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DNA-Intercalative Platinum Anticancer Complexes
Photoactivated by Visible Light
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Abstract: Photoactivatable agents offer the prospect of highly
selective cancer therapy with low side effects and novel
mechanisms of action that can combat current drug resist-
ance. 1,8-Naphthalimides with their extended & system can
behave as light-harvesting groups, fluorescent probes and
DNA intercalators. We conjugated N-(carboxymethyl)-1,8-
naphthalimide (gly-R-Nap) with an R substituent on the
naphthyl group to photoactive diazido Pt complexes to form
\t,t,t-[Pt(pY)z(Ns)z(OH)(g|V'R'Nap)], R=H (1), 3-NO, (2) or 4-

NMe, (3). They show enhanced photo-oxidation, cellular
accumulation and promising photo-cytotoxicity in human
A2780 ovarian, A549 lung and PC3 prostate cancer cells with
visible light activation, and low dark cytotoxicity. Complexes
1 and 2 exhibit pre-intercalation into DNA, resulting in
enhanced photo-induced DNA crosslinking. Complex 3 has a
red-shifted absorption band at 450 nm, allowing photoactiva-
tion and photo-cytotoxicity with green light.

J

Introduction

Phototherapy has attracted increasing attention in the clinic,
owing to its cancer selectivity and novel mechanisms of
action. However, the oxygen-dependence of clinically ap-
proved photodynamic therapy (PDT) limits its applications in
hypoxic tumours."® Photoactivated chemotherapy (PACT)
agents, in contrast, exert photo-cytotoxicity independently of
oxygen."™ Diazido PtV complexes are promising PACT agents
that are dark-stable, but decompose upon irradiation to
generate DNA binding Pt" species, azidyl radicals and ROS,
showing high photo-cytotoxicity.” The first diazido Pt" com-
plexes cis,trans-[Pt(en)(Ns),(OH),] and cis,cis,trans-[Pt-
(NH5),(N;),(OH),] reported in 2003 exhibited photo-cytotoxicity
upon irradiation with UVA light.®¥ Interestingly, Pt" complexes
with two azide ligands in trans positions have higher aqueous
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solubility, and a more intense and red-shifted ligand-to-metal
charge-transfer (LMCT) band compared with their cis isomers.®"!
Notably, higher photo-cytotoxicity was also detected for the all
trans complexes with UVA irradiation. The replacement of NH,
by pyridine can also red-shift the LMCT absorption and improve
the  photo-cytotoxicity.®?  Complex trans,trans,trans-[Pt-
(py),»(N5),(OH),] (FM-190) shows photo-cytotoxicity with blue
light and is a promising candidate for further modification to
achieve higher photo-cytotoxicity, cancer selectivity, and red-
shifted activation.>*¥ The conjugation of diazido Pt complexes
to up-conversion nanoparticles (UCNPs) allows photoactivation
with near infrared light, but the longest excitation wavelength
for reported simple diazido PtY complexes to exert photo-
cytotoxicity is 465 nm until now.?¥ Longer wavelength excita-
tion allows deeper tissue penetration, and therefore potentially
more efficient photo-cytotoxicity in tissues.”

1,8-Naphthalimides with their extended m-conjugated sys-
tem are well-known versatile fluorescent molecules that have
been widely used in anticancer treatment.” Substitution and
aromatic ring extension can influence the photochemical and
photophysical properties of 1,8-naphthalimides effectively.®”
The highly potent naphthalimides Mitonafide and Amonafide,
have entered clinical trials for treatment of various tumours.”
The conjugation of 1,8-naphthalimides with anticancer com-
plexes enhances their cytotoxicity and enables cellular
imaging.”? Pt complexes containing 1,8-naphthalimides exhibit
dual DNA binding modes and enhanced cytotoxicity."” 1,8-
Naphthalimides can also be photosensitisers which generate
ROS,*™ thus improving photo-cytotoxicity when appended to
photoactive complexes."

In this work, we have synthesised and characterised three
photoactive diazido Pt complexes with axial fluorescent 1,8-
naphthalimide ligands, trans,trans,trans-[Pt(py),(Ns),(OH)(gly-R-
Nap)], R=H (complex 1), 3-NO, (2) or 4-NMe, (3; Figure 1). Since
the optical properties of 1,8-naphthalimides are sensitive to
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at around 340 nm is observed for 1 and 2, and an intense band
at 450 nm for 3. In contrast, no absorbance at 300 nm is
observed for ligands L1-L3 (Figure S15¢c, Table S1). However,
peaks at around 340 nm for 1 and 2, and 450 nm for 3, were

= N s -
e |N o'y SUNON detected. Upon excitation at A=355 nm, complex 1 exhibited
N3;PIKN3 N O Ns; |ttN3 ~ © purple emission (1,,,=395 nm) with a quantum yield of 0.002;
OH|| / OH|| _ complex 3 exhibited green emission (4,,,=546 nm) upon

O 7

excitation at =450 nm, and a quantum yield of 0.006 (Fig-
ure S15b, Table S1). Similar emission was found for their
corresponding ligands (L1 and L3) with a higher quantum yield
(Figure S15d, Table S1). However, the emission from complex 2
and ligand L2 was too weak to detect.

N (l) N N ?HN
spyr V3 spgc 3
NN O NN
| = | _ X-ray crystallography
3 FM-190

Figure 1. Trans,trans,trans-[Pt(py),(N;),(OH)(gly-R-Nap)], R=H (1), 3-NO, (2) or
4-NMe, (3), complexes containing conjugated 1,8-naphthalimide ligands
studied in this work and the parent complex FM-190.

substitution in the aromatic ring, unsubstituted 1,8-naphthali-
mide (1) and those with electron-withdrawing —NO, (2) or
electron-donating -NMe, (3) substituents are compared. The
crystal structures of the three complexes have been determined
by X-ray diffraction. Theoretical absorption spectra are com-
pared with the observed spectra to assign the bands. The dark
stability, photo-decomposition, photo-reactions with NADH and
5-GMP, DNA intercalation and crosslinking, photo-cytotoxicity
and cellular accumulation, and ROS generation upon irradiation
have been investigated. The introduction of the 1,8-naphthali-
mides can allow DNA-targeting, red-shifted excitation wave-
lengths, and improve the photo-cytotoxicity of diazido Pt"
complexes.

Results and Discussion
Synthesis and characterisation of complexes 1-3

Complexes 1-3 containing conjugated 1,8-naphthalimide [i-
gands were synthesised by coupling trans,trans,trans-[Pt-
(py),(N;),(OH)(CO,CH,NH,)] (Pt-gly-NH,), containing an axial
glycine, with the corresponding anhydride at 353 K. They have
high HPLC purity (>95%, Figure S1 in the Supporting Informa-
tion), and were characterised by ESI-HRMS and NMR spectro-
scopy (Figures S2-S7). In 'H NMR spectra, Pt-coordinated
pyridine has characteristic doublets with Pt satellites at
around 8.8 ppm, and triplets at around 8.1 and 7.7 ppm, and "*C
NMR resonances at ca. 149, 142 and 126 ppm. 1,8-Naphthali-
mide ligands give '"H NMR peaks in the range 8.6 to 7.1 ppm
and "C NMR peaks from 135 to 113 ppm. 1,8-Naphthalimide
ligands L1-L3 were prepared for comparison using modified
literature methods (Figures S8-S14)."? All complexes display a
high-energy band at around 260 nm, and an absorption
maximum at around 300 nm (Figure S15a, Table S1). A shoulder
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Crystals suitable for X-ray diffraction studies of complexes 1-3
were obtained through the diffusion of ethers into solutions in
DMSO/DMF for 1 and DCM/MeOH for 2 and 3. In the crystal
structures of 1-3, the Pt centres with slightly distorted
octahedral geometry resemble those of reported photoactive
Pt" complexes with the O—Pt—O angles less than 180° (1
(177.17(7)°), 2 (175.53(10)°), and 3 (170.01(9)°), Figure 2,
Tables S2 and S3). The naphthalimide rings in 1 form infinite 7t-
stacks along the a axis of the cell with the distance between
closest antiparallel naphthalimide rings being 3.516 A. The large
planar structure of the naphthalimide ring indicates the
possibility of DNA intercalation. Due to the m stacking and H-
bonds (0O1-H1--N3), an infinite chain is formed with all adjacent
molecules being antiparallel to each other (Table S4). The
substituents cause slight distortions of the naphthalimide ring
in 2 and 3, which reduces their ability to m-stack. Hydrogen
bonds between the axial O—H and O in the carbonyl group
close to Pt in an adjacent molecule (O100—-H100--015) in
complex 2, and between an axial O—H and terminal azide N of
an adjacent molecule (O1-H1-+N3) in complex 3 are observed.

Figure 2. X-ray crystal structures of octahedral Pt" complexes a) 1, b) 2, and
) 3, with thermal ellipsoids drawn at the 50 % probability level.

© 2021 The Authors. Published by Wiley-VCH GmbH
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DFT calculations of absorption and fluorescence spectra

The crystal structure-based DFT-calculated UV/vis spectra exhib-
it absorption bands comparable with experimental spectra
(Figure S16). Two main types of absorbing states are observed
in the predicted absorption spectra. The transitions responsible
for the band at approximately 300 nm correspond to ligand-to-
PtV charge-transfer (LMCT) states, transferring electronic density
from the azide ; system to an antibonding orbital centred on
Pt (302 and 308 nm for 1, 301, 303, 306 and 309 nm for 2, and
301 and 308 nm for 3). The antibonding characters of these
transitions are either directed towards the azide ligand, or
against the hydroxide and naphthalimide ligands, which
resembles the calculation for FM-190, and are responsible for
the photo-release of azide, hydroxido and naphthalimide
ligands due to the antibonding character of lowest unoccupied
natural transition orbitals.*¥ The transitions of 1 located at
347 nm correspond to the naphthalimide m-to-m* excitation.
NO, and NMe, substituents, respectively, blue- and red-shift
naphthalimide absorption from 347 nm in 1 to 334 nm in 2,
and 436 nm in 3. In addition, two other transitions with partial
LMCT character were observed for 3 at 256 and 257 nm,
corresponding to m-donation from the naphthalimide ligand to
antibonding orbitals between Pt" and pyridines, hydroxido and
naphthalimide ligands. The computed emission wavelengths of
the free protonated ligand released from 1 and 3 are A=
387 nm and A,.,=497 nm, respectively. They are both blue-
shifted compared to experimental measurements, but support
emission from the photo-released ligands.

Photoactivation and dark stability

Complexes 1-3 are stable in DMSO for 2h in the dark
(Figure S17). Complex 3 also shows high dark stability in RPMI-
1640, and in the presence of GSH (2.4 mM, Figures S17b and
S18). The photo-decomposition of 1-3 was monitored by UV/vis
and fluorescence spectroscopy after various time intervals and
irradiation with indigo (420 nm), blue (463 nm) or green
(517 nm, for 3 only) light at 298 K (Figures 3, S19 and S20). A
rapid decrease in the LMCT (N;—Pt) bands of 1-3 at around
300 nm, was observed upon irradiation, indicating the release
of azide ligands. The absorbance of 3 at 450 nm decreased and
blue-shifted after irradiation; this suggests the release of the
naphthalimide ligand. The emission of 1 and 3 increases
gradually with irradiation (463 nm), indicating the release of the
axial naphthalimide ligand (Figures 3d and S20). As neither
complex 2 nor the free nitro-naphthalimide ligand L2 shows
any apparent fluorescence, no change in emission was detected
for 2.

Upon irradiation of 3 with indigo light (420 nm), the LC-MS
peak for 3 decreased gradually and disappeared within 30 min,
accompanied by the formation of Pt species {PtV
(py),(N;)(OH)(gly-4-NMe,-Nap)}* (708.81 m/z, b), Pt" species {Pt"
(pY)L(CH;CN)(N,)}* (436.00 m/z, a) and released axial ligand gly-
4-NMe,-Nap (+H, 298.48 m/z, c; Figure S21). About 66% of 3
decomposed after 60 min irradiation with green light (517 nm,
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Figure 3. UV/vis spectral changes for 3 in RPMI-1640 cell culture medium
upon irradiation with a) indigo 420 nm, b) blue 463 nm, and c) green

517 nm light. d) Fluorescence change of 3 in PBS upon irradiation with blue
light (463 nm).

Figure S21b). In contrast, FM-190 exhibited negligible decom-
position after similar irradiation with green light (Figure S22).

Photo-reaction with 5'-GMP (guanosine 5’-monophosphate)

The interaction between photoactivated 3 and 5-GMP as a
model nucleotide was investigated using LC-MS. An aqueous
solution of 3 and 5-GMP was irradiated with indigo (420 nm) or
green (517 nm) light at 298K, then analysed by LC-MS
(Figure S23). Major Pt"-GMP adducts were detected as {Pt"
(py)>(CH;CN)(GMP—H)}* (75573 m/z,  G1) and {Pt"
(PY)>(N5)(GMP)}t (757.74 m/z, G2). Indigo light induced the
formation of more adducts than green light after the same
irradiation time.

DNA binding calculations and experimental studies in
cell-free media

Electrostatic maps (ESMs) of iso-density surface (Figure S24)
show that all complexes exhibit a cavity-like region of negative
electrostatic potential, produced by the spatial proximity of the
N; ligand, the carbonyl of the gly carboxylate and the nearby
naphthalimide carbonyls. The minimum of electrostatic poten-
tial (ESP) for all complexes is in the cavity, with minima of
—0.100, —0.090, and —0.106 au, for complexes 1, 2, and 3,
respectively. This nucleophilic region could be responsible for
the initial step of the intercalation process in these complexes.
Accordingly, the ability to attract DNA bases through electro-
static interactions toward the naphthalimide ligand in these
complexes can be ranked as 3 > 1> 2. The naphthalimide ligand
can then stabilise the intercalation between bases due to m-

© 2021 The Authors. Published by Wiley-VCH GmbH
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stacking. However, complex 3 may not give rise to proper -
stacking because of its bulky NMe, ligand at the 4 position.

To investigate the binding of complexes 1-3 to double-
stranded calf thymus DNA in the dark, LD spectra of DNA in the
absence or presence of Pt complexes were recorded in 10 mM
Tris-Cl, pH 7.4 containing 0.77-2.3 v/v DMSO. Complex 1 and, to
a lesser extent 2, induced a negative LD signal in the 300-
500 nm region, where the complexes exhibit weak absorption
(Figure S25). Thus, the existence of LD signals in this region
gives evidence that 1 and 2 interact with double-stranded ct-
DNA and become oriented in flow. Moreover, the interaction of
1 and 2 with DNA gives rise to LD signals of the same sign as
DNA itself (i.e., negative). This result shows that the chromo-
phores of 1 and 2 are oriented parallel with DNA base pairs,
which is indicative of intercalative binding. In contrast, 3 did
not show any induced LD bands, despite its higher absorbance
in the visible region. This suggests that 3 does not bind to DNA,
or its binding affinity is very low. However, all three complexes
may interfere with the DNA band in the 260 nm region due to
their own absorptivity. The presence of DMSO can also
contribute slightly to DNA structural changes (Figure S25).
Hence the changes in the LD band around 260 nm cannot be
interpreted reliably.

To characterise the DNA binding mode in the dark further,
viscometry measurements were performed (Figure 4a). Com-
plexes 1 and 2 increase the length of DNA, resulting in an
increased viscosity, 2 being less effective than 1. In contrast, 3
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Figure 4. a) The relative specific viscosity of calf thymus DNA in the presence
of complexes 1, 2 or 3 in the dark. Data are presented as (;7/170)”3 vs. r([Pt]/
[DNAI), where 7 is the viscosity of DNA in the presence of Pt complex and 7,
is the viscosity of DNA alone in the buffer containing the same percentage
of DMSO as the respective sample. b) Agarose gel electrophoresis for
determination of DNA interstrand crosslinking. The interstrand crosslinks
(IEC) were formed by 1, 2, or 3 under irradiation conditions (420 nm light) in
linear pSP73 plasmid DNA. Lanes 1, 2, 5, and 6: control, unmodified DNA;
lanes 3 and 4: DNA modified by 1 at r=0.0009; lanes 7 and 8: DNA modified
by 2 at r=0.0012; lanes 9 and 10: DNA modified by 3 at r=0.0012.
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does not lengthen the DNA helix, as no increase in the viscosity
was observed. These data correspond to LD results and confirm
intercalative DNA binding of 1 and, to a lesser extent, 2.
However, either no, or extremely weak DNA binding was
confirmed for complex 3, ascribed to its bulky 4-NMe,
substituent.

To verify that complexes 1-3 can bind strongly to DNA
under irradiation, we analysed linearised plasmid DNA modified
by 1-3 by gel electrophoresis under denaturing conditions
(Figure 4b). With 1 h exposure (420 nm), a significant fraction of
slowly migrating DNA was observed, which can be attributed to
interstrand crosslinking by irradiated Pt compounds, but no
crosslinked fraction was observed for these samples when kept
in the dark. The intensity of the interstrand crosslink-containing
fraction was concentration-dependent (Figure S26). Notably,
complexes 1 and 2 displayed ca. 2x higher interstrand cross-
linking fractions compared with 3, which may result from their
pre-intercalation in the dark, shortening the distance between
Pt and DNA bases thus facilitating the formation of strong
crosslinks (Figure S26d).

Photo-cytotoxicity and cellular accumulation studies

Due to the poor aqueous solubility of 1, the dark-photo-
cytotoxicity of only complexes 2 and 3 was determined in
human A2780 ovarian, A549 lung and PC3 prostate cancer cells,
and MRC5 lung normal cells using the sulforhodamine B (SRB)
colorimetric assay (Table 1). Satisfactory dark stability with ICg,
values >50 uM was observed for 2, and > 100 puM for 3 in cells.
However, 2 and 3 exhibited significant photo-cytotoxicity upon
irradiation (465 nm, 48 mWcm™, 1 h) with ICs, values of 1.2-
13.5 uM. Pre-intercalation of the NO,-Nap naphthalimide ligand
of 2 might contribute to the enhanced photo-cytotoxicity of 2.

Notably, photo-cytotoxicity with green light (520 nm,
Table 1. ICs, values and photo-cytotoxicity indices (Pl) for complexes 2
and 3 obtained after 1 h of incubation, 1 h of irradiation (465/520 nm) and
24 h of recovery for human A549 lung, PC3 prostate, A2780 ovarian cancer
cells, and MRC5 normal fibroblasts. Data for complex FM-190 and ligands
L2 and L3 are listed for comparison.
Complex Irradiation  1Cs, [uM]®/PI
A549 PC3 A2780 MRC5
2 dark >50 >50
465 nm 11.8£0.1 6.4+0.7
Pl blue >4.2 >75
3 dark >100 > 100 > 100 >100
465 nm 135£13 101£02 1.2£0.1
520 nm 928+135 327+05 353422
Pl blue >74 >9.8 >82.6
Pl green >1.0 >3.0 >2.8
FM-190™  dark >100 >100 >100 >100
465 nm 51.9+25 556+09 7.1+04
520 nm > 100 > 100 > 100
Pl blue >1.9 >1.7 >14.0
L2 dark >100 >100
465 nm >100 >100
L3 dark > 100 > 100
465 nm >100 > 100
[a] All data are from two independent experiments.

© 2021 The Authors. Published by Wiley-VCH GmbH
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11.7mWcem™2, 1h) was detected for complex 3 (IC5,=32.7- DCFH-DA Bright Field Merged

92.8 uM), which can be attributed to its photoactivation with
green light. No cytotoxicity of L2 and L3 ligands alone was
observed regardless of the presence of irradiation due to the
short incubation time, indicating the important role of PtV
fragments in killing cancer cells.

Pt accumulation from complexes 2 and 3 (10 uM dose) in
A2780 ovarian, A549 lung and PC3 prostate cancer cells in the
dark was at least 15x higher than from FM-190 (Table S5).
Notably, approximately 3x enhanced Pt accumulation for
complex 2 over 3 was observed; this is consistent with its
higher photo-cytotoxicity. The high lipophilicity of 2 and 3
probably contributes to their high cellular accumulation.

Photo-oxidation of NADH

The coenzyme nicotinamide adenine dinucleotide (NADH) plays
an important role in maintaining the redox balance in cancer
cells and is a potential target of photooxidation."™ A solution of
NADH (2 mM) was irradiated with indigo light (420 nm) in the
presence of complex 3, then analysed by LC-MS (Figure S27).
The decrease in intensity of the peak for NADH (665.61 m/z,
NADH+H™) and the appearance of a new peak for NAD*
(663.62 m/z) were observed after 1 h irradiation. The amount of
NAD* produced by 3 is about 1.9x as much as that produced
by FM-190. Little NAD* was detected after irradiation of NADH
alone. The results indicate the ability of these Pt complexes to
induce photo-oxidation of biomolecules, giving rise to a
combined mechanism of action of DNA binding and ROS
generation.

ROS generation

Photo-induced singlet oxygen was detected for complex 3 in
acetonitrile directly by infrared fluorescence spectroscopy (Fig-
ure S28). The cellular ROS generation of 3 was determined by
the DCFH-DA assay (Figure 5). A549 lung cancer cells were
treated with 3 for 1 h at 310 K in the dark at 13.5 pM (photo ICs,
concentration). One dish was exposed to 1h irradiation
(465 nm), while the other was kept in the dark. Cells were
stained with DCFH-DA (20 uM) then analysed using confocal
microscopy.

Clear green fluorescence (A.,=488 nm, A.,=507-611 nm)
in irradiated cells indicates the generation of ROS (Figure 5). In
contrast, cells kept in the dark or treated with antioxidant N-
acetyl cysteine (NAC, 10mM) exhibited no apparent
fluorescence under the same conditions.

Conclusions

We have synthesised and characterised three novel photoactive
diazido Pt"-naphthalimide complexes 1-3 that are dark-stable,
even in the presence of bio-reductant GSH. Their X-ray crystal
structures highlight the large m surface of the naphthalimide.
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Figure 5. Confocal fluorescence microscopy images of ROS generation in
A549 cells treated with complex 3 (ICs, concentration, 2 h in the dark, or 1 h
in the dark and 1 h of irradiation, 465 nm) then probed by DCFH-DA (20 uM,
Aex=488 nm, A, =507-611 nm) in the absence and presence of antioxidant
N-acetyl-L-cysteine (NAC, 10 mM). Scale bars: 50 um.

DFT calculations assigned the LMCT transitions with antibond-
ing character, favourable for the photo-release of azide,
hydroxide and naphthalimide ligands. Complexes 1-3 undergo
photo-decomposition upon irradiation with visible light (420
and 463 nm). Photoactivated complexes can form DNA cross-
links by binding to guanine bases. Complexes 1 and 2 pre-
intercalate into DNA in the dark, facilitating the formation of
covalent crosslinks, and thus displayed approximately twice as
many interstrand crosslinks as 3. In addition, complex 2
displayed approximately three times as much cellular accumu-
lation as that of 3, contributing to enhanced photo-cytotoxicity.
Photo-induced cellular ROS production contributes to their
photo-cytotoxicity. Notably, a 4-NMe, substituent induced red-
shifted absorption of the naphthalimide ring to 450 nm
allowing photo-decomposition of 3 with green light (517 nm),
giving rise to its green-light photo-cytotoxicity. The introduc-
tion of versatile naphthalimide ligands into photoactive diazido
Pt" is a promising strategy to improve photo-cytotoxicity,
capable of providing pre-irradiation intercalative DNA recogni-
tion and red-shifting activation wavelengths, which might
facilitate their preclinical development.

Acknowledgements

We acknowledge financial support from the EPSRC (EP/
G006792, EP/F034210/1, P.J.S.; EP/P001459/1, EP/T021675/1,
M.J.P.), Anglo-American Platinum (post-doctoral fellowship for
H.S.), and Chancellor's International Scholarship from the
University of Warwick (H.S.), and Czech Science Foundation (21-
27514S, JK,, O.N., and V.B.). This research was funded in part by

© 2021 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202101168

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101168

the Wellcome Trust [Grant number 209173/2/17/Z for Cl]. For
the purpose of open access, the author has applied a CC BY

G. M. Tocdi, L. J. Gillespie, D. O. Frimannsson, J. M. Kelly, T. Gunnlaugs-
son, Chem. Soc. Rev. 2013, 42, 1601-1618.

. . ] . [7] a) M. D. Tomczyk, K. Z. Walczak, Eur. J. Med. Chem. 2018, 159, 393-422;
public copyright licence to any Author Accepted Manuscript b) Z. Chen, Y. Xu, X. Qian, Chin. Chem. Lett. 2018, 29, 1741-1756.
version arising from this submission. [8] a) M. E. Marshall, B. Blumenstein, E. D. Crawford, I. M. Thompson, J. B.

Craig, M. Eisenberger, F. Ahmann, Am. J. Clin. Oncol. 1994, 17, 514-515;
b) A. Casado, R. Rosell, R. Garcia-Gémez, E. Diaz-Rubio, G. Pérez-Manga,
A. Font, A. Benavides, M. Martin, Invest. New Drugs 1996, 14, 415-417.
Conflict of Interest [9] a) W. Ma, S. Zhang, Z. Tian, Z. Xu, Y. Zhang, X. Xia, X. Chen, Z. Liu, Eur. J.
Med. Chem. 2019, 181, 111599-111609; b) D. Jia, J. Zheng, Y. Fan, J. Yu,
. R X. Wu, B. Wang, X. Yang, Y. Huang, J. Organomet. Chem. 2019, 888, 16—
The authors declare no conflict of interest. 23; ¢) S. Shanmugaraju, B. C. Poulsen, T. Arisa, D. Umadevi, H. L. Dalton,
C.S. Hawes, S. Estalayo-Adrian, A.J. Savyasachi, G. W. Watson, D.C.

Williamsd, T. Gunnlaugsson, Chem. Commun. 2018, 54, 4120-4123.
Keywords: anticancer activity DFT calculations DNA  [10] a) Q. Wang, Y. Chen, G. Lia, Y. Zhao, Z. Liu, R. Zhang, M. Liu, D. Lia, J.
intercalation - interstrand crosslinking - photoactive platinum Han, Bioorg. Med. Chem. Lett. 2019, 29, 126670; b) S. Banerjee, J. A.
| Kitchen, S.A. Bright, J.E. O'Brien, D.C. Williams, J.M. Kelly, T.
complexes Gunnlaugsson, Chem. Commun. 2013, 49, 8522-8524; c) J. M. Herrera, F.
Mendes, I. Santos, C. N. Ranninger, S. Cabrera, G. Quiroga, Inorg. Chem.
2014, 53, 12627-12634; d) J. M. Pérez, |. Lopez-Solera, E.l. Montero,
(1] a) M. R. Hamblin, Photochem. Photobiol. 2020, 96, 506-516; b) H. Shi, M.F. Brafia, C. Alonso, S.P. Robinson, C. Navarro-Ranninger, J. Med.

P. J. Sadler, Br. J. Cancer 2020, 123, 871-873; A. E. E. Torres, A. B. Lyons, Chem. 1999, 42, 5482-5486.

I. H. Hamzavi, H. W. Lim, J. Am. Acad. Dermatol. 2021, 84, 479-485. [11] a) Y. Suna, J. Lia, H. Zhao, L. Tan, J. Inorg. Biochem. 2016, 163, 88-94;
[2] H. Shi, C. Imberti, P. J. Sadler, Inorg. Chem. Front. 2019, 6, 1623-1638. b) P. Prasad, I. Pant, I. Khan, P. Kondaiah, A. R. Chakravarty, Eur. J. Inorg.
[3] a) P. Miller, B. Schroder, J. A. Parkinson, N. A. Kratochwil, R. A. Coxall, A. Chem. 2014, 2014, 2420-2431; ¢) G.J. Ryan, S. Quinn, T. Gunnlaugsson,

Parkin, S. Parsons, P. J. Sadler, Angew. Chem. Int. Ed. 2003, 42, 335-339; Inorg. Chem. 2008, 47, 401-403.

Angew. Chem. 2003, 715, 349-353; b)F.S. Mackay, J.A. Woods, H. [12] 4) 5 Lju, Q. Deng, W. Fang, J-F. Gong, M-P. Song, M. Xua, T. Tu, Org.

Moseley, J. Ferguson, A. Dawson, S. Parsons, P.J. Sadler, Chem. Eur. J. Chem. Front. 2014, 1, 1261-1265; b) 1. O. Donkor, Y. S. Abdel-Ghany, P. F.

2006, 12, 3155-3161; Q)F.S. Mackay, J.A. Woods, P. Heringova, J. Kador, T. Mizoguchi, A. Bartoszko-Malik, D. D. Miller, Eur. J. Med. Chem.

Kasparkova, A.M. Pizarro, S. A. Moggach, S. Parsons, V. Brabec, P.J. 1999, 34, 235-243; <) C.S. Swenson, A. Velusamy, H.S. Argueta-

Sadler, Proc. Natl. Acad. Sci. USA 2007, 104, 20743-20748; d) N. J. Farrer, Gonzalez, J. M. Heemstra, J. Am. Chem. Soc. 2019, 141, 19038-19047.

J. A. Woods, L. Salassa, Y. Zhao, K. S. Robinson, G. Clarkson, F. S. Mackay, [13] H. Shi, C. Imberti, H. Huang, I. Hands-Portman, P.J. Sadler, Chem.

P.J. Sadler, Angew. Chem. Int. Ed. 2010, 49, 8905-8908; Angew. Chem. Commun. 2020, 56, 2320-2323.

2010, 712, 9089-9092. [14] A. Chiarugi, C. Délle, R. Felici, M. Ziegler, Nat. Rev. Cancer 2012, 12, 741-

[4] S. Xu, X. Zhu, C. Zhang, W. Huang, Y. Zhou, D. Yan, Nat. Commun. 2018, 752.

9, 2053.

[5] K. Szacitowski, W. Macyk, A. Drzewiecka-Matuszek, M. Brindell, G.
Stochel, Chem. Rev. 2005, 105, 2647-2694.
[6] a) R. Kumaria, D. Sunila, R.S. Ningthoujam, Bioorg. Chem. 2019, 88,

Chem. Eur. J. 2021, 27,1-7
These are not the final page numbers! 77

102979; b) R. Tandon, V. Luxami, H. Kaur, N. Tandon, K. Paul, Chem. Rec.
2017, 17, 956-993; c) S. Banerjee, E. B. Veale, C. M. Phelan, S. A. Murphy,

Manuscript received: March 31, 2021

Version of record online: INE, I

www.chemeurj.org

6

© 2021 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1111/php.13190
https://doi.org/10.1039/C9QI00288J
https://doi.org/10.1002/chem.200501601
https://doi.org/10.1002/chem.200501601
https://doi.org/10.1073/pnas.0707742105
https://doi.org/10.1002/anie.201003399
https://doi.org/10.1016/j.bioorg.2019.102979
https://doi.org/10.1016/j.bioorg.2019.102979
https://doi.org/10.1002/tcr.201600134
https://doi.org/10.1002/tcr.201600134
https://doi.org/10.1039/c2cs35467e
https://doi.org/10.1016/j.ejmech.2018.09.055
https://doi.org/10.1016/j.cclet.2018.09.020
https://doi.org/10.1097/00000421-199412000-00013
https://doi.org/10.1016/j.ejmech.2019.111599
https://doi.org/10.1016/j.ejmech.2019.111599
https://doi.org/10.1016/j.jorganchem.2019.03.001
https://doi.org/10.1016/j.jorganchem.2019.03.001
https://doi.org/10.1039/C8CC01584H
https://doi.org/10.1016/j.bmcl.2019.126670
https://doi.org/10.1039/c3cc44962a
https://doi.org/10.1021/ic502373n
https://doi.org/10.1021/ic502373n
https://doi.org/10.1021/jm991099r
https://doi.org/10.1021/jm991099r
https://doi.org/10.1016/j.jinorgbio.2016.04.028
https://doi.org/10.1021/ic700967y
https://doi.org/10.1039/C4QO00253A
https://doi.org/10.1039/C4QO00253A
https://doi.org/10.1016/S0223-5234(99)80056-7
https://doi.org/10.1016/S0223-5234(99)80056-7
https://doi.org/10.1021/jacs.9b09146
https://doi.org/10.1039/C9CC07845B
https://doi.org/10.1039/C9CC07845B
https://doi.org/10.1038/nrc3340
https://doi.org/10.1038/nrc3340
https://doi.org/10.1038/nrc3340

FULL PAPER

[ 3 ﬁ\_‘
"2
\-\')v\_/"

Green to go: Photoactive all-trans
diazido PtV complexes with an axial
1,8-naphthalimide ligand that can
pre-intercalate into DNA have been
synthesised. They can be photoacti-
vated with visible light to generate Pt"
DNA interstrand crosslinks and

cytotoxic ROS, and are thus promising
photo-chemotherapeutic agents.
Notably, a 4-NMe, substituent red-
shifted absorption of the naphthali-
mide ring, giving rise to its green-light
photo-cytotoxicity.
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