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Bladder cancer is a common cancer globally that suffers from expensive treatment, drug and hypoxia re-
sistance, and high recurrence rate. A series of six novel diazido Pt(iv) complexes with the general formula
trans, trans, trans-[Pt(Ns),(OH),(L),] and various equatorial N-heterocyclic amine ligands (L = pyridines: 1
and 3-6; or imidazole: 2) have been synthesised and characterised, including their X-ray crystal struc-
tures, and their photoactivation investigated. The L-substituents modify the photocytotoxicity of these
complexes towards bladder cancer cells significantly. In general, strong electron-withdrawing substituents
result in higher photocytotoxicity compared to unsubstituted trans, trans, trans-[Pt(Nsz),(OH)s(py),l
(FM190) and enhanced photocytotoxicity under hypoxia than normoxia, but higher dark cytotoxicity as well.
Among them, the nitroimidazole complex 2, trans, trans, trans-[Pt(Ns),(OH),(1-methyl-5-nitroimidazole),],
exhibits low dark cytotoxicity and promising photocytotoxicity with blue-light irradiation 1Csq values < 5 uM
towards a series of bladder cancer cell lines under both normoxia and hypoxia. Notably, its green-light photo-
cytotoxicity was significantly enhanced (>15%) under hypoxia compared to normoxia. Low cytotoxicity (ICsqg
14.4-100 pyM) was observed towards normal bladder cells, even upon irradiation. Although photoinduced ROS
generation, apoptosis and lipid peroxidation were observed for 2 under normoxia rather than hypoxia, high
nuclear Pt accumulation, increased photoactivation in the medium, significantly enhanced cellular Pt accumu-
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lation and mitochondrial membrane potential changes upon irradiation under hypoxia were observed. These
results suggest different mechanisms of action for 2 under normoxia and hypoxia. In addition, 2 exhibited high
liver microsomal dark stability and photo-enhanced Pt accumulation in rat bladder. Based on these results,
rsc.li/frontiers-inorganic complex 2 is a promising candidate for phototherapeutic bladder cancer treatment.

10th anniversary statement

We have been pleased to publish some of our exciting interdisciplinary medicinal inorganic chemistry discov-
eries on the design and novel mechanisms of action of metal coordination anticancer complexes in Inorganic
Chemistry Frontiers.

Our publications have included catalytic half-sandwich organometallic iridium anticancer complexes which
can modulate redox pathways in cells utilizing coenzyme nicotinamide adenine dinucleotide (https:/doi.org/
10.1039/C4QI00098F), nanoparticles of natural polymers conjugated to organometallic complexes as drug
delivery systems (https://doi.org/10.1039/C6QI00115G), and direct studies of in-cell activation of inert osmium
complexes using synchrotron nanoprobe X-ray fluorescence (https:/doi.org/10.1039/D1QI00512]).

Our research on photactivatable multifunctional platinum prodrugs for cancer chemotherapy (https:/doi.org/
10.1039/C9Q100288]J; https:/doi.org/10.1039/d0qi00685h) has progressed to the discovery of induced immuno-
genic cancer cell death (https:/doi.org/10.1039/D0QI00991A), and now complexes which are highly active
under hypoxia and promising candidates for phototherapeutic bladder cancer treatment (https://doi.org/10.1039/d4qi01765j).

ICF is a showcase for innovative interdisciplinary inorganic chemistry and I have been fortunate to publish with talented international
coauthors, including those from China, Spain, Italy, Czechia, France, Venezuela and the UK.

Introduction

Department of Chemistry, University of Warwick, Coventry CV4 7AL, UK.
E-mail: Huayun.shi@warwick.ac.uk, p.j.sadler@warwick.ac.uk
tElectronic supplementary information (ESI) available. CCDC 2359629, 2359630,

Phototherapy provides cancer selectivity by using spatially and
temporally controllable light with minimal invasiveness.'™

2360200, 2360222, 2360223 and 2360225. For ESI and crystallographic data in
CIF or other electronic format see DOI: https://doi.org/10.1039/d4qi01765j
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Different from current clinically used photodynamic therapy
(PDT) agents based on an oxygen-dependent mechanism,
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photoactive diazido Pt(iv) complexes have been developed as a
new generation of photoactivated chemotherapy (PACT) anti-
cancer agents, which remain stable in the dark and exert
photocytotoxicity independent from oxygen.*™® Hypoxia, a hall-
mark of the tumour microenvironment, results from the rapid
proliferation of tumours and blood vessel deformation, alters
cancer cell metabolism, and contributes to therapy resistance,
including chemotherapy, radiotherapy and PDT.”"®

Bladder cancer (BC) is recognised as the most expensive
tumour due to its high recurrence rates, intensive surveillance
strategies, and expensive treatment costs.”! Cisplatin is a
standard chemotherapeutic agent used for BC, but limited by
its low response rate and high resistance incidence.”*™**
Phototherapy is attractive for BC treatment due to the ease of
light accessibility for the bladder cavity via an endoscope.”®™*°
Photofrin, the first PDT agent, was approved to treat BC with
red light (630 nm) in 1993 in Canada, but abandoned due to
skin photosensitivity and compromised bladder function
caused by the deep tissue penetration of red light."***! In con-
trast, green light (525 nm) is used to activate TLD1433 for
NMIBC to reduce PDT-induced damage to the bladder wall.'®
Successful phase II results have been obtained for TLD1433,
but as a PDT agent, its oxygen-dependent mechanism results
in its significantly reduced photocytotoxicity under hypoxia.'®
Increased angiogenesis in BC indicates tissue hypoxia and is
associated with a low survival rate.'”**

Photoactive diazido Pt(1v) complexes with oxygen-indepen-
dent mechanisms have potential as new phototherapeutic
agents for BC.* However, killing bladder cancer cells is very
challenging. The photo ICs, values for a series of diazido Pt(v)
complexes, including trans, trans, trans-[Pt(N;),(OH),(py)
(NH;)], towards the 5637 human bladder cancer cell line have
been reported to be >30 pM with UVA irradiation.”*?* Trans,
trans, trans-[Pt(Nz),(OH),(py).] (FM190), a promising current
lead compound, shows no apparent photocytotoxicity with
blue light towards SW780 bladder cancer cells with a short
incubation time (1 h incubation, 1 h irradiation and 24 h
recovery), but is active when conjugated to ferrocene through a
flexible bridging ligand.*>?® It is important now to study
especially the photocytotoxicity of these complexes towards
bladder cancer cells under hypoxia.

Although axial functionalisation is the most common strat-
egy for the optimisation of anticancer Pt(iv) complexes, the
nature of the equatorial ligands can also alter the photoactiva-
tion and photocytotoxicity of diazido Pt(iv) complexes.?” Trans,
trans, trans-[Pt(N3),(OH),(NH;)(py)] kills cancer cells in the
presence of UVA irradiation (365 nm),>® while the bis-pyridine
complex FM190 shows photocytotoxicity with blue light
(420 nm).* Introduction of methyl substituents can alter the
UV-vis absorption, photoactivation and photocytotoxicity of
FM190.”” The nitro group is a strong electron-withdrawing sub-
stituent used in a wide variety of bioactive molecules®® and
can red-shift the absorption spectra of diazido Pt(v) complexes
as a substituent on equatorial pyridines.*°

Nitroimidazole antibiotics, such as metronidazole and tini-
dazole, are approved drugs for treatment of anaerobic bacterial
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and parasitic infections.>'*> Hypoxia is essential for these
nitroimidazole antibiotics to exert their effects, since reduction
of the nitro group generates toxic intermediates that can bind
to DNA covalently.>® The presence of oxygen can inhibit or
reverse reduction of nitroimidazoles.>®> The anticancer and
antimicrobial ability of nitroimidazole derivatives has also
been investigated, especially when they are coordinated to
metal complexes.>*® Pt(u)-nitroimidazole complexes have
been developed as radiosensitisers for anticancer radiotherapy
under hypoxia.*’ *® Compared with traditional Pt drugs, such
as cisplatin, these complexes exhibit higher cytotoxicity under
hypoxia than normoxia due to the reduction of the
nitroimidazole.

Here we report a series of six new photoactive diazido Pt(iv)
complex with the general formula, trans, trans, trans-[Pt
(N3)2(OH),(L),] (L = pyridines: 1 and 3-6; or imidazole: 2), and
for which all of their structures were characterised by X-ray
crystallographic analysis. Based on the photoactivation with
visible light and cytotoxicity studies, nitroimidazole complex 2,
trans, trans, trans-[Pt(N;),(OH),(1-methyl-5-nitroimidazole),],
was selected as the lead complex for further investigation due
to its promising photocytotoxicity towards series of bladder
cancer cell lines under both normoxia and hypoxia. Its redox
behaviour, dark stability and photoactivation in the presence
of GSH, photoreaction with guanosine 5-monophosphate (5"
GMP), and photocytotoxicity under various oxygen concen-
trations were investigated. The Pt cellular accumulation and
distribution, generation of ROS, mitochondrial membrane
potential change and mechanisms of action of 2 were deter-
mined under various oxygen concentrations. In addition, its
liver microsomal dark stability and the Pt accumulation in rat
bladder were also explored. Our findings suggest that the
introduction of nitroimidazole ligands can improve the photo-
cytotoxicity of diazido Pt(v) complexes, especially under
hypoxia, overcome cisplatin and hypoxia resistance, and
provide a basis for a promising phototherapeutic Pt drug can-
didate for treatment of BC.

Results
Synthesis and characterisation

Six photoactive diazido Pt(wv) with varied N-heterocyclic amine
ligands were synthesised and characterised (Fig. 1a). The syn-
thetic route is summarised in Scheme S1.f The complexes
were obtained by oxidation of trans-diazido Pt(u) complexes
containing the corresponding N-heterocyclic amine ligands
using H,0,. They were characterised by HPLC (Fig. S171) with
purity higher than 99%, ESI-HR-MS (Fig. S2{), NMR
(Fig. S3-147) and UV-vis spectra (Fig. 1b).

The 'H and >C NMR spectra are consistent with the pro-
posed structures (Fig. $3-1471). All complexes show 'H NMR
signals with '°°Pt satellites. Among them, complexes contain-
ing pyridine ligands with meta electron-withdrawing substitu-
ents, 1 and 3, have a 'H NMR singlet and a doublet with **°Pt
satellites assignable to the ortho protons on pyridine. The
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(a) Structures of photoactive diazido Pt(iv) complexes 1-6 (trans, trans, trans-[Pt(N3),(OH),(L),], L = 3-nitropyridine 1, 1-methyl-5-nitroimida-

zole 2, nicotinamide 3, 4-methoxypyridine 4, 3-fluoropyridine 5, and 3,5-difluoropyridine 6), and parent complex FM190; (b) UV-vis spectra of com-

plexes 1-6 in water at 298 K.

strong electron-withdrawing nitro group in 1 results in the low-
field shifts to 9.92 and 9.40 ppm for these ortho protons.
Complex 4 with symmetric pyridine ligands shows one doublet
with "°Pt satellites and another doublet for ortho and meta
protons, respectively. The presence of F (nuclear spin I = 1/2)
induces more complicated splitting of 'H and C NMR
signals for complexes 5 and 6. The ortho protons on 5 gave one
triplet and one doublet with Pt satellites due to the coupling
with "F and 'H, respectively. While symmetric 6 show a triplet
with Pt satellites for ortho protons. The "H NMR spectrum of 2
shows two singlets with '*°Pt satellites at 9.0 and 9.50 ppm
assignable to protons on the imidazole ring. Two singlets at
4.17 and 1.61 ppm from CH; and OH, respectively, are also
detectable for 2.

Complexes with pyridine derivatives exhibit similar absorp-
tion spectra despite the effect of the substituents, usually an
absorption maximum at ca. 295 nm and a peak at 240-270 nm

with a moderate extinction coefficient of ca. 15000 M™* cm™ in

water (Table S1t and Fig. 1b). In addition, a shoulder at 275 nm
was observed for 1 due to the presence of the nitro group. The
only exception is 4 with a methoxy substituent, which contains a
peak at 242 nm with a high extinction coefficient of 30 167 M~
em™". In contrast, a peak maximum at 289 nm (e = 30 007 M~
em™") was detected for 2 (L = 1-methyl-5-nitroimidazole).

Crystal structures

Crystals suitable for X-ray diffraction were obtained through
the evaporation of methanol solutions of the complexes. A per-
spective drawing of complexes 1-6 is shown in Fig. 2. The crys-
tallographic data are summarised in Tables S2 and S3, and
selected bond distances and angles are listed in Tables S4 and
S5.f Complexes 1, 2 and 4 crystallised in monoclinic space
groups P2,/c (1), C2/c (2) and P2,/n (4), respectively, while com-
plexes 3, 5 and 6 crystallised in the monoclinic space group P-1.

N11C N13C @

5 6

Fig. 2 Crystal structures of complexes trans, trans, trans-[Pt(Nz)>(OH),(L),] (L = 3-nitropyridine 1, 1-methyl-5-nitroimidazole 2, nicotinamide 3,
4-methoxypyridine 4, 3-fluoropyridine 5, and 3,5-difluoropyridine 6). Only the heteroatoms of the asymmetric unit are labelled and thermal ellip-

soids are drawn at 50% probability level.
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The octahedral platinum centre of these complexes with an
[N,0,] geometry is similar to FM190, with an all-trans con-
figuration of the coordinated ligands. Platinum in 1, 3, 4, 5
and 6 sits on a crystallographic inversion centre, and the two
pyridine rings bound to the Pt are parallel to each other. In con-
trast, the two trans imidazole ligands in 2 are not in the same
plane. The angle between mean planes through two imidazole
ligands in one molecule is 61.764 (0.101)°. Many of the
electron-donating or electron-withdrawing substituents are
involved in the formation of hydrogen bonds in the solid state
(Table S6t). Generally, hydrogen bonds observed in these
crystal structures are moderately strong with donor-acceptor
distances, d(D-A), in the range of 2.6-3.5 A. Hydrogen bonds
between strong hydrogen donors and acceptors, such as axial
Pt-O-H, C(O)NH,, H,O and CH3OH molecules from solvent
residue, are strong with donor-acceptor distances < 2.9 A,
while close contacts involving the N; ligands, F atoms, or even
C-H are relatively weak with donor-acceptor distances > 2.9 A.
Notably, the hydrogen bonds involve C(O)NH,, O2-H2:--0107
and N108-H10A---O2 between axial Pt-O-H and C(O)NH, and
that between C(O)NH, and N; ligand N108-H10B---N109 can
be found in 3.

Photoactivation in aqueous solution

Photoactivation upon irradiation with blue (463 nm) or green
(517 nm) light for Pt(iv) complexes 1-6 in air- or N,-saturated
aqueous solution at 298 K was monitored by UV-vis spec-
troscopy (Fig. 3 and S15-5S177). A significant decrease in absor-
bance at ca. 290 nm (LMCT band) was observed for all com-
plexes when exposed to blue light, which was rapid during the
first 40 min, then reached a plateau afterwards (Fig. 3a, b and
S16a-dt). In contrast, the decrease in LMCT band occurs more
slowly with green light (Fig. 3¢, d and S16e-ht). Complexes in

(b)
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Fig. 3 UV-vis spectral changes for complexes 1 and 2 in air-saturated
water exposed to blue (463 nm, a for 1; c for 2) or green (517 nm, b for
1; d for 2) light at 298 K, recorded after 0, 5, 10, 20, 40, 60, 90 and
120 min irradiation.
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N,-saturated solution exhibited a similar photoactivation rate
compared with the air-saturated solution upon light exposure
(Fig. S15 and S177).

To explore the photoproducts from these complexes, LC-MS
was used to monitor the photoactivation reactions in aqueous
solution. Complexes 1 and 2 display extremely high dark stabi-
lity at 310 K in aqueous solution (Fig. S18a and ct). In contrast,
1 h irradiation with blue light (463 nm) resulted in photoacti-
vation of 97% of 1 and 95% of 2 (Tables S7 and S8, Fig. S18b
and df). For 1, the main Pt-containing photoproducts are
assigned as [2{PtV(L1),(N;)(OH);} + HJ(m/z 1072.91),
{Pt"(L1),(N3)(CH;CN)} (m/z 525.93), and {Pt"(L1),(HCOO),}"
(m/z 532.93), while for 2, [2{Pt"(L2),(N;)(OH);} + H]" (m/z
1084.95), {PtV(L2),(m/z HCOO);}* (583.99), {Pt"(L2),(N;)
(CH;CN)} (m/z 531.97), and {Pt"(L2);(N;)}* (m/z 618.08).
Notably, released L1 ligand (3-nitropyridine + H', m/z 124.97)
was detectable in photoactivated solutions of 1. CH;CN and
HCOO™ ligands arise from the mobile phase. Green light
(517 nm) also induces photoactivation of both compounds,
but the proportion of activated molecules and number of Pt
photoproducts are lower compared with blue light, with the
ratio being 14% and 16% for 1 and 2, respectively. Pt species
{Pt"(L1),(OH),}" (m/z 476.89) and {Pt"(L1),(N;)(CH;CN)}" (m/z
525.93) are assigned as the main photoproducts for 1, whilst
they are {Pt™(L2),(OH),}" (m/z 482.92), {Pt"(L2),(N;)(CH;CN)}*
(m/z 531.97), and {Pt"(L2);(N;)}" (m/z 618.08) for 2.

Azidyl radicals are important photocytotoxic products from
Pt(iv) complexes and can be trapped by DMPO and detected
using EPR. A mixture of 2.5 mM complexes (1 or 2) and 40 mM
DMPO in MilliQ water was irradiated continuously by blue
light (463 nm) and monitored by EPR (Fig. S197). The azidyl
radical adduct DMPO-N;* was detected as a 1:2:2:1 quartet
of triplets with parameters in good agreement with previously
reported data.*’ The generation of singlet oxygen was deter-
mined in the mixture of 2.5 mM complexes (1 or 2) and
20 mM TEMP in acetonitrile with continuous blue light
(463 nm) irradiation using EPR (Fig. S201). The 1:1:1 triplet
of singlet indicates the formation of TEMPO, the oxidation
product of TEMP by singlet oxygen.

Photocytotoxicity

The photocytotoxicity of 1-6 under normoxic (21% O,) and
hypoxic (1% O,) environments towards SW780 human bladder
cancer cell line was investigated upon irradiation with blue
(465 nm) and green (520 nm) light in comparison with parent
complex FM190 and cisplatin (Tables S9 and S10,} Fig. 4a, S21
and S22t). The cell survival rate was determined by the sulfor-
hodamine B (SRB) colorimetric assay after 1 h incubation, 1 h
irradiation and 72 h after-treatment incubation to mimic the
clinical conditions.

Complexes with strong electron-withdrawing substituents
on pyridine, 1 and 6, as well as parent compound without sub-
stituents, FM190, display moderate dark cytotoxicity (ICs, of
15.1-74.4 pM under normoxia; 14.4-82.2 uM under hypoxia)
due to the long incubation time. In contrast, complexes with
moderate electron-withdrawing or electron-donating substitu-

Inorg. Chem. Front,, 2024, 11, 7898-7909 | 7901
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(a) ICsp values for complexes 1-6 in SW780 bladder cancer cells after 1 h incubation, 1 h irradiation (blue 465 nm, green 520 hm) and 72 h

further incubation under normoxia (21% O;) or hypoxia (1% O,). CDDP (cisplatin) and FM190 were studied for comparison. Values and errors are
listed in Tables S9 and $10.1 (b) Cellular accumulation (ng per 10° cells) and (c) distribution (%) of Pt in SW780 bladder cancer cells after exposure to
complex 2 (10 pM, 2 h in the dark) under normoxia or hypoxia. Nuclei (Nuc), mitochondria (Mito), and cytoplasm excluding the mitochondrial com-

ponent (Cyto), were isolated by using a mitochondrial isolation kit.

ents on pyridine, 3-5, exhibit low dark cytotoxicity with ICs, >
100 uM, under both normoxia and hypoxia. Notably, despite
the presence of the strong electron-withdrawing nitro group,
complex 2 shows low dark cytotoxicity (ICs, > 100 uM). Upon
irradiation with blue light, the photocytotoxicity of these com-
plexes follows the trend: 1 (1.6 pM) > 2 (4.4 uM) > 6 (7.0 pM) >
FM190 (7.4 pM) > 5 (8.4 uM) > 4 (9.3 pM) > 3 (>100 uM) under
normoxia; and 1 (1.1 pM) > 6 (1.3 pM) > 2 (2.4 uM) > FM190
(13.3 uM) > 5 (18.1 pM) > 4 (19.1 pM) > 3 (>100 uM) under
hypoxia (Fig. 4a). Interestingly, only complexes with strong elec-
tron-withdrawing substituents, 1, 2 and 6, exhibit higher photo-
cytotoxicity than unsubstituted FM190, as well as enhanced
photocytotoxicity under hypoxia than normoxia with blue light.
Furthermore, with green light exposure, these three complexes
exhibit a significant increase in photocytotoxicity under
hypoxia. In contrast, complex 3 with a CONH,, group exhibits no
photocytotoxicity under all conditions. For comparison, the cyto-
toxicity of cisplatin is not affected by irradiation, but reduced
when the oxygen concentration decreases.

Based on the promising photocytotoxicity and low dark
cytotoxicity of 2 towards SW780 cells under all conditions, it
was selected as the lead complex for further exploration.
Complex 1 was used for comparison due to the presence of a
nitro group and its high photocytotoxicity. Their photocytotoxi-
city towards a series of human cell lines, including VM-CUB-1
bladder, A2780 and cisplatin resistant A2780cis ovarian cancer
cells, SV-HUC-1 normal bladder epithelial cells and MRC-5
lung fibroblast was investigated upon irradiation with blue
(465 nm) and green light (520 nm) in comparison with parent
complex FM190 and cisplatin (Tables S9, S11 and Fig. S237).

7902 | /norg. Chem. Front., 2024, 11, 7898-7909

Complex 2 exhibits no apparent dark cytotoxicity (ICso >
100 pM) towards all cell lines under both normoxia and
hypoxia (Tables S9 and S117). In contrast, moderate dark cyto-
toxicity was determined for 1 (ICs, of 3.4-19.2 uM) under nor-
moxia. The dark ICs, values for 1 are in general higher under
hypoxia (8.6-14.8 pM) than normoxia, suggesting lower dark
cytotoxicity under hypoxia.

With blue light irradiation, both complexes exhibit single-
digit uM photo ICs, values (1.0-3.6 uM for 1; 1.7-3.7 uM for 2)
towards cancer cells under both normoxia and hypoxia (Tables
S9 and S11%). Green light with longer wavelength and deeper
tissue penetration is more clinically relevant than blue light.'
Complex 2 exhibits photocytotoxicity indices (PIs) of 1.3-7.3
upon green light irradiation under normoxia, while 1 and
FM190 show no apparent enhanced potency with green light
under normoxia. Enhanced green light photocytotoxicity was
observed under hypoxia, especially 1 with all ICs, values of ca.
1 pM, indicating an ability to overcome resistance induced by
hypoxia. Notably, no apparent difference in photo ICs, values
towards A2780 and resistant A2780cis cell lines indicates the
ability of these complexes to overcome cisplatin resistance. In
contrast, a ca. 10x decrease in potency was observed for cisplatin
towards A2780cis compared with wild type A2780. In addition,
cisplatin displayed ca. 1.5-12x decrease in photocytotoxicity
under hypoxia compared with normoxia. For comparison,
parent complex FM190 exhibited higher dark cytotoxicity and
lower photocytotoxicity towards bladder cancer cell lines than 2,
and lower photocytotoxicity under hypoxia than normoxia.

Low blue-light photocytotoxicity towards normal MRC-5
lung fibroblast (8.9 pM) and SV-HUC-1 normal bladder epi-
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thelial cells (14.4 uM) was observed for 2, indicating its good
selectivity versus cancer cells (3.3x for SW780 and 5.8x for
VM-CUB-1 against SV-HUC-1 under normoxia, Tables S9 and
S11t). No enhanced cytotoxicity was observed for 1 towards
SV-HUC-1 cells after irradiation. Notably, both complexes
exhibit no apparent cytotoxicity towards SV-HUC-1 cells with
green light irradiation. In contrast, cisplatin exhibits similar or
lower (up to 7x) cytotoxicity towards cancer cells compared
with MRC-5 and SV-HUC-1 cells.

Electrochemistry

The cyclic voltammograms of complexes 1 and 2, and corres-
ponding nitro-substituted ligands (1 mM) in acetonitrile were
acquired at 298 K, using 0.1 M NBu,PF, as supporting electro-
lyte (Table S12 and Fig. S24t). A reversible reduction wave was
observed for nitro-substituted ligands due to the reduction of
the nitro group, assignable to Ar-NO,/Ar-NO,"~ (ligand: L1: Ep,:
~1.29 V; Epe: —1.38 V; L2: Epy: —1.454 V; Epe: —1.547 V). For Pt
complexes, the reversible reduction of the nitro group is
similar to the ligands alone (1: Ep,: —1.28 V; Epe: —1.367 V; 2t
Epa: —1.308 V; Ep: —1.376 V). An irreversible reduction wave
assigned to Pt"/Pt" was also determined as —0.974 V for 1;
—1.208 or —1.506 V for 2; —1.38 V for FM190, which correlated
with the dark stability: 2 > FM190 > 1.

Dark stability and photoreactions with biomolecules

No apparent UV-vis spectral change was observed for air- or
N,-saturated PBS solution containing Pt(iv) complexes 1 or 2 in
the presence of 2 mM GSH in the dark at 298 K for 2 h,
suggesting promising dark stability towards bioreductants
(Fig. S25a, 25d, S26a and 26dt). Their dark stability in the
presence of 2 mM GSH was also monitored by LC-MS, with
about 79% and 68% of 1 and 2, respectively, remaining after
24 h incubation at 310 K in the dark (Fig. S277).

In contrast, upon irradiation of blue (463 nm) light, an
apparent decrease in the absorbance at ca. 290 nm (LMCT
band) was detected for the same solutions at a similar rate as
for the complex alone (Fig. S25b and et). N,-saturated solu-
tions exhibited a relatively faster decomposition rate compared
with air-saturated solutions, especially upon green light
exposure (Fig. S26b-ff). The increased peak intensity at ca.
250 nm suggests the formation of GSSG during irradiation.*?

5-GMP is a frequently used model for DNA binding of Pt
drugs. After 1 h irradiation with blue light in the presence of
2 mol. equiv. of 5-GMP (463 nm), {Pt"(L2),(CH;CN)(5"-
GMP-H)}" (peak b1, m/z 852, Fig. S287), {Pt"(L2),(N;)(5-
GMP)}* (b2, m/z 854), and {Pt"(L2),(HCOO)(5'-GMP)}" (b3, m/z
857) were detected as Pt-GMP adducts for 2, while for 1, only
{a1, Pt"(L1),(N;)(5-GMP)}* (m/z 848) was observed by LC-MS
(Fig. S28t). In both cases, ca. 63% of the 5-GMP reacted.

Analysis of 2 in cell culture medium

To investigate the relationship between photoactivation of
complex 2 and its photocytotoxicity, cell culture medium con-
taining 2 (20 uM) after incubation with SW780 cells for 2 h in
the dark or 1 h in the dark then 1 h irradiation (465 nm or
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520 nm) was collected. Acetonitrile was added to precipitate
proteins in this cell culture medium and the supernatant was
analysed by LC-MS (Fig. S297). Under normoxia, 62% and 10%
of 2 underwent photodecomposition compared with the dark
sample when irradiated with blue and green light, respectively.
However, photoproducts were not detectable in this solution,
which might be due to precipitation of these species or their
binding to proteins and the detection limit of LC-MS. A
similar decrease for blue light (65%) in the peak assigned to 2
was detected under hypoxia as in normoxia. In contrast, the
decrease observed with green light was lower (42%).

Cellular accumulation and distribution

The cellular Pt accumulation for 2 (10 uM) was investigated in
human A2780 and cisplatin resistant A2780cis ovarian cancer
cells (Table S13}). Enhancements of 3.0 and 5.5x in Pt
accumulation were observed for A2780 and A2780cis cells,
respectively, treated with 2 upon irradiation (465 nm).
Although the Pt accumulation after irradiation is similar in
A2780 and A2780cis (3.3 and 3.8 ng per 10° cells) when treated
with 2 at the same concentration (10 uM), the 2 h dark Pt
accumulation of 2 is ca. 1.5x higher in A2780 than A2780cis,
which matches well with the low dark cytotoxicity of 2, and its
ability to overcome cisplatin resistance.

The effect of oxygen concentration on the Pt accumulation
was also studied for SW780 bladder cancer cells (Table S13+
and Fig. 4b). In the dark, no apparent difference was observed
in Pt accumulation for SW780 cells treated with 2 (10 uM)
under normoxia and hypoxia. However, upon irradiation
(465 nm), a significantly enhanced Pt accumulation (159x) was
determined under hypoxia, while the enhancement under nor-
moxia (5.5%) was relatively lower. The results indicate that the
high photo-induced Pt accumulation under hypoxia might
contribute to the hypoxia-enhanced photo-potency.

The cellular Pt distribution of 2 (10 pM) in SW780 cells
after 2 h incubation in the dark was investigated under nor-
moxia and hypoxia (Table S141 and Fig. 4c). Under normoxia,
51.4 + 4.1%, 11.6 + 0.9% and 37.0 + 3.2% of Pt was located in
nuclei, mitochondria and the cytoplasm, respectively. Notably,
an increased Pt percentage in nuclei (67.2 + 9.5%) was
observed for 2 under hypoxia, which might contribute to its
higher photocytotoxicity under hypoxia.

Mechanism of death

Apoptosis has long been recognised as the primary mecha-
nism of cancer cell death induced by cisplatin and other plati-
num drugs, which is accompanied with cell shrinkage and
membrane fragmentation.*>** Dual staining with Annexin
V-FITC and PI was used to characterise the apoptosis induced
in SW780 cells treated with 2. After 1 h incubation, 1 h
irradiation (465 nm) and 72 h further incubation with 20 uM
under normoxia, 8.11% and 45.82% SW780 cells undergo early
and late-stage apoptosis, respectively (Fig. 5). While in its dark
control, only 1.49% and 6.67% cells are at early and late-stage
apoptosis, respectively, which is similar to the dark cells that
were not treated with 2. Interestingly, when treated with 10 pM
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Cell apoptosis assay for SW780 cells under normoxia double stained by Annexin V-FITC/PI (Aex/Aem = 488/500-560 nm for Annexin V-FITC,

Aexldem = 488/645-735 nm for Pl) and analysed by flow cytometry. (a) untreated SW780 cells in the dark; (b) untreated SW780 cells irradiated with
blue light (465 nm); (c) SW780 cells treated with cisplatin (10 pM) in the dark and (d) irradiated with blue light; (€) SW780 cells treated with 2 (10 pM)
in the dark and (f) irradiated with blue light; (g) SW780 cells treated with 2 (20 pM) in the dark and (h) irradiated with blue light. Percentages of cells

in each status are shown.

2, 2.62% and 9.57% cells were at early and late-stage apopto-
sis, respectively, after irradiation, which is similar to those
kept in the dark. Light alone did not contribute to apoptotic
cell death. For comparison, cisplatin induced 35.34% early
and 38.52% late-stage apoptosis in the dark, and irradiation
did not enhance the apoptosis.

Different from normoxia, the level of apoptosis induced
under hypoxia was much less (Fig. S30t). The percentage of
SW780 cells at early-stage apoptosis increased from 0.38% to
1.55% and from 0.59% to 4.72% upon irradiation when
treated with 10 and 20 pM 2, respectively. The percentage of
cells at late-stage apoptosis remained less than 1%.
Additionally, cells treated with cisplatin showed no sign of
apoptosis under hypoxia with an apoptosis proportion similar
to untreated control (all <1%).

Ferroptosis is a programmed cell death mechanism, which
is characterised by iron accumulation and lipid
peroxidation.*>™*” BODYPI™ 581/591 C11 (5 UM, Aex/Aem =
488/500-560 nm) is a lipid peroxidation sensor that displays
an emission maximum at 510 nm when oxidised. A significant
emission increase at 500-560 nm was observed for SW780 cells
treated with 10 pM 2 and irradiation (465 nm, 1 h) under nor-
moxia when excited with 488 nm light (Fig. S31at). Complex
and light alone induced relatively little significant change in
the emission. In contrast, no apparent change was detected
when cells were treated with 2 and irradiation under hypoxia
(Fig. S31bt). However, no apparent GSH level decrease was
detected for SW780 cells treated with 2 and blue light. Thus,
ferroptosis is not the main mechanism of cell death for 2
despite its ability to induce lipid peroxidation upon
irradiation.

ROS generation

Excess levels of short-lived and highly reactive ROS cause cell
damage to DNA, protein and lipids, which leads to activation

7904 | /norg. Chem. Front,, 2024, 11, 7898-7909

of cell death processes.***? Photoinduced ROS are important

species for the photocytotoxicity of photoactived diazido Pt(wv)
complexes.>®*° SW780 cells were incubated with 10 uM 2 for
1 h, followed by 1 h irradiation (465 nm) and stained using
DCFH-DA (20 puM, Ag/dem = 488/501-627 nm) for 30 min
(Fig. S32atf). Under normoxia, the irradiated cells display
intense green emission, indicative of a large amount of ROS
generation. The emission was quenched in the presence of
10 mM NAC (N-acetyl-L-cysteine), a ROS quencher. In contrast,
cells treated without 2 or light show no apparent emission.
Notably, no emission was observed in cells under hypoxia,
even when treated with irradiated 2 (Fig. S32bt). These results
suggest that ROS generation is not the main reason for
induced cell death under hypoxia, which matches well with
the conclusion that ferroptosis is not the main mechanism for
2 under hypoxia.

Mitochondrial membrane potential

The mitochondrial membrane potential is an important indi-
cator of mitochondrial activity.”® TMRE (tetramethyl-
rhodamine ethyl ester) is a cell-permeant, cationic, red-orange
fluorescent dye that accumulates in active mitochondria due to
their relative negative charge. SW780 cells were incubated with
10 and 20 uM 2 for 1 h and irradiated (465 nm) for 1 h, with 0,
24 or 72 h further incubation under normoxia and hypoxia,
then stained with TMRE (200 nM, Aey/Aem = 561/570-600 nm)
for 30 min and analysed by flow cytometry (Fig. S33-351). No
apparent change was observed in cells immediately after
irradiation under all conditions, except for cells treated with
20 pM 2 and irradiation (465 nm) under normoxia, in which
some cells fail to sequester TMRE, indicating their decreased
membrane potential (Fig. $331). With 24 h further incubation,
cells treated with 2 at 10 and 20 pM and irradiated lost their
ability to uptake TMRE partially and completely under nor-
moxia, respectively (Fig. S347). In contrast, cells under hypoxia
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exhibited reduced emission partially with 10 and 20 uM 2 after
irradiation, but the decrease was more significant at the
higher concentration. Notably, when the further incubation
time was increased to 72 h, 20 pM 2 and irradiation induced
dysfunctions of mitochondria in the majority of SW780 cells
under both normoxia and hypoxia, while mitochondrial mem-
brane potential changes induced by 10 pM irradiated 2 were
only observed under hypoxia, the flow cytometry data under
normoxia show little difference from the dark control
(Fig. S357). Light alone and complex in the dark can cause no
apparent change in mitochondrial activity.

To confirm the results obtained from flow cytometry, con-
focal microscopy was also used to investigate the TMRE
accumulation in SW780 cells incubated with 2 for 1 h and irra-
diated (465 nm) for 1 h, with 72 h further incubation, and
stained with TMRE (200 nM, Aex/Aem = 561/566-685 nm, Fig. 6).
In cells treated with light or complex alone, TMRE localised in
mitochondria and exhibited yellow emission under both nor-
moxia and hypoxia. However, under hypoxia, cells treated with
irradiated 2 at different concentrations (5, 10 and 20 pM)
showed no TMRE emission, indicating the dysfunction of
mitochondria. In contrast, only cells treated with irradiated
20 puM 2 showed no TMRE emission under normoxia. Cells
treated with 5 and 10 pM 2 were still able to take up TMRE
into mitochondria, although apparent swelling was observed
for cells treated at 10 pM. These results match well with those
from flow cytometry.

Liver microsomal stability

Liver microsomal stability is an important property for early-
stage drug candidates.”® Metabolic stability in vivo is particu-
larly essential for photoactive agents to ensure they can arrive
intact at target sites. Complex 2 (100 pM) was incubated with
liver microsomes and NADPH at 310 K in the dark for 24 h in
both air- and N,-saturated PBS solution for 24 h (Fig. S367).
Complex 2 exhibited high stability towards liver microsomes in
the presence of oxygen, while 46% of 2 underwent decompo-
sition in N,-saturated solution, indicating that a more reduc-
tive environment can accelerate the reduction of Pt(iv) or
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nitroimidazole. However, no reduction products were detect-
able due to the relatively low sensitivity of LC-MS.

Accumulation in rat bladder

Intravesical instillation is a frequently used administration
method for bladder cancer drugs.’® Therefore, drug accumu-
lation in bladder before and after irradiation plays an impor-
tant role in the efficacy of photoactive Pt anticancer drugs.
Fresh bladders from female Sprague-Dawley® rats were cut
and flattened, then incubated with 50 yM complex 2 in PBS in
the dark for 1 h at 310 K. One bladder was irradiated with blue
light (465 nm) for 1 h, while the other one was kept in the
dark. Slightly less Pt appeared to accumulate in the bladder
kept in the dark compared to the irradiated bladder (6.2 + 1.0
versus 9.5 + 1.4 ng Pt mg ™", respectively, Table S157).

Discussion

BC is the costliest cancer for treatment. It was the first cancer
approved to be treated by PDT, and new phototherapeutic
agents with ability to overcome hypoxia resistance and suitable
activation wavelengths to control the depth of light penetration
are under development.”?° The strongly electron-withdrawing
nitro group can be activated by reduction under hypoxia and
Pt-nitroimidazole complexes have been investigated as
hypoxia-sensitive radiosensitisers.’’*° Photoactive Pt(iv) com-
plexes with nitroimidazole ligands have not been reported
before. In this work, we prepared a series of novel photoactive
diazido Pt(wv) complexes with varied substituents on the equa-
torial ligands. Among them, complex 2 with nitroimidazole
ligands exhibit enhanced photocytotoxicity under hypoxia,
especially with green light exposure. Its photochemical, photo-
biological and ex vivo properties were investigated to explore
the potential mechanism of action.

Synthesis and X-ray structures

Photoactive diazido Pt(iv) complexes 1-6 were synthesised and
characterised. All complexes gave satisfactory NMR, HR-MS
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TMRE Merged TMRE  Bright Field Merged
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Fig. 6 Confocal fluorescence microscopy images of mitochondrial membrane potential changes for SW780 cells treated with 2 (0, 5, 10 and

20 pM) in the dark (74 h), or 1 h incubation and 1 h irradiation (465 n) and

72 h further incubation without drug removal, then stained by TMRE (1e,/

Aem = 561/566—685 nm) under (a) normoxia and (b) hypoxia. Scale bar = 50 pm.
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and HPLC purity. Among them, complex 3 was purified by
semi-preparative HPLC, and 2, 4 and 5 by Biotage with a
Biotage® Sfir C18 D column chromatography due to by-pro-
ducts with similar R¢ values on TLC, while 1 and 6 were puri-
fied by column chromatography on silica gel. An all trans con-
figuration was observed for both complexes and their octa-
hedral platinum centre with an [N,O,] geometry is similar to
FM190. Notably, the two imidazole ligands in 2 do not lie in
the same plane, probably due to packing effects, while 1 and
3-6 exhibit a symmetric structure.

Absorption spectra, photoactivation and photocytotoxicity

Similar to FM190, an absorption maximum at ca. 290 nm was
detectable for all complexes, and assigned to LMCT from azide
to Pt(v). The presence of the various substituents in the pyri-
dine ligands do not result in significant spectral changes in
the corresponding complexes, except for methoxy in 4, which
is responsible for the absorbance at 242 nm with a high extinc-
tion coefficient. In contrast, the absorbance ascribed to nitroi-
midazole in 2 overlaps with the LMCT band, so the extinction
coefficient of peak at 289 nm is much higher than that of
FM190. Due to their similar absorption spectra, photoactiva-
tion of these complexes with blue and green light irradiation
monitored by UV-vis exhibited no apparent differences.
Although no apparent absorption band in the range
400-600 nm can be detected for these complexes, their photo-
activation using blue and green lights is achievable. The
reason for this might be that absorption bands in this region
are weak and broad.*°

However, their photocytotoxicity towards SW780 bladder
cancer cells is significantly affected by the amine substituents.
Complexes with strong electron-withdrawing substituents
exhibit higher photocytotoxicity than FM190 and enhanced
photocytotoxicity under hypoxia than normoxia, especially
with green light. This might be due to the ability of the elec-
tron-withdrawing substituents to reduce the stability of the
Pt(iv) complexes, thus enhancing their photoreduction,
especially under a reductive environment with low oxygen con-
centration. However, complexes 1 and 6 also showed high dark
cytotoxicity, but the dark cytotoxicity of 2 is low. Thus, 2 was
selected as the lead compound for further investigation, and 1
was also studied to compare the effect of imidazole and pyri-
dine ligands.

Photochemistry and photocytotoxicity of complexes 1 and 2
with nitro substituents

High dark stability was observed for both complexes 1
(3NO,Py) and 2 (4Me5NO,Im) with nitro substituents in
aqueous solution, even in the presence of bioreductants,
under both normoxia and hypoxia. They generate Pt(u) and
Pt(1v) species, as well as azidyl radicals and singlet oxygen
upon irradiation. However, these two compounds exhibit
different photoactivation modes, with release of L1 ligand
detected for 1, while no L2 was detected for 2 after
irradiation. The photoactivation rate in the presence of GSH
under hypoxia is faster than that under normoxia, which
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might be due to the more reductive environment and
matches well with the enhanced photocytotoxicity under
hypoxia. The number of Pt-GMP species detected for 2 is
higher than for 1, suggesting a potentially more complicated
DNA binding mode in cells.

Complex 2 exhibits no apparent dark cytotoxicity towards
all cell lines studied under both normoxia and hypoxia, while
moderate dark cytotoxicity was determined for 1. This matches
well with the more negative reduction potential of 2, indicating
its higher dark stability. Upon irradiation, both compounds
exhibit significantly enhanced photocytotoxicity. The higher
extent of photodecomposition for 2 under blue light than
green light matches well with the higher photocytotoxicity
detected with blue light under normoxia. Notably, with green
light irradiation, these complexes show much higher photocy-
totoxicity under hypoxia. This result can be explained by the
extent of photoactivation of 2 in cell culture medium under
hypoxia, which is much higher (4x) than that with green light
under normoxia. In addition, these complexes display signifi-
cant ability to overcome cisplatin resistance, owing to their
different mechanism of action compared with cisplatin and
traditional Pt drugs. The low cytotoxicity towards normal cells
is also noticeable. Since ROS generation is an important
mechanism for these complexes, the lower ROS level in
normal cells might allow them to tolerate increased ROS
during treatment.*®

Cellular accumulation and mechanism of action of 2

The cellular Pt accumulation and mechanism studies on
SW780 bladder cancer cells were investigated for lead com-
pound 2. The improved photocytotoxicity of 2 may be due to
the enhanced cellular accumulation of Pt; Pt(u) photoproducts
exhibit higher reactivity and are readily bound within cells, so
reducing efflux. Notably, under hypoxia, higher nucleus Pt dis-
tribution in the dark combined with the enhanced photoacti-
vation in the reductive environment under hypoxia are likely to
contribute to the overall high photocytotoxicity of 2 under
hypoxia.

Apoptosis was detected as a mechanism of cell death after
irradiation of 2 under normoxia, while only mild apoptosis
was observed under hypoxia. Also, photoinduced lipid peroxi-
dation and ROS generation can be seen only under normoxia.
However, irradiation of 2 can cause mitochondrial membrane
potential changes more significantly at low concentration
under hypoxia. The photoinduced Pt accumulation is also
much higher under hypoxia. These results suggest that the
mechanism of action for 2 is different under normoxia and
hypoxia.

Ex vivo studies of 2

High liver microsomal stability was observed for 2 in the dark
in air-saturated solution, while ca. 50% of 2 decomposed in
N,-saturated solutions. These results match well with the
higher reduction tendency of nitroimidazole and Pt(v) com-
plexes under reductive environments. However, the reduced
products were not detectable, thus the detailed mechanism

This journal is © the Partner Organisations 2024
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will need to be further explored. Similar to the in vitro results,
irradiation can enhance Pt accumulation in rat bladder treated
with 2. As a result, light-directed activation and accumulation
of 2 within bladder can be achieved to improve the selectivity
for tumour over healthy tissue.

Conclusions

A series of six novel photoactive diazido Pt(iv) complexes with
varied N-heterocyclic amine ligands was synthesised and struc-
turally characterised by X-ray crystallography. Their photoacti-
vation and photocytotoxicity towards bladder cancer cells were
screened, resulting in the selection of lead complex 2 (trans,
trans, trans-[Pt(N3),(OH),(1-methyl-5-nitroimidazole),]) with
trans nitroimidazole ligands that exhibits promising photocy-
totoxicity towards bladder cancer cells under both normoxia
and hypoxia. The irreversible reduction wave assigned to Pt/
Pt"" follows the trend that the reduction potential for 2 is more
negative than FM190 and its nitropyridine analogue 1, match-
ing the trend of their dark cytotoxicity.

Complex 2 exhibited high dark stability and photoactivation
with visible light in air- or N,-saturated aqueous solutions.
Azidyl radicals, singlet oxygen and Pt-GMP adducts were
detected upon irradiation. Complex 2 exhibited no apparent
dark cytotoxicity towards all cell lines under both normoxia
and hypoxia. Promising photocytotoxicity towards various
cancer cell lines under varied oxygen concentrations was
observed for this complex with visible light, but its photocyto-
toxicity towards normal bladder cells is at least 3x lower than
that to bladder cancer cells. Notably, green light photocytotoxi-
city was significantly enhanced under hypoxia than normoxia,
which matches well with the higher extent of its photoreduc-
tion in cell culture media under hypoxia. The ability to circum-
vent cisplatin resistance was observed for 2, which exhibited
enhanced cellular Pt accumulation upon irradiation, especially
under hypoxia. Photoinduced ROS generation, apoptosis and
lipid peroxidation were observed for 2 under normoxia, but
not under hypoxia. In contrast, higher nuclear Pt accumu-
lation and more apparent photoinduced mitochondrial mem-
brane potential changes were observed under hypoxia. In
addition, 2 exhibited high liver microsomal dark stability and
photo-enhanced Pt accumulation in rat bladder, which
suggests its potential to be used as phototherapeutic agent in
the clinics for BC treatment. Having selected complex 2 as a
candidate for further preclinical development, the next steps
will involve further toxicology and in vivo screening in appro-
priate bladder cancer models.
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