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Organotin(IV) compounds with potent cytotoxicity,
DNA damage, cell cycle arrest, and pro-apoptotic
effects

Shubham Sharma,a Margrét H. Ögmundsdóttir,b Helga M. Ögmundsdóttir, b
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Platinum-based anticancer agents exert their activity through DNA cross-linking but are limited by sys-

temic toxicity, poor selectivity, and the emergence of drug resistance, underscoring the need for alterna-

tive mechanisms of action. We have selected organotin(IV) center with intrinsic cytotoxic potential and

combined it with multifunctional ligands containing functional moieties that could enhance the anti-

cancer efficacy, and synthesised two organotin(IV) complexes, Bu2SnL and Ph2SnL (L = benzyl 2-(diphe-

nylphosphoryl)hydrazine-1-carbodithioate), to explore a non-cross-linking DNA-damaging strategy.

Cellular uptake studies revealed substantial intracellular accumulation of both complexes, with preferential

nuclear localization. In vitro cytotoxicity assays demonstrated potent antiproliferative activity against

breast cancer T-47D cells, with Bu2SnL exhibiting an IC50 value of 0.32 ± 0.04 μM, representing an ≈88-
fold increase in potency relative to cisplatin. Mechanistic investigations indicated that these complexes

induce pronounced DNA damage, G1-phase cell cycle arrest, and intracellular ATP depletion, ultimately

leading to apoptotic cell death. The DNA interaction studies suggest the possibility of a distinct binding

mode compared to cisplatin, and we propose that the complex is coordinating to phosphate groups

rather than nucleobase cross-linking. These findings indicate that organotin(IV) complexes are promising

anticancer candidates that may offer a different mechanism of action, potentially overcoming the limit-

ations of cisplatin.

Introduction

Cancer remains one of the leading causes of mortality globally,
contributing to approximately 9.7 million deaths in 2022.1

According to estimates from the World Health Organization
(WHO), approximately 20 million new cancer cases were
reported globally in 2022 and this number is projected to rise
significantly, reaching 35 million cases by 2050.1

Chemotherapy remains the most effective option compared to
other methods, where the administration of the anticancer
drugs inhibit the uncontrolled growth of cancer cells.2 Metal
complexes-based anticancer drugs have several advantages
over conventional organic small-molecule drugs, due to their
unique physicochemical properties, such as charge variation,
diverse structural and bonding configurations, metal–ligand
interactions, and redox activity etc.3 Since the discovery and
FDA approval of cisplatin ([Pt(NH3)2Cl2]) for cancer treatment,

there has been growing interest in the use of metal-based com-
pounds within the biomedical field.4,5 Despite the significant
clinical success of cisplatin, carboplatin, and oxaliplatin,6–8

they have severe side effects, a limited spectrum of activity,
and, more concerningly, a rising incidence of drug-resistant
tumours, which restricts the broader clinical application of
these compounds.9–12 This prompted researchers to explore
other metal complexes, including ruthenium, palladium,
iridium, gold, rhodium, and tin complexes,13,14 which showed
promising results in preclinical studies.3,15–18 We have selected
tin(IV) complexes owing to their unique structural properties
and distinct mechanisms of action compared to platinum-
based drugs.19

Organotin complexes are known for their exceptional target
specificity, reduced systemic toxicity, broad-spectrum antitu-
mor activity, and non-cross resistance, making them a novel
class of promising antitumor agents with excellent therapeutic
potential.20–22 The organic ligands also play a crucial role in
the cytotoxic potential, lipophilicity, stability, aqueous solubi-
lity, and target-binding affinity of anticancer agents.23

Organotin moiety largely contributes to the cytotoxic effects,
and the organic ligands play a critical role in modulating
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activity, biodistribution, and stability.19,22–24 Organotin(IV)
complexes featuring ligands with bioactive functional groups
display excellent anticancer activities,19,25,26 and the functional
moieties could contribute to the biological activity of the
organometallic complex and influences its ADME properties.27

The synthesis of organotin(IV) complexes based on multi-
functional ligands by incorporating various functional groups
is challenging, and their anticancer potential remains largely
underexplored.24 The anticancer activities of glutamine-conju-
gated organotin(IV) Schiff base complexes suggest that the
presence of glutamine contributes to increased tumour selecti-
vity and improved antiproliferative effects.22 We reported the
anticancer activities of organotin(IV) complexes with multifunc-
tional groups and showed that the complexes were more
effective than cisplatin against different cancer cell lines.28

The mode of action of the organotin(IV) complexes was
different compared to platinum-based drugs,19 specifically
DNA binding. DNA continues to be a critical target in anti-
cancer therapy because cancer cells rely on constant DNA repli-
cation and repair to support rapid proliferation, making them
highly vulnerable to compounds that induce DNA damage or
disrupt DNA-related pathways via intercalation, major/minor
groove binding, covalent binding, and electrostatic interaction,
etc. (Scheme 1).29,30

The mechanism of action of cisplatin and related platinum-
based drugs involves covalent binding to DNA bases, primarily
guanine, resulting in intrastrand and interstrand cross-links
that impede DNA replication and transcription.31 Efforts have
been made to identify different binding modes, and Komeda
et al. reported an alternative DNA-binding mode for organo-
metallic complexes, referred to as a phosphate clamp that
targets the phosphate groups of the DNA backbone.32 The
DNA adducts formed by these binding modes are distinct from
those formed at nucleobases, which could overcome the clini-
cal resistance towards platinum-based drugs.32 Organometallic
complexes interact with the negatively charged phosphate
groups of the DNA backbone.33–36 Interestingly, organotin(IV)
moiety displays a strong affinity for these phosphate back-
bones,37 but this mode of DNA binding remains largely unex-
plored for organotin(IV) complexes. In this work, we report the
synthesis, chemical characterisation, stability, and biological
evaluation of two tin(IV) complexes based on multifunctional
ligands containing phosphorus (phosphine oxide), sulphur
(dithioformate), and nitrogen (hydrazine) moieties.

Results and discussion

The combination of multifunctional groups within a single
ligand is a promising strategy to enhance anticancer activity
through synergistic effects, compared to a single component.38

We have demonstrated that incorporating functional groups
such as phosphine oxide and dithio moieties into organo-
metallic tin(IV) compounds yield anticancer agents with greater
efficacy than cisplatin.28 The phosphorus moieties might play
a critical role; for example, by enhancing aqueous solubility in
prodrug design or facilitating chemical transformations that
generate the active drug species.39,40 Sulphur-containing mole-
cules have long been employed as chemoprotective
agents.41–44 Organotin(IV) dithiocarbamate complexes have
been reported to exhibit enhanced cytotoxicity in cancer cell
lines due to synergistic effects between the organotin center
and the dithiocarbamate ligand.20 In this work, we have
designed a multifunctional ligand, benzyl 2-(diphenylpho-
sphoryl)hydrazine-1-carbodithioate (L) based on phosphine
oxide and dithio moieties with an additional functional group,
namely, hydrazine moiety. Over 400 hydrazine-related com-
pounds have been tested for their potential to kill cancer cells,
and even the simplest design, hydrazine sulphate, has been
investigated as an anticancer treatment for more than 30
years.45,46

Synthesis and characterisation of complexes

The multifunctional ligand (L) was synthesised by reacting
benzyl hydrazinecarbodithioate (PL) and phosphinic chloride
(Schemes S1 and S2, see SI). The precursor PL was synthesised
by reacting benzyl bromide and potassium hydrazinecarbo-
dithioate47 in a methanol–water mixture (Scheme S1, see SI).48

This intermediate was then subjected to a substitution reac-
tion with diphenyl phosphinic chloride in the presence of tri-
ethylamine, leading to the desired ligand scaffold, benzyl 2-
(diphenylphosphoryl)hydrazine-1-carbodithioate (H2L).
Compounds PL and H2L displayed enethiolization in solu-
tion,48 leading to an equilibrium between the thione and thiol
forms (Scheme 2 and Scheme S4, see SI), a common phenom-
enon observed in similar compounds. This tautomeric behav-
iour may influence the ligand’s coordination properties, con-
tributing to the stability and reactivity of the resulting organo-
tin(IV) complexes. The potassium salt of the ligand was syn-
thesised by treating the ligands with KOH (1.0 equivalent) in
methanol. Deprotonation leads to stabilization of the thiol tau-
tomer, and in contrast to the neutral ligand, the salt exists
exclusively in the thiol form.

Scheme 1 Representation of various Drug-DNA binding modes. Scheme 2 Thione-thiol tautomerism observed in compound H2L.
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We have selected organometallic Bu2SnCl2 or Ph2SnCl2 as
the metal precursor due to their known anticancer activity;
however, these compounds exhibit cytotoxicity toward both
normal and cancer cells. The coordination environment of the
metal center play a vital role in the anticancer activity, and
metal center of the active organotin compounds have several
key features such as open coordination sites at Sn, relatively
stable bonds between the ligand and Sn, particularly Sn–N and
Sn–S, and slow hydrolysis of these bonds in aqueous environ-
ments.27 Therefore, we reacted these precursors with our mul-
tifunctional ligand (L) to get a different coordination environ-
ment and geometry. The differences in the coordination geo-
metries around the metal center and the formation of Sn–N
and Sn–S bonds could alter their biological properties, which
may enhance the anticancer activities and reduce their cyto-
toxicity towards normal cells. Coordination of this ligand to
the metal centers of Bu2SnCl2 or Ph2SnCl2 proceeded through
chloride ion release, resulting in the formation of Bu2SnL and
Ph2SnL complexes (Scheme 3 and Scheme S3, see SI). The syn-
thesised compounds were characterised by standard analytical
techniques (Fig. S1–S38, see SI) such as 1H, 13C, and 31P NMR
spectroscopy, CHN analysis, infrared (IR) spectroscopy, and
electrospray ionization mass spectrometry (ESI-MS). The NMR
spectra confirmed the presence of both the thione and thiol
tautomers of PL, with the thione form predominant.

The 1H NMR spectrum of PL showed two resonances corres-
ponding to the benzyl protons at 4.36 ppm (thiol) and 4.39 ppm
(thione) (Fig. S1, see SI). Similarly, the 1H NMR spectrum of H2L
exhibited duplicated signals for several protons (Fig. S5, see SI),
with the benzyl methylene protons clearly resolved at 4.43 ppm
for the thione form and 4.46 ppm for the thiol form. The 13C
NMR spectrum showed two signals for the benzyl carbon at
37.57 and 37.81 ppm (Fig. S7, see SI), consistent with the 1H
NMR spectrum. The resonance at 21.39 ppm in 31P NMR corres-
ponds to the thione tautomer, and the signal at 20.93 ppm is
assigned to the thiol form (Fig. S9, see SI). The NMR spectra of
the metal complexes displayed single resonances, indicating the
absence of tautomerism due to coordination-induced structural
rigidity (Fig. S15–S26, see SI). The 119Sn NMR spectra of the
Bu2SnL and Ph2SnL show resonances at δ −4.36 ppm and δ

−144.47 ppm, respectively, consistent with four-coordinate tetra-
hedral geometries in both cases (Fig. S20 and S26, see SI).49 The
significant upfield shift observed for the diphenyltin derivative
reflects the stronger electronic influence of phenyl groups com-
pared to the butyl substituents.50 119Sn NMR spectra of the pre-
cursors Bu2SnCl2 and Ph2SnCl2 were consistent with literature

reports,51 indicating DMSO-coordinated species, which was
evident from the broad peaks and the observed upfield shifts
(Fig. S27 and S28, see SI).

Infrared (IR) spectroscopy was employed to identify major
absorption peaks in the compounds, confirming their proposed
structures (Fig. S34–S38, see SI). A distinct peak at 1043.81 cm−1

in PL indicates the presence of the CvS group. Upon formation
of the H2L, a new peak appears at 1189.10 cm−1, indicative of
the PvO bond. The CvS peak remains relatively unchanged at
1050.99 cm−1. The absence of v(S–H) in the IR spectrum shows
that H2L exists only in the thione form in the solid state. The dis-
appearance of the CvS and N–H peaks in tin(IV) complexes
suggests successful coordination of H2L to the metal center. The
shift in the PvO peak towards lower wavenumbers may be
attributed to the polymeric structure, as confirmed by X-ray crys-
tallography. These observations further substantiate the for-
mation and structure of the tin-ligand complexes.

X-ray diffraction

The crystallographic data and the hydrogen bonding para-
meters are provided in Tables S1 and S2 (see SI). X-ray quality
crystals of the PL and H2L were obtained by keeping concen-
trated hot dichloromethane and methanolic solutions in a
refrigerator overnight, respectively. Single crystal X-ray diffrac-
tion analysis revealed that compounds PL and H2L crystallized
in a P21/c space group, and the structural analysis revealed the
thione form in the solid-state structures (Fig. 1A and Fig. S39,
see SI). In the crystal structure, compound H2L displayed a
hydrogen-bonded dimer, whereas compound PL showed a 1-D
hydrogen-bonded chain (Fig. S39, see SI). The crystals of
Bu2SnL and Ph2SnL were obtained by cooling a hot methanolic
solution of the complexes in the refrigerator overnight.

Single-crystal X-ray diffraction revealed that Bu2SnL crystal-
lized in the monoclinic C2/c space group and Ph2SnL in an
orthorhombic Pbca space group. The structural analysis of the
complexes indicated that the tin(IV) metal centers were co-
ordinated to ligand L in a chelate fashion via the nitrogen and
sulfur atoms, as well as the carbon atoms of the butyl/phenyl
groups. The tin(IV) metal center adopted a distorted trigonal
bipyramidal geometry in both structures (Fig. 1B & C), and the
coordination of the phosphine oxide of the adjacent ligand to
the metal center resulted in 1-D coordination polymers
(Fig. S40 & S41, see SI). The interaction between the tin(IV)

Scheme 3 Chemical structure of the precursor, ligand and tin(IV)
complexes.

Fig. 1 Crystal structure of (A) compound H2L, (B) Bu2SnL, and (C)
Ph2SnL, colour code: carbon (light grey), nitrogen (dark blue), oxygen
(red), phosphorus (orange), and tin (teal).
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metal center and the oxygen atom of phosphine oxide demon-
strates the accessibility of the metal center, which might
enhance its reactivity and ability to binding to the biological
targets. The ligand adopted a thiol form in both structures,
presumably due to metal coordination, which is evident from
the bond lengths (Table S3, see SI). In Bu2SnL, one of the
phenyl groups of the phosphine oxide moiety and the phenyl
moiety of L were disordered. The solvent water molecule in
Ph2SnL was found to be severely disordered and the solvent
contribution was excluded using PLATON/SQUEEZE.52 The
selected bond lengths and angles of the metal centers in the
tin(IV) complexes are provided in Table S4 (see SI). The phase
purity of all crystals was analysed by comparing powder X-ray
diffraction (PXRD) patterns53 of the bulk materials with simu-
lated patterns derived from the respective crystal structure
(Fig. S42–S45, see SI).

Stability studies

Metal complexes can interact with solvents/media, leading to
ligand exchange reactions even before the experiments
begin.54 The presence of water in cell culture media or cellular
fluids can similarly coordinate (via oxygen atom) with tin(IV)
complexes and degrade the metal complexes. Thus, it is
crucial to evaluate the stability of the tin(IV) complexes in the
stock solution and aqueous environment. The NMR experi-
ments in DMSO-d6 provide information about the intrinsic
chemical stability of the complex in the stock solution, and
NMR in aqueous DMSO-d6 could check the possibility of
water-mediated degradation pathways possible in cellular
media. The stability of tin(IV) complexes was analysed in both
DMSO and aqueous DMSO (9 : 1, v/v, DMSO-d6/D2O) solutions
using NMR spectroscopy, and the results indicated that the tin
(IV) complexes were stable in both DMSO-d6 and DMSO-d6/D2O
(9 : 1, v/v) for at least seven days, as no spectral changes were
observed during this period (Fig. S46–S61, see SI). The sharp
and relative downfield 119Sn NMR signals indicate that there is
no DMSO coordination, unlike the corresponding tin precur-
sors (Bu2SnCl2 and Ph2SnCl2). This highlights the stabilizing
role of the ligand in our complexes, which maintains the four-
coordinate tetrahedral geometry around the tin center. The
stability of the tin complexes suggests that these compounds
could enter the cells without undergoing structural alterations,
making them promising candidates for biological studies.

Evaluation of anticancer activity

To further evaluate the potential of our tin(IV) complexes as
chemotherapeutic agents, we conducted cytotoxicity assays
in vitro. The purity of the complexes was confirmed by elemen-

tal analysis, and only crystalline pure complexes were used in
biological assays. The half-maximal inhibitory concentration
(IC50) of the tin(IV) complexes was assessed against a range of
cancer (HCT116, AsPC-1, T-47D) and non-cancer (HEK293T)
cell lines using the standard MTT cytotoxicity assay, a colori-
metric method to determine mitochondrial activity. The MTT
assay is widely used to evaluate the in vitro cytotoxic effects of
drugs on cell lines because the total mitochondrial activity
generally correlates with the number of cells.55

The tin(IV) complexes demonstrated significant cytotoxicity
across all tested cancer cell lines (Table 1), and the dibutyltin
complex (Bu2SnL) exhibits notably higher potency than the
diphenyltin complex (Ph2SnL), the ligand, and cisplatin. This
effect was particularly evident in the human breast cancer
T-47D cell line, where cisplatin showed limited efficacy (28.23
± 0.49 µM), Ph2SnL showed moderate cytotoxicity (1.25 ±
0.04 µM), and Bu2SnL displayed the highest toxicity (0.32 ±
0.04 µM). This observation suggests a unique mechanism of
action for Bu2SnL, making it a promising alternative to plati-
num-based drugs or a candidate for combination therapy. The
improved performance of the Bu2SnL complex is attributed to
the electronic and steric properties of the butyl substituents,
which can enhance lipophilicity and facilitate cellular uptake,
as well as influence the coordination environment and reactiv-
ity of the tin center. In contrast, the bulkier and more rigid
phenyl groups may limit accessibility to biological targets and
alter interaction profiles and similar trends have been reported
in the literature (Table S5, see SI). As anticipated, the ligand
alone exhibited only mild toxicity (IC50 > 100 µM), underscor-
ing the critical roles of the tin metal center and the ligand in
the organometallic complexes in mediating the cytotoxicity of
the complex. To justify the structural design for therapeutic
applications, we analysed the toxicity of the complexes towards
non-cancerous cells and the tin(IV) complexes displayed lower
toxicity towards non-tumorigenic epithelial cell line HEK293T
(IC50 = 0.59 ± 0.07) compared to T-47 cancer cell line, indicat-
ing that they might be slightly selective for malignant cells
(refer to Fig. S62–S65 for dose-dependent viability data, see SI).
Although HEK293T cells provide preliminary evidence of mild
selectivity, these transformed cells do not accurately represent
normal human tissue. In order to get a better understanding
of the therapeutic potential of the tested compounds, further
studies with non-transformed normal human cell lines and
in vivo models are required. We also performed the cytotoxicity
assays for tin precursors (Bu2SnCl2 and Ph2SnCl2) (Table S6
and Fig. S66–S69, see SI). Although their cytotoxicity values
were not dramatically different from those of our complexes,
the precursors were more toxic toward non-cancerous

Table 1 IC50 (µM) of compounds against various cell lines

IC50 HCT116+ Chr.3 AsPC-1 T-47D HEK293T

Bu2SnL 1.56 ± 0.07 1.55 ± 0.11 0.32 ± 0.04 0.59 ± 0.07
Ph2SnL 4.32 ± 0.30 4.16 ± 0.26 1.25 ± 0.04 2.47 ± 0.17
Cisplatin 12.89 ± 0.61 6.07 ± 1.17 28.23 ± 0.49 8.25 ± 0.47
Ligand 146.63 ± 15.01 146.89 ± 10.60 116.95 ± 5.56 100.91 ± 3.77
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HEK293T cells. For example, Bu2SnL shows an IC50 of 0.59 ±
0.07 in non-cancerous HEK293T compared to 0.38 ± 0.04 for
Bu2SnCl2. These results indicate the incorporating multifunc-
tional groups could reduce the toxicity towards non-cancerous
cell line, which underscores the protective and modulatory
role of the ligand in our complexes, complementing the DMSO
stability observed earlier.

Lipophilicity studies

Lipophilicity is a critical factor in pharmacology, affecting
essential properties of a drug, such as membrane permeability,
biodistribution, and metabolism.56 The lipophilic interactions
of the complexes are highly dependent on the ligand moiety
and the alkyl/aryl substituents attached to the tin metal center.
To assess the lipophilicity profile of the synthesised tin(IV)
complexes, we utilized the shake-flask method based on
n-octanol/water partitioning. ICP-MS partitioning results
revealed that the Bu2SnL complex possesses greater lipophili-
city (log Po/w = 2.26 ± 0.05) compared to the Ph2SnL complex
(log Po/w = 2.07 ± 0.04); nevertheless, both complexes fall
within the optimal lipophilicity range for orally administered
drugs, indicating their suitability for further biological assays
(Fig. 2A and Table S7, see SI). Literature reports indicate a
linear relationship between lipophilicity and cytotoxicity,
wherein dibutyltin complexes are more cytotoxic than diphenyl
tin-based systems.57 We observed the same observations and
found dibutyl tin is more lipophilic than diphenyl tin com-
plexes, which makes them more cytotoxic.

Whole cell uptake and cellular localization

Efficient cellular delivery is essential in drug development, as
the plasma membrane serves as the primary barrier that drugs
must cross to achieve optimal bioavailability. In general, lipo-
philicity and whole-cell uptake are closely correlated, as lipo-
philic small molecules can more readily cross lipid bilayers
through passive diffusion facilitated by hydrophobic inter-
actions, which is highly dependent on ligand attached to
metal centre. Based on their superior cytotoxicity and selecti-
vity, T-47D cells were selected for subsequent whole-cell
uptake and biological studies. After incubating at 1.0 µM in

T-47D cells for 24 h, the whole-cell uptake of complex Bu2SnL
(13.3 ± 2.2 fg per cell) was found to be significantly greater
than that of Ph2SnL (7.7 ± 1.5 fg per cell). We found that
Bu2SnL has higher whole-cell uptake than Ph2SnL; this result
aligns with the well-established correlation between increased
lipophilicity and enhanced cellular uptake57 (Fig. 2B and
Table S8, see SI).

To investigate the fate of organotin complexes after traver-
sing cellular membranes and to identify their subcellular
targets and molecular mechanisms of action, we performed
subcellular localization assays. Cellular localization was
assessed by extracting the nucleus and mitochondria after
treatment with organotin complexes, and the tin content
within the organelles was quantified using inductively coupled
plasma mass spectrometry (ICP-MS). Both complexes were
found to localize in the nucleus, with Bu2SnL exhibiting an
accumulation of 32.9 ± 3.3%, while Ph2SnL showed a lower
accumulation of 20.9 ± 3.7% (Fig. 2C). Substantial levels of the
tin-metal were detected in the nucleus of cells treated with
Bu2SnL, suggesting that specific interactions drive nuclear
localization. This nuclear accumulation implies that nucleic
acids, especially DNA, may serve as one of the primary intra-
cellular targets, potentially contributing to the observed cyto-
toxic effects. The lack of mitochondrial accumulation suggests
that mitochondria are unlikely to be the primary cellular target
of the tin complexes. Collectively, these findings indicate that
both the lipophilic nature of the complex and its nuclear tar-
geting ability play crucial roles in mediating its biological
activity.

Cell cycle modulation

The cell cycle consists of a tightly regulated sequence of cellu-
lar events, including checkpoints that control progression
between different phases, particularly under stress conditions.
Choroba et al. report that upon accumulation of their com-
plexes in the nucleus, interphase check points induce cell
cycle arrest, facilitate DNA repair, and trigger apoptosis.58 The
nuclear localization of the tin(IV) complex suggests a potential
interaction with DNA that might trigger the cell cycle arrest. To
investigate this possibility, cell cycle analysis was performed
using flow cytometry (Fig. 3 & Fig. S70, Table S9, see SI). The
cytotoxic effects of tin(IV) complexes, the ligand, and cisplatin,
and their influence on cell cycle progression were evaluated
using propidium iodide (PI). This DNA-intercalating fluoro-
phore enables quantification of cellular DNA content across
the different phases of the cell cycle (G0/G1, S, and G2/M), as
PI fluorescence intensity increases proportionally with DNA
duplication from G1 to G2 phase.

As illustrated in Fig. 3, treatment with Bu2SnL resulted in
cell cycle arrest (12.0% increase) at the G0/G1 phase when
administered at a concentration of 0.3 µM for 24 h in the
T-47D cell line. By inducing this G0/G1 cell cycle arrest by
Bu2SnL, DNA synthesis might be impaired, thereby suppres-
sing uncontrolled tumour cell proliferation, a fundamental
hallmark of malignant tumours. In contrast, the other com-
pounds tested at the same concentration exhibited negligible

Fig. 2 (A) Lipophilicity of the tin complexes; (B) whole cell uptake of tin
(IV) complexes; (C) cellular localization of tin(IV) in T-47D cells inside the
major cellular organelles (nucleus and mitochondria) after 24 h incu-
bation (n = 3, *p < 0.05).
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effects on cell cycle progression. Notably, while cisplatin is
known to induce cell cycle arrest in the S phase, our com-
pound appears to arrest specifically in the G0/G1 phase. This
observation suggests the possibility of distinct mechanisms of
action, despite both agents targeting the nucleus.

Effect of organotin(IV) complexes on cell death processes

The cellular response to cell cycle arrest can often lead to the
induction of apoptosis. Apoptosis is a tightly regulated form of
programmed cell death triggered by cellular stress or damage,
characterised by phosphatidylserine externalization, mem-
brane blebbing, chromatin condensation, and DNA fragmenta-
tion.59 To investigate this potential outcome, we performed an
Annexin V-FITC/PI flow cytometry assay, which allows differen-
tiation between apoptotic and necrotic cells based on charac-
teristic membrane changes. Our analysis revealed that the
dibutyl tin(IV) complex effectively induces apoptosis in T-47D
cancer cells after treatment at 5.0 µM for 4 h. Specifically, we
observed an increase in the population of Annexin V-positive
cells (37.5 ± 9.6%) compared with the control (5.1 ± 0.1%),
indicating activation of the apoptotic pathway (Fig. 4). These
findings suggest that the Bu2SnL complex triggers pro-
grammed cell death, contributing to its cytotoxic effects
against cancer cells.

Cellular ROS generation

The Reactive oxygen species (ROS), including superoxide
anions, hydrogen peroxide, and hydroxyl radicals, play a dual
role in cancer biology. At moderate levels, ROS function as sig-
nalling molecules that promote cell proliferation and survival;
however, excessive ROS accumulation induces oxidative stress,
leading to DNA damage, mitochondrial dysfunction, and acti-
vation of apoptotic pathways.60 Intracellular ROS levels were
assessed using the 2′,7′-dichlorofluorescein diacetate
(DCFH-DA) assay. Upon oxidation by reactive oxygen species,
DCFH is converted to the highly fluorescent 2′,7′-dichlorofluor-
escein (DCF), which can be quantified by fluorescence spec-
troscopy or flow cytometry.61

No detectable ROS production was observed in T-47D cells
after 4 h of treatment with the complexes (Fig. S71, see SI).
This absence of ROS generation aligns with our whole-cell

uptake studies, which showed that the complexes do not
specifically localize in mitochondria, the primary site of intra-
cellular ROS production. Their limited mitochondrial accumu-
lation likely prevents meaningful interactions with the electron
transport chain, thereby having little effect on the production
of superoxides or downstream peroxides.

Cellular ATP depletion

Adenosine triphosphate (ATP) serves as the central energy cur-
rency of the cell, driving numerous biochemical and metabolic
processes.62 Complexes that disrupt cellular metabolism often
cause a reduction in ATP levels, thereby compromising energy-
dependent functions and promoting apoptosis or other forms
of cell death. Intracellular ATP levels are closely associated
with cellular viability and were quantified using a lumine-
scence-based ATP detection assay. To evaluate the contribution
of ATP depletion to the mechanism of action of the complexes,
cells were treated at their respective IC50 and 2 × IC50 concen-
trations. All compounds (Bu2SnL, Ph2SnL and cisplatin)
induced reduction in intracellular ATP levels; however, the
extent of ATP depletion was moderate and markedly less pro-
nounced than that typically observed for metabolic or mito-
chondrial-targeting agents (Fig. S72 and Table S10, see SI).
The observed decrease in ATP content correlated with reduced

Fig. 3 (A) Cell cycle arrest of T-47D cells and cell cycle distribution
after incubation with compounds (0.3 μM) for 24 h; (B) change in G0/G1,
G2/M, and S phase.

Fig. 4 (A) Flow cytometry of Annexin V/PI-stained T-47D cells incu-
bation with compounds (5.0 μM) for 4 h; (B) bar graph illustrating the
apoptotic cell population after incubation with compounds (5.0 μM) for
4 h (n = 3, **p < 0.01).
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cell viability, indicating an association between energy status
and cytotoxicity. However, the absence of severe ATP depletion
suggests that disruption of cellular energy metabolism is un-
likely to be the primary cause of the cell death induced by
these complexes.

Mechanism of action

The nuclear accumulation of tin(IV) complexes, revealed by
subcellular localization analysis, demonstrates their potential
to interact with DNA. This prompted us to perform various
Drug-DNA interactions studies. Competitive fluorescence dis-
placement assays using 4′,6-diamidino-2-phenylindole (DAPI)
and ethidium bromide (EB) were employed to differentiate
DNA binding modes of the complexes. The DAPI preferentially
binds in the minor groove of duplex DNA, resulting in
enhanced fluorescence that is reduced upon displacement by
groove-binding compounds. On the other hand, EB interca-
lates between base pairs and its fluorescence decreases upon
displacement by intercalative compounds, thereby enabling
discrimination between groove binding and intercalation
interactions.63,64 We have performed DAPI or EB displacement
assays to check whether there is DNA groove binding or inter-
calation. No significant spectral changes were observed in
DAPI or EB displacement assays with Bu2SnL. The unchanged
fluorescence profiles indicate that the complexes do not dis-
place these canonical DNA-binding dyes, implying Bu2SnL is
not interacting with DNA either via intercalation or groove
binding (Fig. S73 & S74, see SI). This observation is consistent
with previous reports, supporting the fact that the tin(IV) com-
plexes might bind selectively to the phosphate groups of the
DNA backbone.37

The oxygen atoms of the phosphate groups are classified as
hard Lewis bases; consequently, they preferentially interact
with hard Lewis acids such as metal at higher oxidation state
(Sn4+).65 Organotin(IV) compounds are well known for their
hypervalent coordination behaviour, which enables them to
accommodate additional donor ligands, including phosphates,
and to adopt higher coordination numbers (CN > 4).66,67 To
confirm this interaction, we reacted equimolar amounts of
Bu2SnL and potassium ethyl phosphonate (EtOPH(O)OK), and
the subsequent ESI-MS analysis revealed the formation of
coordination complex including both the species (Fig. S75, see
SI). We performed NMR experiments to validate this obser-
vation by adding phosphonate (0.1–5.0 equivalent) to a DMSO-
d6 solution of Bu2SnL.

119Sn NMR spectra exhibited pro-
nounced upfield shifts (−4.22 to −82.32 ppm) upon phospho-
nate addition, indicating a transition of the tin(IV) complex
from four- to five-coordinate geometry68 and the complex for-
mation (Fig. 5 and S76, see SI).

The addition of phosphonate (0.1 equivalent) resulted in
broadening the peak for the four-coordinate species in the
119Sn NMR spectrum, which disappeared upon increasing the
phosphonate concentration (0.5 equivalent). The phosphonate
concentration (1.0 equivalent) was further increased, leading
to the formation of a broad signal that corresponds to five-co-
ordinated species (Fig. S76, see SI). This indicates a dynamic

equilibrium between free and bound species, as evidenced by
the gradual shifts in the phosphorus signals in 31P NMR
spectra (Fig. S77, see SI). The disappearance of the peaks at 0.5
equivalent of phosphonate prompted us to check whether the
equilibrium is time-dependent using 119Sn and 31P NMR
experiments, which revealed that the equilibrium is estab-
lished rapidly (Fig. S78 and S79, see SI). To mimic interactions
of the metal complexes with the DNA nucleotide moiety, NMR
experiments were performed with guanosine monophosphate
(GMP) triethylammonium salt and Bu2SnL, which displayed
clear changes in both the 31P and 119Sn NMR spectra (Fig. S80
and 81, see SI). These results were similar to the NMR experi-
ments with phosphonate, confirming that the metal center
interacts with the phosphate group. The 119Sn NMR signal
broadened and eventually disappeared, suggesting that the
metal center interacts with the GMP. The absence of the signal
corresponding to a five-coordinated tin species even at higher
equivalence of GMP may be attributed to the ligand exchange
process, which was confirmed by the presence of anionic free
ligand (18–19 ppm) in the 31P NMR spectrum. NMR experi-
ments performed by adding diethyl phosphite devoid of an
anionic oxygen atom to the Bu2SnL solution (Fig. S82 and S83,
see SI) indicated no changes in the spectra. This shows the
importance of the anionic oxygen atom in phosphate moieties
and confirms that the phosphate anionic oxygen atom is co-
ordinated to the tin metal center. The possibility of the metal
center interacting with the nucleobase and sugar moieties of
DNA was ruled out by performing a similar NMR experiment
with 2′-deoxyguanosine, which showed no significant chemical
shift changes or signal broadening (Fig. S84 and S85, see SI).

Fig. 5 Representation of the Bu2SnL-phosphonate adduct, (A) pro-
posed reaction scheme of Bu2SnL and phosphonate; (B) 119Sn NMR of
the mixture of Bu2SnL and phosphonate in DMSO-d6.
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These results indicate that Bu2SnL might have more affinity
for the DNA phosphate backbone over other conventional
binding modes. A similar five-coordinate phosphonate-bound
species was also observed for Ph2SnL, but the absence of a
sharp and intense 119Sn NMR peak suggests that the phos-
phate-binding ability of Ph2SnL was relatively weak compared
to Bu2SnL, which can be correlated to their relative anticancer
activity (Fig. S86 and 87, see SI). Additionally, no five-coordi-
nate species was formed upon addition of 1.0 equivalent of
phosphonate to the tin precursors (Bu2SnCl2, and Ph2SnCl2),
highlighting the critical role of the ligand in the metal
complex for phosphate binding (Fig. S88 and 89, see SI).

The organometallic complex-DNA interactions often lead to
cellular DNA damage, and we performed the comet assay, or
single-cell gel electrophoresis, a sensitive and widely used
technique for detecting DNA damage at the individual-cell
level.69 By embedding cells in agarose, lysing them, and apply-
ing electrophoresis, fragmented DNA migrates to form a
characteristic “comet” tail, the length and intensity of which
quantitatively reflect the extent of DNA strand breaks. As
shown in Fig. 6A, fluorescent microscopy revealed comet for-
mation in cells treated with Bu2SnL. The extent of DNA
migration increased in a time-dependent manner, with quanti-
fication (Fig. 6B and C) showing significant elevations in both
tail DNA and Olive moment.

These findings indicate that Bu2SnL induces moderate to
severe DNA damage, suggesting that its cytotoxic effects may
be mediated, at least in part, through interacting with DNA.
The observed DNA damage caused by Bu2SnL to T-47D cells
identifies the possibility of DNA as one of the key targets.
These findings support the hypothesis that tin(IV) complexes
accumulate in the nucleus, which might bind to the DNA
phosphate backbone, likely inducing conformational changes
or DNA condensation that could disrupt DNA integrity,

causing damage and loss of function. Such disruption may
ultimately lead to intracellular ATP depletion, cell cycle arrest
and cell death, highlighting the potential of these complexes
as agents for targeting nuclear DNA and advancing anticancer
research.

Conclusions

In this study, we report the synthesis and biological evaluation
of two organotin(IV) complexes (Bu2SnL and Ph2SnL) with mul-
tifunctional groups. Our strategy was to synergistically
combine the intrinsic cytotoxic potential of the organotin(IV)
center with multifunctional ligands containing functional
moieties that could enhance the anticancer efficacy, which
may induce distinct DNA-binding modes. Bu2SnL exhibited a
broad-spectrum antiproliferative activity across multiple
cancer cell lines, significantly surpassing cisplatin under com-
parable conditions. The cellular and mechanistic studies indi-
cate that Bu2SnL preferentially accumulates in the nucleus and
are proposed to interact with DNA via coordination to external
phosphate groups, as characterised by NMR spectroscopy and
mass spectrometry, rather than through classical intercalation.
The proposed interaction is consistent with the observed
induction of DNA damage and arrest at the G1 phase, ulti-
mately leading to apoptosis-mediated cell death. We have
shown that the combination of a multifunctional ligand with
the Lewis acidic and hyper coordination properties of organo-
tin(IV) could facilitate the proposed DNA phosphate-binding
mode. The proposed mode of action could distinguish these
organotin(IV) complexes from existing DNA-targeting metal-
based chemotherapeutics, thereby enhancing their anticancer
efficacy, supporting the advancement of alternative DNA-
binding cancer agents. In summary, these findings suggest
Bu2SnL as a promising lead compound and highlight organo-
tin(IV) frameworks as a valuable and underexplored chemical
space for anticancer drug discovery. Ongoing studies focus on
elucidating the precise molecular basis of cellular DNA reco-
gnition, defining the contributions of individual structural
moieties to biological activity, and optimizing the pharmaco-
logical profile to support future preclinical development.

Experimental
Materials and methods

All starting materials and solvents were purchased from com-
mercial sources and used as supplied. The tin(IV) complexes
Bu2SnCl2 and Ph2SnCl2 were purchased from TCI Chemical
Trading Co., Ltd. NMR and IR spectra were recorded on a
Bruker AVANCE 400 spectrometer and a Nicolet iS10 FT-IR
spectrometer, respectively. Electrospray ionization mass
spectra (ESI-MS) were recorded on the Bruker Compact QTOF
mass spectrometer. Elemental analyses were carried out on an
Elementar Analysensysteme GmbH Vario EL V3.00 and Vario
EL Cube. Bruker D8 venture and PANalytical X-ray diffraction

Fig. 6 T-47D cells incubated with Bu2SnL for 2.0 and 4.0 h: (A) comet
assay performed by fluorescence microscopy with comet dye staining;
(B) tail DNA (%) of the cell. (C) olive moments of the cell (n = 3, *p <
0.05, **p < 0.01, ***p < 0.001).
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(XRD) instruments were used for the single-crystal (SCXRD)
and powder (PXRD) diffraction experiments, respectively.
Inductively coupled plasma mass spectrometry (ICP-MS)
measurements have been recorded on an iCAP RQ (Thermo
Fisher) spectrometer. The absorption within 96 well plates was
measured using an EMax Plus microplate reader. Flow
Cytometry was performed on a Attune™ NxT Acoustic
Focusing Cytometer or BD FACSymphony flow cytometer (BD
Bioscience). For all biological experiments, DMSO concen-
tration was 0.05% or less, unless otherwise specified.

Synthesis

Synthesis of potassium hydrazinecarbodithioate. The syn-
thesis was carried out following a modified procedure reported
in the literature.47 Hydrazine monohydrate (1.45 mL,
30.0 mmol) was dissolved in 20.0 mL of 1,4-dioxane in a
100 mL round-bottom flask. Potassium hydroxide (1.68 g,
30.0 mmol) was added to the solution, and the mixture was
stirred at room temperature for 10 minutes under a nitrogen
atmosphere. After the initial mixing period, a solution of
carbon disulfide (1.81 mL, 30.0 mmol) in 20.0 mL of 1,4-
dioxane was added dropwise to the reaction mixture while
maintaining the temperature at 0 °C using an ice bath. The
reaction mixture was stirred for an additional 2 h at 0 °C,
resulting in the formation of a white precipitate. The precipi-
tate was collected by filtration, washed with 1,4-dioxane and
diethyl ether, and then dried under vacuum to afford the
crude product. The product was used in the next step without
further purification.

Synthesis of benzyl hydrazinecarbodithioate (PL). To a solu-
tion of potassium hydrazinecarbodithioate (30.0 mmol, 1.5
equivalent) in a 1 : 2 water–methanol mixture (30.0 mL), a solu-
tion of benzyl bromide (2.37 mL, 20.0 mmol, 1.0 equivalent) in
methanol (20.0 mL) was added dropwise over 20 minutes. The
reaction mixture was stirred at room temperature for 16 h.
After completion, methanol was evaporated under reduced
pressure. The resulting aqueous mixture was sequentially
washed with 0.5 N HCl (40.0 mL) and saturated NaHCO3 solu-
tion (40.0 mL). The organic product was then extracted with di-
chloromethane (3 × 40.0 mL). The combined organic layers
were washed with saturated brine solution, dried over anhy-
drous MgSO4, filtered, and concentrated under vacuum to
yield a white powder. The crude product was further purified
by column chromatography using silica gel as stationary phase
and methanol/dichloromethane mixture as the eluent,
affording the desired product as a white powder in 80.18%
yield (3.18 g, 16.03 mmol). Colourless crystals suitable for
X-ray crystallography were obtained by keeping a concentrated
hot solution of the product in dichloromethane in a refriger-
ator overnight. 1H NMR (400 MHz, DMSO-d6) δ 10.86 (s, 1H), δ
7.38–7.34 (m, 2H), 7.32–7.27 (m, 2H), 7.23 (tdd, J = 7.4, 4.0, 2.5
Hz, 1H), 5.11 (s, 2H), 4.39 (s, 2H). 13C NMR (101 MHz, DMSO-
d6) δ 199.85, 137.79, 128.87, 128.34, 126.92, 37.06. MS-ESI(m/z)
calc. for C8H10N2NaS2

+ [M + Na]+: 221.0178, found 221.0169.
Elemental analysis: C, 48.46; H, 5.08; N, 14.13. Found: C,
48.44; H, 4.70; N, 14.07.

Synthesis of benzyl 2-(diphenylphosphoryl)hydrazine-1-car-
bodithioate (H2L). Compound PL (0.99 g, 5.0 mmol) was
added to a 100 mL oven-dried two-neck round-bottom flask,
which was then evacuated and flushed with nitrogen three
times. Dry dichloromethane (20.0 mL) was added to the flask,
followed by the slow addition of triethylamine (0.84 mL,
6.0 mmol, 1.2 equivalent). The reaction mixture was stirred for
10 minutes in an ice bath. Subsequently, a solution of diphe-
nyl phosphinic chloride (1.05 mL, 5.5 mmol, 1.1 equivalent) in
dichloromethane (20.0 mL) was added dropwise over
30 minutes. The reaction was allowed to proceed at room
temperature with continuous stirring for 16 h. Upon com-
pletion, the reaction mixture was washed sequentially with 0.5
N HCl (30.0 mL) and saturated NaHCO3 solution (30.0 mL).
The organic phase was extracted with dichloromethane (2 ×
30 mL), washed with saturated brine solution, dried over anhy-
drous MgSO4, filtered, and concentrated under vacuum to
yield a white powder. The crude product was purified by
column chromatography using a 1 : 1 mixture of ethyl acetate
and petroleum ether as the eluent, yielding the desired
product as a white powder (yield: 70.26%, 1.4 g, 3.5 mmol). A
concentrated hot methanolic solution of the product was
placed in a refrigerator overnight, yielding colourless X-ray-
quality single crystals. 1H NMR (400 MHz, DMSO-d6) δ 11.47
(s, 1H), 8.64 (d, J = 16.5 Hz, 1H), 7.85 (ddt, J = 11.9, 6.9, 1.4 Hz,
4H), 7.58 (dddd, J = 9.1, 5.3, 3.4, 1.9 Hz, 2H), 7.49 (ddd, J = 8.8,
6.7, 3.4 Hz, 4H), 7.32–7.24 (m, 5H), 4.43 (s, 2H). 13C NMR
(101 MHz, DMSO-d6) δ 203.47 (d, J = 4.0 Hz), 137.27, 132.24 (d,
J = 2.9 Hz), 131.93 (d, J = 9.7 Hz), 130.88 (d, J = 126.2 Hz),
128.95, 128.47 (d, J = 12.5 Hz), 128.36, 127.03, 37.57. 31P NMR
(162 MHz, DMSO-d6) δ 21.39. MS-ESI(m/z) calc. for
C20H19N2NaOPS2

+ [M + Na]+: 421.0569, found 421.0565.
Elemental analysis: C, 60.28; H, 4.81; N, 7.03. Found: C, 60.27;
H, 4.78; N, 7.00.

Synthesis of K+ salt of the ligand. A solution of KOH
(28.0 mg, 0.5 mmol, 1.0 equivalent) in methanol (1.0 mL) was
added dropwise to a solution of the compound H2L (199.2 mg,
0.5 mmol) in methanol (10.0 mL). The resulting mixture was
stirred at room temperature for 10 minutes and was dried to
obtained product in equimolar yield. 1H NMR (400 MHz,
DMSO-d6) δ 8.58 (d, J = 20.0 Hz, 1H), 7.81–7.75 (m, 4H),
7.56–7.45 (m, 6H), 7.13–7.05 (m, 5H), 3.94 (s, 2H). 13C NMR
(101 MHz, DMSO-d6) δ 162.21, 140.55, 133.79 (d, J = 126.8 Hz),
131.75 (d, J = 9.1 Hz), 131.28 (d, J = 2.9 Hz), 128.83, 128.28 (d, J
= 12.0 Hz), 127.82, 125.84, 34.26. 31P NMR (162 MHz, DMSO-
d6) δ 18.30. MS-ESI(m/z) calc. for C20H19N2NaOPS2

+ [M + H +
Na]+: 421.0569, found 421.0559.

Synthesis of (5-(benzylthio)-2,2-dibutyl-1,3,4,2-thiadiazastan-
nol-3(2H)-yl)diphenylphosphine oxide (Bu2SnL). To a solution
of the ligand (H2L) (199.2 mg, 0.5 mmol) in methanol
(10.0 mL), a solution of KOH (28.0 mg, 0.5 mmol, 1.0 equi-
valent) in methanol (1.0 mL) was added dropwise. The result-
ing mixture was stirred at room temperature for ten minutes.
Subsequently, a solution of dibutyltin dichloride (151.9 mg,
0.5 mmol, 1.0 equivalent) in methanol (1.0 mL) was added
dropwise to the above solution, resulting in a turbid solution.
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The mixture was then refluxed for 16 h, after which it was fil-
tered while hot. The filtrate was placed in a freezer to obtain
crystals. Yield: 88.42% (278.2 mg, 0.4 mmol). 1H NMR
(400 MHz, DMSO-d6) δ 7.60–7.54 (m, 4H), 7.51–7.48 (m, 2H),
7.44–7.39 (m, 4H), 7.21–7.15 (m, 5H), 4.11 (s, 2H), 1.49–1.34
(m, 8H), 1.21–1.18 (m, 4H), 0.72 (t, J = 7.3 Hz, 6H). 13C NMR
(101 MHz, DMSO-d6) δ 140.24 (d, J = 29.4 Hz), 138.43, 135.22
(d, J = 115.7 Hz), 131.04, 130.94, 128.57, 128.20, 127.97 (d, J =
12.0 Hz), 126.75, 35.15, 27.41, 25.78, 25.08, 13.47. 31P NMR
(162 MHz, DMSO-d6) δ 28.18. 119Sn NMR (149 MHz, DMSO-d6)
δ −4.36 (d, J = 24.6 Hz). MS-ESI(m/z) calc. for C28H36N2OPS2Sn

+

[M + H]+: 631.0123, found 631.0994. Elemental analysis: C,
53.43; H, 5.61; N, 4.45. Found: C, 53.40; H, 5.38; N, 4.42.

Synthesis of (5-(benzylthio)-2,2-diphenyl-1,3,4,2-thiadiazas-
tannol-3(2H)-yl)diphenylphosphine oxide (Ph2SnL). A solution
of ligand (H2L) (199.2 mg, 0.5 mmol) was prepared in metha-
nol (10.0 mL). To this, a methanolic solution of KOH (28.0 mg,
0.5 mmol, 1.0 mL) was added dropwise with continuous stir-
ring at room temperature. After 10 minutes, a methanolic solu-
tion of diphenyl tin(IV) dichloride (206.3 mg, 0.6 mmol,
1.0 mL) was added dropwise, resulting in a turbid solution.
The mixture was then refluxed for 16 h and the hot reaction
mixture was filtered. The filtrate was placed in a freezer to
obtain crystals. Yield: 43.28% (144.8 mg, 0.2 mmol). 1H NMR
(400 MHz, DMSO-d6) δ 7.79–7.60 (m, 4H), 7.49–7.45 (m, 2H),
7.42–7.30 (m, 14H), 7.23–7.14 (m, 5H), 4.14 (s, 2H). 13C NMR
(101 MHz, DMSO-d6) δ 143.65, 138.17, 135.58, 134.46 (d, J =
116.7 Hz), 131.20, 131.11, 131.06, 131.05, 129.31, 128.67,
128.26, 127.84 (d, J = 12.5 Hz), 126.84, 35.17. 31P NMR
(162 MHz, DMSO-d6) δ 29.30. 119Sn NMR (149 MHz, DMSO-d6)
δ −144.47 (d, J = 28.9 Hz). MS-ESI(m/z) calc. for
C32H27N2NaOPS2Sn

+ [M + Na]+: 693.0217, found 693.0215.
Elemental analysis: C, 57.42; H, 4.07; N, 4.19. Found: C, 57.27;
H, 3.94; N, 4.29.

X-ray crystallography

Colourless single crystals of PL suitable for X-ray diffraction
were obtained by slow cooling of a concentrated hot solution
of the compound in dichloromethane at 4.0 °C overnight.
Similarly, concentrated hot methanolic solutions of compound
H2L and the metal complexes (Bu2SnL and Ph2SnL) were
refrigerated overnight to afford colourless Single crystals. X-ray
diffraction was performed on a Bruker D8 Venture (Photon100
CMOS detector) diffractometer, and data were collected using
MoKα radiation (λ = 0.71073 Å) at room temperature. The iso-
lated crystals were immersed in paratone oil and then
mounted. The unit cell determination, data collection, data
reduction, structure solution/refinement, and empirical
absorption correction (SADABS) were performed using Apex III
software (Bruker AXS, Madison, WI, 2015). The structure was
solved by direct method and refined by the full-matrix least-
squares on F2 for all data using SHELXTL version 2017/1.63.
All non-disordered non-hydrogen atoms were refined anisotro-
pically. In the Bu2SnL structure, the phenyl group and one of
the benzenes of the phosphine oxide moieties of L were found
to be disordered, and the refinement was performed using free

variable (FVAR). We were unable to refine the solvent molecule
in Ph2SnL to a proper model and the structure was refined by
excluding the electron densities from the disordered solvent
molecule using PLATON/SQUEEZE,52 which corresponds to 57
electrons per unit cell, and this can be assigned to a water
molecule (≈7.5 electrons per asymmetric unit). The hydrogen
atoms were placed at the calculated positions and refined
using a riding model, except for the nitrogen atoms of PL and
H2L, which were located on the Fourier map and refined. The
crystallographic data were deposited with the Cambridge
Crystallographic Data Centre, which can be obtained free of
charge; the CCDC numbers are 2530292–2530295.

Powder X-ray diffraction

Bulk crystals of the compounds were obtained as described in
the above section. The crystals were isolated, dried, ground in
a mortar and pestle, and spread uniformly over a glass slide.
All experiments were carried out on a PANalytical instrument
with a Cu anode, over 2θ from 4.0 to 60.0°, and a step size of
0.02°.

Stability of complexes

The stability of the tin(IV) complexes in DMSO-d6 and DMSO-
d6/D2O (9 : 1, v/v) was examined using multinuclear NMR spec-
troscopy (1H, 13C, 31P and 119Sn). NMR spectra were recorded
at 7 day intervals and analyzed to detect any changes in the
spectral profile of the compound.

Lipophilicity studies (log P measurement)

Octanol-saturated water (OSW) and water-saturated octanol
(WSO) were prepared by mixing equal volumes of octanol and
saline for 24 h. A solution of each compound was prepared by
adding 20.0 μL of the compound (10.0 mM in DMSO) to a
mixture of 2.0 mL of WSO and 2.0 mL of OSW, then shaking
the mixture. After 24 h, the sample was centrifuged at 6000
rpm for 6 minutes. The octanol and water phases were care-
fully separated and submitted for ICP-MS analysis. The par-
tition coefficients of the tin(IV) complexes were calculated
using the equation.

log Po=w ¼ log
½C�WSO

½C�OSW
:

Cell culture

The following cell lines, Aspc-1 (pancreatic cancer, ATCC®
CCL-1682TM), HEK293T (human embryonic kidney 293T,
ATCC®, CRL-3216), T-47D (breast cancer, ATCC® HTB-133TM)
were obtained from American Type Culture Collection (ATCC)
through LGC Promochem. Colon cancer cell line HCT116 +
Chr.3 (MMR-proficient) was obtained from Baylor Scott &
White Research Institute, USA. Cells were maintained in appro-
priate media, as recommended, with added antibiotics, peni-
cillin/streptomycin (100 IU mL−1/100.0 μg mL−1, Gibco). Cells
were cultured under standard conditions in T-25 or T-75 flasks
(Corning® Cell Culture Flask) at 37.0 °C in a humidified incu-
bator with 5.0% CO2 (Forma Direct Heat CO2 Incubator) and
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sub-cultured when they reached 70–80% confluence. The
growth medium was changed three times a week. For exper-
imentation, sub-confluent cells were detached by trypsiniza-
tion, counted in a haemocytometer and seeded on appropriate
culture plates (Falcon® Culture Plate) at the indicated density.
Cells were used in cellular assays after at least two passages
from thawing, each with no more than 15 passages from
receipt at the time of screening.

Procedure of MTT assay

Cells were seeded in 96-well plates at a density of 5 × 103 cells
per well, followed by an incubation at 37.0 °C with 5.0% CO2

for 24 h. The stock solutions of the compounds were prepared
by dissolving in DMSO to obtain a concentration of 10.0 mM.
The cells were treated with increasing concentrations of the
compounds diluted in cell media, achieving a total volume of
200 µL. The cells were incubated for an additional 48 h, and
then the media were replaced with fresh media (100 µL), and
10.0 µL of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide) (5.0 mg mL−1) was added to each well.
After 4 h of incubation, the cell media was removed, and for-
mazan crystals were dissolved in dimethyl sulfoxide (100 µL
per well). The absorbance at 570 nm in each well was deter-
mined using an EMax Plus microplate reader (Thermo
Scientific). Cell viability of each well was determined by sub-
tracting the average absorbance of the blank group. Cell viabi-
lity was calculated using the equation as below:

Cell viability ð%Þ ¼ ðAsample � AblankÞ
ðAcontrol � AblankÞ � 100

where Asample, Acontrol and Ablank represent the absorption of
cells containing sample, no sample, and neither sample, nor
cells, respectively. IC50 values were calculated using GraphPad
Prism software. XY analysis with three replicate values in side-
by-side sub-columns was chosen. X values were transformed to
logarithms; data were normalized. Data were then analysed
with XY analysis “Nonlinear regression (curve fit)” and “log
(inhibitor) vs. normalized response”.

Whole cell uptake studies

The T-47D cells were incubated with the compound (1.0 μM)
for 24 h at 37.0 °C. After this time, the cells were washed with
PBS. The cells were detached with trypsin, harvested, centri-
fuged, and resuspended. The number of cells on each dish
was accurately counted. Each sample was digested using a
10% HCl solution. The tin (Sn) content was determined by
ICP-MS and compared with tin reference standards. The tin-
metal content was then associated with the number of cells.

Intracellular distribution by ICP-MS

The subcellular-localization of the tin(IV) complexes was deter-
mined by measuring tin-metal content within the T-47D cell
using ICP-MS. 4.0 × 106 cells were incubated with the com-
pound (1.0 μM) for 24 h at 37.0 °C. After this time, the cells
were detached with trypsin, harvested, and the cell count was

accurately determined. The amount was divided equally into
two portions. In the first portion, the nucleus was extracted
using a nucleus extraction kit (abcam); in the second portion,
the mitochondria were extracted using a mitochondria extrac-
tion kit (abcam). Each sample was digested using a 10.0% HCl
solution. The tin content was determined using an ICP-MS
apparatus and compared with the Sn reference standard. The
tin content was then associated with the number of cells. The
reported % values represent the fraction of tin measured in
the nucleus and mitochondria relative to the total cellular
uptake.

Cell cycle analysis

In brief, T-47D breast cancer cells (1.0 × 106) were seeded in
6-well plates with 2.0 mL of media per well and incubated for
24 h. After incubation, the supernatant was removed, and the
cells were treated with 0.3 μM of the compounds for 24 h. After
the treatment, the supernatant was discarded, and the cells
were washed with PBS. Cell pellets were obtained using trypsi-
nization, collected by centrifugation, and washed again with
PBS. The pellets were then resuspended in ice-cold 70.0%
ethanol and stored at −20.0 °C for 4 h for fixation. After remov-
ing ethanol, cells were washed with PBS and resuspended in
300 μL of FxCycle™ PI/RNase Staining Solution for 30 minutes
in the dark at room temperature. Samples were analysed in
triplicate by flow cytometry using an Attune™ NxT Acoustic
Focusing Cytometer, with propidium iodide (PI) detected in
the YL2 channel. The data were processed using a Watson
(Pragmatic) fitting algorithm in FlowJo.

Apoptosis analysis

T-47D cells were seeded into a 6-well plate at a density of
approximately 1.0 × 105 cells per well and then incubated for
24 h in 2.0 mL of medium. Afterward, the medium was
removed and replaced with fresh medium containing tin(IV)
complex or cisplatin (5.0 μM). The cells were incubated for an
additional 4 h. The media were then removed, and the cells
were washed with 2.0 mL of PBS. Cells were trypsinized
(0.5 mL), followed by the addition of 2.0 mL DMEM per well.
Cell suspensions were centrifuged to form a pellet and was
washed with PBS. Cells were resuspended in 200 µL binding
buffer (1×) at a density of 5.0 × 105 cells per mL, and 5.0 µL
Annexin V-FITC was added to 195 µL of the cell suspension.
The mixture was incubated for 10 minutes at room tempera-
ture, washed with 200 µL binding buffer (1×), and resuspended
in 190 µL binding buffer (1×). Then, 10.0 µL of propidium
iodide (20.0 µg mL−1) was added, and apoptosis analysis was
performed by flow cytometry using an Attune™ NxT Acoustic
Focusing Cytometer, with Annexin V-FITC and propidium
iodide (PI) detected in the BL1 and YL2 channel, respectively.
The data was analysed using FlowJo.

Cellular ATP depletion assay

The intracellular ATP level was measured utilizing the
Luminescent ATP Detection Assay Kit (Abcam, ab113849).
T-47D cells were seeded in a white 96-well plate and incubated
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for 24 h. The cells were then treated with Bu2SnL, Ph2SnL, and
cisplatin at concentrations equivalent to the IC50 and 2 × IC50

values for each compound. After 24 h treatment, the culture
medium was removed, and cells were washed three times with
cold phosphate-buffered saline (PBS). Subsequently, 50.0 μL of
detergent was added to each well. The plate was sealed and
agitated in an orbital shaker at 600–700 rpm for 5 minutes to
lyse the cells and stabilize the ATP. Afterward, 50.0 μL of sub-
strate solution was dispensed into each well, and the plate was
again sealed and shaken for 5 minutes at 600–700 rpm. The
plate was then dark-adapted by covering for 10 minutes before
luminescence measurement. Luminescence intensities were
normalized relative to the untreated control.

Reactive oxygen species (ROS) generation study

T-47D cells were seeded into a 6-well plate at a density of
approximately 1 × 105 cells per well, followed by incubation for
24 h in 2.0 mL of medium. Afterward, the medium was
removed and replaced with fresh medium containing tin(IV)
complexes (5.0 μM). The cells were incubated for an additional
4 h. The media were removed, and the cells were washed with
2.0 mL of PBS, then incubated with 10.0 μM DCFH-DA for
30 minutes. The media were then removed, and the cells were
washed with 2.0 mL of PBS. Cells were trypsinized (0.5 mL),
followed by the addition of 2.0 mL DMEM per well. Cells sus-
pensions were centrifuged to form a pellet and washed with
PBS. Cells were resuspended in 500 µL PBS. The ROS analysis
was performed using a BD FACSymphony flow cytometer (BD
Bioscience) within an hour of sample preparation.

DAPI displacement assay

Solutions of ctDNA were prepared by dissolving ctDNA in Tris-
HCl/NaCl buffer at pH = 7.4 (50.0 mM NaCl/5.0 mM Tris-HCl).
A solution of ctDNA in the buffer showed a UV absorbance
ratio of about 1.9 at 260.0 and 280.0 nm, indicating that the
DNA was sufficiently free of protein. The DNA concentration
per nucleotide was determined by absorption spectroscopy
using the molar extinction coefficient value of 6600.0 M−1

cm−1 at 260.0 nm. The ctDNA solution was diluted several
times with the buffer to achieve the desired concentration.
Stock solution of DAPI-bound ctDNA ([DAPI] = 1.0 μM and [ct-
DNA] = 5.0 μM) was stored at 4.0 °C and used within 4 days.
Aliquots of the Bu2SnL were added to a 3.0 mL solution of
DAPI-bound ctDNA (5.0 mM Tris-HCl, 50.0 mM NaCl, pH = 7.4
at 25 °C). And the mixtures were allowed to stand for
15 minutes before fluorescence measurements.

EB displacement assay

The ctDNA solutions were prepared by dissolving ctDNA in
Tris-HCl/NaCl buffer at pH = 7.4 (50.0 mM NaCl/5 mM Tris-
HCl). A solution of ctDNA in the buffer displayed a UV absor-
bance ratio of about 1.9 at 260.0 and 280.0 nm, indicating that
the DNA was sufficiently free of protein. The DNA concen-
tration per nucleotide was determined by absorption spec-
troscopy using a molar extinction coefficient of 6600 M−1 cm−1

at 260.0 nm. The ctDNA solution was diluted several times

with the buffer to the desired concentration. Stock solution of
EB-bound ctDNA ([EB] = 4.0 μM and [ctDNA] = 28.0 μM) was
stored at 4.0 °C and used within 4 days. Aliquots of the Bu2SnL
were added to a 3.0 mL solution of EB-bound ctDNA (5.0 mM
Tris-HCl, 50.0 mM NaCl, pH = 7.4 at 25.0 °C). And the mixtures
were allowed to stand for 15 minutes before fluorescence
measurements.

Mechanism of action

A solution of diethylphosphite (12.8 μL, 0.1 mmol) in 5.0 mL
of ethanol was prepared and stirred at room temperature. To
this solution, one equivalent of potassium hydroxide (KOH)
was added, and the mixture was stirred for 10 minutes to yield
potassium ethyl phosphonate. Subsequently, one equivalent of
Bu2SnL (62.9 mg, 0.1 mmol) was added, and the reaction
mixture was heated to 70.0 °C with stirring for an hour. After
completion of the reaction, the mixture was filtered to remove
any insoluble material. The resulting filtrate was analysed by
electrospray ionization mass spectrometry (ESI-MS) to confirm
the formation of the coordination complex. Approximately
20.0 mg of metal complex (Bu2SnL, Ph2SnL, Bu2SnCl2 or
Ph2SnCl2) was dissolved in 500 μL DMSO-d6 and transferred
into an NMR tube, and 31P and 119Sn NMR spectra were
recorded to characterise the free complex. Subsequently,
0.1–5.0 equivalents of phosphonate or guanosine monophos-
phate triethyl ammonium salt (5.0 eq. dissolved in 100.0 μL
DMSO-d6) were added directly to the NMR tube, and the
mixture was gently mixed to ensure homogeneity. Similarly,
0.1–1.0 equivalents of 2′-deoxyguanosine monohydrate or
diethyl phosphite (1.0 equivalent dissolved in 100.0 μL DMSO-
d6) were added directly to the NMR tube of Bu2SnL. The

31P
and 119Sn NMR spectra were then recorded to monitor any
changes in chemical shifts.

Comet assay

The T-47D cells were seeded into 6-well plates (0.1 million
each) and incubated for 24 h. Cells were then treated with
Bu2SnL (5.0 μM) for 2 h and 4 h. After treatment, cells were
gently detached from the wells using a rubber policeman, col-
lected into conical tubes, and centrifuged at a speed of 700g
for two minutes. The supernatant was discarded, and the cell
pellet was washed once with ice-cold PBS devoid of Mg2+ and
Ca2+. Following centrifugation and removal of the supernatant
liquid, the cells were resuspended in an ice-cold PBS (devoid
of Mg2+ and Ca2+) at a density of 1 × 105 cells per mL. Cell sus-
pensions were combined with comet agarose at a 1 : 9 (v/v)
ratio and spread onto the slides precoated with comet agarose.
Slides were maintained horizontally, transferred to the dark,
and kept at 4.0 °C for 15 minutes to allow solidification. The
slides were then immersed in pre-chilled Lysis Buffer (approxi-
mately 25.0 mL per slide) for 60 minutes at 4.0 °C in the dark.
The lysis buffer was then gently aspirated and replaced with
pre-chilled alkaline solution (approximately 25.0 mL per slide),
and the slides were incubated for a further 30 minutes at
4.0 °C in the dark. Following equilibration in pre-chilled alka-
line electrophoresis buffer, the slides were subjected to electro-
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phoresis at 25.0 V and 300.0 mA for 25 minutes. After electro-
phoresis, the slides were washed twice with ice-cold deionized
water, immersed in ice-cold 70% ethanol for five minutes, and
air-dried for 30 minutes. Later, the slides were stained with
Vista Green DNA Dye for 15 minutes and analysed with epi-
fluorescence microscopy using a FITC filter.
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