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The therapeutic index and cellular mechanism of action of [Pt(BDIQQ)]Cl, a monocationic,
square-planar platinum(II) complex, are reported. [Pt(BDIQQ)]Cl was used to treat several cell
lines, including wild type and cisplatin-resistant ovarian carcinoma cells (A2780 and
A2780CP70) and non-proliferating lung carcinoma cells (A549). [Pt(BDIQQ)]Cl selectively
kills cancer over healthy cells and exhibits no cross-resistance with cisplatin. The mechanism
of cell killing was established through detailed cell-based assays. [Pt(BDIQQ)]Cl exhibits
dual-threat capabilities, targeting nuclear DNA and mitochondria simultaneously.
[Pt(BDIQQ)]Cl induces DNA damage, leading to p53 enrichment, mitochondrial membrane
potential depolarisation, and caspase-mediated apoptosis. [Pt(BDIQQ)]Cl also accumulates in
the mitochondria, resulting in direct mitochondrial damage. Flow cytometric studies
demonstrated that [Pt(BDIQQ)]Cl has no significant effect on cell cycle progression.
Remarkably, p53-status is a not a determinant of [Pt(BDIQQ)]Cl activity. In p53-null cells,
[Pt(BDIQQ)]Cl induces cell death through mitochondrial dysfunction. Cancers with p53-null
status could therefore be targeted using [Pt(BDIQQ)]Cl.
Introduction
Platinum-based drugs, namely cisplatin, carboplatin, and oxaliplatin are regularly used to
treat solid tumours.1,2 Cisplatin is highly effective against testicular and ovarian cancers while
carboplatin and oxaliplatin are routinely used to treat lung, ovarian, and colorectal tumours.3-7
Although many details of the molecular mechanism of cytotoxicity of platinum drugs have
been elucidated, nuances continue to be discovered. The current consensus is that cisplatin
and its derivatives bind genomic DNA, forming DNA cross-links that block DNA
synthesis/transcription and cell cycle progression that ultimately induce tumour cell death.8-12
The shortcomings associated with platinum therapy,13-15 such as inherent, acquired, or crossresistance, toxic side effects, and high incidence of relapse, highlight the need for new
anticancer drugs with novel mechanisms of action that can target platinum-resistant tumours,
reduce general toxicity, and broaden the spectrum of activity.
Platinum(II) compounds that bind to DNA non-covalently show promising
antineoplastic properties and are now recognised as viable alternatives to conventional
platinum drugs, which form irreversible covalent DNA adducts.16-21 In particular, complexes
with π-conjugated ligands such as bipyridine, terpyridine, and phenanthroline can intercalate
between adjacent base pairs in double stranded DNA.22-24 These metallointercalators display
antiproliferative properties, presumably arising from their ability to unwind or bend DNA.
Although these compounds unequivocally interact with DNA in vitro, the significance of
DNA as an important cellular target has been questioned.25,26 Indeed, the true mechanism of
cytotoxic action of some compounds capable of acting as metallointercalators involves
cytoskeletal, mitochondrial, and cytoplasmic proteins rather than DNA. Here, we have
investigated the cytotoxic potential of a platinum(II) complex bearing the tetradentate ligand,
BDIQQH. We recently reported the synthesis and photophysical properties of [Pt(BDIQQ)]Cl.27
In aqueous buffer, [Pt(BDIQQ)]Cl forms non-emissive aggregates, but in the presence of
DNA, the aggregates disperse yielding single molecules capable of intercalating between
base pairs. Upon intercalation, a 150-fold turn-on in emission intensity occurs.
Encouragingly, [Pt(BDIQQ)]Cl displays potency against human lung carcinoma (A549) and
cervical adenocarcinoma (HeLa) cells in the micromolar range, similar to or better than that
of cisplatin. In the present studied we have delineated the mechanism of cytotoxic activity of
[Pt(BDIQQ)]Cl as well as its therapeutic potential.
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Abstract

The cytotoxicity of [Pt(BDIQQ)]Cl against HeLa and A549 cells was previously reported.27
To evaluate the potential of [Pt(BDIQQ)]Cl as a chemotherapeutic agent, an expanded panel
of cell lines was tested. The cytotoxicity of [Pt(BDIQQ)]Cl against five cancerous human cell
lines (U2OS, MCF-7, HT-29, A2780, and A2780CP70) and one normal fibroblast cell line
(MRC-5) was assessed using the colourimetric MTT assay. The IC 50 values (concentration
required to induce 50% inhibition) are summarised in Table 1. [Pt(BDIQQ)]Cl displayed
micromolar potency against all cancerous cell lines tested, similar to or better than that of
cisplatin, and reduced toxicity against healthy cells. Notably, [Pt(BDIQQ)]Cl exhibited higher
potency by an order of magnitude towards the lung carcinoma cell line A549 than for a
normal lung fibroblast cell line, MRC-5. [Pt(BDIQQ)]Cl kills cisplatin-sensitive and -resistant
ovarian carcinoma cells, A2780 and A2780CP70, equally well and thus exhibits no crossresistance with cisplatin. To gauge therapeutic potential, cell viability studies were conducted
with quiescent A549 cells. The IC 50 value of [Pt(BDIQQ)]Cl in non-proliferating A549 cells
was significantly higher (p > 0.005, t test) than in proliferating A549 cells, indicative of
selective potency toward fast growing cancer cells. This feature is a highly attractive
characteristic that augurs well for in vivo and clinical applications.
The anti-proliferative properties of the free ligand, BDIQQH, against a panel of cell lines were
determined (Table S1). BDIQQH displayed poor toxicity against all cell lines (IC 50 > 40 µM),
one order of magnitude lower than that of [Pt(BDIQQ)]Cl. This result suggests that the
platinum(II) centre plays an important role in the potency exhibited by [Pt(BDIQQ)]Cl.
Table 1. IC 50 values (µM) of [Pt(BDIQQ)]Cl and cisplatin against various cancerous and
healthy cell lines. The errors represent standard deviations. aIC 50 values taken from Ref. 27.
Cell line

A549
HeLa
MCF-7
HT-29
U2OS
A2780
A2780CP70
MRC-5
A549 (quiescent)

Cancer type

Lung carcinoma
Cervical adenocarcinoma
Breast adenocarcinoma
Colorectal adenocarcinoma
Bone osteosarcoma
Ovarian carcinoma
Ovarian carcinoma
Lung fibroblast
Lung carcinoma

[Pt(BDIQQ)]Cl
1.2 ± 0.2a
2.8 ± 1.7a
6.4 ± 1.1
13.6 ± 3.3
3.6 ± 0.1
3.2 ± 0.5
3.7 ± 0.1
12.2 ± 2.1
9.5 ± 1.3

cisplatin
5.2 ± 1.0a
2.3 ± 1.4a
7.4 ± 2.1
15.03 ± 2.1
4.6 ± 0.6
0.7 ± 0.2
9.6 ±1.6
5.3 ± 0.6
14.2 ± 0.2

Cellular uptake studies were performed to investigate the cell permeability and localisation of
[Pt(BDIQQ)]Cl. A549 and A2780 cells were incubated with [Pt(BDIQQ)]Cl (10 µM) for 12 h
and the platinum content was determined in the cytoplasmic, nuclear, membrane, and
mitochondrial fractions using graphite furnace atomic absorption spectrometry (GF-AAS).
The data, reported as ng of platinum per million cells, are shown in Figure 1. [Pt(BDIQQ)]Cl
is readily absorbed by cells (ca. 100 ng/ million cells) and distributed evenly between the
nucleus and cytoplasm. An appreciable amount of internalised [Pt(BDIQQ)]Cl is also detected
in the mitochondria. Therefore cellular toxicity could result from mechanisms associated not
only with nuclear DNA, but also cytoplasmic or mitochondrial dysfunction. A large portion
of the administered dose was observed in the cell membrane, which we ascribe to the
lipophillicity of [Pt(BDIQQ)]Cl.
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Results and discussion

To gain insight into the mechanism of action of [Pt(BDIQQ)]Cl, detailed cell-based studies
were carried out. Because [Pt(BDIQQ)]Cl interacts strongly with DNA27 and enters the
nucleus, the expression of biomarkers related to the DNA damage pathway were investigated.
DNA damage leads to phosphorylation of H2AX, a histone variant, at the Ser139 position by
PI3K kinases.28 A549 cells treated with [Pt(BDIQQ)]Cl (1-5 µM for 72 h) displayed a marked
increase in expression of the phosphorylated form of H2AX (γH2AX), indicative of DNA
damage (Figure 2a). To further validate DNA damage, nuclear DNA from [Pt(BDIQQ)]Cland cisplatin-treated A549 and A2780 cells was extracted and analysed by GF-AAS. The data
are shown in Figure 2b and expressed in terms of pmol of platinum per µg of DNA. Genomic
DNA from cells treated with [Pt(BDIQQ)]Cl contained 10-fold higher levels of platinum than
those treated with cisplatin. Collectively the data prove that [Pt(BDIQQ)]Cl is able to target
and damage nuclear DNA. To shed light on how DNA damage occurs, gel electrophoresis
studies were conducted with pUC18 plasmid DNA. At low [Pt(BDIQQ)]Cl concentrations
(0.1-5 µM) a clear increase in the amount of open circular DNA was observed and at higher
concentrations (7.5-20 µM) an increase in the amount of supercoiled plasmid DNA was
detected (Figure S1). This classical gel shift pattern is indicative of DNA unwinding, induced
most likely by intercalation of [Pt(BDIQQ)]Cl into the DNA duplex.
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Figure 1. Cellular uptake following [Pt(BDIQQ)]Cl treatment (10 μM for 12 h). The amount
of platinum (ng) per million A549 lung carcinoma and A2780 ovarian carcinoma cells is
shown for the cytoplasmic, nuclear, membrane, and mitochondrial fractions. The errors
represent standard deviations.

b)

Figure 2. (a) Immunoblotting analysis of proteins related to the DNA damage response and
p53 induction pathways. Protein expression in A549 cells was observed following treatment
with [Pt(BDIQQ)]Cl (1–5 μM for 72 h). Whole cell lysates were resolved by SDS-PAGE and
analysed by immunoblotting against γH2AX, p53, phosp53, p21, and β-actin (loading
control). (b) Platinum content in genomic DNA extracted from A549 and A2780 cells dosed
with [Pt(BDIQQ)]Cl and cisplatin (10 μM for 12 h).
DNA damage can lead to a multitude of chemical signals including p53 upregulation. In
response to DNA damage, apical kinases ATM and ATR phosphorylate p53 at the Ser15
position.29 This alteration inhibits the interaction between p53 and its negative regulator,
MDM2, and thus promotes p53 accumulation.30 Incubation of A549 cells with [Pt(BDIQQ)]Cl
led to upregulation of p53 and its phosphorylated form, phospho-p53 (Ser15), suggesting that
p53 plays a part in the cellular response evoked by [Pt(BDIQQ)]Cl (Figure 2a). Upon
activation, p53 can bind DNA and mediate transcription of genes, the products of which
control cell cycle arrest, DNA repair, and apoptosis.31-33 Therefore, the expression of
downstream effectors of p53 such as p21 (cyclin-dependent kinase inhibitory protein) and
BAX (pro-apoptotic protein)34 were investigated. The incremental addition of [Pt(BDIQQ)]Cl
did not activate p21 expression, suggesting that the expression of cell cycle controllers like
p21 is not a major determinant in the cellular response induced (Figure 2a). To confirm this
result, DNA flow cytometric studies were carried out. A549 cells were dosed with
[Pt(BDIQQ)]Cl (2 µM) and the cell cycle profile was determined by PI staining at 24 h, 48 h,
and 72 h. By comparison to untreated control, [Pt(BDIQQ)]Cl treatment did not trigger cell
cycle arrest, even after 72 h incubation (Figure S2). This observation confirmed that cell
cycle controllers are not involved in the cellular response. In contrast, cisplatin treatment (5
µM) induced S- and G2/M-phase cell cycle arrest (Figure S2).
[Pt(BDIQQ)]Cl treatment increased BAX levels (Figure S3). When overexpressed, BAX
inserts into the outer mitochondrial membrane and oligomerises to form pores that induce
mitochondrial outer membrane permeabilisation (MOMP).35 Cytochrome c then enters the
cytoplasm (from the mitochondria) and initiates apoptosis.36 The integrity of the
mitochondrial membrane upon [Pt(BDIQQ)]Cl treatment was probed by flow cytometry, using
the JC-1 assay (5,5’,6,6’-tetrachloro-1,1’3,3’-tetraethyl benzimidazolyl carbocyanine iodide).
JC-1 is a cationic lipophilic dye that accumulates in the mitochondria of viable cells as redemitting aggregates.37,38 If the mitochondrial membrane potential is depleted, the JC-1
aggregates disintegrate, forming monomers with weak red emission. A549 and A2780 cells

Metallomics Accepted Manuscript

a)

c)

a)

Untreated control

QQ

b)

[Pt(BDI )]Cl
A2780

A549

# Cell

# Cell

FL2-H channel

FL2-H channel

Metallomics Accepted Manuscript

dosed with a well-known mitochondrial membrane depolariser, carbonyl cyanide mchlorophenyl hydrazone (CCCP) (1 µM for 48 h), exhibited reduced red fluorescence
compared to untreated cells (Figure 2a). [Pt(BDIQQ)]Cl treated (5 µM for 48 h) cells also
exhibited reduced red fluorescence, indicative of mitochondrial membrane damage (Figure 2a
& b). Mitochondrial membrane disruption can result from p53 and/or BAX activity,39-41 both
of which are upregulated upon [Pt(BDIQQ)]Cl treatment. Alternatively, mitochondrial
dysfunction can be triggered directly by the action of [Pt(BDIQQ)]Cl on this organelle.
[Pt(BDIQQ)]Cl is lipophilic and cationic, and it therefore can readily accumulate in the
negatively charged mitochondrial matrix and induce MOMP. Indeed, cellular uptake studies
(presented above) indicate that [Pt(BDIQQ)]Cl is able to localise in the mitochondria. To
confirm the intracellular targets of [Pt(BDIQQ)]Cl, A549 cells were incubated with a nonlethal dose of [Pt(BDIQQ)]Cl (0.5 µM for 24 h) and then treated with nuclei and mitochondria
dyes, Hoechst 33258 (7.5 µM for 30 min) and MitoTracker Green (250 nM for 30 min)
respectively. Cisplatin dosed cells (2 µM for 12 h) were also studied as a control. Untreated
cells displayed the expected staining pattern but cells incubated with [Pt(BDIQQ)]Cl displayed
non-specific nuclei and mitochondria staining, indicative of disruption of typical nuclear
DNA and mitochondria structure (Figure 2c). Therefore [Pt(BDIQQ)]Cl targets both nuclear
DNA and mitochondria. Cells treated with cisplatin exhibited poor nuclear DNA staining, but
mitochondrial staining remained largely unaltered (Figure S4). This result is expected
because cisplatin selectively targets nuclear DNA over the mitochondria.

Having established the intracellular targets of [Pt(BDIQQ)]Cl and identified the initial cellular
response, we sought to understand how mitochondrial membrane depolarisation is induced.
To determine whether or not [Pt(BDIQQ)]Cl-mediated mitochondrial membrane
depolarisation is p53-dependent, the JC-1 assay was conducted with HCT116 p53+/+ (p53
wild type) and HCT116 p53-/- (p53 null) cells. [Pt(BDIQQ)]Cl treated (5 µM for 48 h)
HCT116 p53+/+ and HCT116 p53-/- cells exhibited similar levels of mitochondrial
membrane depolarisation (Figure S5), suggesting that [Pt(BDIQQ)]Cl-induced mitochondrial
dysfunction was p53-independent. Mitochondria extracted from HCT116 p53+/+ and
HCT116 p53-/- cells dosed with [Pt(BDIQQ)]Cl (10 µM for 12 h) contained substantial
amounts of platinum (ca. 5-20 ng of platinum per million cells, Figure S6), confirming that
[Pt(BDIQQ)]Cl can mediate direct mitochondrial damage irrespective of p53-status. To
establish the role of p53 in toxicity, cytotoxicity studies were conducted with HCT116
p53+/+ and HCT116 p53-/- cells. The IC 50 value of [Pt(BDIQQ)]Cl was statistically similar
for HCT116 p53+/+ and HCT116 p53-/- cells, indicating that toxicity is p53-independent
(Figure S7). The activity of [Pt(BDIQQ)]Cl in HCT116 p53-/- cells is likely to originate from
direct mitochondrial damage, a p53-independent process. Notably, the potency of cisplatin is
only marginally dependent on p53-status (Figure S7). The tumour suppressor protein, p53, is
mutated, defective, or inactivated in several cancers,42 therefore compounds like
[Pt(BDIQQ)]Cl, which act independently of p53, hold significant therapeutic potential.
To identify the mode of cell death prompted by [Pt(BDIQQ)]Cl treatment, the dual staining
Annexin V/ PI flow cytometry assay was conducted. Most clinically employed drugs induce
apoptosis.43 During apoptosis, the cell membrane architecture undergoes significant changes,
for instance, phosphatidylserine residues that usually reside on the cytosolic side of the cell
membrane become exposed on the cell exterior. Phosphatidylserine residues can be detected
by Annexin V.44 A549 cells incubated with [Pt(BDIQQ)]Cl (5 µM) for 72 h displayed
populations undergoing early- and late-stage apoptosis (17 and 5% respectively) (Figure S8
and Table S2). In support of these observations, immunoblotting studies revealed that
[Pt(BDIQQ)]Cl treated A549 cells expressed several proteins characteristic of apoptosis,
namely, cleaved caspase 3, 7, and 9, as well as poly ADP ribose polymerase (PARP) (Figure
S3).
To confirm apoptosis as the mode of cell death, the morphology and nuclear staining pattern
of A549 cells in the presence of toxic amounts of [Pt(BDIQQ)]Cl (20 µM for 12 h) were
probed using microscopy. Upon [Pt(BDIQQ)]Cl treatment, some cells displayed membrane
blebbing (Figure S9), indicative of apoptosis. Furthermore, some nuclear stained
[Pt(BDIQQ)]Cl-treated cells exhibited intense regions within the nucleus, characteristic of
chromatin condensation. These features are typical of apoptosis. Taken together, the
microscopy data confirm that [Pt(BDIQQ)]Cl is able to induce apoptosis in A549 cells.
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Figure 3. (a) The mean intensity of red fluorescence emitted by JC-1 stained A549 and
A2780 cells in the absence and presence of [Pt(BDIQQ)]Cl (5 µM for 48 h) or carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) (1 µM for 48 h). The errors represent standard
deviations. (b) Histogram displaying red fluorescence emitted by JC-1 stained A549 and
A2780 cells prior to (red line) and upon treatment with [Pt(BDIQQ)]Cl (5 µM for 48 h) (blue
line). (c) Fluorescence microscopy images of A549 cells untreated and treated with
[Pt(BDIQQ)]Cl (0.5 µM for 24 h), and then stained with Hoechst 33258 and MitoTracker
Green. Scale bar = 21 μm.

In summary, we present the cytotoxic mechanism of action of [Pt(BDIQQ)]Cl. Encouragingly,
[Pt(BDIQQ)]Cl exhibits selective toxicity for cancer cells over normal fibroblast cells, and no
cross-resistance with cisplatin. Additionally, [Pt(BDIQQ)]Cl selectivity kills proliferating
A549 cells over non-proliferating A549 cells. Taken together, the cytotoxicity data are very
appealing in terms of anticancer therapy. [Pt(BDIQQ)]Cl acts in a dual-threat manner,
concurrently targeting genomic DNA and the mitochondria. [Pt(BDIQQ)]Cl damages genomic
DNA, enriches p53 and BAX levels, and subsequently induces mitochondrial-mediated
apoptosis. Owing to its lipophilic and cationic properties, [Pt(BDIQQ)]Cl also accumulates in
mitochondria and causes direct mitochondrial damage. The latter mechanism proceeds
independently of p53 and therefore allows [Pt(BDIQQ)]Cl to exhibit equal toxicity in p53-null
and p53-postive cells. Because p53 activity is abrogated in many cancers, the p53independence of [Pt(BDIQQ)]Cl is highly desirable. Overall, our findings clearly indicate
[Pt(BDIQQ)]Cl to be a promising candidate for additional pre-clinical studies.

Experimental Details
Materials. [Pt(BDIQQ)]Cl was prepared as previously reported.27
Cell Lines and Cell Culture Conditions. A549 lung adenocarcinoma, A2870 ovarian
carcinoma, A2870/CP70 cisplatin-resistant ovarian carcinoma, MCF-7 breast
adenocarcinoma, HT-29 colorectal adenocarcinoma, U2OS bone osteosarcoma, and MRC-5
normal human fetal lung fibroblast cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). HCT116 p53+/+ and HCT116 p53-/- colorectal
carcinoma cells were kindly donated by Laura Trudel (MIT). A549, U2OS, MCF-7, HT-29,
and MRC-5 cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEMlow glucose) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The
A2780 and A2780/CP70 cell lines were cultured in RPMI (glutamine-free) media
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The HCT116
p53+/+ and HCT116 p53-/- cell lines were grown in McCoy's 5A modified media
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were
grown at 310 K in a humidified atmosphere containing 5% CO 2 .
Cytotoxicity MTT assay. The colourimetric MTT assay was used to determine the toxicity
of [Pt(BDIQQ)]Cl, BDIQQH, and cisplatin. Cells (2 × 103) were seeded in each well of a 96well plate. After incubating the cells overnight, various concentrations of test compound (0.3100 µM) were added and incubated for 72 h (total volume 200 µL). [Pt(BDIQQ)]Cl and
BDIQQH were prepared as 2-5 mM solutions in DMSO and diluted using media. The final
concentration of DMSO in each well was 0.5% and this amount was present in the untreated
control as well. Cisplatin was prepared as a 5 mM solution in PBS and diluted further using
media. After 72 h, the medium was removed, 200 μL of a 0.4 mg/mL solution of MTT in
DMEM, RPMI or, McCoy's 5A was added, and the plate was incubated for an additional 1-2
h. The DMEM/MTT, RPMI/MTT, or McCoy's 5A/MTT mixture was aspirated and 200 μL of
DMSO was added to dissolve the resulting purple formazan crystals. The absorbance of the
solution wells was read at 550 nm. Absorbance values were normalized to DMSO-containing
control wells and plotted as concentration of test compound versus % cell viability. IC 50
values were interpolated from the resulting dose dependent curves. The reported IC 50 values
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Conclusion

Cellular Uptake. To measure the cellular uptake of [Pt(BDIQQ)]Cl, ca. 20 million A549 and
A2780 cells were treated with 10 µM of [Pt(BDIQQ)]Cl at 37 ºC for 12 h. Then the media was
removed, the cells were washed with PBS solution (1 mL × 3), harvested, and centrifuged.
The cellular pellet was suspended in an appropriate volume of PBS to obtain a homogeneous
cell suspension (eg. 100 μL). The Thermo Scientific NE-PER Nuclear and Cytoplasmic
Extraction Kit and Mitochondria Isolation Kit were used to extract the separate cytoplasmic,
nuclear, membrane, and mitochondrial fractions. The fractions were mineralized with 65%
HNO 3 and then completely dried at 120 ºC. The solid extracts were re-dissolved in 4%
HNO 3 and analysed using graphite furnace atomic absorption spectroscopy (Perkin-Elmer
AAnalyst600 GF-AAS). Cellular platinum levels were expressed as ng of Pt per million cells.
Results are presented as the mean of three determinations for each data point.
Genomic DNA Platinum Content. To measure the amount of platinum on genomic DNA,
ca. 1 million A549 and A2780 cells were treated with 10 µM of [Pt(BDIQQ)]Cl or cisplatin at
37 ºC for 12 h. Then the media were removed, the cells were washed with PBS solution (1
mL × 3), harvested, and centrifuged. The nuclei were extracted using the Thermo Scientific
NE-PER Nuclear and Cytoplasmic Extraction Kit. The nuclear pellets were suspended in
DNAzol (1 mL, genomic DNA isolation reagent, MRC). The genomic DNA was precipitated
with ethanol (0.5 mL), washed with 75% ethanol (0.75 mL × 3), and re-dissolved in 200 μL
of 8 mM NaOH. The DNA concentrations were determined by UV−visible spectroscopy, and
platinum, was quantiﬁed by GFAAS. The reported values are the average of at least three
independent experiments with the error reported as the standard deviation.
Immunoblotting Analysis. A549 cells (5 × 105 cells) were incubated with [Pt(BDIQQ)]Cl
(concentrations, μM) for 72 h at 37 ºC. Cells were washed with PBS, scraped into SDSPAGE loading buffer (64 mM Tris-HCl (pH 6.8)/ 9.6% glycerol/ 2% SDS/ 5% βmercaptoethanol/ 0.01% Bromophenol Blue), and incubated at 95 ºC for 10 min. Whole cell
lysates were resolved by 4-20 % sodium dodecylsulphate polyacylamide gel electrophoresis
(SDS-PAGE; 200 V for 25 min) followed by electro transfer to polyvinylidene difluoride
membrane, PVDF (350 mA for 1 h). Membranes were blocked in 5% (w/v) non-fat milk in
PBST (PBS/0.1% Tween 20) and incubated with the appropriate primary antibodies (Cell
Signalling Technology and Santa Cruz). After incubation with horseradish peroxidaseconjugated secondary antibodies (Cell Signalling Technology), immuno complexes were
detected with the ECL detection reagent (BioRad) and analyzed using an Alpha Innotech
ChemiImagerTM 5500 fitted with a chemiluminescence filter.
Flow Cytometry. In order to monitor the cell cycle, flow cytometry studies were carried out.
A549 cells (5 × 105 cells) were incubated with and without the test compounds for 24, 48,
and 72 h at 37 °C. Cells were harvested from adherent cultures by trypsinization and
combined with all detached cells from the incubation medium to assess total cell viability.
Following centrifugation at 1000 rpm for 5 min, cells were washed with PBS and then fixed
with 70% ethanol in PBS. Fixed cells were collected by centrifugation at 2500 rpm for 3 min,
washed with PBS, and centrifuged as before. Cellular pellets were re-suspended in 50 μg/mL
propidium iodide (Sigma) in PBS for nucleic acids staining and treated with 100 μg/mL
RNaseA (Sigma). DNA content was measured on a FACSCalibur-HTS flow cytometer (BD
Biosciences) using laser excitation at 488 nm and 20,000 events per sample were acquired.
Cell cycle profiles were analysed using the ModFit software.
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are the average from at three independent experiments, each of which consisted of six
replicates per concentration level.

JC-1 Assay. The JC-1 Mitochondrial Membrane Potential Assay Kit (Cayman) was used.
The manufacture’s protocol was followed to carry out this experiment. Briefly, to untreated
and treated A549 cells grown in 6-well plates (at a density of 5 × 105 cells/ mL) was added
the JC-1 staining solution (100 µL/ mL of cell media). The cells were incubated for 30 min,
harvested, and analysed by using the FACSCalibur-HTS flow cytometer (BD Biosciences)
(20,000 events per sample were acquired). The FL2 channel was used to assess mitochondrial
depolarisation. Cell populations were analysed using the FlowJo software (Tree Star).
Fluorescence Microscopy. Non-lethal conditions: A549 cells (1×104) were incubated with
and without [Pt(BDIQQ)]Cl (0.5 μM for 24 h) and cisplatin (2 μM for 12 h). The media were
then removed and the cells were washed with additional media (2 mL × 2). After incubation
of the cells with more media containing Hoechst 33258 (7.5 μM) and MitoTracker Green
(250 nM), the nuclear and mitochondrial regions were imaged using a fluorescent
microscope. Apoptotic conditions: A549 cells (1×104) were incubated with and without
[Pt(BDIQQ)]Cl (20 µM for 12 h). The media were then removed and the cells were washed
with additional media (2 mL × 2). After incubation of the cells with more media containing
Hoechst 33258 (7.5 μM), the nuclear region was imaged using a fluorescent microscope.
Fluorescence imaging experiments were performed using a Zeiss Axiovert 200M inverted
epifluorscence microscope with a Hamamatsu EM-CCD digital camera C9100 and a MS200
XY Piezo Z stage (Applied Scientific Instruments, Inc.). An X-Cite 120 metal halide lamp
(EXFO) was used as the light source. Zeiss standard filter sets 49 and 38 HE were employed
for imaging the nuclear and mitochondrial sensors. The microscope was operated with
Volocity software (version 6.01, Improvision). The exposure time for acquisition of
fluorescence images was kept constant for each series of images at each channel. Images
corresponding to all localization studies were deconvoluted using Volocity restoration
algorithms.
Gel Electrophoresis. The DNA-binding ability of [Pt(BDIQQ)]Cl was determined by
monitoring the conversion of supercoiled plasmid DNA (form I) to open circular DNA (form
I 0 ) using agarose gel electrophoresis. To probe the effect of [Pt(BDIQQ)]Cl, solutions
containing pUC18 DNA (nucleotide: 60 µM) and 0.1, 0.25, 0.5, 1, 2, 5, 7.5, 10, 15, and 20
μM of [Pt(BDIQQ)]Cl with a total reaction volume of 15 μL were incubated at 37 oC for 6 h.
After this time period, loading buffer (5 μL, containing 0.25% bromophenol blue, 0.25%
xylene cyanol and 60% glycerol) was added and the reaction mixtures were immediately
loaded onto 1% agarose gels. The DNA fragments were separated by applying 20 V for 16 h.
Tris-acetate EDTA (TAE) was used as the running buffer. The gels were stained in TAE
solution containing ethidium bromide (0.3 µg/mL) for 3 h and de-stained with ddH 2 O for 3 h.
The DNA bands were analysed under UV light using a Flor-S reader (BioRad).
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Apoptosis Studies. For this work the Annexin V-FITC Early Apoptosis Detection Kit (Cell
Signaling Technology) was used. The manufacture’s protocol was followed to carry out the
experiments. Briefly, untreated and treated A549 cells (1 × 105) were suspended in 1×
annexin binding buffer (96 µL) (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4),
then 1 µL FITC annexin V and 12.5 µL propidium iodine (10 µg/ mL) were added to each
sample and incubated on ice for 15 min. Subsequently, more binding buffer (150 µL) was
added while gently mixing. The samples were kept on ice prior to being read on the
FACSCalibur-HTS flow cytometer (BD Biosciences) (20,000 events per sample were
acquired). Cell populations were analysed using the FlowJo software (Tree Star).
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