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In this study, we report the synthesis and comprehensive characterization of two novel pyrene-
appended Schiff base organotin(iv) compounds, trimethylstannyl (E)-4-((pyren-1-ylmethylene)amino)-
benzoate (1) and triphenylstannyl (E)-4-((pyren-1-ylmethylene)amino)benzoate (2). They were
synthesized through the condensation of trimethylstannyl 4-aminobenzoate or triphenylstannyl
4-aminobenzoate with 1-pyrenealdehyde in toluene. The characterization included elemental analysis,
infrared spectroscopy, *H, *C, and °Sn NMR, and ESI-MS. The crystal structure of compound 1 was
elucidated through single crystal X-ray diffraction analysis. The interaction of compounds 1 and 2 with
calf thymus DNA (CT DNA) was investigated using absorption and fluorescence spectroscopic
techniques. The calculated binding constants (Kp) unveiled a notably stronger binding propensity of
compound 2 compared to 1. Furthermore, the in vitro cytotoxicity assays of these compounds were
performed against human lung (A549) cancer cell lines, which revealed concentration-dependent
cytotoxic effects, with 2 exhibiting a higher cytotoxicity than 1. Moreover, the scratch assay
demonstrated the ability of both compounds to inhibit cancer cell migration, with 2 displaying stronger
inhibitory effects. Furthermore, gene expression studies showed that both compounds downregulated
the expression of MMP-2 and TGF-B genes, indicating their potential in modulating critical signaling
pathways in cancer cells. Molecular docking simulations provided insights into the binding interactions
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agents, attributed to their ability to induce apoptosis and their
lipophilic nature.”” This has prompted significant research
efforts towards the design of organotin(iv) complexes as
potential anticancer agents, aiming to enhance their thera-
peutic efficacy through selective cytotoxicity against cancer
cells.""*®

Schiff base organotin(iv) complexes have garnered signifi-
cant attention within the realm of organotin compounds due to
their remarkable biological activities. In particular, Schiff base
organotin(wv) carboxylates have demonstrated potent antitumor
properties, at times even surpassing the efficacy of cisplatin, a
widely used platinum-based anticancer drug.'*>* The integra-
tion of the Schiff base unit into organotin(iv) carboxylate
complexes has proven to be a pivotal development, leading to
compounds with enhanced biological properties and increased
selectivity. This innovative approach offers promising avenues
for targeted therapeutic interventions.>**>*° The specific alkyl/aryl
groups and ligands attached to the tin atom in organotin(w)
compounds play a profound role in their anticancer activity.>>”
Notably, triorganotin(v) complexes, characterized by their higher
lipophilicity, have shown superior biological activities when com-
pared to their di- and mono-organotin(iv) counterparts.”>**?° This
observation has generated substantial interest in exploring tri-
organotin(iv) carboxylates as potential anticancer agents,'>*> 83031
Beyond the choice of organotin compound and its structure,
structural modifications to the ligand and the nature of its
substituents have been found to significantly influence the
antiproliferative activity of organotin(v) carboxylates. This opens
the door to fine-tuning the biological properties of these com-
pounds. Researchers have been able to optimize the design of
organotin(iv) complexes to achieve enhanced anticancer effects,
ensuring that the compounds selectively target cancer cells,
while minimizing damage to healthy tissues. Such advances in
compound design and selection hold promise for developing
more effective and less toxic treatments for cancer, addressing a
critical need in oncology.

Pyrene, a polycyclic aromatic hydrocarbon, holds significant
biological importance and has garnered attention across scien-
tific fields.>>*> When incorporated into Schiff base organo-
tin(iv) complexes, the pyrene moiety can greatly enhance their
biological activities.>*** The unique properties of pyrene, such
as its aromaticity and hydrophobicity, facilitate improved cel-
lular uptake and interactions with target biomolecules, leading
to enhanced therapeutic efficacy. Therefore, the incorporation
of the pyrene moiety into Schiff base organotin(iv) complexes
represents an innovative approach to develop metal-based
anticancer therapeutics with superior biological activities.

Motivated by these considerations, this study focuses on the
synthesis, characterization, and biological evaluation of two
novel pyrene-tagged Schiff base triorganotin(iv) complexes 1
and 2. By harnessing the unique properties of these complexes,
we aim to enhance their biological activity, paving the way for
the development of innovative metal-based anticancer drugs.
Furthermore, in silico studies have been performed to investigate
the interaction of these compounds with gene expression pro-
teins, shedding light on the underlying mechanism of action.

2908 | New J. Chem., 2024, 48, 2907-2919

View Article Online

NJC

Experimental section
Materials and methods

The following chemicals were obtained from Sigma Aldrich
Chemical Co. and used as such: 4-aminobenzoic acid, 1-pyrene-
carbaldehyde, Me;SnOH, and Ph;SnOH. Precursors trimethyl-
stannyl 4-aminobenzoate (TM4M) and triphenylstannyl
4-aminobenzoate (TP4M) were prepared using a modified ver-
sion of the procedure mentioned earlier.** The IR spectra were
obtained with a Bruker Alpha FTIR spectrometer. Tetramethyl-
silane [Si(CH3),] was used as the internal reference for the
'H (300 MHz) and "*C (75.45 MHz) NMR spectra, and [Sn(CHj),]
for "'°Sn (112 MHz) NMR spectra, acquired at room temperature
(RT) on a Bruker 300 MHz spectrometer. Bruker Micro TOF QII
and THERMO Finnigan LCQ Advantage Max ion trap mass
spectrometers were used for collecting the electrospray ionization
mass spectrometric data (ESI-MS) in MeOH.

The absorption and fluorescence experiments were per-
formed to evaluate the DNA binding propensity of complexes
1 and 2 by adopting the standard protocol®**® and protocols
previously adopted by our laboratory.*”3

Cell culture

The human lung cancer (A549) cell lines were obtained from
ATCC (American-type culture collection). These cells were cul-
tured in DMEM (Dulbecco’s modified Eagle’s medium) aug-
mented with 10% FBS (foetal bovine serum) and penicillin and
streptomycin in 5% CO,. Cells were passaged with 0.1% trypsin
solution every 48 h.

MTT assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) dye reduction assay was adopted to analyze the
cytotoxic effect of the organotin complexes 1 and 2 against
A549 cell lines.* The standard protocol was adopted and briefly
described below.

Around 10000 cells were seeded in 96 well plates and
incubated overnight. The stock solutions of complexes 1 and
2 (1 mM) were prepared in DMSO. Then, from the stock
solutions of the complexes, serial dilution was done for a
volume of 1 mL to get the desired concentration. The final
percentage of DMSO in the sample dilution is from 0.01%
to 0.5%.

Then these cells were heated with 0.1% DMSO (control) and
0.1, 1 and 5 uM organotin compound 1 or 2. Upon treatment for
24 h, cell viability was analyzed using 100 pL of the MTT dye
(0.1 mg mL per stock) and by incubating for another 4 h at
37 °C in the dark. The quantification of formazan was carried
out by measuring absorbance at 570 nm in a microplate reader.
The normalized value to control has been plotted. Images of
control and treated cancer cells after 0 and 24 h were taken
using a Leica DFC 450 microscope at 10x magnification.

Scratch plate assay

The scratch plate assay carried out to analyze the metastasis
of the human lung A549 cancer cells upon treatment with
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organotin compounds 1 and 2 following the standard proto-
col*® is briefly described below.

On the 24-well cell culture plate, the A549 cancer cells were
sown. The cells were allowed to grow confluently as mono-
layers. Using a sterile pipette tip, a scratch was made to the
monolayer. The cells were washed with DMEM to remove
detached cells. After washing the cells, they were incubated
with control 0.1% DMSO and 0.01 uM organotin compounds 1
and 2. The images of cell migration were taken after 0, 24 and
48 h. The images were converted to grey scale images and
processed using the J software for comparison.*!

Expression of MMP2 and TGF-§ genes

The total cellular RNA from both control and treated (organotin
compounds 1 and 2) A549 human lung cancer cells was
extracted by adopting standard protocols using Trizol (Invitrogen
Life Technologies). In the reverse transcription for cDNA synth-
esis, 2 pg of total RNA was utilized. Furthermore, this cDNA was
utilized for the quantification of various genes by real-time PCR
(Applied Biosystems 7500 real-time PCR system) using specific
primers.

Theoretical studies

The ORCA 5.0.4 package®>** was used for all DFT calculations.
The B3LYP functional with the ZORA-def2-TZVP basis set** and
SARC/J auxiliary basis set*>*® was used for all atoms except Sn,
for which the SARC-def2-TZVP basis set* was applied. AutoAux
keyword*” was used to generate other auxiliary basis sets in all
cases. The zero-order regular approximation (ZORA)*® was used
because of the presence of a heavy element. The solvent
medium (water) was accounted for using the conductor-like
polarizable continuum model (C-PCM).*® The SCF optimization
convergence criteria settled with the VeryTightSCF keyword,
geometry optimization criteria with the TightOPT keyword, and
integration grids of high density (Defgrid3 keyword) were
employed. Analysis of bond critical points and non-covalent
interaction indexes was performed using the Multiwfn 3.8
program.>® Dispersion correction was introduced through the
D4 keyword (Grimme’s atom pairwise approach).” Visualiza-
tion of the molecular orbitals was performed using the Avoga-
dro 1.2 program.’>>® Cartesian coordinates of the optimized
structures are provided in Tables S2 and S3 (ESIt). Complexes 1
and 2 were optimized using the ORCA 5.0.4 package as dis-
cussed above. Gene expression proteins PDB Id: 1rtg and PDB
Id: 1VJY were downloaded in the PDB format from the protein
data bank (www.rcsb.org). The protein was then processed and
refined utilizing the Protein Preparation Wizard in the Dis-
covery Studio tutorial. All the water molecules were deleted
from the proteins and active sites were marked for docking.
Hex 8.0.0. was used for docking using the protocols described
previously.>*>>

Synthesis and characterization

Synthesis of trimethylstannyl (E)-4-((pyren-1-ylmethylene)amino)-
benzoate (1). For the synthesis of compound 1, trimethylstannyl
4-aminobenzoate (TM4M, 0.150 g, 0.5 mmol) was dissolved in a
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solution of toluene (20 mL). Subsequently, a solution of
1-pyrenecarboxaldehyde (0.115 g, 0.5 mmol) in toluene (20 mL)
was added to the previous mixture, followed by refluxing for
8 hours. The resulting solution was then evaporated to dryness
using a rotary evaporator. The obtained residue was thoroughly
washed with hexane and petroleum ether and dried in air.
Single crystals suitable for X-ray diffraction analysis were
obtained after slow evaporation of a CHCl; solution. Isolated
yield = 0.120 g (45%). Anal. caled for C,;H,3NO,Sn: C, 63.31; H,
4.53; N, 2.73; found C, 63.41; H, 4.59; N, 2.81. ATR-IR (cm™):
1599 1(C=N), 1352 1(C-0), 772 1(Sn-C), 552 1(Sn-0). 'H NMR
(300 MHz, CDCl,) [s, 1H, (C(H)=N)], 9.08 [d, J = 9.4 Hz, 1H, H1
and H1'], 8.78 [d, ] = 8.2 Hz, 1H, H2 and H2'], 8.41-8.05 (m, 9H,
Py-H), 7.40 (d, J = 8.3 Hz, 2H), 0.7 [s, 9H, Sn-CH3, 2] 119Sn-1H =
54 Hz]. "*C NMR (CDCl;, 75.45 MHz, 6C, ppm): 159.98 (-C=0),
156.32 (C(H)=N), 133.77, 131.56, 131.26, 130.81, 130.57,
129.31, 128.07, 127.49, 127.08, 126.35, 126.11, 125.08, 124.59,
122.41, 120.73, 113.78, —2.24. ''°Sn NMR (CDCl;, 112 MHz):
137.32 ppm.

Synthesis of triphenylstannyl (E)-4-((pyren-1-ylmethylene)-
amino)benzoate (2). Compound 2 was synthesized similarly to
compound 1, except that triphenylstannyl 4-aminobenzoate
(TP4M, 0.243 g, 0.5 mmol) was used. Single crystals suitable
for single-crystal X-ray diffraction were obtained from a mixture
of CHCI; and toluene (1:1) after 5 days. Isolated yield = 0.140 g
(39%). Anal. caled for C4,H,0NO,Sn: C, 72.23; H, 4.19; N, 2.01;
found C, 72.31; H, 4.23; N, 2.08. ATR-IR (cm™*): 1601 1(C=N),
1330 1/C-0), 845 1{Sn-C), 548 1(Sn-0). 'H NMR (CDCl;, 300 MHz,
oH, ppm) [s, 1H, (C(H)=—N)], (8.78-7.38) [m, 28H, Py-H and Ar-H].
3C NMR (CDCl;, 75.45 MHz, 5C, ppm): 160.28 [C=0], 156.82
[(C)H=N], 138.47, 137.32, 136.92, 136.70, 133.89, 132.09, 131.15,
130.83, 130.42, 130.10, 129.34, 128.95, 127.99, 127.39, 127.07,
126.34, 126.14, 125.09, 122.35, 120.68. °Sn NMR (CDCl;, 112
MHz): —111.85 ppm.

Crystal structure determination

A crystal of 1 was immersed in cryo-oil, mounted on a nylon loop,
and measured at room temperature. Intensity data were collected
on a Bruker APEX-II PHOTON 100 diffractometer.>® Retrieved cell
parameters were refined using Bruker SMART and SAINT software
programs, respectively; SADAB was used for absorption correc-
tions. The structure was solved by direct methods using the
SHELXS-97 package and refined with SHELX12018/3.>” WinGX
System-Version 2018.3 was used to perform the calculations.>®
All nonhydrogen atoms were refined anisotropically. The hydro-
gen atoms bonded to carbon were included in the model at
geometrically calculated positions and refined using a riding
model. CCDC no. 2296017. Crystallographic data and structure
refinement details of 1 are presented in Table S1 (ESIt).

Results and discussion
Synthesis and characterisation

For the synthesis of the target pyrene-appended Schiff base
compounds, we condensed trimethylstannyl 4-aminobenzoate
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Scheme 1 Synthesis of compounds 1 and 2.

or triphenylstannyl 4-aminobenzoate with 1-pyrenealdehyde
in toluene. Scheme 1 illustrates the synthetic route to prepare
compounds 1 and 2.

They were characterized by elemental analysis, infrared
spectroscopy, ‘H, *C, and ''°Sn NMR, and ESI-MS. The struc-
ture of 1 was elucidated through single-crystal X-ray diffraction
analysis. Attempts to obtain X-ray-quality crystals of compound
2 were unsuccessful in our hands.

The ATR-IR spectra of 1 and 2 (Fig. S1, ESIT) reveal crucial
information about their successful synthesis. Notably, a dis-
tinct peak at around ~1600 cm™ ", attributed to the 1(C=N)
stretching vibration,”"**®° confirms the presence of the Schiff
bases. The bands at approximately 1350 and 550 cm ™" corre-
spond to the C-O and the Sn-C stretching, respectively, further
supporting the characterization of the compounds.?*>%¢°

As depicted in Fig. S2 and S3 (ESIt), the "H NMR spectra of
compounds 1 and 2 exhibit a distinctive singlet at approxi-
mately J 9.5, attributed to the -C(H)—N- protons. The reso-
nances at approximately ¢ 0.7 in 1 were attributed to the
-SnMe; protons, while compound 2 displays multiplets in
the range of 9.09-7.39 ppm, indicative of the -SnPh; protons.
The *C NMR spectra (Fig. S4 and S5, ESIt) further support the
proposed structures. In the '°Sn NMR spectrum, compound 1
exhibits a resonance at +137.32 ppm (Fig. S6, ESIT), while
compound 2 displays a peak at —111.85 ppm (Fig. S7, ESIT).
The detected signals fall within the typical range observed for
four-coordinate tin atoms in trialkyltin (153-99 ppm) and
triphenyltin (—40 to —120 ppm) species featuring an Sn-O
bond.>*'"® This indicates that the polymeric structure
observed for complex 1 in the solid state (see below) dissociates
in solution, leading to the formation of monomeric species.
In the coordination of carboxylate ligands to organotin compounds,
there is a common occurrence of anisobidentate behavior,
involving the formation of an additional secondary Sn---O
contact in the solid state. However, the ''*Sn NMR chemical
shift in complex 1 suggests that the carboxylate-SnMe; linkage
is monodentate in solution.*"** This points to the preservation
of a robust ligand-metal bonding interaction in the dissolved
state, providing insights into the dynamic nature of the com-
plex in different environments. Furthermore, the *J(*H-""°Sn)
coupling constant was successfully measured for compound 1,
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providing an insight into its coordination environment; the
observed *J("H-''Sn) value of 54 Hz in 1 confirms the Sn
tetracoordination in solution.>®> Due to the complexity of
the spectrum of compound 2, it was not possible to determine
the ?J(*H-"'°Sn) coupling constant. The positive ion ESI mass
spectra display prominent peaks at m/z = 514.10 (caled 513.08)
for compound 1, corresponding to [1 + H]" (Fig. S8, ESIY). In the
case of compound 2, peaks at m/z = 716.73 (caled. 718.1) were
observed, corresponding to [2 + H,O + H]" (Fig. S9, ESIY).

Crystallographic analysis of compound 1

The asymmetric unit of 1 contains a tin cation, three methyl
groups and an O-bound Schiff base ligand. Symmetry expan-
sion reveals a 1D polymeric structure spreading along the
crystallographic b-axis with the O-carboxylate atoms bridge
chelating the metal atoms. In this way, every metal presents a
trigonal bipyramid geometry with the oxygen atoms in the axial
sites, with Sn---O distances of 2.125(6) and 2.643(7) A and an
0O-Sn-0 angle of 174.1(2)°; the methyl groups in the equatorial
plane show Sn---C lengths between 2.113(10) and 2.125(10) A
with C-Sn-C angles of 113.8(5)°, 119.0(5)° and 124.3(5)° (Fig. 1
and 2). The carboxylate group stands in the plane of the phenyl
moiety; the pyrene and the phenyl fractions make an angle of
55.7°. The intrachain Sn---Sn distance is 5.297(1) A, while the
shortest interchain distance is 6.456(1) A.

In vitro DNA binding studies

Absorption studies. Absorption spectroscopy is a common
technique for investigating the interaction between drugs or
potential molecules and DNA.*”*® These interactions typically
fall into two binding modes: intercalative, confirmed by bath-
ochromic and hypochromic shifts, and groove binding, deter-
mined by hyperchromic shifts in absorption titration spectra.
Over the years, non-covalent interactions, including electro-
static, van der Waals, hydrogen bonding, groove binding, and
hydrophobic interactions, have been extensively studied.'®3”-38>°
Hence, the binding propensity of organotin complexes 1 and 2
with CT DNA was analyzed using absorption spectroscopy. Keep-
ing the concentration of organotin complexes fixed at 80 pM, the
CT DNA concentration was increased from 0 to 100 pM in a
phosphate buffer of pH 7.4 at 25 °C (Fig. 3(a) and (b) for 1 and 2,
respectively). The results showed hyperchromic shift, suggesting

Fig. 1 An ellipsoid plot of polymer 1 drawn at a 30% probability level, with
a partial atom labeling scheme. Symmetry codes used to generate equiva-
lent atoms: (i) —x, —1/2 +y, 1.5 — z; (i) —x, 1/2 + y, 1.5 — z.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 Absorption spectra at fixed concentration of the organotin complexes (a) 1 and (b) 2 (80 pM) and upon increasing the concentration of the CT

DNA from 0-100 pM in phosphate buffer, pH 7.4 at 25 °C.

the interaction of the organotin complexes with DNA phosphate
ends and indicating electrostatic interaction and the possibility of
groove binding propensity. These results are attributed to the
preferential selectivity of Sn(iv) for the nucleotides by interacting
with the phosphate ends of DNA. The Sn(w) cations (Lewis acid)
possess a tendency to exchange the coordinated ligand in the
presence of electron donor atoms (solvent) or by coordinating
to the nucleotides.>** Furthermore, the Sn(iv) affinity towards
the phosphate group is quite strong due to its hard Lewis acid
properties. To quantify the binding propensity of organotin com-
plexes 1 and 2 with CT DNA, intrinsic binding constants (K)
were calculated (Fig. S10a and b, ESIY), yielding values of 0.26 x
10* M " and 5.0 x 10* M, respectively. The intrinsic binding
constants K}, ascertain the significant binding propensity of the
organotin complexes 1 and 2 when compared to the previous
literature and cisplatin with a magnitude of ~10~* M~ ."

Steady-state fluorescence study

We employed fluorescence spectroscopy to further analyze
the binding interaction of the organotin 1 and 2 complexes
with CT DNA. The CT DNA is weakly emissive and the organotin
complex emits significant fluorescence when excited at 260 nm.
The organotin 1 and 2 complexes were titrated with increasing
concentration of the CT DNA from 0-100 uM keeping the
concentration of organotin complexes constant (80 M) in phos-
phate buffer at pH 7.4 at 25 °C (Fig. 4). The spectra depicted in

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Fig. 4 showed the quenching of the fluorescence intensity of
organotin 1 and 2 complexes upon concomitant increase of the
CT DNA concentration, thus ascertaining CT-DNA-organotin
complex formation (Fig. 4(a) for 1 and Fig. 4(b) for 2). However,
the fluorescence intensity is not decimated and thus the complete
intercalation is ruled out, but partial intercalation might be
possible with electrostatic interaction along the phosphate ends
of the CT DNA by the Sn(wv) cation, which opens up the grooves for
binding with the complex.®>*°

To quantify and ascertain the mechanism of interaction of
DNA with organotin complexes, we further evaluated the Stern-
Volmer constant ‘Kg,’ (Fig. S11a for 1 and S11b for 2, ESIT) and
biomolecular quenching constant ‘k’, using equations given
below:*%¢”

Fo/F = 1+ Ky, [CT DNA]

where F, and F are the intensities in the absence and presence
of the DNA, respectively. The K, values obtained were 0.24 x
10° M~ ' (1) and 0.58 x 10> M * (2).

kq = K&l1o

where 7, is the average lifetime of the fluorophore with a value
of ~107* 5.°® The value of k, for the organotin complexes is
~10"" M~! s7%. This kq value is more than 2 x 10" M™' s7},
which is indicative of static quenching that arises due to the

New J. Chem., 2024, 48, 2907-2919 | 2911
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Fig. 4 Fluorescence spectra of the organotin complexes (a) 1 and (b) 2 (at a fixed concentration of 80 pM) and upon increasing the concentration of the

DNA from 0-100 pM in phosphate buffer, at pH 7.4 at 25 °C.

complex formation between the quencher and the fluorophore
at the ground state.®’

Furthermore, we have evaluated the binding constant K;, for
the organotin complexes 1 and 2 with CT DNA, using the below
equation:

log(F, — F/F) = log K}, + nlog[CT DNA]

The K, values obtained were found to be 0.20 x 10° M™* (1)
and 0.23 x 10° M~" (2) (Fig. S11(c) and (d) for 1 and 2, ESI}
respectively). These results are consistent with the findings
obtained from UV-vis spectral studies.

|

Fig. 5

In vitro cytotoxic activity

The anticancer properties of benzoate-derived organotin(wv)
complexes have been extensively studied by our research
group.”® Building upon our previous work, we conducted
in vitro cytotoxicity assays of the organotin(iv) compounds 1
and 2 against human lung (A549) cancer cell lines to assess
their potential as chemotherapeutic agents (Fig. 5). The MTT
assay was employed, with 0.1% DMSO serving as the control.
Both synthesized organotin(iv) compounds 1 and 2 demon-
strated a concentration-dependent cytotoxic effect. Notably,
compound 2 exhibited a higher cytotoxicity compared to com-
pound 1. Fig. 3 presents images of treated and untreated A549

A549 cell
100
. i
= 80
._é
= 60 N
3 =
S 40
5
X 20
0 . . :
Control 0.1 uM 1pM  5uM
(0.1%
DMSO) EControl m] =2

Images of A549 cancer cells upon treatment with compounds 1 (5 uM) and 2 (5 uM) after O h and 24 h and untreated cells (0.1% DMSO, as

control). Bar graph displays concentration dependent cytotoxicity of the two compounds 1 and 2 along with DMSO as control. Data are represented as
means of three independent experiments. Bar shows means + standard error. * denotes significant difference at p < 0.05 with untreated control.
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cancer cells with compounds 1 and 2 at a concentration of
5 uM, along with the corresponding concentration-dependent
results graph (0.1, 1 and 5 pM). The higher cytotoxicity of
compound 2 can be attributed to the presence of the triphenyl
group, which enhances the structural activity relationship
(SAR). The planarity of the phenyl groups facilitates interaction
with DNA base pairs through intercalation, ultimately leading
to apoptosis.”"’> The metal centre “Sn” of the tin(iv) com-
pounds possesses a well-established affinity for the phospho-
diester group of the DNA backbone, thus disrupting DNA repair
in the presence of the enzyme phosphodiesterase.”® Moreover,
tin compounds have been known to interact with glycoproteins
and other cellular proteins, which are potential biomarkers of
cancer.”*”” The encouraging outcomes displayed by compound
2 against A549 cancer cells have motivated us to delve further
into our research, prompting us to conduct a scratch assay for
evaluating cancer cell migration.

Scratch assay: cell migration of A549 cells

In cancer progression, one of the most visible features is cell-
cell interaction or cell migration.”* Thus, to study this pheno-
menon, we performed a scratch assay, a robust and frequently
used technique (Fig. 6). The study was carried out against the
A549 cancer cell monolayer with passage or scratch, untreated
(control) and treated with 1 and 2 (0.1 uM), and the cells were
observed at 0 h, 24 h and 48 h (Fig. 6). The control image
displays cell-cell interaction and thus migration is evident with
the appearance of cells in the passage or scratch marked (yellow
lines gap). Treating the A549 cells with 1 and 2 stopped the

View Article Online

Paper

migration. However, compound 2 produced more potential
results even after 48 h. Thus, the scratch assay also supports
the potential ability of 2 as compared to 1 to restrict cell
migration. Agreeing on the disruption of the cytoskeleton
rearrangement in the migration of the cells, it is fair to
interpret that the organotin compounds have hampered this

process.”®”’

Up/down regulation of MMP-2 and TGF-§ genes

The versatile TGF- (pleiotropic cytokine, transforming growth
factor-B) plays a crucial role in regulating diverse cellular
processes viz, cell proliferation, angiogenesis, metastasis, and
immunosuppression.”® A biphasic effect on tumour growth is
exhibited by TGF-f; it impedes carcinogenesis as well as early
tumour suppression. However, in advanced aggressive-stage
tumours, growth factor accelerates tumour progression.”®
Thus, we investigated the effect of organotin compounds 1
and 2 on mRNA expression in lung cancer A549 cells (Fig. 7).
TGF- and MMPs work bidirectionally to activate each other.
Our results indicated that A549 cells treated with 2 significantly
reduced the expression of MMP-2 and TGF-f mRNA levels
(figure). 1 did not show much difference in expression levels
of MMP-2 and TGF-3 mRNA.

The stability of the complexes was evaluated in a buffer
solution (phosphate buffer of pH 7.4 with 0.1% DMSO) using
absorption spectroscopy. Spectra were collected at 0, 24 and
48 h. Although a decrease in absorbance was noted, there were
no significant changes observed in the spectra, confirming the
stability of the compounds in the solutions (Fig. S12, ESIT).

Fig. 6
an interval of 0 h, 24 h and 48 h, respectively.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Images showing the A549 lung cancer cell migration or interaction: untreated (0.1% DMSO) as control and treated with compounds 1 and 2 after
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Fig. 7 Histogram representing the TGF-f and MMP-2 gene expression upon treatment with compounds 1 and 2.

Theoretical calculations

The geometries of 1 and 2 were optimized at the DFT level
employing the ZORA relativistic approximation and C-PCM
model to account for the solvent (water) effects. The optimized
structures of 1 and 2 are depicted in Fig. S10, ESL.¥ In both
cases, the frontier HOMO and LUMO orbitals are strongly
delocalized over the pyrene-carboxylate Schiff base ligand
(Fig. 8). The HOMO-LUMO gaps of 1 and 2 are almost equal,
being 3.227 and 3.203 eV, respectively. The carboxylate group is
monodentately coordinated in both 1 and 2 with the Sn-O bond
distances of 2.102 and 2.098 A, respectively. The analysis of the
electron density in terms of the QTAIM theory”**° and Reduced
Density Gradient®® suggested the presence of a very weak
attractive interaction between the uncoordinated oxygen atom
of the carboxylate group and the tin atom in 1, distanced at
2.970 A (Fig. 9). However, the analysis of the Laplacian of
electron density did not reveal a bond critical point between

LUMO
-2.412 eV
HOMO
-5.639eV
1

this pair of atoms (Fig. 6). With the methyl groups replaced by
phenyl groups (complex 2), the d(Sn- - -O) distances for coordi-
nated and uncoordinated oxygen atoms become shorter, 2.098
and 2.784 A, respectively. This shortening can be explained by
the appearance of weak C-H---O hydrogen bonds [d(H:--O) =
2.591 and 2.706 A] between the uncoordinated oxygen atom and
aromatic H atoms of the phenyl groups. The electron densities
p(rBCP) at the (3, -1) bond critical points between O and H
atoms (Fig. S13, ESIt) constitute 0.80 x 10~ > and 0.66 10> a.u.
According to the model developed by Emamian and Lu,** these
p(rBCP) values correspond to binding energies of —1.03 and
—0.74 keal mol ™", respectively.

Molecular docking studies

The docking analysis of the tin(iv) compounds 1 and 2 with
MMP-2 (PDB ID: 1rtg) provides valuable insights into their
binding interactions and potential implications for anticancer

-2.443 eV

-5.646 eV

2

Fig. 8 Plots and energies of the frontier molecular orbitals (shown at the 0.02 a.u. isosurface) of 1 and 2, calculated at the B3LYP/ZORA-def2-
TZVP(SARC-ZORA-TZVP) level and based on atom coordinates optimized at the same level. Colour scheme: Sn, light grey; O, red; N, blue; C, grey;

H, white.
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Fig. 9 2D plots of the Laplacian of the electron density, V2p(r) (top), and RDG function for the same projections (Fig. 512, ESI¥), showing weak contacts

between Sn and uncoordinated O atoms in 1 and 2.

activity (Fig. 10(a) and 11(a)). These findings align with the
observed differences in their cytotoxic effects in A549 lung
cancer cell lines. Both compounds 1 and 2 displayed favourable
binding energies (—269.2 keal mol * for 1 and —295.05 kcal mol *
for 2), suggesting their potential as inhibitors of MMP-2 activity.
However, compound 2 exhibited somewhat superior binding
characteristics compared to compound 1. From the analysis of
the 2D diagram (Fig. 10(b)), we observed that compound 1
exhibited specific molecular interactions within the active site
pocket of the receptor. Notably, it formed a hydrogen bond with
the Asp569 residue at a distance of 2.45 A. Additionally,
compound 1 established favourable interactions, including
n-alkyl bonds with Val565, Ala584, and Arg567, n—anion bonds
with Asp521 and a C-H bond with GIn566.

On the other hand, docking analysis of compound 2
(Fig. 11(b)) revealed intriguing interactions within the active
site pocket. Compound 2 demonstrated n-anionic and n—catio-
nic interactions with amino acid residues such as Asp521,
Asp564, and Asp587. Furthermore, Arg567 formed n-Sigma
and n-alkyl interactions with Ala584 and Val565.

Overall, these findings provide valuable insights into the
molecular interactions of both compounds within the active
site pocket of MMP-2. Such interactions contribute to the
stabilization of the complexes and indicate the potential inhi-
bitory activity of these compounds towards MMP-2.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

In addition to investigating the interactions with MMP-2,
we also performed docking simulations to explore the binding
interactions of compounds 1 and 2 with TGF-p (PDB ID: 1VJ]Y)
(Fig. 12 and 13). In the docking study with TGF-beta, both
compounds 1 and 2 demonstrated binding interactions with
the receptor-binding pocket of TGF-B, albeit with differing
affinities and modes of interaction. The binding energy of
1 was found to be —289.2 kcal mol !, while for 2 it was
—331.3 keal mol .

Compound 2 displayed stronger binding interactions with
key residues involved in TGF-beta receptor recognition, such
as Gly214 (hydrogen bond interaction), Val219 and Thr375
(m-Sigma), Asp435 (n-anionic), Ile211, Leu340, Ala350, Lys232,
337, 376 and Arg377 (m-alkyl) (Fig. 10(b)). These interactions
correlated well with the significant reduction in TGF-beta gene
expression observed in our gene expression study. The favourable
binding affinity of compound 2 suggests its potential as a
modulator of TGF-f signalling, possibly inhibiting TGF-f binding
to its receptors and downstream signalling pathways.

Although compound 1 also exhibited binding interactions
with the receptor-binding pocket of TGF-f, they were compara-
tively weaker. This weaker binding affinity may explain its less
pronounced effect on reducing TGF-f gene expression in our
study. It showed binding interactions with residues involved in
TGF- receptor recognition, such as Lys337 (hydrogen bonding

New J. Chem., 2024, 48, 2907-2919 | 2915
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Fig. 10 Docking representation of 1 with 1rtg (a). 2D diagram representing the links between 1 and protein, showing its interaction with amino acids
aspartic acid (Asp521, 561), arginine (Arg567), alanine (Ala584), glutamine (GIn566) and valine (Val565) (b).
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Fig. 11 Docking representation of 2 with 1rtg (a). 2D diagram representing the links between 2 and protein, showing its interactions with amino acids
aspartic acid (Asp521, 564, 569), arginine (Arg567), alanine (Ala584), lysine (587) and valine (Val565) (b).

interaction) and Vval219 (rn-alkyl) (Fig. 12). Nonetheless, it is
worth noting that even moderate interactions with TGF-$ could
still have functional implications, and further investigations
are warranted to understand the precise mechanisms by which
compound 1 affects TGF- signalling.

The docking results provide valuable insights into the bind-
ing interactions of tin(iv) compounds 1 and 2 with MMP-2 and
TGF-B, which complement our gene expression study results.
In the docking study, compound 2 exhibited stronger binding
interactions with the active site residues of MMP-2. These
interactions suggest that compound 2 has the potential to
inhibit the activity of MMP-2, a protein known to play a crucial
role in cancer progression and metastasis. By blocking MMP-2
activity, compound 2 may disrupt the degradation of extra-
cellular matrix components and inhibit cancer cell invasion
and migration.

Furthermore, compound 2 demonstrated favourable bind-
ing interactions with key residues involved in TGF-beta receptor
recognition. These interactions support the potential of com-
pound 2 to modulate TGF-beta signalling, as evidenced by the
reduced expression of the TGF-beta gene observed in the

2916 | New J. Chem., 2024, 48, 2907-2919

experimental study. Modulating TGF-f signaling pathways can have
significant implications for cancer progression, as TGF-f is known
to regulate cell proliferation, migration, and immune evasion.

Compound 2 demonstrated superior cytotoxic activity in
A549 lung cancer cell lines, which is correlated to its ability
to significantly reduce the expression of MMP-2 and TGF-beta
genes. The docking study provides a molecular rationale for
these observed effects, shedding light on the potential interac-
tions and mechanisms of action of compound 2 with MMP-2
and TGF-f. Compound 2 may disrupt multiple key processes
involved in cancer development and progression, including
tumour growth, invasion, metastasis, and immune evasion.

On the other hand, compound 1 (Fig. 13), although showing
some anticancer activity, demonstrated weaker effects on redu-
cing the expression of MMP-2 and TGF-$ genes. The docking
results provide insights into the potential reasons for these
observations, suggesting that compound 1 may have weaker
binding interactions with the active sites of MMP-2 and TGF-§,
leading to a reduced impact on their activities. Thus the
results obtained from docking studies are in accord with gene
expressions.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 12 Docking representation of 2 with 1VJY (a). 2D diagram representing the links between 2 and protein, showing its interactions with amino acids
glycine (Gly214), valine (Val219), threonine (Thr375), aspartic acid (Asp435), isoleucine (lle211), leucine (Leu340), alanine (Ala350), lysine (Lys232, 337, 376)
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Fig. 13 Docking representation of 1 with 1VJY (a). 2D diagram representing the links between 1 and protein, showing the interaction of 1 with amino
acids aspartic acid (Asp521, 564, 569), arginine (Arg567), alanine (Ala584), lysine (587) and valine (Val565) (b).

Conclusions

We successfully synthesized and characterized two novel
pyrene-appended Schiff base triorganotin(iv) compounds
with three methyl or phenyl ligands designated as 1 and 2,
respectively.

The cytotoxicity assays against human lung (A549) cancer
cell lines revealed that both compounds exhibited concen-
tration-dependent cytotoxic effects, with compound 2 display-
ing higher cytotoxicity compared to 1. Absorption and fluores-
cence spectroscopy revealed a strong interaction of organotin
complexes 1 and 2 with CT DNA. The results obtained from
the spectroscopic studies suggested electrostatic interaction
and groove binding propensity, emphasizing the preferential

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

selectivity of Sn(v) for DNA phosphate ends. This higher
cytotoxicity of compound 2 can be attributed to the presence
of the triphenyl group, which is known to enhance the structure
activity relationship (SAR) by facilitating interactions with DNA
base pairs through intercalation. Furthermore, scratch assays
demonstrated that both compounds effectively inhibited can-
cer cell migration, with compound 2 exhibiting more potent
inhibitory effects even after 48 h. This inhibition of cell migra-
tion is attributed to the disruption of cytoskeleton rearrange-
ment by the organotin compounds.

To gain insights into the molecular mechanisms underlying
their anticancer activity, we performed gene expression studies
and molecular docking simulations. Both compounds showed
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binding interactions with MMP-2 and TGF-$, key proteins
implicated in cancer progression. Compound 2 exhibited stron-
ger binding characteristics with such proteins, providing a
molecular rationale for its superior cytotoxic and antimigratory
effects. These interactions suggest that compound 2 has the
potential to disrupt multiple critical processes involved in
cancer development and progression. These findings under-
score the potential of these organotin compounds as candi-
dates for further development as chemotherapeutic agents
for cancer treatment. Further investigations are warranted to
elucidate the precise mechanisms of action and to evaluate
their in vivo efficacy, moving us closer to the development of
promising anticancer drugs.
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