 1H, H-9), 0.90 (d, 6H, H-10,
10"), 0.87 (t, 9H, 6-H); 1.18-1.32 (m, 12H, H-a, 8), 1.49-
1.75 (m, 6H, H-y), [J (***Sn-"H) = 55.97 Hz], [«C-Sn-
C= 109.4°]°; *C NMR [§ (ppm), CDCl; 100.53 MHz]:
180.07 (C-1), 4591 (C-2), 19.16 (C-3), 139.30 (C-4),
127.10 (C-5, 5), 129.01 (C-6, 6'), 139.95 (C-7), 45.05
(C-8), 30.17 (C-9), 22.37 (C-10, 10'), 16.37 (C-a), 26.92
(C-B), 27.71 (C-y), 13.60 (C-8), ['J(*3C-"17/11%Sn) = 354.3/
500.96 Hz], [£C-Sn-C = 107.8°/120.7°].; °Sn NMR [&
(ppm), CDCl;, 186.50 MHz]: 110.86.

248 | Ph3Sn(IBF), (C31H32023n)

Physical state: off-white, solid; yield: 78%, m.p.: 96 °C;
MW= 556.1; Anal. calcd for C3;H3,0,Sn: C 67.05, H 5.81,
Sn 21.38; observed: C 66.68, H 5.34, Sn 20.91. IR (KBr,
cm ™) vas (C=0) 1616(s), v(C=0) 1427(s), 1380(m), v =
195 cm ™', »(C=C)/v (ring) 1506(m), 1474(m), 1450(m), v
(Sn-0) 553(m), v (Sn<0) 444(s); '"H NMR [5 (ppm),
CDCl; 399.78 MHz]: 3.83 (q, 1H, H-2), 1.50 (d, 3H, H-3),
7.19 (d, 2H, H-5, 5'), 7.04 (d, 2H, H-6, 6'), 2.44 (d, 2H, H-
8), 1.84 (m, 1H, H-9), 0.90 (d, 6H, H-10, 10’), 7.65-7.63
(br, 6H, H,); 7.42-7.37 (br, 9H, H,,,) [2J("""/"sSn-"H) =
51.97/59.98 Hz], [£C-Sn—-C= 108.28/112.15°]% *C NMR
[§ (ppm), CDCl; 100.53 MHz]: 181.15 (C-1), 45.24 (C-2),
19.24 (C-3), 138.65 (C-4), 127.16 (C-5, 5'), 129.07 (C-6,
6"), 140.10 (C-7), 45.03 (C-8), 30.17 (C-9), 22.38 (C-10,
10"), 128.77, 129.07, 136.69, 138.64 (Cypm ), ['I(C-17
198n) = 390.97 Hz], [£C-Sn-C = 111.05°]%; ''Sn NMR
[6 (ppm), CDCl;, 186.50 MHz]: -109.53.

2.4.9 | {[Me2Sn(IBF)]20}2, (C60H92010SH4)

Physical state: white, solid; yield: 78%, m.p.: 112 °C;
MW= 1452.3; Anal. calcd for (C¢oHg,010Sn,): C 49.76,
H 6.40, Sn 32.79; observed: C 49.70, H 6.02, Sn 32.16. IR
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(KBr, cm™): v,(C=0) 1638, 1569(s), v(C=0) 1512(s),
1459(s), v = 231, 184 cm™', »(C=C)/v (ring) 1507(m),
1459(m), v,s (Sn-C) /vs (Sn—-C) 640(m), 594(m), 521(w),
v (Sn-0) 581(s), 499(s); '"H NMR [6 (ppm), CDCl;
399.78 MHz]: 3.47 (q, 2H, H-2), 1.36 (d, 6H, H-3), 7.15
(d, 4H, H-5, 5), 7.06 (d, 4H, H-6, 6'), 2.43 (d, 4H, H-8),
1.83 (m, 2H, H-9), 0.89 (d, 12H, H-10, 10’), 0.47 (6H,
H-a); *C NMR [6 (ppm), CDCl;, 100.53 MHz]: 180.71
(C-1), 47.00 (C-2), 18.94 (C-3), 138.97 (C-4), 127.11 (C-5,
5), 129.25 (C-6, 6'), 140.18 (C-7), 45.02 (C-8), 30.17
(C-9), 22.34 (C-10, 10), 5.87, 8.36 (C-a), ['J(**Sn-"3C) =
437.73 Hz|, [£C-Sn-C= 115.15°]%; *'Sn NMR [& (ppm),
CDCl;, 186.50 MHz]: -176.78, ~182.34.

2.4.10 | Bqun(IBF)Z (C34H5204Sn)

Physical state: white, solid; yield: 89 %, m.p.: 68 °C; MW=
644.3; Anal. calcd for C5;,H5,0,Sn: C 63.46, H 8.07, Sn
18.45; observed: C 63.03, H 7.99, Sn 17.93. IR (KBr, cm~
D) 1,(C=0) 1596(s), vs(C=0) 1389(m), v = 206 cm*,
Y(C=C)/v (ring) 1507(s), 1464(m), v,s (Sn-C) /v (Sn—C)
603(m), 503(w), v (Sn—-0) 542(m), v (Sn<0) 494(s); 'H
NMR [6 (ppm), CDCl;, 399.78 MHz]: 3.75 (q, 2H, H-2),
1.50 (d, 6H, H-3), 7.23 (d, 4H, H-5, 5"), 7.07 (d, 4H, H-6,
6’), 2.43 (d, 4H, H-8), 1.83 (m, 2H, H-9), 0.89 (d, 12H,
H-10, 10"), 0.76 (t, 6H, 8-H); 1.25-1.16 (m, 6H, H-y),
1.42-1.56 (m, 8H, H-a, B), [2/(*°Sn-'H) = 71.96 Hz],
[£C-Sn-C= 121.78°]°; *C NMR [§ (ppm), CDCl;
100.53 MHz]: 184.48 (C-1), 45.01 (C-2), 18.70 (C-3),
137.76 (C-4), 127.14 (C-5, 5), 129.15 (C-6, 6"), 140.49 (C-
7), 45.01 (C-8), 30.15 (C-9), 22.35 (C-10, 10'), 24.84
(C-a), 26.41 (C-B), 26.08 (C-y), 13.42 (C-6): '*Sn NMR
[6 (ppm), CDCl;, 186.50 MHz]: —146.07.

s, Singlet; d, doublet; t, triplet; m, multiplet; br, broad;
dd, doublet of doublet; q, quartet; bdetermined through
Lockhart Manders equation 27; “determined through
Lockhart Manders equation 28; m, medium; s, strong;
w, weak, br, broad for IR frequencies.

3 | RESULTS AND DISCUSSION
3.1 | Chemistry

Triorganotin(IV) complexes of IBF (1-3) were synthesized
by refluxing Me;SnCl/BusSnCl/Ph;SnCl with sodium salt
of IBF (1:1 metal to ligand ratio) in methanol with a con-
tinuous supply of dry nitrogen as given in Scheme 1(a).
NacCl formed during the reaction was removed by washing
the complexes with a mixture of MeOH and H,O (9:1,
v/v). Complex 4 was prepared by refluxing Me,SnCl,
and IBF with equivalent NaOH, Scheme 1(b), so as to
form IBF-dimethyltin hydroxide intermediate which then
further refluxed in the presence of Na,SO, in order to

absorb H,O formed during the course of reaction, which
is necessary for the reaction to complete. Further, complex
5 was synthesized by microwave irradiation of a mixture
of Bu,SnO and IBF in 1:2 (metal to ligand) ratio [Scheme 1
(c)]. The reaction proceeded, as the water molecules
formed during the course of reaction evaporated with
microwave irradiation. The whole reaction was completed
in 5 min and yield was quite high. All of the complexes
prepared were soluble in methanol, CHCl; and acetoni-
trile, and stable towards air and moisture. The melting
point, physical and analytical data of complexes are given
in the Experimental section. The CHSn percentages
observed for the proposed structure of the complexes
was very close to the calculated values. The proposed
structures and synthetic route opted for the synthesis of
complexes 1-5 are given in Scheme 1. The structures of
the complexes 6-19 as reported previously'?*-??! are given
in Scheme 2.

3.1.1 | X-ray crystallography of complex 3
[Ph3;Sn(IBF)]

The relevant crystallographic data and the structure
refinement parameters are organized in Table 1, and the
selected bond lengths, bond angles and torsions angles
are systematically compiled in Table 2. An ORTEP view
of the complex 3 is illustrated in Fig. 1. The X-ray diffrac-
tion examination apparently reveals that the complex
seems to crystallize in a monoclinic space group ‘P 21/n’
and comprises four molecules associated with weak van
der Waal's C-H...7 interactions (2.883 A) among the phe-
nyl groups at Sn atoms in its unit cell. The complex may
be perceived to adopt a distorted capped tetrahedral (Td)
geometry (interpreted as a [4+1] coordinated geometry
around the Sn atom) wherein the O atoms of the carbox-
ylate group are bonded in an asymmetric chelating mode
to the Sn atom through a weak and a strong bonds as evi-
dent from the values of the observed Sn-O and O-C
bonds lengths, viz. Sn(1)-0(1) 2.633 A, Sn(1)-0(2) 2.079
A, 0(1)-C(19)1.224 A and O(2)-C(19) 1.301 A. The strong
covalent bond [Sn(1)-0(2) 2.079 A] was found to be con-
sistent with the earlier reports on similar triorganotin(IV)
carboxylates wherein the Sn-O bonds were measured to
be 2.077 and 2.0748 A, respectively.!**>°! On the contrary,
the weak bond [Sn(1)-0(1) 2.633 A] is much shorter than
the van der Waal's radii of the respective atoms (3.7 A),
and therefore, it is considered as a weak coordinate
(Sn<0) bond, which is akin to the earlier measured value
(2.671A) for the similar triphenyltin(IV) complex.**! It is
obvious that on account of the weak Sn<O bond, the
structure of complex 3 underwent a significant distortion
from ideal Td to TBP geometry and can best be described
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SCHEME 2 Structures of organotin(IV) complexes of different drugs: 6 [Me,Sn(MESNA),], 7 [Bu,Sn(MESNA),], 8 [Oct,Sn(MESNA),], 9
[Ph,Sn(MESNA),]|, 10 [Bu,Sn(MESNA), Phen], 11 {{Me;Sn(WR)]}, 12 [Bu3Sn(WR)], 13 [Me;Sn(Sul)], 14 [Ph;Sn(Sul)], 15 [BusSn(Sul)], 16
[Ph,Sn(Sul),], 17 [Me,SnCl(Sul)],, 18 [Bu,Sn(Sul),] and (19) [Oct,Sn(Sul),]. MESNA, Sodium 2-mercaptoethanesulfonate; warfarin (WR),
2H-1-benzopyran -2-one-4-hydroxy-3-(3-oxo-1-phenylbutyl); sulindac (SUL), 2-{5-fluoro-1-[(4-methanesulfinylphenyl)methylidene]-2-
methyl-1H-inden-3-yl}acetic acid.20-22
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TABLE 1 Crystallographic data and structure refinement
parameters for [Ph;Sn(IBF)].

[Ph;Sn(IBF)]
Empirical formula C5;H3,0,Sn
Formula weight 555.26
Crystal system Monoclinic
Space group P2,/n
a (A) 11.423(5)
b (A) 9.318(5)
¢ (A) 26.005(5)
B (deg) 97.298(5)
vV (A% 2746(2)
Z 4
Deare. (g cm™) 1.382
u (mm™Y) 0.954
T (K) 293 (2)
F000 1136
A (Mo ka) (A) 0.71073
Omin (deg) 2.46
Omax (deg) 29.64
Total reflections 31500
Reflections collected 5777
Data/restraints/parameters 6840/1/307
WR; (all data) 0.1006
WR, 0.0952
R; (all data) 0.0512
Ry 0.0408
Largest difference peak 0.769
Deepest hole —0.932
Goodness-of-fit 1.095

as a capped tetrahedron.?>*! In addition to the values of

the measured bond angles, viz. C-Sn—C (107.97-119.31°),
0O-Sn-C (83.6-148.0°) and O-Sn-0 (53.88°), and the tor-
sions angles, viz. O(1)-Sn(1)-0(2)-C(19) 3.5°, O(1)-Sn
(1)-C(1)-C(6) 157.5°, O(2)-Sn(1)-C(1)-C(6) 111.8°, C
(1)-Sn(1)-0(1)-C(19) —130.8° and C(1)-Sn(1)-O(2)-C
(19) 65.5°, further substantially support the severe distor-
tion, which seems to be considerably deviated from their
ideal values. Further, the stability of crystal lattice can
be described by weak van der Waal's forces among the
phenyl groups of the adjacent molecules.

3.1.2 | FTIR spectroscopy

A broad band in the region 2500-3300 cm ™" represents the
stretching frequency of the O-H group of carboxylic acid.

TABLE 2 Selected bond lengths (A), bond angles (deg) and tor-
sion angles (deg) with estimated standard deviations for [Ph;Sn
(IBF)].

Bond lengths

Sn(1)-0(1) 2.633(2)  O(1)-C(19) 1.224(4)
Sn(1)-0(2) 2.079(2) 0O(2)-C(19) 1.301(4)
Sn(1)-C(1) 2.137(3)  C(1)-C(2) 1.361(5)
Sn(1)-C(7) 2.136(3)  C(20)-C(21) 1.518(5)
Sn(1)-C(13) 2.133(3)  C(22)-C(23) 1.380(5)
Bond angles

0O(1)-Sn(1)-O  53.88(9) O(2)-Sn(1)-C(13) 104.11(10)
©)

0(1)-Sn(1)-C 85.2(1)  C(1)-Sn(1)-C(7) 107.97(12)
@

0(1)-Sn(1)-C ~ 148.0(1)  C(1)-Sn(1)-C(13) 119.31(12)
@)

0(1)-Sn(1)-C 83.6(1)  C(7)-Sn(1)-C(13) 112.45(13)
13)

0(2)-Sn(1)-C  115.82(10) Sn(1)-0(1)-C(19) 80.6(2)
@

0(2)-Sn(1)-C  94.54(11) Sn(1)-0(2)-C(19) 104.7(2)
@)

Torsion angles

0O(1)-Sn(1)-0 3.5(2) 0O(1)-Sn(1)-C(1)-C(6) 157.5(3)
(2)-C(19)

0(2)-Sn(1)-C  111.8(3)  C(1)-Sn(1)-O(1)- C(19) -130.8(2)
(1)-C(6)

C(1)-Sn(1)-O 65.5(2)

(2)-C(19)

Symmetry operations: (i) x, y, z; (ii) —x+1/2, y+1/2, —z+1/2; (iii) —x, =y, —z;
(iv) x—1/2, =y-1/2, z—1/2.

Its disappearance after complexation to Sn atom reveals
the deprotonation of carboxylate oxygen. Weakening of
the C=0 bond after complexation can be explained with
a shift in »(C=0) towards lower frequencies.
The diagnostic bands for the carboxylate antisymmetric
[vas (OCO)] and symmetric [vs (OCO)] stretching vibra-
tions of complexes 1-5 appeared in the range 1569-1638
and 1356-1427 cm™ !, respectively, which could have not
been assigned without the formation of complexes.*~3%
A measure of difference of v,; (OCO) and vs (OCO) (v) is
important to estimate the probable mode of binding of car-
boxylates to Sn metal. The complexes 1-3 and 5 show v
values 186-206 cm™' which are comparable with the
sodium salt of the ligand (IBF) and reveals a bidentate
mode of coordination of carboxylate group with the metal.
However, two different v values, 231 and 184 cm™, were
observed for complex 4, which revealed the occurrence of
two different modes of binding of carboxylate.**! Strong-
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to medium-intensity bands appeared in the region 581-444
cm™" and were assigned to Sn-O and Sn«O stretching fre-
quency, which clearly indicated the formation of com-
plexes. Furthermore, the characteristic bands found in
the regions 635-597 and 597-503 cm™* could be assigned
to v, (Sn-C) and vs (Sn—-C) modes, respectively, in di-
and trialkyltin derivatives.**®! In addition, a sharp band
with strong intensity was detected at 635 cm™" which could
be assigned to the v (Sn—-O-Sn) mode in complex 4.323¢!
Data pertaining to the FTIR studies of complexes, the drug
and its sodium salt are presented in the Experimental sec-
tion. FTIR spectra of all complexes are given in the
Supporting Information as Figs S1-S3.

3.1.3 | Multinuclear (*H, *C and "*Sn)
NMR spectroscopic studies

Characterization and structural determination of synthe-
sized complexes was performed by multinuclear NMR
studies and 'H, '*C and "'°Sn NMR data for the synthesized
complexes are given in the Experimental section. "H NMR
data revealed the correct integration of protons as expected
according to the plausible structures of complexes 1-5. A
relevant shift was observed in the "H chemical shifts of
IBF after complexation which evidenced the formation of
complexes. The heteronuclear one-bond (*J) and two-bond
coupling (*7) constants play a significant role in determin-
ing the £C-Sn-C, thus predicting the geometry of the com-
plexes. The values of 2/(*'°Sn-'H) obtained for 1-3 were
57.60, 55.97 and 51.97/59.98 Hz, respectively, and those
of 2C-Sn-C calculated from Lockhart and Mander's equa-
tion!?”8! were 110.8°, 109.4° and 108.28/112.15°, respec-
tively, which are in the range of four-coordinated tin
atom and revealed tetrahedral geometries for these com-
plexes in solution state.?®?°! These results are in contrast
with the pseudo five or 4+1 type of coordination of Sn
atom, revealed on the basis of crystal structure of complex
3 and similar geometry proposed for complexes 1 and 2 in
solid state. This can be explained by the dissociation of
the weak coordinate bond between tin and carbonyl oxy-
gen of the drug molecule in solution state. The resolved
2J(*'°Sn-"H) value for complex 5 was 71.96 Hz and the cal-
culated £C-Sn-C was 121.78°, which lie in the range of the
octahedral coordinated Sn atom.!?®! Since the FTIR data of
complex 5 revealed a similar kind of bidentate mode of
coordination for both the carboxylate groups attached to
Sn, the Sn atom should be hexa-coordinated. No satellite
peaks were resolved for complex 4, hence 2J(**°Sn-'H)
and 2C-Sn—C could not be calculated. '*C NMR spectra
of complexes revealed a downfield shift in resonance of
carboxylate carbon compared with the free ligand owing
to the drift of electron density towards tin metal. C2 and
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C3 carbon also showed significant downfield shift for sim-
ilar reasons. One-bond coupling constant ['J(*°Sn-'3C)]
values for complexes 1 and 3 were 388 and 390.97 Hz and
calculated values of 2C-Sn-C were 110.8° and 111.05°,
respectively, which are similar to those calculated from
the 2J(***Sn-'H) value. The coupling constant ['J
(*°Sn-C)] and £C-Sn-C value for complex 4 were
437.73 Hz and 115.15° respectively, which describe a
penta-coordinated geometry around tin metal. Two differ-
ent resonances observed in '>*C NMR spectra of methyl car-
bon (attached to tin) explained the two different tin
environments in complex 4.1 A single resonance
observed for carboxylate carbon of this complex could be
due to either accidental magnetic equivalence or dynamic
equilibrium between different isomeric structures.!*!!
119Sn NMR resonances for 1-3 (136.16 ppm, 110.86 ppm
and -109.53 ppm) further support the tetrahedral geome-
try for these complexes. However, two values of '*°Sn reso-
nances at -176.78 and -182.34 ppm for complex 4
suggested a penta-coordinated geometry around tin atoms
with two different environments.?"*’~**! which can be jus-
tified by the tetra-nuclear tin structure as given in Scheme 1
(c). For complex 5, the **Sn NMR chemical shift value is -
146.07, which is similar to the other complexes reported in
the literature!®*”*>*°! for a highly distorted octahedron or
bicapped tetrahedron type of geometry. 'H, '*C and "'°Sn
NMR spectra of complexes are presented in the Supporting
Information as Figs S4-S12.

3.1.4 | ESI-MS spectrometry

The ESI-MS spectrometric data for synthesized complexes
were recorded in the range m/z 200-1500, using acetoni-
trile solvent (HPLC grade) in positive-ion mode. All of
the complexes were characterized by molecular ion peaks
corresponding to m/z, [M+Na]* and [M+K]*, where the
m/z ratio owing to [M+Na]* is always a base peak. The iso-
topic  patterns  (m/z) owing  to associated
molecules/organotin moieties and fragmented ions found
for few complexes are listed in Table S1 (ESI file). The frag-
mentation pattern of complex 4 is illustrated in Scheme S1.
HRMS spectra of complexes 1-5 are given in Figs S13-S15.

3.1.5 | Geometry optimization through
DFT calculations

Structures of the complexes were designed with the help of
Chemcraft software and then subjected to full geometry
optimization in the gaseous phase through Gaussian 09
software package.*!! The drug molecule (IBF) and com-
plexes 1-5 were optimized with B3LYP function, and 6-
31G (d,p) and LANL2DZ basis set, respectively. All of the
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imaginary frequencies in the harmonic frequency calcula-
tion are zero, which implies that the optimized geometries
are very likely at global minima on the potential energy
surface. Figure S16 presents the optimized structure of
IBF and complexes 1-5. Triorganotin derivatives of IBF,
i.e. complexes 1-3 were optimized as distorted tetrahedral
geometries, owing to weak interaction between the car-
bonylic oxygen with Sn atoms. The C-Sn-C angles
obtained from the optimized geometries were in good
agreement with the corresponding calculated angles and
are presented in Table S2. Further, good agreement
between the selected bond lengths and bond angles
observed from the crystal structure of complex 3 and its
optimized geometry was found. Compound 4 exhibited a
dimer distannoxane, in which the planar Sn,0, core was
linked to two exo-cyclic Sn moieties through the bridged
oxygen atoms. The coordination geometry for the endo
Sn atom was a distorted square pyramidal type with O
atom of Sn,0, core at the top of the pyramid and two
methyl groups trans to each other. However, the exo Sn
atom had a distorted trigonal bipyramidal geometry having
methyl groups cis to each other and axial positions occu-
pied with O atoms of two carboxylate groups as illustrated
in Fig. S16. The bond angle and bond lengths observed
were in good approximation with similar reported com-
plexes.**#! Complex 5 was optimized as a highly
distorted octahedral geometry, sometimes considered as
bicapped tetrahedron with two carboxylate oxygen cap-
ping the faces. Herein, the carboxylate groups were said
to be coordinated in an anisobidentate fashion, with

covalent and coordinate Sn-O bonds 2.027 and 2.99 A,
respectively, which were significantly shorter than van
der Waal's radii.*’**4") Frequencies calculated through
DFT for IBF and complexes 1-5 were found to be in good
correlation with that experimentally obtained for corre-
sponding compounds. Table S2 provides the important
outcomes of the DFT calculation. Frontier molecular
orbitals (HOMO-LUMO) generated by Gaussian 09 are
given in Fig. S17. In free ligands HOMO and LUMO are
distributed over the carboxylic acid group and phenyl ring
of IBF; however, with the formation of complexes HOMO
remains on the IBF part and LUMO is shifted towards
the tin metal.

3.2 | Biological studies

3.2.1 | DNA binding studies

UV-vis spectrophotometric studies

Ibuprofen and organotin complexes show UV-vis bands
with absorption maxima (Ay,,5) around 222, 264 and 273
nm owing to 7-7* and n-7* electronic transitions. The
bands around A, 222 and 264 nm, were chosen as the
specific wavelengths for the CT DNA interaction study,
because a significant amount of change was associated
with them with successive addition of CT DNA. A careful
observation of changes in absorbance owing to
IBF/complexes is insightful to estimate their mode of
interaction with DNA. For IBF, a hyperchromic effect in
UV bands for the first few addition of DNA (until 6 um)
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FIGURE 2 UV-vis spectra of IBF [6.7 X 107 M] (a), in the absence and presence of CT DNA [0.6-15 uM] in Tris-HCI/NaCl (5:50 mM)
buffer, pH 7.2 at 25 °C. (i, ii) Expanded region of UV bands at A,y 222 and 264 nm, respectively
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was observed, which was followed by a continuous
decrease in absorbance shown in Fig. 2(a). Similarly, a
sudden hyperchromicity followed by a gradual hypochro-
mic effect [Fig. 3(d)] was involved in the case of the
dibutyltin(IV) derivative of IBF i.e. complex 5. These
changes suggested the involvement of different modes of
binding in the case of IBF and complex 5. For complex
1 [Me;Sn(IBF)] a significant hyperchromic effect at both
bands was observed, whereas complex 2 [Bu;Sn(IBF)]
showed a significant increase in the absorbance at A,
222 and a slight decrease in absorbance at band 263 nm
with successive addition of CT DNA. This significant

Chemistry
hyperchromism centred at the 1,,,, 222 nm in complexes
1 and 2 [Fig. 3(b) and (c)] is suggestive of a strong inter-
action of complexes with DNA and the spectral changes
indicate the possibility of groove binding or electrostatic
interactions.***?*3] These studies alone are not very
insightful for determining the mode of interaction of
IBF/complexes with CT DNA, which has been further
discussed through fluorescence experiments.

Fluorescence titration studies
The interactions of IBF and complexes with CT DNA
were further investigated through fluorescence titra-
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FIGURE 3 UV-vis spectra of complexes [6.7 X 107> M]: (b) complex 1; (c) complex 2; and (d) complex 5, in the absence and presence of CT
DNA [0.6-15 pm] in Tris-HCI/NaCl (5:50 mm), buffer, pH 7.2 at 25 °C. (i, ii) Expanded region of UV bands at A,.x, 221/222 and 263/264 nm,
respectively. The arrows indicate the increase/decrease in absorbance with increasing DNA concentration
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20 uM) in Tris-HCI/NacCl (5:50 mM) buffer, pH 7.2 at 25 °C. Arrows indicate the increase/decrease in emission intensity with increasing

concentration of DNA
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tions. Complexes 1, 2 and 5 were found to exhibit strong
emission in the range 270-360 nm (emission maxima
around 290 nm). The significant decrease in fluores-
cence intensity of IBF and complex 5 along with a small
red shift (2-3 nm) (Fig. 4) with successive addition of
CT DNA (2-20 puMm) indicates an intercalation of these
molecules within the base pairs of DNA. The intercala-
tion of molecules within the DNA base pairs restricts
their rotational motion, which favours the deactivation
of the excited states through radiationless processes,®!
which are generally associated with quenching of the
fluorescence intensity as in the case of IBF and complex
5. The increase in fluorescence intensity with minimal
red shift (1-2 nm) was observed for complexes 1 and
2, which indicates the possibility of the groove binding
or electrostatic interactions. Further, the partial
intercalative mode of binding could not be ruled out
for these complexes.

EB quenching assay

Being a planar aromatic compound, EB intercalates
strongly within the base pairs of DNA. EB shows weak
emission spectra in the aqueous solution; however, its
emission intensity increases many fold after intercalation
within the hydrophobic environment of DNA. This is
because of shielding of EB molecules from the polar sol-
vent, which reduces its quenching.m In order to obtain
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insight into the binding mode of IBF and complexes with
CT DNA, an EB displacement experiment was
performed. The results of the experiment (Fig. 5) reveal
a continuous decrease in emission intensity of the
EB-DNA adduct with subsequent addition of IBF and
complexes 1, 2 and 5, which suggests that the molecules
are able to displace the EB from the intercalated sites of
DNA and set it free in the solvent, which leads to a
decrease in its emission intensity. The quenching
constants (Kg,) (given in Table S3) are on the order of
10°-10* for IBF and complexes. The results reveal that
IBF and complex 5 compete strongly with EB for the
available intercalation sites in DNA compared with com-
plexes 1 and 2. The above findings suggest that IBF and
complex 5 bind with DNA through moderate intercala-
tion.’>*3! However, a lesser decrease in emission inten-
sity of the EB-DNA adduct with the addition of
complexes 1 and 2 indicates that the complexes may bind
through either non-intercalative (groove binding or elec-
trostatic interaction) or a partial interacalative mode of
interaction.

Fluorescence studies in the presence of KI

KI is an anionic quencher, which can quench the emis-
sion intensity of small molecules. However, it cannot
quench the emission of molecules which intercalate
within the DNA base pairs, because of the repulsion
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FIGURE 5 Fluorescence quenching titration spectra of EB-CT DNA ([DNA]/[EB] = 4) with successive addition of (2 - 20 um) IBF (a), 1
(b). 2 (c) and 5 (d), in Tris—-HCI/NaCl (5:50 mMm) buffer, pH 7.2 at 25 °C (excitation A, at 515 nm). Inset shows linear Stern-Volmer plots and
arrow indicates a decrease in intensity with increasing concentration of quenchers
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experienced by negatively charged phosphate group of
nucleotides.** However, the groove binders or electro-
static binders can be easily disturbed by the
quencher.[*>* The present study reveals a significant
reduction in fluorescence intensity of IBF and complex
5 in the presence of DNA compared with that in the
absence of DNA, which indicates the intercalation of
these molecules inside the DNA, which protects them
from being quenched. Complexes 1 and 2 show a very
insignificant change in emission intensity in the presence
and absence of DNA as revealed by Fig. 6. The listed K,
values calculated by the Stern-Volmer equation (given in
Table S4) suggest a non-intercalative type of interaction
for complexes 1 and 2. These results corroborate our pre-
vious findings as described in Section .

Viscosity measurements

The viscosity of CT DNA is regarded as quite sensitive
towards any structural change in DNA, hence viscosity
measurement of DNA with different concentrations of
compounds in solution gives a lucid picture of their bind-
ing model with DNA. The classical intercalation of the
molecule in DNA lengthens the helix of DNA. In order
to accommodate the bound ligand, separation of base
pairs occurs which leads to an increase in viscosity of
DNA. However, partial or non-classical intercalators
could cause bending or kinking in the DNA helix, which

Chemistry

results in a reduction of its length and concomitantly its
viscosity.[47] Furthermore, the non-intercalators (electro-
static and groove binder) cause a less significant change
in viscosity of DNA.!"! Figure 7 illustrates a change in
the specific viscosity (1) with different concentration
ratios of the complex to CT DNA. A remarkable increase
in DNA viscosity with increasing concentration of IBF
and complex 5 reveals an intercalative mode of binding
of them with DNA. A groove binding or external interac-
tions with DNA was suggested for complexes 1 and 2 as
they caused very little change in the viscosity of DNA.

All the bio-physical experimental observations evi-
denced the occurrence of different modes of binding for
different complexes with CT DNA. An intercalative mode
of binding of IBF with DNA was suggested, which is in
accordance with the literature report.”®) Complex 5 also
interacts with DNA through intercalative mode, but
slightly more than IBF, as evidenced from the K, value
in the EB displacement experiment and the fluorescence
experiment with KI. A slight increase in the binding pro-
pensity can be explained on the basis of the presence of
dibutyltin moieties in complex 5, which may facilitate
the intercalation of IBF inside the base pairs by providing
additional hydrophobic interaction with DNA. A groove
binding or external binding of complexes 1 and 2 with
DNA was revealed from UV-vis, fluorescence and viscos-
ity measurements.
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3. .
E 5,
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TS 20 30 40 50 60
0 10 20 30 40 50
(K] (mM) [KI] (mM)
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.
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- 3 :
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FIGURE 6 Stern-Volmer plots obtained from fluorescence quenching of IBF (66.7 um) (a) and complexes (66.7 um) 1 (b), 2 (c) and 5 (d) by
KI (0-72 mM), in the presence and absence of CT DNA (20 um) in Tris-HCI/NacCl (5:50 mMm) buffer, pH 7.2 at 25 °C
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FIGURE 7 Change in viscosity () of CT DNA (100 um) with successive addition of IBF and complexes 1, 2 and 5 (0-100 uMm), in Tris-HCl/

NacCl (5:50 mm) buffer, pH 7.2 at 25 °C

3.2.2 | Plasmid DNA cleavage activities

DNA cleavage activities with organotin complexes have
been extensively studied because of their potential to
cleave supercoiled (SC) pBR322 DNA. One-strand cleav-
age of circular SC DNA results in a slow-moving nicked
circular (NC) form, and cleavage of both strands pro-
duces a linear (L) form, which positioned itself between
nicked and supercoiled forms*®**! as the DNA moves
under the influence of electric field. The cleavage pattern
of plasmid DNA owing to IBF and complexes 1, 2 and 5
was analysed with their increasing concentrations (20,
40, 60 and 80 uM) in successive lanes and in the presence
of activator (ascorbic acid). Bands viz. Form I (SC), Form
IT (NC) and Form III (L) formed by the cleavage of plas-
mid DNA and the corresponding normalized area occu-
pied by the different forms are presented in Fig. 8,
which clearly illustrate a continuous increase in cleavage
activity with increasing concentration of IBF and com-
plexes in lanes I-IV. A gradual decrease in SC form
(Form I) associated with moderate increase in NC form
(Form II) and (Form IIT) revealed a significant cleavage
activity of IBF and complexes. Moreover, the presence
of H,0, (lane VI), which is a hydroxy radical generator
and acts as an activator in the DNA cleavage activity,
enhances the cleavage activity significantly in all cases.
The maximum cleavage activity was observed for the
dibutyltin derivative of IBF (complex 5), which shows
the importance of organotin moiety in the process of

DNA cleavage. Further, to explore the underlying mech-
anism of cleavage activity by the compounds under
study, the cleavage experiment was run in the presence
of a singlet oxygen quencher NaN; (lane VII) and
hydroxy radical scavenger, DMSO (lane VIII). In the
presence of DMSO a partial inhibition in the cleavage
of pBR322 DNA was observed for IBF and complexes 2
and 5, as shown by a decrease in NC and L band inten-
sities in lane VIII compared with lane V (having the
same IBF/complex concentrations), as clearly illustrated
in Fig. 8. These findings suggest the involvement of
hydroxyl radical in the DNA cleavage process. However,
little difference was observed for complex 1 in the pres-
ence of DMSO, but a small decrease in NC form in the
presence of NaN; could not be denied, which suggests
the possibility of DNA cleavage through the involvement
of reactive oxygen species for complex 1. However, for
IBF and complexes 2 and 5 such inhibition was not seen,
which rules out the involvement of singlet oxygen.

3.2.3 | Anticancer activities

Cytotoxicity study (MTT assay)

The in vitro MTT assay using human cell lines provides
important information about compound cytotoxicity.
The mentioned drug molecules and their organotin(IV)
complexes 1-19 were screened in vitro for cytotoxicity
against selected panels of human cancer cell lines on
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FIGURE 8 The cleavage pattern of pBR322 plasmid DNA (100 ng) by IBF (a), complex 1 (b), complex 2 (c) and complex 5 (d), after
incubation for 5 h at 37 °C, at different concentrations of IBF/complexes, in Tris-HCI/NaCl (5:50 mMm), buffer, pH 7.2 at 25 °C. Lane I,

Control (DNA); lane II, [DNA + (20 uM complex/IBF)]; lane III, [DNA + (40 uM complex/IBF)]; lane IV, [DNA + (60 uM complex/IBF)]; lane
V, [DNA + (80 um complex/IBF)]; lane VI, [DNA + (0.2 M H,0,) + (60 uM complex/IBF)]; lane VII, [DNA + (60 uM complex/IBF)+(2 mM

NaN3)]; lane VIII, [DNA+ (60 uM complex/IBF)] + (2 uL. DMSO)]

the basis of the literature available on a particular drug,
viz. IBF and complexes 1-5 against DU145 (prostate
cancer), HCT-15 (colon adenocarcinoma) and Caco-2
(colorectal adenocarcinoma); MESNA and complexes
6-10 against DU145, HCT-15 and HeLa (cervical cancer);
and WR, Sul and complexes 11-19 against HCT-15, MCF-
7 (mammary cancer), HeLa and LNCaP (androgen-sensi-
tive prostate adenocarcinoma). ICs, values for all of the
tested compounds along with the reference drugs, cis-
platin and 5-fluorouracil are listed in Table 3. Calculation
of 1Cs, (inhibitory concentration) values was carried out
using best linear fit regression model“>*>**>* and was
an average of two values calculated through two indepen-
dent experiments. The literature review revealed that the
compounds exhibiting ICso < 1.0, 1.0-10.0, 10.0-30.0,

>30.0-100.0 and >100.0 um are considered as highly cyto-
toxic, considerably cytotoxic, moderately cytotoxic, mildly
cytotoxic and non-cytotoxic, respectively.l*”! The results
indicate that the complexes display different activities
against different cell lines. Complex 3 Ph;Sn(IBF)
displayed maximum cytotoxicity towards the colorectal
cancer (Caco-2), exhibiting an ICs, value (1.21 uM) many
fold less than that of cis-platin, followed by complex 2
BusSn(IBF) (ICs, = 2.48 uMm) and complex 4 {[Me,Sn
(IBF)],0}, (ICsq = 13.38 uM). All of the complexes (1-5)
except complex 1 [Me;Sn(IBF)] induce cytotoxicity
among the tested cancer cell lines. Further, IBF indicated
potent cytotoxicity only against prostare cancer cells (DU
145) (ICsp = 1.65+0.2 uM) and it is non-cytotoxic (ICsq
100 um) against HCT-15 and Caco-2 cell lines. Complexes



Applied
MI_WI LEY—O?:_:’])anometallic

NATH ET AL.

Chemistry

TABLE 3 Cytotoxic screening results of organotin complexes of ibuprofen (IBF), MESNA, WR and SUL against the different cell lines of

human origin; ICs, value is expressed in uM + SEM.

Drugs/complexes DU145 HCT-15
IBF 1.65+0.2 100

1 [(Me;Sn)(IBF)] 100 100

2 [(Bu,Sn)(IBF)] 100 100

3 [Ph;Sn(IBF)] 19.22+0.8 100

4 {[Me,Sn(IBF)],0}, 3.97+0.81 2.188+0.67
5 [Bu,Sn(IBF),] 5.92+1.54 32.32+2.1
MESNA 100 100

6 [Me,Sn(MESNA),] 100 100

7 [Bu,Sn(MESNA),] 100 100

8 [Oct,Sn(MESNA),] 100 19.22+0.8
9 [Ph,Sn(MESNA),] 11.89+0.6 1.69+0.3
10 [Bu,Sn(MESNA),.Phe] 7.15+0.7 0.83+0.1
WR - 16.2+0.8
11 ([MesSn(WR)] - 14.8+3.2
12 [Bu;Sn(WR)]) - 14.5+0.8
SUL = 14.9+0.9
13 [Me;Sn(SULD)] - 13.840.9
14 [Ph;Sn(Sul)] = 13.241.2
15 [BusSn(Sul)] - 14.4+1.8
16 [Ph,Sn(Sul),] - 15.1+0.6
17 [Me,SnCI(Sul)], - 16.24+0.4
18 [Bu,Sn(Sul),] - 14.3+0.4
19 [Oct,Sn(Sul), - 14.6+0.8
5-FU 15.4+0.8 12.2+0.5
Cis-platin - 5.04+1.4%

Caco-2 MCEF-7 HeLa LNCaP
100 - - -

100 = = =
2.48+0.1 - - -
1.21+0.84 = = =
13.38+1.5 - - -

100 = = =

- - 100 -

= = 100 =

- - 100 -

— — 100 —

- - 3.544+0.2 -

- - 1.85+0.4 -

- 500 375425 500

- Very wide 500 500

- 479+16 251+14 500

- 40622 179430 465+15

- 500 250415 500

- 500 240+10 Very wide
- 408+14 157+17 Very wide
= 500 500 359+14

- 388+10 179+11 Very wide
= 301+25 149+16 Very wide
- 500 Very wide 456422

= 0.48+0.1% 2.08+0.2 -

96.38 + 32.03" 13.98+0.4% 18°¢ -

MESNA, Sodium 2-mercaptoethanesulfonate; WR (warfarin), 2H-1-benzopyran-2-one,4-hydroxy-3-(3-oxo-1-phenylbutyl), SUL (sulindac), 2-[5-fluoro-1-[(4-
methanesulfinylphenyl)methylidene]-2-methyl-1H-inden-3-yl|acetic acid. DU145, Prostate cancer cells; HCT-15, colon adenocarcinoma cells; Caco-2, colorectal
adenocarcinoma cells; MCF-7, mammary cancer; HeLa, cervical cancer; and LNCaP, androgen-sensitive prostate adenocarcinoma;

Nath et al.[*"!
b : - 1 I51].
Nurcahyanti and Wink'”/;

“Larasati et al.l*?/(-) Not determined

4 {[Me,Sn(IBF)],0}, and 5 [Bu,Sn(IBF),] displayed about
4 to 2.6 times higher activity comapred with 5-
fluorouracil in terms of their ICs, value against DU 145.
Complex 3 was moderately cytotoxic against DU 145.
Complex 4 (ICs, = 2.188 um) also displayed maximum
cytotoxicity against colon cancer cells (HCT-15), which
is around 6 and 2 times higher than 5-fluorouracil and
cis-platin, respectively. Hence, complex 4 {{Me,Sn(IBF)]
,0}, is highly cytotoxic and displayed maximum cytotox-
icity against prostate and colon cancer cell lines among
complexes 1-5, while complex 3 [Ph;Sn(IBF)] is highly
regressive against colorectal cancer cell lines. Complexes

9 [Ph,Sn(MESNA)] and 10 [Bu,Sn(MESNA), Phen] are
highly cytotoxic against DU 145, HCT-15 and HeLa
among the organotin-MESNA complexes and complex 8
[Oct,Sn(MESNA),] is moderately active only against
colon cancer cell lines; however, MESNA and complexes
6 [Me,Sn(MESNA),] and 7 [Bu,Sn(MESNA),] are non-
cytotoxic against all the tested cancer cell lines. Complex
10 exhibited maximum cytotoxicity against colon cancer
cells which was followed by complex 9, which had 6-14
times greater activity compared with cis-platin and 5-
fluorouracil. Complexes 9 and 10 demonstrated consider-
ably high cytotoxicity (ICso = 7-12 um) against DU145
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cell lines (possessing intrinsic and acquired resistance to
cis-platin), and also against HeLa (cervical cancer) cell
lines, and even greater or comparable activity with 5-
fluorouracil and many-fold greater than cis-platin. The
1Cs, values listed in Table 3 indicated that WR and SUL
as well as their respective complexes 11-19 displayed no
cytotoxicity towards MCF-7, HeLa and LNCaP cell lines.
Further, WR, SUL and complexes 11-19 were found to
induce good cytotoxicity towards colon cancer (HCT-15)
cell lines, comparable with 5-fluorouracil, and lesser cyto-
toxic than cis-platin. Complex 14 [Ph;Sn(SUL)] induced
the highest cytotoxic effect against HCT-15 cell lines
among organotin-SUL complexes.

Saxena and Huber!>"! explained the activity of organotin
(IV) complexes on the basis of the availablity of coordina-
tion postions around tin metal, the relative stability of the
tin-ligand bond and the balance between hydrophilicity
and lipophilicity in order to cross the cell membranes. On
carefully examining the structure-activity relationship of
the tested compounds of a specific drug, the maximum

(a)

FIGURE 9 AO/EB staining of HCT-15
cell lines: (a) control; (b) vehicle (DMSO)
treated cells; (c) cells treated with ICsovalue
of complex 4; (d) cells treated with
ICspvalue of complex 9; (e) cells treated
with ICsgvalue of complex 10; and (f) cells
treated with ICsyvalue of complex 14
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cytotoxicity of Ph;Sn(IBF) (complex 3) and Bus;Sn(IBF)
(complex 2) against colorectal cancer can be explained by
their tetrahedral structure and the higher lipophilic behav-
ior of phenyl and butyl groups. Further, the high cytotoxic
effect of complex 4, {{Me,Sn(IBF)],0},, can be explained
on the basis of synergistic effect of organotin(IV) moieties
present in the tetranuclear complex. Further, high to mod-
erate activity of the octahedral complex 5, Bu,Sn(IBF), is
due to the lesser availability of the coordination positions
eventually compensated for by the higher lipophilicity of
the butyl moieties.

The presence of 1,10-phenanthroline moiety makes
the ligand (MESNA) more labile in complex 10 [Bu,Sn
(MESNA),Phen] compared with complex 7 [Bu,Sn
(MESNA),], which may be responsible for the generation
of active metal species. Further, complexes 6 [Me,Sn
(MESNA),] and 7 [Bu,Sn(MESNA),| were more stable
towards hydrolysis in buffer solution at physiological pH
compared with other complexes,'* which could explain
their low cytotoxicity. Hence, the electronic nature and

Early apoptosis sy

Late apoptosis ==

Necrosis
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the balance between hydrophilic and lipophilic charac-
ters of the complexes may also be responsible for the dif-
ference in their activities.”"*! The presence of phenyl and
butyl groups in complexes 9 [Ph,Sn(MESNA),] and 10
[Bu,Sn(MESNA), Phen], respectively, may be responsible
for their remarkable cytotoxicity against the prostate can-
cer, colon adenocarcinoma and cervical cancer cells.

The studies on the structure-activity relationship of
different organotin complexes towards antitumor activity
describe how factors like the stability of Sn-heteroatom
bond, lipophilic and hydrophilic balance, geometry
around the tin atom in the test compounds and the stabil-
ity of Sn-alkyl and Sn-aryl bonds towards hydrolysis, are
important to determine cytotoxicity.[**>5-8] The lesser
cytotoxicity of complexes 11-19 can be explained on the
basis of the high stability of the Sn-O bond and insuffi-
ciency to produce active tin species, i.e. R,Sn** and
R3Sn*, responsible for antitumor activity.

From the above-mentioned analysis it is concluded
that the metallation of drugs with dibutyl-, diphenyl-,

Early apoptosis sy

Late apoptosis ==

Necrosis

triphenyl- and tributyltin(IV) moieties increases their
cytotoxicity and DNA binding capacities many fold. The
introduction of 1,10-phenantholine moiety in the
organotin-drug complexes increases the in vifro antitu-
mor activity of the complexes. [Bu,Sn(MESNA), Phen]
displayed the maximum antitumor activity against HCT-
15 (ICso = 0.83 uM) and HeLa cell lines (ICsq = 1.85
um) among all of the synthesized complexes. {{Me,Sn
(IBF)],0}, displayed the highest antitumor activity
against DU145 cancer cell line (3.97 um) and [(PhsSn)
(IBF)] demonstrated the maximum activity against
Caco-2 cell lines (1.21 um). IBF and complexes [Bu,Sn
(MESNA), Phen], {[Me,Sn(IBF)],0}, and [(Bu,Sn)(IBF)
»] displayed remarkable cytotoxicities against DU145 cell
lines which are resistant to cis-platin, hence they can be
tested further. It has been analysed that different cell
lines displayed different behavior towards similar
complexes as far as their cytotoxicities are concerned.
Furthermore, the DNA binding ability and DNA cleavage
activity of the compounds alone may not describe the

FIGURE 10 AO/EB staining of DU145
cell lines: (a) control; (b) vehicle (DMSO)
treated cells; (c) cells treated with ICsgvalue
of IBF; (d) cells treated with ICsyvalue of
complex 4; (e) cells treated with ICspvalue
of complex 9; (f) cells treated with ICsgvalue
of complex 10; and (g) cells treated with
IC5, value of complex 5
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FIGURE 11 Fragmentation pattern of DNA extracted from cell lines on treatment with complexes 4 and 10, through agarose gel
electrophoresis: (a) lane I, control (DNA extracted from DU145); lane II, DNA extracted from DU145 treated with complex 10; lane III,
DNA extracted from DU145 treated with complex 4; lane IV, DNA marker (50 base pairs); lane V, DNA extracted from HCT-15 treated with
complex 4; lane VI, DNA extracted from HCT-15 treated with complex 10; and lane VII, control (DNA extracted from HCT-15). (b) lane 1,
DNA marker (50 base pairs); lane II, vehicle-treated control (HeLa DNA); lane III, DNA extracted from HeLa treated with complex 4; and
lane IV, DNA extracted from HeLa treated with complex 10

I 1l vV VI VIl VI

DNA FRAGMENTATION ASSAY

FIGURE 12 Fragmentation pattern of DNA extracted from cell lines on treatment with complexes through agarose gel electrophoresis:
lanes I-IIT, HCT-15 cell line; lanes IV-VIII, DU145 cell line; lanes IX-XII, HeLa cell line. Lane I, DNA marker (50 base pairs); lane II,
control (DNA extracted from HCT-15); lane III, DNA extracted from HCT-15 treated with complex 14; lane IV, DNA marker (50 base pairs);
lane V, control (DNA extracted from DU145 cells); lanes VI, VII and VIII, DNA extracted from DU145 treated with complexes 3, 5 and 9,
respectively; lane IX, DNA marker (50 base pairs); lane X, control (DNA extracted from HeLa); and lanes XI and XII: DNA extracted from
HeLa treated with complex 9 and 10, respectively
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antitumor effect of the compounds completely. Therefore,
the antitumor activities of the organotin(IV) compounds
may be controlled by other factors along with the DNA
binding and cleavage abilities. Further experiments are
needed in order to explore the cause of cytotoxicity and
in-depth mechanisms.

AO/EB staining of cells

This study is an important tool to distinguish between the
normal viable cells, early apoptotic cells, late apoptotic cell
and necrotic cells. This method is based on the morpholog-
ical changes that occur in the cytoplasmic membranes and
nuclear chromatin material of cells during the process of
apoptosis. On the basis of fluorescence emission of
AO/EB-stained cells and their chromatin condensation,
the cells can be identified as: (a) live/viable cells with intact
nuclei which take up AO dye and appear green with uni-
form structures; (b) early apoptotic cells that can be
detected with bright green nuclei with condensed chroma-
tin, but with intact membranes; (c) late apoptotic cells
stained with EB that appear orange owing to their ruptured
cell membranes and fragmented chromatin material; and
(d) necrotic cells with normal nuclei and uniform struc-
tures that look like those of viable cells except for the
orange-red uniform EB staining.®”! The AO/EB staining
of the cancer cells was performed by treating them with
the ICs, value of the respective test compounds having
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the highest cytotoxicity towards the particular cell line.
The morphological changes appearing in the HCT-15,
DU145, Caco-2 and HeLa cells when treated with inhibi-
tory concentration (ICsy) of IBF and complexes 2, 4, 5, 9
10 and 14 are illustrated in Figs 9, 10, S18 and S19.

In the control (untreated) and vehicle control (treated
with DMSO) all of the cells appear uniform with green
fluorescing nuclei; however, in the case of HCT-15 cell
lines treated with complexes 4, 9, 10 and 14, Caco-2 cell
lines treated with complex 2, DU145 cell lines treated with
IBF and complexes 4, 5, 9 and 10, and HeLa cell lines
treated with complexes 9 and 10, cells appear green with
condensed chromatin indicating early apoptotic cells and
orange to red coloured cells with the condensed or
fragmented chromatin material indicating the late apopto-
sis. Further, a very small amount of necrosis was also
found in all of the stained cell lines treated with almost
all complexes. Hence, both the apoptosis (majorly) and
necrosis are responsible for the cytotoxicity of the
complexes.

DNA fragmentation assay

DNA fragmentation assay is regarded as the hallmark of
apoptosis. During apoptosis, Caspase-3 triggers the
endonulcease activity which cleaves the DNA at the
internucleosomal units (where DNA is not wrapped by
the histones) and results in the fragmentation of DNA into
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FIGURE 13 Flow cytometric analysis of apoptosis in HCT-15cells: (a) the vehicle-treated control cells (HCT-15); (b—e) complexes 4, 9, 10
and 14 treated HCT-15 cells, respectively, for a period of 24 h. UL (upper left), necrotic cells; UR (upper right), late apoptotic cells; LL (lower

left), viable cells; LR (lower right), early apoptotic cells
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FIGURE 14 Flow cytometric analysis of apoptosis in Hela cells; (a) the vehicle-treated control cells; (b and c¢) complex 9 and 10 treated

cells, respectively, for a period of 24 h. UL (upper left), necrotic cells; UR (upper right), late apoptotic cells; LL (lower left), viable cells;
LR (lower right), early apoptotic cells

different oligomer units, which look like a DNA ladder
when subjected to agarose gel electrophoresis.!®! In con-
trary to apoptotic activity, necrosis leads to the appearance
of irregular-sized DNA bands or DNA smear in agarose gel
electrophoresis. However, in some cases single-strand
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cleavage in DNA has been observed in apoptotic pheno-
types, which does not form the DNA ladder in gel electro-
phoresis.®Y In the present study the DNA (extracted
from the DU145 and HCT-15 cells) treated with complexes
4 {[Me,Sn(IBF)],0}, and 10 [Bu,Sn(MESNA), Phen] and
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FIGURE 15 Flow cytometric analysis of apoptosis in DU145 cells; (a) the vehicle-treated control cells; (b-e) complex 4, 5, 9 and 10 treated

cells, respectively, for a period of 24 h. UL (upper left), necrotic cells; UR (upper right), late apoptotic cells; LL (lower left), viable cells; LR
(lower right), early apoptotic cells
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HCT-15 cells treated with complex 14 does not reveal any
fragmentation and looks similar to that of the vehicle-
treated DNA control [Figs 11(a) and 12], which means that
apoptosis (as shown in AO/EB staining) and cytotoxicity
caused by these complexes against DU145 and HCT-15
are caused by the methods other than the Caspase-3 acti-
vated DNA fragmentation. This may be either due to the
single-strand scission of the DNA or other changes occur-
ring on the cell surface. Furthermore, a ladder formation
is seen [Fig. 11(b)] in the fragmentation pattern of DNA
extracted from HeLa cells, when treated with the com-
plexes 4 and 10 and DNA extracted from Du 145 and HeLa
treated with complexes 3, 5, 9 and 9, 10, respectively
(Fig. 12), indicating apoptosis as the main cause of cytotox-
icity in Du 145 and HeLa cell lines.

Flow cytometry for analysis of apoptosis

To verify whether the cytotoxic effect of complexes 4, 9, 10
and 14 on HCT-15 cells, complexes 9 and 10 on HeLa cells
and complexes 4, 5, 9 and 10 on DU 145 cells was due to
apoptosis (programe cell death) induction, the flow cytom-
etry analysis was performed and the results are shown in
Figs 13-15. The observed results clearly indicated
enhanced apoptosis, i.e. mostly late apoptosis, lower to
medium level of early apoptosis and very small necrosis
events occuring in the complexes treated cells as compared
with the vehicle-treated cells. The quantification of cell
population revealed that, as compared with the control
cells, the treated cells with complexes 4, 9, 10 and 14 on
HCT-15 cells (Fig. 13) showed significant early apoptotic
cell death: around 57.18, 24.43, 68.99 and 70.49%, and late
apoptotic cell death around 37.32, 74.97, 30.89 and 29.4%,
respectively. Complex 9 showed maximum late apoptosis.
However, cells treated with complex 4 showed insignifi-
cant necrotic cell death (0.02%). Therefore, we can con-
clude that the cytotoxic effect of the studied complexes on
HCT-15 cells was due to the induction of apoptosis (both
early and late) in the cells.

The quantification of cell population as compared with
the control cells in Fig. 14 revealed that the cells treated
with complexes 9 and 10 on HeLa cells also exhibited sig-
nificant late apoptotic cell death, around 37.81and
47.86%, and less early apoptotic cell death, around 16.99
and 12.87%, respectively. However, a small amount of
necrotic cell death (8.38-9.28%) was also observed.
Therefore, the cytotoxic effect of complexes 9 and 10 on
HeLa cells was majorly due to the induction of apoptosis
(both early and late) and necrosis also played a minor role
leading to the cell death, whereas the case of DU145 cells
treated with complexes 4, 5,9 and 10 (Fig. 15) indicated late
apoptotic cell death around 16.38, 14.96, 34.83 and 25.40%
and necrotic cell death around 4.93, 8.05, 26.72 and 44.09%
with an insignificat amount of early apoptotic cell death

(0.07-0.87%). Therefore, both apoptosis and necrosis are
responsible for the cytotoxicity of the studied complexes
on DU 145 and maximum necrosis is observed in complex
10-treated cells.

4 | CONCLUSIONS

Since the role of the anti-inflammatory drugs in the com-
bination chemotherapy with other antitumor drugs is a
well-known fact, we were eager to explore the effect of
combination of organotin(IV) moieties with a very simple
and well-known NSAID, IBF, which is initiated by a suc-
cessful syntheses of di- and triorganotin(IV) complexes of
IBF. The single-crystal X-ray determination of [Phs;Sn
(IBF)] revealed an intermediate geometry (between Td
and TBP geometries) around tin with bidentate mode of
carboxylate group. A distannoxane structure for {{Me,Sn
(IBF)],0}, and a highly distorted octahedral structure or
tetrahedral bicapped structure with two carboxylate
groups coordinating through bidentate mode were pro-
posed for [(Bu,Sn)(IBF),], which were further validated
through DFT calculations in a gaseous state. However,
these complexes lose the bidentate mode of coordination
of carboxylate in solution state as revealed by multinu-
clear NMR studies. DNA binding studies and viscosity
measurement of DNA depicted the intercalation of IBF
and [(Bu,Sn)(IBF),] within the base pairs of DNA; how-
ever, external binding (electrostatic or groove binding)
was revealed for complexes 1 and 2. Further, DNA cleav-
age activity specified them as potential DNA cleaving
agents, which displayed a concentration-dependent cleav-
age of DNA. A hydrolytic mechanism of cleavage was
revealed for IBF and complexes except complex 1,
although the involvement of reactive oxygen radical in
the cleavage activity could not be ruled out.

Furthermore, the in vitro cytotoxicity studies for cur-
rently synthesized complexes 1-5 and already synthesized
organotin—-drug complexes highlighted the highly cyto-
toxic effect of complexes 3, 4, 5, 9 and 10 against DU145
(prostate cancer), HCT-15 (colon adenocarcinoma),
Caco-2 (colorectal adenocarcinoma) and HeLa (cervical
cancer) cell lines. Complexes 2 and 3 demonstrated a
remarkable cytotoxicity towards Caco-2 (IC5, = 1.21 and
2.48 uM, respectively) which is 4-8 times more than that
of cis-platin. Complexes 4, 5 and 10 displayed a high cyto-
toxicity against DU145 (ICso values 3.97, 5.92 and 7.15
uM, respectively), which is resistant to cis-platin. Further-
more, complexes 4, 9 and 10 are highly active (ICso values
are 1.88, 1.69 and 0.83uM, respectively) against HeLa
cells. The higher activities of [Bus;Sn(IBF)] and [(PhsSn)
(IBF)] complexes against colorectal cancer can be
explained on the basis of their tetrahedral structure and
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higher lipophilic nature of the butyl and phenyl groups.
Further, the cytotoxicity of complex 4, {{Me,Sn(IBF)]|,0}
2, can be described by the synergistic effect of oragnotin
(IV) moieties owing to the tetranuclear complex struc-
ture. The prostate cancer cell line (DU145) is resistant
towards cis-platin, hence these complexes can be further
studied in order to make them suitable for clinical trials.
It was evidenced by the AO/EB staining of the cells,
DNA fragmentation assay and flow cytometry assay that
the major cause of cell death is apoptosis; however,
necrosis in DU 145 cells could not be excluded. A number
of commercially used antitumor drugs, i.e. doxorubicin,
5-fluorouracil, cis-platin and cladribine, exhibit necrotic
and apoptotic effects together. It is concluded that the
organotin(IV) complexes exert their cytotoxic effects
owing to their dual capability of inducing apoptosis to a
greater extent and necrosis to a minor extent.
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