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Abstract 

Cancer remains a leading cause of death, with triple-negative breast cancer (TNBC) being particularly significant due to limited treatment options. 
As such, there is interest in anticancer polynuclear platinum(II) comple x es, attributed to their unique DNA-binding modes and potential against 
therap y -resistant cancer phenotypes. Ho w e v er, a persistent challenge with polynuclear compounds is their lack of cellular trackability, hindering 
their effectiveness and monitoring in clinical settings. Here, we report the preparation of a new azide-appended trinuclear platinum complex, 
N 3 -TriplatinNC, and characterize its DNA-t argeting , cytotoxicit y, and topoisomerase relaxation properties from the nanoscale to the macroscale. 
Using single-molecule bioph y sics and in-liquid atomic f orce microscop y, N 3 -TriplatinNC w as identified as a po w erful DNA recognition agent with 
remarkable potential to w ards the TNBC cell line, MDA-MB-231. Installation of the azide handle on the polynuclear complex was achieved using 
a first-in-class approach to produce a complex that retained analogous biological activity to the parent TriplatinNC. Importantly, the azide handle 
facilitates in situ click chemistry for tracking cellular localization, with subsequent xenograft studies demonstrating in vivo antitumoural potential. 

Gr aphical abstr act 

Introduction 

Mononuclear cis -chemotype platinum(II)-based drugs have 
held an essential role in chemotherapy since the discovery [ 1 ] 
and subsequent FDA approval of cisplatin in 1978. Platinum- 

based chemotherapies remain a critical component in the 
treatment of many solid epithelial human cancers and con- 
stitute one of the most important and widely applied drug 
classes in clinical use [ 2 ]. While the use of cisplatin (Fig. 1 A) 
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Figure 1. ( A ) Worldwide FDA clinically appro v ed platinum(II) drugs cisplatin, carboplatin, and oxaliplatin along with ( B ) prototypical polynuclear 

platinum(II) compounds (PPCs) BBR3464 and TriplatinNC. ( C ) X-ray str uct ures showing the noncovalent DNA-binding modes of TriplatinNC: groove 

spanning and backbone tracking (PDB: 2DYW). ( D ) Synthetic route for N 3 -TriplatinNC: in route (i) the preparation of N 3 -MonoplatinNC is shown while in 

route (ii) the isolation of the mono-activated di-nuclear platinum(II) 1,1 / t,t, complex was achieved. Combining both precursors in step (iii) generates the 

mono-activated triplatinum(II) precursor to the target N 3 -TriplatinNC formed in step (iv). Synthetic route for the preparation of the 1-azido-6-amino hexane 

linker is shown (inset). 

has dramatically improved mortality rates and revolution- 
ized cancer treatment, the drug does not come without lim- 
itations such as systemic toxicity and inherent resistance [ 3 ]. 
Recent work has therefore focused on the development of new 

platinum(II) chemotherapeutics with alternative mechanisms 
of action [ 4 ] and targeted DNA-binding modes [ 5 ] with the 
hope of overcoming traditional platinum(II) resistance. To this 
end, there has been a major drive toward the discovery and 
therapeutic application of the polynuclear platinum(II) com- 
pounds (PPCs). The PPCs, exemplified by trinuclear agents 
BBR3464 [ 6 ] and TriplatinNC [ 7 ] (Fig. 1 B), demonstrate an 
ability to overcome cisplatin-resistance in vitro and in vivo due 
to each of their unique DNA binding motifs [ 8 , 9 ]. BBR3464 
was the first, and remains the only platinum(II) agent to en- 
ter clinical trials not based on the conventional mononuclear 
cis -chemotype and was designed to afford long range DNA 

crosslinking that circumvents the upregulated damage / repair 
mechanisms associated with 1,2-intrastrand crosslinking [ 10 ]. 

Despite its substantial toxicity to tumour cells, the compound 
did not progress beyond phase II clinical trials, partially due to 
its decomposition in human serum into inactive mononuclear 
platinum units [ 11 ]. 

TriplatinNC, in principle a substitution-inert trinuclear 
PPC, was discovered to have a discrete DNA-binding mode 
now known as the phosphate clamp [ 7 ]. The phosphate clamp 
shows selective hydrogen-bonding involving am(m)ines sur- 
rounding each platinum(II) centre and phosphate oxygens of 
the anionic DNA backbone. Recent work by Farrell, Kel- 
lett, and co-workers identified two sequence-dependent bind- 
ing motifs of the phosphate clamp: backbone tracking ob- 
served on GC-rich DNA, and groove-spanning across the mi- 
nor groove of AT-rich DNA (Fig. 1 C) [ 12 , 13 ]. Previously, 
TriplatinNC’s cellular internalization and resulting cell cy- 
cle arrest has been studied using nanoscale secondary ion 
mass spectroscopy (NanoSIMS) in human breast adenocar- 
cinoma (MCF-7) using 195 Pt and 15 N as target markers [ 14 , 
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15 ]. Fluorescent tagging using a 7-nitro-2,1,3-benzoxadiazole 
appended derivative of TriplatinNC later revealed nucleolar 
localization in A2780 cells [ 16 ]. However, it is axiomatic 
that tethering a bulky fluorophore to a platinum(II) drug 
prior to cell exposure may influence localization and tar- 
geting properties. An elegant strategy by DeRose and co- 
workers for studying mononuclear platinum(II) drugs in 
vitro and in cellulo involves the installation of bioorthog- 
onal handles—either azides or alkynes—onto the platinum 

scaffold, enabling post-treatment conjugation with comple- 
mentary fluorogenic probes via click chemistry [ 17–19 ]. This 
‘post-labelling’ strategy was enabled by click chemistry due 
to its bio-orthogonality, broad scope, high selectivity, and effi- 
ciency. As yet, no methodology has been established to achieve 
the intracellular tracking of polynuclear platinum com- 
pounds and how this might differ from the neutral cisplatin 
chemotype. 

Here, we present the synthesis, characterization, DNA inter- 
action, in vitro and in vivo cytotoxic response, broad spectrum 

anticancer activity within the National Cancer Institute 60 hu- 
man tumour cell line screen (NCI-60), and cellular localization 
studies of an entirely new azide-appended TriplatinNC (N 3 - 
TriplatinNC). The azide handle facilitates in situ click con- 
jugation to an alkyne-modified fluorophore for applications 
in visualizing the native intracellular localization properties 
of PPCs by confocal microscopy. To determine whether the 
terminal azide group on N 3 -TriplatinNC preserves the DNA 

recognition and downstream biological activity of its parent 
compound, TriplatinNC, we conducted a comprehensive se- 
ries of nucleic acid binding experiments spanning across nano- 
to macroscale dimensions. Overall, the remarkable results ob- 
tained within the DNA recognition and cytotoxic analyses 
identified this trackable polynuclear platinum compound as 
a promising nucleolar-targeting chemotherapeutic for treating 
triple-negative breast cancer (TNBC). 

Materials and methods 

For the full synthetic procedures and characterization data of 
all compounds developed in this study, see the Supplementary 
Information. All materials generated were synthesized using 
reagents purchased from Sigma–Aldrich (Ireland) or Tokyo 
Chemical Industries (TCI, UK Ltd) and used for the synthe- 
sis and preparation of organic ligands and metal complexes 
without purification. All platinum(II) complexes were synthe- 
sized as nitrate salts. 

NMR 

Nuclear magnetic resonance (NMR) experiments were con- 
ducted at room temperature using either using D 2 O ob- 
tained from Deutero GmbH or CDCl 3 obtained from Merck 
KGaA. Solvents were used without further purification. All 
NMR data were obtained on a Bruker Avance Ultrashield 600 
MHz instrument. Intermediates were analysed by 1 H NMR 

and all final products by 1 H NMR, 13 C NMR, DEPT, and 
195 Pt NMR. All spectra are contained in supplementary infor- 
mation ( Supplementary Section S1.4 , Supplementary Figs S3 –
S6 ). Data were processed and analysed using Mnova software. 

Infrared 

All infrared (IR) data were collected at room tempera- 
ture using a Perkin Elmer Spectrum Two FT-IR (Fourier 

Transform-Infrared) Spectrometer ( Supplemental Section S1. 
5 , Supplementary Fig. S7 ). Data were processed and analysed 
using GraphPad Prism (V10.1.1). 

High performance liquid chromatography 

Analyses were carried out on a Shimadzu Prominence system 

with Nexera X2 photo-diode array detector module. A Bio- 
Rad Bio-Sil Sec 400–5, 300 mm × 7.8 mm was used with 
a gradient elution method solvent A: H 2 O / ACN 60 / 40; sol- 
vent B: 95 / 5. Samples were prepared as 1 mg / ml solutions in 
high performance liquid chromatography (HPLC) grade H 2 O. 
The injection volume was 50 μl and flow rate was kept con- 
stant at 1.5 ml / min for 60 min. ( Supplemental Section S1.6 , 
Supplementary Fig. S8 ) 

Mass spectrometry 

Mass spectra were recorded using electrospray ionization on 
a Bruker microTOF-Q II spectrometer (nanospray, capillary 
temperature = 180 ◦C, spray voltage = 3.7 kV) and were dis- 
solved in water and diluted in acetonitrile. Due to the high 
charge and long chain ligands, ligand displacement, and the 
resulting charge difference is observed providing a larger num- 
ber of possible fragmentation patterns. Three major fragments 
were identified: (i) a triplatinum species containing the dan- 
gling azide; (ii) a monoplatinum species containing the dan- 
gling amine present; (iii) a similar monoplatinum species con- 
taining the dangling amine with different degrees of amine 
displacement due to presence of solvent and different ionic 
species. ( Supplemental Section S1.7 , Supplementary Fig. S9 - 
S10 ) 

Elemental analysis 

Samples were analysed using a Flash EA Elemental Anal- 
yser and Eager 300 software. A total of 2–4 mg of sam- 
ple was placed in a tin capsule and pyrolyzed at a tem- 
perature > 1000 ◦C with a portion of O 2 gas. The resultant 
gases were passed through a quartz reactor tube containing 
copper / chromium oxide and silvered cobaltous oxide where 
they are purified and reduced. The emerging gases were sepa- 
rated on a PTFE Multiseparation Column and detected using 
a thermal conductivity detector. The percentage of carbon, ni- 
trogen and hydrogen was determined from the resulting chro- 
matographic peaks. The carrier gas used was helium at a rate 
of 130 ml / min and a run time of 530 s. The instrument was 
calibrated before use against a certified nicotinamide stan- 
dard. Note: the discrepancy between the calculated and exper- 
imentally determined nitrogen content in azide–platinum(II) 
complexes was attributed to the thermal instability of the 
azide moiety under the combustion conditions employed dur- 
ing elemental analysis. 

Chemical synthesis 

Synthesis of N 3 -MonoplatinNC 

Transplatin (0.210 g, 0.70 mmol) was dissolved in anhydrous 
DMF (dimethylformamide; 10 ml), treated with silver nitrate 
(0.239 g, 1.40 mmol) and stirred for 18 h, at room tem- 
perature, shielded from light. The precipitated silver chlo- 
ride was filtered off and filtrate cooled to −30 ◦C. A solu- 
tion of 1-amino-6-azido hexane (0.100 g, 0.70 mmol, see 
Supplemental Section S1 ) in DMF (15 ml) was added drop- 
wise to the cooled filtrate over 1 h and allowed stir for 48 h, at 
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room temperature, shielded from light. The reaction mixture 
was cooled to −30 ◦C and added with a solution of 1,6-hexane 
diamine (0.082 g, 0.70 mmol) in DMF (15 ml) over 2 h and al- 
lowed stir for 24 h shielded from light. Volume of solvent was 
reduced to ∼5 ml, diluted with Et 2 O (500 ml) and allowed stir 
for 30 min on ice before filtering. The filter cake was washed 
with ice-cold Et 2 O. Yield 0.272 g (68%). 1 H NMR (600 MHz, 
D 2 O): δ = 3.28 ppm (t, 2H), 2.94 ppm (m, 2H), 2.62 ppm (m, 
4H), 1.62 ppm (m, 8H), 1.35 ppm (m, 8H). 195 Pt NMR (600 
MHz, D 2 O): δ = −2664 ppm. Elemental analysis calculated 
(%) for C 12 H 36 N 10 O 6 Pt: C 23.57, H 5.93, N 22.90; found: C 

22.48, H 5.23, N 18.75. IR (ATR cm 
−1 ): 3220, 3140, 2931, 

2860, 2097, 1606, 1307, 1041, 825. 

Synthesis of N 3 -TriplatinNC 

Intermediate 1,1 / t,t (0.080 g, 0.11 mmol, see Supplemen- 
tary information) was dissolved in anhydrous DMF (15 
ml), treated with silver nitrate (0.018 g, 0.10 mmol), and 
stirred at room temperature overnight shielded from light. 
The precipitated silver chloride was filtered off and the filtrate 
cooled to −30 ◦C. A solution of N 3 -monoplatinNC (0.064 g, 
0.11 mmol) in DMF (15 ml) was added dropwise to the fil- 
trate over 2 h and stirred for 72 h at room temperature. The 
solution was filtered to remove any traces of reduced plat- 
inum. The filtrate was treated with silver nitrate (0.018 g, 0.10 
mmol) and stirred over night at room temperature, shielded 
from light. The precipitated silver chloride was filtered off and 
the filtrate cooled to −30 ◦C. A solution of hexamethylene di- 
amine (0.012 g, 0.11 mmol) in DMF (5 ml) was added drop- 
wise to the filtrate over 1 h and subsequently stirred for 2 days 
at room temp. The product was precipitated out of solution 
using Et 2 O (400 ml), filtered and the filter cake washed with 
ice-cold Et 2 O. Yield: 0.104 g (63%). 1 H NMR (600 MHz, 
D 2 O) δ 3.35–3.23 (m, 2H), δ 2.80–2.73 (m, 6H), 2.67–2.65 
(m, 8H), 1.69–1.61 (m, 10H), 1.56–1.54 (m, 6H), 1.40–1.34 
(m, 16H). 195 Pt NMR (600 MHz, D 2 O): δ = −2671 ppm. 
Elemental analysis calculated (%) for C 24 H 80 N 22 O 18 Pt 3 : C 

18.59, H 5.20, N 19.88; found: C 19.14, H 5.13, N 16.21. 
IR (ATR cm 

−1 ): 3213, 3153, 2933, 2863, 2099, 1655, 1603, 
1307, 1038, 826 (see Supplementary Section 1.5 . for mass 
analysis). 

Single molecule nanofluidics 

Sample preparation 

T riplatinNC and N 3 -T riplatinNC were dissolved in water to 
500 μM stock concentration. The stocks were further di- 
luted to 10 μM and used in preparing DNA–drug complexes 
for the single-molecule experiments. Reaction mixtures con- 
taining 4.8 μM (base-pairs) bacteriophage λ-DNA [48 502 
base pairs, New England Biolabs (NEB), USA] and varying 
concentrations of T riplatinNC or N 3 -T riplatinNC were pre- 
pared and incubated at room temperature for 15 min. Af- 
ter incubation, 0.5 μl of 10 μM Y OY O-1, a nonspecific bis- 
intercalating fluorescent dye (1:10 dye:bp ratio, Invitrogen, 
USA), and 0.5 × Tris-borate-ethylenediaminetetraacetic acid 
buffer (TBE; Sigma–Aldrich, USA) were added to the DNA–
drug mixture to obtain a final volume of 10 μl. This mixture 
was incubated again at room temperature for 15 min to en- 
able fluorescence staining of the DNA molecules by Y OY O- 
1. This mixture was then diluted with 39 μl of Milli-Q wa- 
ter (18.2 M � ionic purity, Millipore, USA) and 1 μl of β- 

mercaptoethanol (BME; Sigma–Aldrich, USA) to yield a 50 
μl loading solution. 

For the intensity profile comparison of λ-DNA molecules 
treated with TriplatinNC and N 3 -TriplatinNC and labelled 
with Y OY O-1 dye, a reference profile using Y OY O-Netropsin 
one-step competitive binding was used. Netropsin is known to 
bind to AT-rich regions of DNA, thus leaving only the GC re- 
gions for the Y OY O-1 dye to bind, creating an intensity profile 
with bright Y OY O-1 bound regions and dark netropsin bound 
regions along the nanochannel-stretched DNA [ 20–22 ]. For 
this, λ-DNA (4.8 μM base-pairs) was incubated with Y OY O- 
1 (10 μM) and netropsin (100 μM, Sigma–Aldrich) and 0.5 ×
TBE buffer was added to a final volume of 10 μl. This mixture 
was incubated at 50 ◦C for 30 min, to achieve homogeneous 
staining of all DNA molecules. Before fluorescence imaging, 
this solution was diluted ten times with Milli-Q water con- 
taining 3% ( v / v ) of BME to a total volume of 100 μl. 

Nanofluidic device 

For single molecule experiments using nanofluidics, a de- 
vice that consists of two microfluidic channels, each con- 
necting two loading reservoirs was used. Spanning across 
the microfluidic channels are 200 nanofluidic channels. Each 
nanochannel is 150 nm in width, 100 nm in depth, and 
500 μm in length, and the spacing between two consecutive 
nanofluidic channels is 800 nm. All devices were made in sil- 
icon wafers (Si-Mat, Germany) with a 2 μm thick thermal 
oxide, using traditional semiconductor fabrication processes 
in a cleanroom facility. Microchannels were fabricated using 
photolithography (S1813; Shipley Inc., USA) and reactive ion 
etching (RIE, Oxford Instruments, UK), whereas the nanoflu- 
idic channels were formed using electron beam lithography 
(JEOL JBX-9300FS, Japan) and RIE. Loading reservoirs were 
etched using deep RIE (STS-ICP) and finally the microfluidic 
and nanofluidic confinements were obtained by high temper- 
ature bonding of borosilicate glass (170 μm thick, double side 
polished, Si-Mat, Germany) to the silicon wafer. Detailed de- 
scription of the fabrication steps involved can be found in ear- 
lier studies by Westerlund and co-workers [ 23 , 24 ]. 

Each nanofluidic chip was mounted on a plastic frame, 
which was then mounted on a custom-built chuck to en- 
able pressure-driven flow and mounted on an epi-fluorescence 
microscope. Fifteen microlitres of the loading solution was 
pipetted to one of the four loading reservoirs, while the re- 
maining three reservoirs were filled with 0.05 × TBE buffer 
with 2% ( v / v ) BME. First, an N 2 -pressure was applied to 
drive the DNA molecules from the reservoir it was loaded in 
to the connected microchannel. Once the microchannel was 
filled with DNA molecules ( ∼30 s), an N 2 -pressure was ap- 
plied across the nanochannels, to push the DNA molecules 
into the nanochannels. Once the DNA molecules were in 
the nanochannels, pressure was turned off to keep the DNA 

molecules within the nanochannels for imaging. 

Imaging and analysis 

Images were collected using an inverted fluorescence micro- 
scope (Axio Observer Z1, Carl Zeiss AG, Germany) illumi- 
nated with a Colibri 7 LED light source (Carl Zeiss AG, Ger- 
many) with a 512 × 512 pixels, 16 μm 

2 EMCCD camera 
(Photometrics evolve, Teledyne Photometrics, USA). A total 
of 20 frames (100 ms each) were collected for each image 
stack. A FITC (fluorescein isothiocyanate) filter (470 / 20 nm 

excitation and 530 / 50 emission) was used. The .czi files were 
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converted into .tiff files using a macro in ImageJ. Custom- 
made Matlab codes were used for further image processing 
and analysis [ 20 ,25 ]. Briefly, kymographs were generated from 

single DNA molecules stretched in the nanochannels and these 
kymographs were used for measuring the end-to-end exten- 
sion of the DNA molecules and also to obtain the DNA inten- 
sity profiles from T riplatinNC / N 3 -T riplatinNC and Y OY O-1 
binding. Concentric plots showing the DNA barcode of tens 
of λ-DNA molecules was obtained to visualize if the inten- 
sity patterns formed by TriplatinNC or N 3 -TriplatinNC and 
Y OY O-1 were consistent across many DNA molecules or of 
random nature. 

Topoisomerase I (Topo IA) relaxation assay 

The interaction between N 3 -TriplatinNC bound to duplex 
DNA and Topoisomerase IA was assayed using agarose gel 
electrophoresis, following the most recent NEB protocol and 
recommendations ( https:// www.neb.com/ en-gb/ protocols/ 
2018/ 08/ 30/ protocol- for- topoisomerase- i- ecoli- m0301 ). 
Briefly, 20 μl samples containing 400 ng of pUC19 plas- 
mid DNA and increasing concentrations of either N 3 - 
T riplatinNC or T riplatinNC (ranging from 0.1 to 30 μM) 
in media containing 1 × rCutSmart and 80 mM HEPES (4- 
(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) buffer pH 

7.2 were incubated at 37 ◦C for 30 min. Subsequently, Topo 
IA (1 U) was added and samples were incubated at 37 ◦C for 
15 min. The enzyme was heat inactivated by incubation at 
65 ◦C for 30 min. DNA loading buffer was added to each 
sample to 1 × dilution (4 μl from a 6 × stock), and samples 
were loaded onto a 1.2% agarose gel cast for 20 samples. A 

negative control (DI water instead of Topo IA) and a positive, 
untreated control (pUC19 exposed to Topo IA in the absence 
of platinum drugs) were also run along with treated samples. 
Electrophoretic separation of the topoisomers was achieved 
in 1 × TBE buffer by running at 40 V for 3 h followed by 50 
V for 3 h. The gel was stained post-separation by soaking in 
1 × SYBR Safe (diluted from a 10 000 × stock in dimethyl sul- 
foxide (DMSO)) in 1 × TBE overnight. Images were acquired 
in G:BOX Mini 9 Multi-Application Gel Imaging System. 

Microscale thermophoresis 

A 10 μl working solution of 0.2 μM hairpin DNA, G-C rich 
sequence F-TP, and A-T rich sequence F-D6aH tagged with 
a 5 ′ -Cy5 fluorophore, was prepared in 200 mM HEPES, 25 
mM NaCl. N 3 -TriplatinNC was dissolved in H 2 O with 10% 

DMSO and further diluted to 13.3 μM using the HEPES 
buffer to form a stock solution. A total of 17 samples were pre- 
pared with 10 μl of the HEPES buffer and a serial dilution of 
N 3 -TriplatinNC was then performed in a 3:1 [drug] / [buffer] 
ratio, providing a working concentration range of 10 μM to 
75 nM. DNA (F-TP / F-d6AH, 10 μl) was then added to each 
sample providing a final concentration range of 5 μM to 37.5 
nM of drug. These samples were then incubated at 37 ◦C for 
1 h. NanoTemper premium capillaries were placed into each 
sample and left until liquid had filled the capillary, care was 
taken to avoid touching the centre of the capillaries. The cap- 
illaries were then placed into the ‘NanoTemper Technologies 
(GmbH, MO-K022) Monolith’ MST instrument and scanned 
using high power and auto-excitation in the red channel. The 
above method was repeated for F-D6aH to afford a final con- 
centration range of 10 μM–75 nM of drug. The data were then 
opened on The MO.Affinity Analysis software (NanoTem- 

per Technologies GmbH) before being exported to Graphpad 
Prism for analysis. 

High-resolution in-liquid Atomic Force Microscopy 

(AFM) 

Sample preparation for AFM 

Selected samples, prepared in the same way as described in the 
Topoisomerase IA relaxation assay, were imaged using high 
resolution in-Liquid AFM. Namely, the selected samples were 
those containing 0.75, 1.0, 2.5, and 5.0 μM N 3 -TriplatinNC; 
and 1.0, 2.5, 5.0, and 7.5 μM TriplatinNC. The incubated 
samples (20 ng / μl) were prediluted to 4 ng / μl (20 μl) and 
immobilization on freshly cleaved mica following a published 
protocol [ 26 ]. A total of 20 μl of immobilization buffer (25 
mM MgCl 2 in 10 mM tris pH 7.4) was applied to mica, fol- 
lowed by pipetting of 10 μl of the prediluted sample and gentle 
homogenization of the droplet by pipetting. The sample was 
left undisturbed for 5 min at room temperature, followed by 
3 × washing of the surface with 20 μl imaging buffer (3 mM 

NiCl 2 in 20 mM HEPES pH 7.4). Samples were left undis- 
turbed for 20 min at room temperature before imaging. A 

sample containing 5 μM TriplatinNC and 400 ng pUC19, 
without exposure to Topo IA was also prepared in an anal- 
ogous way. This sample was subjected to consecutive imag- 
ing rounds and provided dynamic information about the in- 
tramolecular condensation of plasmid DNA induced by PPCs. 

AFM imaging 

All AFM measurements were performed in liquid following 
a published protocol [ 26 ]. Imaging was carried out in Peak- 
Force Tapping mode on a FastScanBio AFM, using FastScanD 

probes (Bruker). The PeakForce Tapping amplitude was set to 
10 nm, the PeakForce Tapping frequency to 8 Khz and the 
PeakForce setpoints in the range: 7–15 mV, corresponding to 
peak forces of < 70 pN. Images were recorded at 512 × 512 
pixels at line rates of ∼3 Hz. 

AFM image processing 

All AFM images were processed and analysed using TopoStats 
[ 27 ], a Python pipeline for the automated processing and anal- 
ysis of AFM data ( https:// github.com/ AFM-SPM/ TopoStats ). 
TopoStats can be configured using a configuration file. In this 
instance, the default settings were used with three changes. 
First, the upper threshold for the filtering and grain detection 
stages was changed depending on the sample type in order to 
obtain the highest quality flattening, and secondly the height 
range for the images was set to [ −3, 4] in order to produce 
images where height differences were more easily visible. The 
absolute area thresholds were also adjusted in order to ignore 
noise and anomalies of varied size in the data. The configura- 
tion file can be found with the dataset. Processing was carried 
out using the following steps: an initial flatten was conducted 
to remove image tilt by subtracting a plane, and to remove 
line-to-line variation from the raster scan process by subtract- 
ing the median of each row, and to remove bowing effects by 
subtracting a horizontal quadratic polynomial. Scar removal 
was then run on the flattened image, detecting and linearly 
interpolating any significantly high or low one-to-four-pixel 
wide horizontal streaks in the image. 

Masking was then performed to select the molecules within 
the image by calculating a height threshold to separate the 
background from the data in the image. The threshold was 
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calculated from the standard deviation of the image, multi- 
plied by a scaling factor. Regions of the image that lay above 
the threshold were considered to be molecules, referred to as 
grains, and isolated as a binary mask. The original image was 
then flattened again, excluding the grains from the calculation 
of the median for each row, plane fit and quadratic fit. This im- 
proved the flattening of the image, ensuring the background 
was as flat as possible. The height distribution of the flattened 
image was then shifted vertically to set the background, i.e. 
mica height, to zero by calculating the mean of the nongrain 
containing data and subtracting that value from the image. Fi- 
nally, a gaussian blur of sigma = 0.5 pixels was applied to re- 
duce high frequency noise in the image. To analyse individual 
molecules, connected-component labelling was applied to the 
binary mask to label unique grains, which were then filtered 
by size to remove noise or small contaminants that were er- 
roneously detected as grains. Grains that intersected with the 
border of the image were also removed due to the impossibil- 
ity of accurately calculating statistics for them. This resulted 
in a labelled binary mask that used for statistical analysis. A 

set of statistics was calculated for each grain, including but not 
limited to aspect ratio, area, volume, minimum and maximum 

feret diameters, and average height. The minimum and maxi- 
mum feret diameters and minimum bounding area are plotted 
in Fig. 4 . 

Biological assays 

DNA binding data 

For the full materials, methods, instrumentation and analysis 
of all compounds developed in this study, see the Supplemen- 
tary Information. 

Cell culture and treatments 

MCF-7, MD A-MB-231, and MD A-MB-468 cells were main- 
tained in high glucose Dulbecco’s modified Eagle’s medium 

(DMEM) and T47D were maintained in RPMI-1640. All me- 
dia were supplemented with 10% FBS (fetal bovine serum), 
1% L-glutamine, and 50 units / ml penicillin and 50 mg / ml 
streptomycin. MCF-10a were cultured in DMEM / F-12 sup- 
plemented with 5% horse serum, 20 ng / ml epidermal growth 
factor, 100 ng / ml cholera toxin, 0.01 mg / ml insulin, and 500 
ng / ml hydrocortisone. Cells were maintained at 37 ◦C and 5% 

CO 2 in a humidified atmosphere. Complex stock solutions 
were prepared in 0.9% saline ( w / v ). Cisplatin was stored at 
4 ◦C for up to 1 week while all other stocks were kept as 
frozen aliquots. Further dilutions were prepared in culture me- 
dia daily. 

Cell viability assay 

Seeding densities and resazurin (alamar blue) incubation times 
were predetermined based on Z-score analysis ( > 0.6). MCF- 
7, MD A-MB-231, MD A-MB-468, and MCF-10a cells were 
seeded at 5000 cells per well in a 96-well plate, while T47D 

cells were seeded at 7500 cells per well for 18 h prior to drug 
treatment. Cells were exposed to platinum complexes at 1–
100 μM using an automated liquid handling system (JANUS 
Automated Workstation) and incubated for 24 or 48 h. A 

1:10 dilution of resazurin reagent (stock concentration of 5.6 
mM, Sigma R7017) was added and incubated for a further 
4 h (MCF-7) or 6 h (MD A-MB-231, MD A-MB-468, T47D, 
and MCF-10a). Fluorescence was measured on an integrated 
Victor ×5 Multilabel Reader (ex: 530 nm, em: 620 nM). Cell 

viability was expressed as normalized percent of viable cells 
relative to nontreated control and IC 50 values were calculated 
in GraphPad Prism ( Supplementary Table S4 ). 

Confocal analysis for N 3 -TriplatinNC localization 

MDA-MB-231 cells were treated with 5–10 μM N 3 - 
TriplatinNC for 24 or 48 h then stained with 150 nM Mi- 
toTracker Deep Red for 20 min at 37 ◦C. Cells were fixed 
in 4% paraformaldehyde (30 min, RT) and permeabilized 
with 0.25% Triton X-100. Samples were then blocked with 
2% bovine serum albumin for 30 min at RT and clicked 
with 1:1 equivalent of Fluor 488-alkyne in the presence of 
CuSO 4 (10 mM) and ascorbate (20 mM) for 30 min at RT 

(room temperature) and then counter-stained with NucBlue 
Fixed. Specific localization protein, nucleophosmin (NPM), 
was stained to investigate nucleolar localization. The primary 
antibody (anti-B23 antibody, mouse monoclonal antibody, 
B0556-25UL, Merck) was incubated at 1:500 dilution, RT for 
2 h followed by secondary antibody (Alexa Flour 594 goat an- 
timouse IgG F(ab)2 fragment, A11020; Thermo Fisher Scien- 
tific) at 1:1000 dilution, RT for 1 h. Cells were washed twice 
with phosphate-buffered saline (PBS) in between each step. 
Samples were finally mounted in ProlongGold and allowed to 
cure. Confocal samples were imaged on a STED-Leica DMi8 
super resolution confocal microscope equipped with a CCD 

(charge-coupled device) camera. NucBlue Fixed was excited 
with a 405 nm picoquant laser unit and emission captured 
between 450 and 550 nm. Fluor 488-alkyne ( ≡−488) was ex- 
cited at 488 nm (laser power 1) with emission captured be- 
tween 580 and 625 nm, and MitoTracker Deep Red was ex- 
cited at 637 nm (laser power 3) with emission was captured 
at 650–700 nm. Alexa Flour 594 conjugated secondary an- 
tibody was excited at 594 nm (laser power 5) with emission 
was captured at 640–680 nm. Images were acquired whereby 
combinations of excitation and emission wavelengths for spe- 
cific dyes were applied sequentially to avoid overlap between 
photophysical profiles. 

National Cancer Institute 60 cell line screening 

N 3 -TriplatinNC (NSC: 843 992) was submitted to the US Na- 
tional Cancer Institute’s (NCI) Developmental Therapeutics 
Program (DTP) 60 human cancer cell line screening. The cy- 
totoxic or lethal effects (50% lethal dose, LC 50 ) growth inhi- 
bition (GI 50 ) and total growth inhibition (TGI) were identi- 
fied using a five-dose exposure level and are shown in the raw 

result data ( Supplementary Table S5 ). These results are cate- 
gorized by cancer type and then visualized in a heat map as 
shown in Supplementary Fig. S30 , with the lowest concentra- 
tion of 0.5 μM, and the highest 85 μM. The panel consists of 
60 human cancer cell lines from including breast, colon, cen- 
tral nervous system, leukaemia, nonsmall cell lung, melanoma, 
ovarian, prostate, and renal cancers. COMPARE algorithm 

analysis is detailed in the Supplementary Section 3.2 . 

Maximum tolerated dose 

Animal work carried out in Virginia Commonwealth Univer- 
sity (VCU), USA. Both toxicity and xenograft studies were ap- 
proved by VCU Institutional Animal Care and Use Committee 
(IACUC / Animal Welfare License AD10000943). All research 
involving animals were conducted in strict accordance of the 
Animal Welfare Act and regulations as amended (Public Law 

99–198: The Improved Standard for Laboratory Animals Act, 
and Public Law 103–43: Plan for Use of Animals in Research). 
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Female NCG mice (NOD CRISPR Prkdc II2r gamma) of 6–
8 weeks old and weighing ∼20 g were purchased from Charles 
Rivers Laboratories. NCGs are coisogenic immunodeficient 
models achieved through CRISPR knockout which can host 
xenograft cells as they lack proper T-cell and B-cell formation 
and NK (natural killer) cells. Acute toxicity analysis was used 
to determine the maximum tolerated dose of the drug, which 
was administrated via intraperitoneal injection at 1, 5, and 10 
mg / kg in 100 μl saline in three animals per group previously 
randomized based on body weight on days 1, 5, and 9. Toler- 
ance of dose and the health of the animals were continuously 
monitored for a further 15 days and represented as relative 
body weight. No decrease in body weight was observed for 
all animals administered with the compound and a dose of 5 
mg / kg was selected for further analysis. 

Xenograft studies 

MDA-MB-231- luc cells were cultured in DMEM media 
supplemented with 10% FBS, 1% L-glutamine, and 1% 

penicillin / streptomycin. Cells already provided in VCU were 
generated by infection with lentiviruses containing the pFULT 

vector expressing fire-fly luciferase. MDA-MB-231- luc cells 
(2 × 10 4 ) in a PBS:matrigel mixture were injected into the 
forth right lactiferous duct of 6–8 weeks old female mice. An- 
imals were monitored for 1 week after which tumour growth 
was visualized via IVIS ( in vivo imaging system) imaging 
by injecting 100 μl of luciferin subcutaneously, waiting 10 
min and using inhalant isoflurane to anaesthetize the animals. 
Mice were randomized to five animals per group when tu- 
mour volumes reached 50 mm 

3 on day 10. Animals per group 
were randomized on the basis of tumour volume (obtained 
using a digital calliper and IVIS imaging) and body weight 
through randomization Multi-Task program as described by 
Hampton et al . [ 28 ]. MDA-MB-231 luc cells (2 × 10 4 ) were 
implanted through intraductal injection into the mammary 
glands of NCG mice. Tumours started to develop and were 
allowed to grow to a minimum volume of 50 mm 

3 . Tumour 
size was manually measured as volume and quantified us- 
ing luciferin bioluminescence where MDA-MB-231 cells were 
transfected with a recombinant vector resulting in luciferase 
expression. Cells were then injected with D-luciferin which re- 
acted with luciferase to generate a chemiluminescent reaction. 
The luminescent flux of photons generated in the tumour was 
detected through next-generation bioluminescence optical in 
vivo imaging known as IVIS. Mice were then randomized to 
groups of five and treated with saline vehicle in the negative 
control cohort, 5 mg / kg of N 3 -TriplatinNC or 40 mg / kg of 
positive control carboplatin as an established clinical agent, 
and then monitored for a further 20 days. Mice were eutha- 
nized when tumour size impeded the welfare of the animals 
(including drug treated mice). 

Ethics statement 

The animal study was carried on VCU IACUC approved 
protocol #AD10000943. VCU Cancer Mouse Models Core 
(CMMC) uses 2.5% vaporized isoflurane gas mixed with oxy- 
gen at 2 LPM flow rate to anaesthesia during the procedures. 
CO 2 Asphyxiation plus Cervical Dislocation is used for an- 
imal euthanasia at VCU CMMC. Mice were monitored for 
clinical signs secondary to tumour burden, including laboured 
breathing or increased respiration, weight loss > 20% or tu- 
mour burden > 2000 cubic millimeter (weigh at least once a 
week), body condition score of < 2, scruffy hair coat, hunched 

posture, 3+ (slow to move when prodded) out of 5 on an activ- 
ity scale, and interference with normal body functions such as 
eating, drinking, defecation, or urination. If any of these signs 
occur, the animals are euthanized. We employed IVIS imaging 
to assess objective tumour burden when the tumours express 
luciferase, otherwise, we use only caliper measurement; how- 
ever, the animals’ overall well-being takes priority over precise 
tumour measurements when considering euthanasia or other 
interventions. 

Results and discussion 

Synthesis of azido-TriplatinNC (N 3 -TriplatinNC) 

The synthesis of any platinum(II) molecule is directed by the 
trans effect, which is defined as the ability of a ligand to direct 
substitution trans to itself in a square planar complex, and is 
critical to directing the coordination site of an incoming ligand 
to a platinum(II) metal centre [ 29 ]. 

The trans -symmetric nature of the target N 3 -TriplatinNC 

complex permits multiple possible synthetic routes for its 
construction, however, the synthetic route designed in Fig. 
1 D appears most efficient as it avoids synthetic obstacles 
whereby: (i) uncoordinated (dangling) amine groups deacti- 
vate platinum(II) centres due to the formation of chelates; (ii) 
excessive deprotection steps limit the overall yield; (iii) poly- 
merization side reactions occur; and (iv) sensitivity to light 
or heat hamper synthesis (Supplementary information). This 
route enabled the synthesis of the target asymmetric com- 
plex containing a dangling azide linker, in moderate yield, in 
stepwise fashion using transplatin ( trans - [PtCl 2 (NH 3 ) 2 ]) as 
the starting material. The synthetic method involves succes- 
sive activations using silver nitrate to remove the labile chlo- 
rido ligands asymmetrically, allowing for stepwise ligand co- 
ordinations. Following (ii) in Fig. 1 D, the di-platinum inter- 
mediate is singly activated allowing the co-ordination of the 
azide-containing mono-platinum complex obtained in step (i) 
while avoiding the use of bases. This also leaves a single labile 
chlorido ligand, allowing further activation in (iv) to facili- 
tate the asymmetric synthesis of N 3 -TriplatinNC. Details of 
alternate synthetic routes that were attempted are included in 
the Supplementary Section 1.3 . All complexes were character- 
ized by 1 H NMR, 13 C NMR, DEPT, 195 Pt NMR, FT-IR, ele- 
mental analysis, and HPLC ( Supplementary Fig. S1 - S8 ). Mass 
analysis of the target complex proved difficult to obtain due 
to the gas phase stability of the complex; however, fragments 
containing three platinum centres coordinated to the dangling 
azide ligand were observed ( Supplementary Figs S9 and S10 ). 

Nucleic acid interactions 

To probe the DNA targeting activity of N 3 -TriplatinNC, a 
variety of techniques including competitive displacement, 
fluorescence quenching, thermal melting, microscale ther- 
mophoresis (MST), and single DNA molecule imaging were 
employed. These experiments were designed to understand the 
azide-PPC DNA interaction, as well as to establish if the azide 
handle preserves DNA recognition and downstream biologi- 
cal activity relative to the parent TriplatinNC complex. 

We monitored the bulk solution DNA binding properties of 
the azide-appended and parent TriplatinNC complexes (Fig. 
2 A). Here, ethidium bromide competitive displacement assays 
were performed to determine the binding affinity (K app ). Once 
DNA is exposed to ethidium bromide and all possible bind- 
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Figure 2. ( A ) Summary table of binding data for TriplatinNC and N 3 -TriplatinNC along with ethidium bromide displacement assay results for calf thymus, 

poly A-T and poly G-C DNA. ( B ) R epresentativ e molecular dynamics (MD) str uct ures of TriplatinNC and N 3 -TriplatinNC bound to the Dick erson–Dre w 

dodecamer (DDD), obtained via cluster analysis. Both PPCs exhibit similar binding modes, including phosphate clamp interactions with OP1 oxygen 

atoms and groo v e-spanning . Import antly, the azide handle in N 3 -TriplatinNC positions itself a w a y from the double-helix, enabling post-binding CuAAC. ( C ) 

Schematic of the nanofluidic experimental setup. The nanofluidic device with loading reservoirs connecting the two microchannels and the 

nanochannels (500 μm length, 150 nm width and 100 nm height) spanning between the two microchannels. A representative fluorescence microscopy 

image is shown from which kymographs can be extracted for each DNA molecule. Kymographs from tens of DNA molecules are used to obtain an 

intensity versus extension plot, showing the extension and the intensity profile that reflects the underlying DNA sequence. ( D ) Scatter plot showing 

DNA extensions for λ-DNA molecules (control) λ-DNA molecules exposed to 0.25, 0.5, and 1 μM concentrations of N 3 -TriplatinNC and TriplatinNC. The 

black lines represent the median DNA extension. ( E ) Average intensity profile of λ-DNA labelled with Y O Y O dye and 0.25, 0.5, and 1 μM N 3 -TriplatinNC 

(left) and TriplatinNC (right) compared with λ-DNA labelled with netropsin-Y O Y O one-step competitive binding (grey). ( F ) Representative concentric plots 

from tens of DNA molecules to re v eal if the N 3 -T riplatinNC / T riplatinNC – Y O Y O binding creates highly similar intensity patterns (N 3 -TriplatinNC) or 

random intensity patterns (TriplatinNC) across different DNA molecules. The scale bar is 5 μm. ( G ) Representative image and kymograph for control 

(untreated) DNA along with 1.5, 2.5, and 5 μM N 3 -TriplatinNC (left) and TriplatinNC (right). ( H ) R epresentativ e images and kymographs displaying 

clustered and branched DNA molecules observed in experiments with N 3 -TriplatinNC and DNA concatemers with bright-dark intensity patterns observed 

in experiments with TriplatinNC. The scale bar is 5 μm. 

ing sites are occupied, a nonfluorescent DNA binder is titrated 
into the reaction and the K app is determined by the concen- 
tration of competitor required to reduce fluorescence inten- 
sity by 50%. Overall, the binding of both complexes is sim- 
ilar and the azide group does not impede DNA recognition. 
However, a notable difference between N 3 -TriplatinNC and 
TriplatinNC stems from analysis with poly[d(A-T) 2 ] (inset 
plot Fig. 2 A), a synthetic DNA co-polymer made up entirely 
of adenine and thymine bases. Unlike TriplatinNC, which has 

limited binding to this co-polymer [ 11 ], N 3 -TriplatinNC ap- 
preciably binds in line with activity observed toward calf thy- 
mus DNA (ctDNA) and poly[d(G-C) 2 ] substrates. Additional 
experiments measuring fluorescence quenching (Q), a method 
conducted with limited bound ethidium bromide that aids in 
discovering preferential DNA binding sites bases, and ther- 
mal melting ( �T m ) analysis, a method measuring the rela- 
tive stabilization a drug molecule imparts to the DNA du- 
plex as it thermally denatures, confirmed both PPCs are high 
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affinity DNA binders ( Supplementary Figs S11 and S12 , and 
Supplementary Tables S1 and S2 ). 

To delineate the DNA-binding mode of N 3 -TriplatinNC 

further, MD simulations were undertaken using TriplatinNC 

as a comparison (Fig. 2 B, Supplementary Figs S17 –S24 , and 
Supplementary Table S3 ). Here, the B-DNA dodecamer (PDB 

2DYW) was selected as a model and the reported X-ray struc- 
ture was used to prepare the starting geometry for MD sim- 
ulations on both platinum complexes over 200 ns. In this 
timeframe, the simulated interaction of B-DNA with N 3 - 
T riplatinNC and T riplatinNC did not significantly influence 
the length of the DNA, nor did it induce significant distor- 
tion to the DNA structure. In the first 100 ns, neither com- 
plex adopted a stable binding position, displaying interac- 
tions with both the major and minor grooves of the DNA. 
However, after 100 ns, a clear dominance of interactions with 
the minor groove emerged with all selected frames converg- 
ing to this stable binding position. Significantly, the azide 
group of N 3 -TriplatinNC often remained at a considerable 
distance from the DNA backbone, suggesting intracellular 
click labelling should remain viable after DNA recognition 
(Fig. 2 B). The binding mode obtained by MD can be com- 
pared to that described in the crystal structure of TriplatinNC 

bound to the Dickerson–Drew dodecamer [ 13 ], where back- 
bone tracking and groove spanning interactions were first ob- 
served. Throughout the MD simulations performed in this 
study, phosphate clamp interactions were observed with OP1 
oxygens of C23, T7, and T8. These results validate the quality 
of the model and can be extrapolated to the newly designed 
N 3 -TriplatinNC. 

The interaction of both PPCs with linear DNA was then in- 
vestigated by confining single λ-DNA molecules (48 502 bp) 
in nanofluidic channels (Fig. 2 C; see the ‘Materials and meth- 
ods’ section) [ 23 ]. The experiments were conducted using N 3 - 
T riplatinNC and T riplatinNC at concentrations ranging from 

0.25 μM to 5 μM, while maintaining a constant λ-DNA con- 
centration of 4.8 μM base-pairs. The ratio of PCCs to DNA 

base-pairs was thus varied from ∼1:20 to ∼1:1. Results for 
concentrations up to 1 μM N 3 -T riplatinNC / T riplatinNC are 
summarized in a scatter plot (Fig. 2 D) showing the distribu- 
tion of DNA extension in the presence of N 3 -TriplatinNC or 
TriplatinNC (n = ∼225 DNA molecules for each concentra- 
tion). There is a high probability region with tails of vary- 
ing lengths on both sides. The tail at short extensions is from 

fragmentation of λ-DNA molecules, formed due to shearing 
of DNA during sample preparation. For N 3 -TriplatinNC, we 
observe a concentration dependent increase in average DNA 

extension, the median DNA extension for the control sample 
is 5.1 μm and this increases from 6.4 μm (0.25 μM exposure) 
up to 7.3 μm (0.5 μM) and 6.9 μm (1 μM). For TriplatinNC, 
the result at 0.25 μM is very similar to N 3 -TriplatinNC; how- 
ever, at 0.5 μM, a significant fraction of much longer DNA 

molecules, with extensions of up to 20 μm, were observed 
( Supplementary Fig. S13 –S16 ). This is not due to an increase 
in the extension of individual DNA molecules, but rather the 
formation of concatemers arising from adjoining trains of 
DNA molecules [ 30 ]. Linearized λ-DNA has complimentary 
12-base overhangs at the ends and TriplatinNC facilitates hy- 
bridization of these overhangs to form DNA chains, a phe- 
nomenon that is even more pronounced at 1 μM, where con- 
catemers of at least four λ-DNA molecules were observed. 

To visualize DNA in the nanochannels, we used the bis- 
intercalating dye Y OY O-1. From the images of the confined 

DNA, it is clear N 3 -TriplatinNC and TriplatinNC compete 
with Y OY O-1. To analyse this in more detail, we generated 
average intensity profiles of N 3 -TriplatinNC and TriplatinNC 

concentrations up to 1 μM. Further, these intensity pro- 
files were compared with the average intensity profile of λ- 
DNA molecules with Y OY O-1 and netropsin bound (Fig. 2 E). 
Netropsin binds highly specifically to AT-rich regions of DNA 

and blocks Y OY O-1 from binding. Since one half of λ-DNA 

is AT-rich and the other is GC-rich, an intensity profile along 
the λ-DNA has a characteristic pattern, with one bright, GC- 
rich half and one dark, AT-rich half that reflects the under- 
lying DNA sequence [ 23–25 ]. Although not as marked as 
the Y OY O-netropsin intensity profiles, one half of DNA had 
higher Y OY O-1 emission intensity for the majority of DNA 

molecules exposed to either N 3 -TriplatinNC or TriplatinNC 

bound. This indicates that there is a preferential binding of 
the ligands to AT-rich regions. When these intensity profiles 
are aligned into a concentric plot, similar barcodes render a 
plot with the DNA ends aligned at the same location [ 31 ]. 
However, intensity profiles from dissimilar patterns render a 
concentric plot with random DNA ends. For N 3 -TriplatinNC, 
DNA molecules in the concentric plots were well aligned, 
showing N 3 -TriplatinNC binding is highly specific most likely 
due to a consistent groove spanning binding motif. In contrast, 
TriplatinNC binding is more random and thus the intensity 
profile varies between DNA molecules (Fig. 2 F). This result 
reflects a combination of binding modes at play and is consis- 
tent with the earlier DNA extension experiments (Fig. 2 D). 

To understand the binding properties at higher concen- 
trations, we next studied images of both complexes bound 
to λ-DNA up to 5 μM (Fig. 2 G and Supplementary Figs 
S13 and S14 ). N 3 -TriplatinNC showed bright-dark patterns 
along the DNA molecules above 1 μM. Interestingly, exposure 
to 2 μM and 2.5 μM identified high intensity regions along the 
stretched DNA molecules, possibly from localized DNA com- 
paction by N 3 -TriplatinNC. At 5 μM N 3 -TriplatinNC, com- 
plete DNA condensation occurs, and most DNA molecules 
were trapped at the loading reservoirs near the microchan- 
nel entrance. The kymograph for the 5 μM N 3 -TriplatinNC 

concentration in Fig. 2 E was obtained from a DNA molecule 
that was nonspecifically adsorbed to the microchannels, as we 
could not see any DNA molecules entering the nanochannels. 
For TriplatinNC, the main difference at the lower drug expo- 
sure was the formation of bright and dark patches of varying 
intensity along the stretched DNA molecules, a phenomenon 
that was even more pronounced when the concentration was 
increased (Fig. 2 G and Supplementary Fig. S15 and S16 ). In 
the presence of 5 μM TriplatinNC, the binding of Y OY O- 
1 was largely outcompeted rendering DNA-molecules diffi- 
cult to observe. Finally, at concentrations above 1.5 μM of 
N 3 -TriplatinNC, there were some instances where more than 
one DNA molecule was clustered together forming branched 
chains of DNA, squeezed into the nanochannels, showing very 
bright patches along the DNA molecule (Fig. 2 H). We specu- 
late that this phenomenon is caused by N 3 -TriplatinNC bridg- 
ing at least two DNA molecules. For TriplatinNC, concen- 
trations > 1.5 μM reliably produce concatemers with bright- 
dark intensity patterns (Fig. 2 H). 

Microscale thermophoresis 

To probe the binding differences of N 3 -TriplatinNC to AT- 
rich and GC-rich DNA and to elaborate on the findings of 
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the single molecule analysis, assays with well-defined hairpin 
sequences were designed using MST, a relatively new tech- 
nique that quantifies molecular interactions based on changes 
in thermophoretic mobility. In this assay, a solution containing 
a fluorescently labelled biomolecule (in our case, DNA hair- 
pins) is loaded onto a capillary [ 32 , 33 ]. A focused IR-Laser is 
used to locally heat a defined sample volume, while the ther- 
mophoresis of fluorescent molecules through the temperature 
gradient is detected. 

The mobility of the biomolecule is controlled by structural 
factors such as charge density, size, and entropy of the hydra- 
tion shell, allowing the detection of changes in the migration 
behaviour upon binding to a ligand (in our case, the PPCs). 
Using A-T rich and G-C rich hairpins labelled with the Cy5 
fluorophore, normalized fluorescence changes (%F norm ) ob- 
tained over a concentration gradient were used to determine 
the DNA binding properties. 

The two curves indicate the MST trace—the change mea- 
sured in thermophoresis over increasing concentrations of 
compound—and the initial fluorescence, which is the direct 
change in fluorescent signal. F-D6aH (an AT-rich sequence 
containing the T A T A domain) and F-TP (a GC-rich sequence) 
hairpins were designed and labelled with Cy5 at the 5 ′ termi- 
nus (Fig. 3 ). Experiments were performed using 0.075 μM–
10 μM of N 3 -TriplainNC together with 0.1 μM of DNA (see 
Supplementary Information Section 2.6 for full method). The 
results show an increase in binding affinity correlated with a 
decrease in initial fluorescence as the complex concentration 
increases. This decrease is associated with the binding of the 
complex together with condensation and aggregation, a phe- 
nomenon previously observed with TriplatinNC and longer 
DNA polymers [ 12 ,34 ]. With the GC-rich hairpin (F-TP), N 3 - 
TriplatinNC reported an IC 50 of 1.9 μM and an EC 50 of 0.6 
μM, while for the AT-rich sequence (F-D6aH), respective val- 
ues of 3.7 μM and 0.7 μM were obtained. Interestingly, IC 50 

values seem to be impacted by aggregation effects above 2 μM 

on F-TP that alter the MST trace results, visible by a jump in 
MST signal seen between capillaries ( Supplementary Figs S25 
and S26 ). The EC 50 values are, however, relatively unaffected 
as changes in fluorescence occur before condensation takes 
effect. This suggests that the AT-rich sequence accommodates 
more compound before fluorescence is inhibited, while for the 
GC-rich hairpin, lower concentrations of N 3 -TriplainNC are 
required to condense DNA. This effect appears linked to the 
binding site size with fewer interactions permitted on GC-rich 
sequences due to the preferred backbone tracking mode where 
the PPC is bound in an extended form. 

Topoisomerase IA relaxation assay and in-liquid 

AFM analysis 

To further investigate the condensation / aggregation proper- 
ties of N 3 -TriplatinNC, turbidity experiments with ctDNA 

were performed at 350 nm (a wavelength where insol- 
uble DNA aggregates generated by condensation can be 
measured) and revealed higher condensation effects (as ob- 
served by the maximum A350) than the parent TriplatinNC 

( Supplementary Fig. S27 ). Next, to understand the down- 
stream biological impact associated with DNA condensation 
[ 35 ], topoisomerase IA relaxation assay was designed and 
monitored using agarose gel electrophoresis for the resolu- 
tion of topoisomers in tandem with in-liquid AFM imaging 
(Fig. 4 ). T opoisomerase (T opo) enzymes play a vital role in 

maintaining cellular function by relieving topological con- 
straints generated during processes such as gene transcrip- 
tion, DNA replication, recombination, and repair. Inhibition 
by alteration of DNA topology or poisoning of Topo enzymes 
leads to alterations in resulting DNA supercoiling which has 
been successfully targeted for cancer treatment [ 36 ]. We used 
Topo IA, which is inhibited by TriplatinNC binding to plas- 
mid DNA [ 34 ] to evaluate whether the azide modification in 
N 3 -TriplatinNC alters the enzyme’s recognition of PPC-bound 
DNA. In the case of TriplatinNC, and we hypothesize N 3 - 
TriplatinNC, this occurs through the overwinding or conden- 
sation of DNA by the drug, rendering the supercoiled DNA 

unrecognizable by Topo IA. 
First, this assay demonstrated that N 3 -TriplatinNC retained 

the ability to inhibit the Topo IA-mediated plasmid DNA re- 
laxation found for the parent TriplatinNC (Fig. 4 A and D). 
The formation of condensates was observed by the trapping 
of DNA in the loading wells, which is visible, albeit to dif- 
ferent extents, for both compounds. Interestingly, condensa- 
tion onsets earlier with the azide appended complex (lane 4; 
0.5 μM N 3 -TriplatinNC) and precedes PPC-mediated posi- 
tive supercoiling (lane 7; 2.5 μM N 3 -TriplatinNC). This posi- 
tive supercoiling was confirmed by two-dimensional gel elec- 
trophoresis using chloroquine (a known positive overwind- 
ing agent) as a control ( Supplementary Fig. S29 ). Here it was 
observed that N 3 -TriplatinNC matches the migration pattern 
of chloroquine and positively overwinds the DNA. Further 
discussion can be found in the Supplementary Information 
( Section 2.9 ). Topo IA acts only on negatively supercoiled 
DNA as evidenced by the generation of topoisomer bands in 
lanes 2–6 and 19. Complete enzyme inhibition is observed in 
lane 7 (2.5 μM N 3 -TriplatinNC) where a fraction of plasmid 
DNA is condensed in the loading well together with another 
fraction of supercoiled DNA which, due to the lack of ob- 
servable topoisomers, appears to have undergone a transition 
to the positive state. Chemically induced positive supercoil- 
ing has, to this point, only been observed by classical DNA 

intercalators that overwind negatively supercoiled DNA and 
thereby inhibit Topo IA recognition [ 37 ]. A similar profile 
was observed in reactions with TriplatinNC (Fig. 4 D) where 
positive supercoiling is observed (lane 8; 5 μM TriplatinNC) 
prior to the onset of total aggregation (lanes 10–18). Impor- 
tantly, Topo IA recognition is inhibited at a lower concen- 
tration of N 3 -TriplatinNC than TriplatinNC. N 3 -TriplatinNC 

initiates Topo IA inhibition and leads to complete inhibi- 
tion at lower concentrations when compared to TriplatinNC. 
This observation, along with our findings by single molecule 
nanofluidics experiments and MST, are likely due to the higher 
occupancy of N 3 -TriplatinNC on a given DNA target and also 
due to its intrinsic, differential affinity towards binding AT- 
rich regions when compared to TriplatinNC. 

Finally, to better understand the key events during PPC- 
induced pUC19 unwinding, we derived a Topo IA relaxation 
assay coupled with high resolution in-liquid AFM (Fig. 4 B, 
E). For both compounds, four conditions from the gel elec- 
trophoresis experiment were picked for imaging: a sample 
prior to the onset of compound-induced Topo IA inhibition 
(light pink); a sample with a low degree of Topo IA inhibi- 
tion and a low level of DNA condensation (pink); complete 
Topo IA inhibition resulting from DNA positive supercoil- 
ing (dark pink); and a sample with extensive DNA condensa- 
tion (purple). For the AFM images, quantification of the Topo 
IA inhibition (i.e. molecular compaction) and condensation 
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Figure 3. MST results for N 3 -TriplatinNC. ( A ) MST results showing normalized MST signal and initial fluorescence using the F-TP (GC-rich) hairpin. ( B ) 

Normaliz ed MS T signal and initial fluorescence using the F-D6aH (A T-rich) ranging from 0.075 μM to 1 0 μM of N 3 -TriplatinNC DNA hairpins tagged with 

the Cy5 fluorophore. 

(i.e. intermolecular aggregation) was performed. Automated 
analysis of all AFM images was carried out using TopoStats 
[ 27 ] to calculate the smallest bounding area of DNA com- 
plexes (Fig. 4 C and F). pUC19 treated with low concentra- 
tions of PPCs (Fig. 4 B + E; light pink) appear very similar to 
the control (Fig. 4 B + E; grey), which is reflected in a simi- 
lar value for the smallest bounding area of the molecules (Fig. 
4 C + F). At the point of Topo IA inhibition (Fig. 4 B; pink) 
the pUC19 molecules are more compacted (Fig. 4 C) consis- 
tent with the onset of increased supercoiling observed by gel 
electrophoresis. At the point where total Topo IA inhibition is 
achieved by positive DNA supercoiling, extensive DNA aggre- 
gation is observed (Fig. 4 B + E; dark pink). This is confirmed 
by the quantitative analysis which shows an increase in the 
number of large bounding area complexes (Fig. 4 C + F). 

This demonstrates that upon aggregate formation, the Topo 
IA is unable to recognize and unwind the plasmid DNA sub- 
strate. At high concentrations of the PPCs, after extensive ag- 
gregation, we measure a reduction in the molecule size (Fig. 
4 C + F) which is believed to be a result of very large com- 
plexes that were not detected in the image areas (Fig. 4 E; pur- 
ple). This is reflected by the lower number of DNA molecules 
(N) for this measurement. Overall, the qualitative analy- 
sis by visual inspection and the quantitative analysis using 
TopoStats demonstrate that the incorporation of the reactive 
azide handle in N 3 -TriplatinNC results in DNA binding simi- 
lar to that of the parent compound, TriplatinNC, with conse- 
quent inhibition of Topo I-mediated plasmid DNA relaxation. 
This inhibition occurs through the same DNA topological in- 
termediates, as imaged using high-resolution in-liquid AFM 

imaging. 
We captured the dynamic behaviour of TriplatinNC- 

induced pUC19 condensation in-liquid ( Supplementary Fig. 
S28 ). In this experiment, intramolecular condensation was 
observed in consecutive AFM images acquired on the same 
pUC19 molecule. In the initial stage (blue panel), the pUC19 
molecule is already bound by TriplatinNC molecules. As time 
passes, we observed a marked change in topology, with the 
formation of a knot-like region in the bottom right portion 
of the plasmid (purple panel). Importantly, the initial topol- 
ogy of the plasmid molecule that underwent intramolecular 
condensation is markedly different and appears more “rigid”

in comparison to the untreated pUC19 (black panel). The 
condensation / aggregation observed in the topoisomerase IA 

relaxation gel and AFM experiments is also apparent in the 
MST suggesting N 3 -TriplatinNC is a powerful condensing 
agent, even more so than TriplatinNC. The comparable con- 
densing effects of N 3 -TriplatinNC and TriplatinNC are also 
supported by MD data ( Supplementary Section 2.5 ). 

Intracellular tracking of N 3 -TriplatinNC in 

MDA-MB-231 TNBC 

N 3 -TriplatinNC was bioorthogonally coupled with a fluo- 
rescent label by copper(I) catalysed azide-alkyne cycloaddi- 
tion (CuAAC) to investigate selective localization in TNBC 

cells (Fig. 5 ). MDA-MB-231 cells were exposed to 10 μM 

N 3 -TriplatinNC for 24 and 48 h prior to fixation. Treated 
cells were then labelled using click chemistry where a 1:1 ra- 
tio of alkyne fluorophore to N 3 -TriplatinNC complex (pre- 
exposed to the cell line) were combined in the presence of 
CuSO 4 with added ascorbate. Distinct organelles, such as nu- 
clei and mitochondria, were counterstained to distinguish the 
overall cell structure and compartmental accumulation of the 
trinuclear complex. Nonspecific uptake of the unclicked dye 
was not observed in nontreated control cells as no fluores- 
cence was detected (Fig. 5 ). There was little or no overlap of 
fluorophore-labelled N 3 -TriplatinNC with nuclear chromatin 
and mitochondrial structures. Predominant and uniform ac- 
cumulation was shown in nucleolar compartments, the only 
intranuclear component of the nucleus in eukaryotic cells, sug- 
gesting localization in the region responsible for ribosomal 
biogenesis. 

We validated this observation through immunofluorescent 
staining of NPM, also known as B23, a nucleolar phospho- 
protein involved in diverse cellular processes. It shuttles be- 
tween the nucleus and cytoplasm but predominately resides 
in the perimeter of the nucleoli. NPM was detected using a 
monoclonal mouse anti-NPM antibody as the primary anti- 
body which was subsequently stained with a goat antimouse 
IgG secondary antibody fragment conjugated to a complimen- 
tary fluorophore. The observed nucleolar localization proper- 
ties demonstrate that the azide complex retains intracellular 
behaviour in line with the expected activity of this PPC. Thus, 
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Figure 4. ( A, D ) Topoisomerase IA relaxtion assa y monitored b y agarose gel electrophoresis assa y as consequence of pre-e xposure of pUC19 (400 ng) to 

either N 3 -TriplatinNC or TriplatinNC at the indicated concentration, f ollo w ed b y addition of the enzyme. ( B , E ) T he inhibition of DNA un winding w as 

probed by high resolution in-liquid AFM colour-coded to specific concentrations used in electrophoretic experiments performed in A and D: untreated 

control (grey), 0.75 μM N 3 -TriplatinNC or 1.0 μM TriplatinNC (light pink), 1 μM N 3 -TriplatinNC (pink), 2.50 μM N 3 -TriplatinNC or 5.0 μM TriplatinNC (dark 

pink), and 7.5 μM TriplatinNC (purple). Scale bars: 250 nm, Z-scale: −3 to 4 nm. ( C, F ) Quantitative analysis of DNA condensation was performed by 

measuring the smallest bounding area of DNA comple x es observ ed in AFM images using TopoStats [ 28 ]. N v alues are as f ollo ws – Control: 113, 

N 3 -TriplatinNC 0.75 μM: 143, 1.0 μM: 42, 2.5 μM: 211, 5.0 μM: 5, TriplatinNC 1.0 μM: 72, 2.5 μM: 25, 5.0 μM: 207, 7.5 μM: 21. 
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Figure 5. Intracellular fluorescent labelling of N 3 -TriplatinNC through CuAAC chemistry to examine cellular uptake and localization. Confocal microscope 

images below on 63 × oil immersion lens of fixed MDA-MB-231 cells exposed to 5 and 10 μM for 48 and 24 h, respectively, and clicked to alkyne 488 

dye (green). Nuclei were stained with NucBlue Fixed (blue), mitochondria were stained with MitoTracker Deep Red (magenta) and nucleoli were 

visualiz ed b y immunofluorescent staining of NPM (red). Scale bars indicate 10 μm (o v erla y, bottom right corner). 

N 3 -TriplatinNC exhibits similar localization to TriplatinNC, 
which is trafficked to the same subcellular compartment, re- 
sulting in apoptosis after interfering with the G1 stage of 
mitosis [ 14 ]. 

This is not surprising given the similarity to the nonfunc- 
tionalized parent compound, TriplatinNC, throughout the ex- 
periments presented in this body of work. In samples pre- 
sented over 48 h, morphological changes characteristic of 
apoptotic cell death are indicated with the formation of apop- 
totic bodies and blebbing caused by membrane degradation in 
which high concentrations of the click-labelled complex was 
observed. Evidence of distinct voids, most likely cytosolic vac- 
uoles, suggests that selective organelle accumulation is facili- 
tated by the high cationic complex charge of N 3 -TriplatinNC. 

In vitro cytotoxic analysis and NCI-60 results 

Since N 3 -TriplatinNC maintained broad DNA recognition 
and cellular trafficking properties analogous to TriplatinNC, 
we next probed the anticancer properties of this new la- 
belled complex. Recalcitrant breast cancer cell lines MCF-7, 
T-47D, MD A-MB-231, MD A-MB-468 were selected for cy- 
totoxic analysis, with T-47D being a ductal carcinoma while 
all other cancer lines are adenocarcinomas. Each line is fur- 
ther categorized into molecular sub-types based on expression 
levels, grade, and prognosis ( Supplementary Table S4 ). N 3 - 
TriplatinNC exhibits low micromolar antiproliferative activ- 
ity across all cell lines tested at both 24 and 48 h (Fig. 6 A). Cis- 
platin displayed effective antiproliferative activity in MDA- 
MB-468 cells with an IC 50 of 2.9 μM after 48 h in agree- 
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Figure 6. ( A ) In vitro cytotoxicity data for N 3 -TriplatinNC, TriplatinNC, cisplatin, and carboplatin to w ard selected breast cancer cell types. ( B ) NCI-60 LC 50 
comparing N 3 -TriplatinNC versus studied anticancer agents (note: metallodrugs cisplatin, carboplatin, oxaliplatin, bleomycin and arsenic trioxide are 

marked with an asterisk). ( C ) Relative tumour volume in mice bearing MDA-MB-231 breast cancer xenografts, highlighting N 3 -TriplatinNC’s lower dose 

(5 mg / kg) to achieve similar effect to carboplatin (40 mg / kg). 

ment with work from Predarska et al . [ 38 ]. However, a signifi- 
cant antiproliferative difference between N 3 -TriplatinNC and 
cisplatin was observed in MDA-MB-231 cells, with respec- 
tive IC 50 values of 5.3 and 64.0 μM being recorded. Further 
analysis using MDA-MB-231 cells (Fig. 6 A) revealed that N 3 - 
TriplatinNC exhibits significantly higher 24 h cytotoxicity and 
moderately enhanced activity at 48 h compared to the parent, 
nonazide, compound. Notably, N 3 -TriplatinNC was also con- 
siderably more effective than a carboplatin control. Overall, 
these findings indicate that the azide-modified compound pos- 
sesses low micromolar activity against TNBC. 

N 3 -TriplatinNC was submitted to the US NCI DTP 60 hu- 
man cancer cell line screen. The cytotoxic or lethal effects 
(LC 50 ) and growth inhibitory properties (50% growth inhi- 
bition, GI 50 and TGI) were identified using a five-dose ex- 
posure level and are shown in Supplementary Table S5 . The 
corresponding heat map ( Supplementary Fig. S30 ) show the 
most sensitive cell lines in the 0.1–15 μM exposure range were 
COLO 205 (colon) and SK-MEL-5 (melanoma). Meanwhile, 
at 15–30 μM exposure, increased activity towards HCC2998 
and KM12 (colon), SK-MEL-2 (melanoma), and TK-10 (re- 
nal) were identified. Activity profiles were then analysed using 
the COMPARE algorithm which compared N 3 -TriplatinNC 

against established marketed drugs, mechanistic and stan- 
dard agent datasets to correlate plausible modes of action 
(Fig. 6 and Supplementary Table S6 ). The comparison re- 

sults are represented as Pearson’s correlation coefficients ( r ) 
ranging from −1 to +1, with values closer to +1 indicat- 
ing a high degree of similarity (in terms of cytotoxic pro- 
file) with the known anticancer agents. While dimethyltestos- 
terone, thioguanine, vincristine, and docetaxel had the high- 
est correlations ( > 0.5), typical metal-based chemotherapeu- 
tics such as bleomycin, cisplatin, carboplatin, oxaliplatin, and 
arsenic trioxide (Fig. 6 B) all show limited or negative corre- 
lation to N 3 -TriplatinNC. This observation is consistent with 
the previously established unique binding mode of the parent 
TriplatinNC. 

In-viv o cytoto xicity studies of N 3 -TriplatinNC in 

mice bearing MDA-MB-231 xenografts 

Following the establishment of in vitro cytotoxicity of N 3 - 
TriplatinNC towards the TNBC cell line MDA-MB-231, in 
vivo cytotoxicity studies were conducted on mice bearing 
MDA-MB-231 breast cancer xenografts. The cell line is partic- 
ularly invasive when animal models are implanted to produce 
xenografts as the tumours undergo metastases that spread to 
the lymph nodes [ 39 ]. In vivo studies were conducted using 
NCG mice at The Department of Pathology, The Massey Cen- 
tre, VCU. Analysis of primary tumour growth after 20 days 
showed close to 50% regression in relative tumour volume. 
IVIS luminescent detection of cancer cells similarly corrobo- 
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rate a reduction in tumour size in drug-treated mice compared 
to saline controls ( Supplementary Fig. S31 ). 

Significantly, the trinuclear complex showed comparable re- 
sults at an exposure eight-times lower (5 mg / kg) than the 
carboplatin clinical standard used (40 mg / kg). Thus, N 3 - 
TriplatinNC shows promise as a trackable PPC for treat- 
ing TNBCs that are chemoresistant to standard platinum 

therapies. 

Conclusion 

The last platinum(II)-based drug to receive worldwide clini- 
cal approval was oxaliplatin in 2002. This compound, along 
with carboplatin and cisplatin, have dramatically improved 
mortality rates and revolutionized cancer treatment. How- 
ever, all three compounds share a common DNA crosslinking 
mode of action and are therefore limited by intrinsic resis- 
tance factors that are particularly prevalent in recalcitrant, or 
untreatable, tumours, such as TNBC. Formally substitution- 
inert PPCs represent a unique sub-class of platinum-based 
anticancer agents as the biological consequences of their ac- 
tion are achieved in the absence of covalent binding; a fea- 
ture which has been considered critical for biological activity 
and which further distinguishes the NC (noncovalent) class 
from cisplatin and congeners. The biological consequences in- 
clude efficient nucleic acid condensation, good in vivo antitu- 
mour activity and possible direct antimetastatic effects. In this 
work, we present a first-in-class approach to asymmetrically 
prepare N 3 -TriplatinNC, an azide-functionalized polynuclear 
platinum(II) complex. Subsequent bioorthogonal click chem- 
istry allows for its cellular trafficking and biodistribution 
properties to be studied in absence of any molecular modi- 
fications such as dye-labelling which may affect activity. The 
in situ labelling results for N 3 -TriplatinNC presented here af- 
firms this hypothesis and corroborates the nucleolar localiza- 
tion previously suggested by Peterson et al . for the unlabelled 
complex, TriplatinNC [ 14 ]. Through a series of carefully de- 
signed biophysical experiments comparing the properties of 
T riplatinNC to N 3 -T riplatinNC—including single-molecule 
DNA imaging along with in-liquid AFM analysis—we demon- 
strate that the azide group does not diminish DNA binding ac- 
tivity but rather it retains analogous functionality and down- 
stream biological consequences with improved AT sequence- 
specificity. A comparison of the single-molecule activity of this 
PPC with previously studied complexes cisplatin and oxali- 
platin reveals a significant difference in the concentrations 
required to induce structural changes in DNA, with both 
mononuclear agents necessitating substantially higher concen- 
trations compared to the PPC [ 40 , 41 ]. The performance of 
N 3 -TriplatinNC within the US NCI-60 human cancer cell line 
screen is unique in comparison to clinically approved metal- 
lodrugs bleomycin, cisplatin, carboplatin, oxaliplatin, and ar- 
senic trioxide, which showed limited or negative correlation to 
this compound. N 3 -TriplatinNC was then examined in mice 
bearing MDA-MB-231 (TNBC) xenografts and demonstrated 
comparable results at an exposure eight-times lower than the 
carboplatin clinical standard. Overall, the results suggest a de- 
viation from the “classical DNA-centric” model of platinum 

drug development, which has been successful in producing 
cisplatin and second- and third-generation crosslinking ana- 
logues, to a new approach providing specificity and biolog- 
ical activity genuinely complementary to existing drugs. In 
this endeavour we suggest N 3 -TriplatinNC as a powerful tool 

to probe the relationship of cellular trafficking to biological 
function. 
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