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From Chemotherapy to Phototherapy - Changinp the

Therapeutic Action of a Metallo-Intercalating Ru

-Re'

Luminescent System by Switching its Sub-Cellular Location

Hiwa K. Saeed,” Paul J. Jarman,” Sreejesh Sreedharan,”™ < Rachel Mowll,*
Alexander J. Auty,” Adrien A. P. Chauvet,” Carl G. W. Smythe,"
Jorge Bernardino de la Serna,*® ¢ and Jim A. Thomas*®

Abstract: The synthesis of a new heterodinuclear Re'Ru"
metallointercalator containing Ru'(dppz) and Re'(dppn) moi-
eties is reported. Cell-free studies reveal that the complex has
similar photophysical properties to its homoleptic M(dppz)
analogue and it also binds to DNA with a similar affinity.
However, the newly reported complex has very different in-
cell properties to its parent. In complete contrast to the
homoleptic system, the Ru'(dppz)/Re'(dppn) complex is not
intrinsically cytotoxic but displays appreciable phototoxic,

\

despite both complexes displaying very similar quantum
yields for singlet oxygen sensitization. Optical microscopy
suggests that the reason for these contrasting biological
effects is that whereas the homoleptic complex localises in
the nuclei of cells, the Ru'(dppz)/Re'(dppn) complex preferen-
tially accumulates in mitochondria. These observations illus-
trate how even small structural changes in metal based
therapeutic leads can modulate their mechanism of action.

J

Introduction

Since the first report of its DNA intercalating properties,”” the
DNA “light-switch” complex, [Ru(bpy),(dppz)I*", has been the
subject of a huge variety of studies®™® and although it is not
cell-permeant itself,”! derivatives that are internalized have
been developed for a range of applications,®'® including as
sensitizers for photodynamic therapy."""® Analogous systems
containing d® metal ions other than Ru' have also been
reported, and these complexes can have photophysical and
biological properties that are very different to their parent."*'”
To further modulate and enhance the properties of M(dppz)
systems, dinuclear complexes have been reported. The best-
known example of this approach being the threading com-
plexes studied by the Nordén and Lincoln groups, which display

extraordinarily high affinities for duplex DNA."®*?" However,

these enantiopure complexes are derived from kinetically inert
optical isomers and so their syntheses can be inconvenient.

With the aim of providing a facile route to more structurally
complex oligonuclear architectures, the Thomas group has used
achiral mononuclear complexes as building blocks in the
“modular” synthesis of non-threading dinuclear metallo-
intercalators.”? Using this approach metal ions, linkers, and
intercalating ligand can all be individually selected, allowing us
to explore the properties of dinuclear Ru" systems with two
different intercalating ligands™ or heterodinuclear Ru'"-Re'
metallo-intercalators.”**¥ We have also found the bridging
ligand used to tether the intercalating moieties together can
influence the photophysical and biophysical properties of these
complexes.***!
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In a recent study we reported that, unlike previously
described Re'(ddpz)-based complexes, dinuclear Ru"/Re' com-
plex, 1°* - Figure 1, is not phototoxic. Nevertheless, the
complex behaves as a theranostic as it is both conventionally
cytotoxic with a potency comparable to cisplatin and a STED
nanoscopy probe that selectively localizes in the lysosomes and
nuclei of live cells.” As we have previously discovered the
nature of the intercalating ligand can change both the excited
state and biological properties of related homometallic Ru"
systems,*2¥ we set out to synthesize and study 2**, Figure 1,
a heterometallic complex containing two different intercalating
ligands, these studies revealed that cytotoxicity, phototoxicity,
and live-cell localization are all profoundly altered by this single
change.

Results and Discussion

This first example of a heteroleptic, heterometallic, bis-
intercalator incorporating both Ru'(dppz) and Re'(dppn) units
was synthesized from the previously reported [Ru-
(tpm)(L)(dppz)]**#* and [ReCl(CO);(dppn)]*” using a suitably
adapted published procedure to yield 2°* as its crude
hexafluorophosphate salt. An analytically pure sample of the
product was then isolated by repeated anion metathesis — see
Supporting Information.

The optical absorption spectrum of [2](PF;); shows intense
intraligand (IL) m—mt* transitions at 235-320 nm, and character-
istic bands between 350 and 435 nm, which - in comparison to
the free ligands — can be assigned to dppz and dppn-based IL
transitions. Bands observed at 430-500 nm are assigned as
MLCT transitions as these are typically observed at these
energies for M(dppz) and M(dppn) complexes.

Excitation into the dppz/dppn transitions or the lower
energy 'MLCT transition results in unstructured luminescence
characteristic of the Ru(dm)—dppz(n*) MLCT manifold at
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Figure 1. Previously reported complex 1°* and newly synthesized complex
23,
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657 nm, a red-shift of 15 nm compared to 1>*. This observation
confirms that the non-emissive excited state of the Re'(dppn)
unit is ultimately deactivated by energy transfer to the lower
lying Ru-based *MLCT excited state. The interaction of [2]Cl,
with calf thymus DNA, CT-DNA, in aqueous buffer (25 mM NaCl,
5 mmol tris, pH7.4) was then investigated using UV-visible
absorption and luminescence titrations.

On addition of CT-DNA both the absorption and emission
spectra of the complexes produced changes that are character-
istic of DNA binding. Large hypochromicity in both t—n* and
MLCT absorption bands as well as accompanying bathochromic
shifts are observed; changes that are typical for an intercalative
binding mode - Supporting Information Figure S1. Unlike 1°7,
complex 2*" is emissive in aqueous solutions; so, although
addition of CT-DNA does result in an increase in its emission, it
is not a true “light-switch” system. Nevertheless, the change in
emission, see Supporting Information Figure S2, can be used to
construct a saturation binding curve for its interaction with
DNA. Fits of this data to the McGhee-von Hippel model®" for
noncooperative binding led to estimated binding affinity of
1.5%10° M™" (n=2 bp). Within error, these figures are identical
to those reported for 1°*.

Having determined that the new complex is luminescent
and binds to DNA in cell free conditions with similar affinities to
its close analogue its in-cell properties were then investigated
beginning with its cytotoxicity.

This was determined using a range of concentrations (0.1-
200 puM) to obtain a 48-hour ICs, value against the ovarian
cancer A2780 cell line and its cisplatin resistant variant A2780cis
- Figure 2(A). it was found that 2°" displays low cytotoxicity
against A2780 (IC5, > 50 uM), making it considerably less potent
than cisplatin in the same conditions (IC;,=2 puM). More
surprisingly this also means the complex is much less cytotoxic
than 1°%, which displays a IC;, of 11uM in the same
conditions.”” Moreover, although cisplatin displays an expected
drop in its activity against the resistant A2780cis line (IC5o=
22 uM), 2°* again displays low activity against this line. Again,
this contrasts with the properties of 1** against this line (ICs,=
21 uM). As we,"*? and others,***¥ have demonstrated that
M(dppn) complexes often function as singlet oxygen sensitizers
for photodynamic therapy, PDT, we then investigated the
phototoxicity of the new complex. Using previously published
methods,®” the human ovarian cancer A2780 cells were treated
with 2®* at concentrations between 0.1 and 200 uM and
exposed to broad-spectrum light at fluences of 0, 8, 24 and
48 Jcm™?, respectively. The ICs, for each of these irradiation
conditions was then calculated using MTT assays —Figure 2(B).

Although irradiation of 1** produced no observable photo-
toxicity, experiments with 2*°* show that at treatment concen-
trations of 10 uM and higher a pronounced phototoxic
response is observed causing marked decreases in cell viability.
The phototoxic index (Pl) in the conditions was calculated to be
>28, with a fluence of 48 Jcm™ resulting in a cytotoxicity
(<4 pM) that is — within error — comparable to cisplatin.

Although this potency and its associated Pl is appreciably
lower than some recently reported systems, the shift from
classical chemotoxicity to a significant phototoxic effect is

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. A. ICs, values for A2780 (black) and resistant A2780cis (grey)
ovarian cancer cells after 48 h exposure to complex 2°" as chloride salts. B.
A2780 cell viability on exposure to different concentrations of complex 2°*
and irradiation with broad-spectrum light at fluences of 0, 8, 24 and

48 Jem 2

intriguing — particularly given the very close structural similarity
between 13" and 2°7. Therefore, to explore this question in
more detail, the photophysical properties of the new complex
were further investigated. As M(dppn) systems?’?**¢ can be
particularly efficient singlet oxygen sensitizers, the ability of 2°*
to photogenerate '0, was assessed and compared to 1™

Sensitization properties were quantified by the direct
measurement of 02(‘Ag)ﬂ302 phosphorescence at 1270 nm -
Supporting Information, Figure S3. This procedure vyielded
estimated efficiencies of 28% (1°*) and 34 % (2°%), respectively.
Although these data suggest 2’ is a slightly better sensitizer
than 1°" they do not seem sufficient to explain the large
differences in phototoxicity between the two complexes in
themselves. Hence, as the substitution of Re'(dppz) with a
Re'(dppn) moiety had unexpected effects on both the photo-
toxcity and cytotoxicity of these systems, we compared the cell
localization properties of 1°* and 2*" in more detail.

Previous studies on 1°* showed that at low concentrations
this complex localizes within lysosomes, but at concentrations
above its ICs, it moves into the nucleus, and it is the

Chem. Eur. J. 2023, e202300617 (3 of 6)

phenomenon that is responsible for the cytotoxicity of 1°*.%¥
However, complex 2** displayed strikingly different behaviour.

The intracellular localization of 2" was first investigated
through enhanced-resolution deconvoluted laser scanning
confocal microscopy (d-LSCM) technique.?” The images of cells
treated with 2°% displayed punctate staining within the
cytoplasm, but no nuclear staining. The distinctive pattern is
indicative of mitochondrial, rather than lysosomal, staining. This
supposition was confirmed by co-staining experiments with a
commercial mitotracker probe which resulted in a Pearson
colocalization coefficient of 0.63 with Mitotracker - Figure 3.

Despite its phototoxicity, the luminescent properties of 2°*
are eminently suited to STED nanoscopy in which a 775 nm
depletion beam into the low energy edge of the *MLCT band
was employed, allowing deconvoluted STED images to be
acquired at sub-diffraction limited resolutions. A close inspec-
tion of the 3D-STED images sheds more light on live-cell
localization, indicating that complex 2** does not bind
mitochondrial DNA but is almost exclusively found within the
membrane structures of the mitochondria - Figure 4. The high-
resolution STED images lead to an even higher Pearson
colocalization coefficient (0.87) with mitotracker. This observa-
tion is not unexpected as a number of studies, including work
from our own labs, have shown that cationic metal complexes
frequently accumulate within mitochondria; however, the nano-
scopy experiments also cast light onto the differing therapeutic
function of 1°* and 2°".

As outlined above, although the addition of the dppn ligand
to 2°* does slightly increase its ability to function as a singlet
oxygen sensitizer compared to 1°7, the biggest difference
between the two complexes is in their sites of cellular
accumulation. The localization of cell-permeant dyes is highly
sensitive to small changes in properties such as charge, pK,, and
the balance of lipophilicity/hydrophilicity/amphiphilicity®® and
in this context it is well established that amphiphilic cations like
metal complexes most often accumulate in mitochondrial
membranes,®® whereas nuclear targeting is accomplished by
more hydrophilic cations."****" These observations indicate that
the substitution of a Re'(dppz) moiety found in 1°* with a
Re'(dppn) unit sufficiently increases the ampbhiphilicity of 2°* to
switch its localization site. It is this effect that is key to
explaining the difference in cytotoxicity and phototoxicity
between 1°* and 23,

Although both 1°* and 2** show appreciable DNA binding
affinity in cell-free conditions and are likely they will bind to an
extended sequence in comparison to a mononuclear
complex,”*? only 1** localizes in the nucleus. Thus, it is the only
complex of the pair that can bind cellular DNA and function as
a classical genotoxin. By the same measure, the fact that 2°*
preferentially accumulates in mitochondria is much more
important than any slight increase in its singlet oxygen
generating capabilities.

Due to its short cellular lifetime, the diffusion distance of
singlet oxygen within cells is limited and although there is
some debate on exact figures — estimates ranging from 20 to
~150 nm - these distances are short enough that PDT effects
are only optimized when '0, is generated close to a particularly

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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A

Figure 3. A) Deconvoluted Hyvolution microscopy images of MCF7 cells co-stained with a commercial mitotracker stain (left) and 23* (center). 2-D
colocalization map (right). B) Details of images shown in boxes (i) and (i) mitotracker stain (left) and 2> (center), superimposed images (right).

susceptible cellular target.”*™” In this context, many studies

have shown that mitochondria are the critical targets for
PDT,***? with increased localization of sensitizers within
mitochondria, and particularly mitochondrial membranes, re-
sulting in greatly enhanced phototoxicities.”*>" It seems the
increased accumulation within mitochondria observed for 2°* is
responsible for the acquisition of its properties as a PDT
sensitizer.

Conclusions

In conclusion, our studies have shown that switching a single
coordinated dppz ligand for a dppn ligand - an addition of only
one aromatic ring — leads a dinuclear metallointercalator with a
radically different therapeutic function. The change from
chemotoxicity to phototoxicity is attributed to the redirection
of the new complex away from the nucleus to mitochondria.

Chem. Eur. J. 2023, e202300617 (4 of 6)

This study underlines how the modular construction of cell-
permeant, oligonuclear photoactivated metal complexes facili-
tates their potential as “dial-in” systems with selectable bio-
logical function. As illustrated in this report, the identification of
a specific therapeutic action is greatly facilitated by the multi-
modal imaging properties of these complexes. These properties
will be exploited in the development of future probes,
therapeutics, and theranostics.

Experimental Section

Syntheses: N,N’-bis(4-pyridylmethyl)-1,6-hexanediamine (L1), com-
plex [1]Cl;, [(tpm)Ru(dppz)(L1)ICl, and [Re(CO);Cl(dppn)] were
synthesized as previously reported.!'*>>%¢

[2]Cl;: [Re(CO);Cldppn] (83.5mg, 0.131 mmol) and AgCF;SO,
(2.1 eq, 47 mg, 0.182 mmol) were placed in ethanol (50 mL) and
heated to reflux overnight. The solution was allowed to cool and
filtered through celite to remove the AgCl precipitate. The yellow-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Live cell 3D-STED images in MCF7 cells of 2°". A) Left: Deconvoluted microscopy (Hyvolution) images of Mitotracker; center: Deconvoluted 3D STED
image of the same region using the emission of 2>*; right: Colocalization 2D map showing 87 % colocalization of 2** in mitochodria. B) Magnification of
regions in box i (top) and ii (bottom) of A showing (left to right) Hyvolution images of Mitotracker, 3D STED images of of 2°¥, and combined images C.
Intensity maps across lines in B (i) and (i) comparing resolutions of Mitotracker (green), and 2** (red) using deconvoluted Hyvolution microscopy with 3D-

STED imaging of 2>* (blue).

coloured filtrate was returned to the reaction vessel. [(tpm)Ru-
(dpp2z)(L1)ICI, (40 mg, 0.041 mmol) was added and the solution was
refluxed overnight again. The solution was allowed to cool to room
temperature and then evaporated to obtain a dark red-brown
precipitate. The product was then purified by anion metathesis
(36%); TH NMR (500 MHz, MeOD): 6,=9.93 (d, J=8 Hz, 2H), 9.89 (d,
J=8Hz, 2H), 9.18 (t, J=5.5 Hz, 4H), 8.88 (d, J=2.5 Hz4H), 8.61 (m,
4H), 8.33 (d, /=2.8 Hz, 4H), 8.20-8.13 (m, 4H), 7.59 (m, 4H), 7.30 (dd,
J=8.2, 54 Hz, 4H), 7.31 (d, J=5.9 Hz, 4H), 6.95 (m, 2H), 6.71 (t, J=
2.5 Hz, 2H), 6.29 (t, J=2.5 Hz, 2H), 4.59 (s, 4H), 3.88 (m, 4H), 2.68 (m,
4H), 1.30 (m, 4H); m/z (ES-MS) 499 (100%, [M-3PF¢*"). Elemental
analysis of chloride calcd. (%) for C,;HssCl;N;30;ReRu.H,0: expected
C52.54,H3.72, N 15.53; found: C 52.44, H 3.91, N 15.51.

Chem. Eur. J. 2023, e202300617 (5 of 6)

Acknowledgements

Funding from NERC (NE/T010924/1) and EPSRC (EP/R045305/1)
is gratefully acknowledged. H. K. S. is thankful for a scholarship
from KRG. S.S. is grateful for a PhD studentship through the
University of Sheffield funded 2022 Futures scheme Imagine:
Imaging Life. We are most grateful to the reviewers of this
manuscript, whose diligence and insightful comments have
greatly improved the quality of this final version.

Conflict of Interests
The authors declare no conflict of interest.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

ASUAOIT SuoWWo)) dAnEa1) d[qeorjdde oYy £q PauISA0S 218 SA[ONIR V() 9N JO SA[NI J0§ AIRIQIT AUI[UQ AI[IA UO (SUONIPUOI-PUB-SULID}/WOd* A[1M  KTRIqI[ouI[uo//:sd1iy) SUONIPUO)) pue SWId ], 3y} 39S *[£202/S0/01] U0 Areiqry auruQ A3[1p 1591 Aq £1900£T0T WAY2/Z001 "0 1/10p/wod: Kaim: Kreiqrpourjuo-adona-£nstwayoy/:sdny woiy papeojumo o ‘S9L£12S1



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300617

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: metallointercalator - PDT - ruthenium - rhenium -

[26]

S. P. Foxon, C. Metcalfe, H. Adams, M. Webb, J. A. Thomas, Inorg. Chem.
2007, 46, 409-416.

S.P. Foxon, M. A.H. H. Alamiry, M. G. Walker, A.J. H. M. A. Meijer, I.V.
Sazanovich, J. A. Weinstein, J. A. Thomas, J. Phys. Chem. A 2009, 113,
12754-12762.

M.R. Gill, H. Derrat, C. G.W.W. Smythe, G. Battaglia, J. A. Thomas,
ChemBioChem 2011, 12, 877-880.

C. Metcalfe, I. Haq, J. A. Thomas, Inorg. Chem. 2004, 43, 317-323.

STED [30] V.W.-W. Yam, K.K.-W. Lo, K-K. Cheung, R.Y.-C. Kong, J. Chem. Soc.
Dalton Trans. 1997, 2067-2072.
31] J. D. J. D. McGhee, P. H. P. H. von Hippel, J. Mol. Biol. 1974, 86, 469-489.
32] Y. Sun, L. E. Joyce, N. M. Dickson, C. Turro, Chem. Commun. 2010, 46,
) 2426-2428.
1l j\-KEBF”fdmj'; J. ‘é'hBa”‘S’”' Jigéocr;j?arg"g‘é J‘ig"ézsau"age' N.J. Turro, 1331 | E. Joyce, J. D. Aguirre, A. M. Angeles-Boza, A. Chouai, P. K. L. Fu, K. R.
. K. Barton, J. Am. Chem. Soc. - .
- [ Dunbar, C. Turro, Inorg. Chem. 2010, 49, 5371-5376.

[2] K. E. Erkkila, D. T. Odom, J. K. Barton, Chem. Rev. 1999, 99, 2777-96. [34] S. A. Archer, A. Raza, F. Droge, C. Robertson, A.J. Auty, D. Chekulaev,
[3] C. Metcalfe, J. a. Thomas, Chem. Soc. Rev. 2003, 32, 210-215. J.A. Weinstein, T. Keane, A.J.H.M. Meijer, J. W. Haycock, S. MacNeil,

[4] ng Zeglis, V. C. Pierre, J. K. Barton, Chem. Commun. 2007, 7345, 4565- J. A. Thomas, Chem. Sci. 2019, 10, 3502-3513.

[12]

[13

[14]
[15]

[16

[17

A.W. McKinley, P. Lincoln, E. M. Tuite, Coord. Chem. Rev. 2011, 255,
2676-2692.

M. R. Gill, J. A. Thomas, Chem. Soc. Rev. 2012, 41, 3179-3192.

C. A. Puckett, J. K. Barton, J. Am. Chem. Soc. 2007, 129, 46-47.

A. C. Komor, J. K. Barton, Chem. Commun. 2013, 49, 3617-3630.

G. Li, L. Sun, L. Ji, H. Chao, Dalton Trans. 2016, 45, 13261-13276.

F.E. Poynton, S.A. Bright, S. Blasco, D.C. Williams, J. M. Kelly, T.
Gunnlaugsson, Chem. Soc. Rev. 2017, 46, 7706-7756.

C. Mari, V. Pierroz, R. Rubbiani, M. Patra, J. Hess, B. Spingler, L.
Oehninger, J. Schur, I. Ott, L. Salassa, S. Ferrari, G. Gasser, Chem. Eur. J.
2014, 20, 14421-14436.

V. Pierroz, R. Rubbiani, C. Gentili, M. Patra, C. Mari, G. Gasser, S. Ferrari,
Chem. Sci. 2016, 7, 6115-6124.

H. K. Saeed, P.J. Jarman, S. Archer, S. Sreedharan, I. Q. Saeed, L.K.
Mckenzie, J. A. Weinstein, N.J. Buurma, C. G. W. Smythe, J. A. Thomas,
Angew. Chem. Int. Ed. 2017, 56, 12628-12633; Angew. Chem. 2017, 129,
12802-12807.

V.W.-W. Yam, K. K-W. Lo, K-K. Cheung, R.Y.-C. Kong, J. Chem. Soc.
Chem. Commun. 1995, 3, 1191.

K. K-W. Lo, M.-W. Louie, K. Y. Zhang, Coord. Chem. Rev. 2010, 254, 2603-
2622.

R. E. Holmlin, E. D. A. Stemp, J. K. Barton, J. Am. Chem. Soc. 1996, 118,
5236-5244.

S. Stimpson, D. R. Jenkinson, A. Sadler, M. Latham, A. Wragg, A.J. H. M.
Meijer, J. A. Thomas, Angew. Chem. Int. Ed. 2015, 54, 3000-3003; Angew.
Chem. 2015, 127, 3043-3046.

Y. Liu, R. Hammitt, D. A. Lutterman, R.P. Thummel, C. Turro, Inorg.
Chem. 2007, 46, 6011-6021.

Y. Sun, L. E. Joyce, N. M. Dickson, C. Turro, Chem. Commun. 2010, 46,
6759.

S. Sreedharan, M. R. Gill, E. Garcia, H. K. Saeed, D. Robinson, A. Byrne, A.
Cadby, T.E. Keyes, C. Smythe, P. Pellett, J. Bernardino De La Serna, J. A.
Thomas, J. Am. Chem. Soc. 2017, 139, 15907-15913.

R.W. Horobin, F. Rashid-Doubell, J. D. Pediani, G. Milligan, Biotech.
Histochem. 2013, 88, 440-460.

R.W. Horobin, J.C. Stockert, F. Rashid-Doubell, Biotech. Histochem.
2015, 90, 241-254.

R.W. Horobin, J. C. Stockert, F. Rashid-Doubell, Histochem. Cell Biol.
2006, 126, 165-175.

R. Huang, M. Tang, C. H. Huang, X. J. Chao, Z. Y. Yan, J. Shao, B. Z. Zhu, J.
Phys. Chem. Lett. 2019, 10, 4123-4128.

F.R. Keene, J. A. Smith, J. G. Collins, Coord. Chem. Rev. 2009, 253, 2021-
2035.

J. MOAN, K. BERG, Photochem. Photobiol. 1991, 53, 549-553.

S. Hackbarth, J. Schlothauer, A. PreuB3, B. Roder, J. Photochem. Photobiol.
B 2010, 98, 173-179.

P. R. Ogilby, Chem. Soc. Rev. 2010, 39, 3129-3181.

T. M. Tsubone, W. K. Martins, C. Pavani, H. C. Junqueira, R. Itri, M.S.
Baptista, Sci. Rep. 2017, 7, 1-19.

A.P. Castano, T.N. Demidova, M.R. Hamblin, Photodiagn. Photodyn.
Ther. 2004, 1, 279-293.

D. Kessel, Y. Luo, J. Photochem. Photobiol. B 1998, 42, 89-95.

(48]
- ’ ) [49] R. Hilf, J. Bioenerg. Biomembr. 2007, 39, 85-89.
(18] B. Onfelt, P. Lincoln, B. Nordén, J. Am. Chem. Soc. 1999, 121, 10846- 50 j. Morgan, A. R. Oseroff, Adv. Drug Delivery Rev. 2001, 49, 71-86.
10847. . ) [51] W. Lv, Z. Zhang, K. Y. Zhang, H. Yang, S. Liu, A. Xy, S. Guo, Q. Zhao, W.
[19] L. M. Wilhelmsson, F. Westerlund, P. Lincoln, B. Nordén, J. Am. Chem. Huang, Angew. Chem. Int. Ed. 2016, 55, 9947-9951; Angew. Chem. 2016,
Soc. 2002, 124, 12092-12093. 128, 10101-10105.
[20] A.A. Almaqwashi, T. Paramanathan, P. Lincoln, I. Rouzina, F. Westerlund, 1551 ¢ qjy, J. Wang, C. Song, L. Wang, H. Zhu, H. Huang, J. Huang, H. Wang,
M. C. Williams, Nucleic Acids Res. 2014, 42, 11634-11641. L. Ji, H. Chao, ACS Appl. Mater. Interfaces 2017, 9, 18482-18492.
[21] M. Bahira, M. J. McCauley, A. A. Almaqwashi, P. Lincoln, F. Westerlund, I (531 | ‘Noh, D. Y. Lee, H. Kim, C. U. Jeong, Y. Lee, J. O. Ahn, H. Hyun, J. H. Park,
Rouzina, M. C. Williams, Nucleic Acids Res. 2015, 43, 8856-8867. Y. C. Kim, Adv. Sci. 2018, 5, 1700481.
[22] H.K. Saeed, S. Sreedharan, J. A. Thomas, Chem. Commun. 2020, 56, [54] K. Qiu, Y. Chen, T.W. Rees, L. Ji, H. Chao, Coord. Chem. Rev. 2019, 378,
1464-1480. 66-86.
[23] S.P. Foxon, T. Phillips, M. R. Gill, M. Towrie, A. W. Parker, M. Webb, J.A. 551 14 K Saeed, I. Q. Saeed, N.J. Buurma, J. A. Thomas, Chem. Eur. J. 2017,
Thomas, Angew. Chem. Int. Ed. 2007, 46, 3686-3688; Angew. Chem. 23, 53895389,
2007, 119, 3760-3762. [56] J.V. Caspar, T.J. Meyer, J. Phys. Chem. 1983, 87, 952-957.

[24

[25

H. K. Saeed, S. Sreedharan, P. J. Jarman, S. A. Archer, S. D. Fairbanks, S. P.
Foxon, A.J. Auty, D. Chekulaev, T. Keane, A.J. H. M. H. M. Meijer, J. A.
Weinstein, C. G. W. Smythe, J. Bernardino De La Serna, J. A. Thomas, J.
Am. Chem. Soc. 2020, 142, 1101-1111.

H. K. Saeed, I. Q. Saeed, N. J. Buurma, J. A. Thomas, Chem. Eur. J. 2017,
23, 5467-5477.

Manuscript received: February 24, 2023
Accepted manuscript online: April 4, 2023
Version of record online: mm, mm

Chem. Eur. J. 2023, e202300617 (6 of 6)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

ASUAOIT SuoWWo)) dAnEa1) d[qeorjdde oYy £q PauISA0S 218 SA[ONIR V() 9N JO SA[NI J0§ AIRIQIT AUI[UQ AI[IA UO (SUONIPUOI-PUB-SULID}/WOd* A[1M  KTRIqI[ouI[uo//:sd1iy) SUONIPUO)) pue SWId ], 3y} 39S *[£202/S0/01] U0 Areiqry auruQ A3[1p 1591 Aq £1900£T0T WAY2/Z001 "0 1/10p/wod: Kaim: Kreiqrpourjuo-adona-£nstwayoy/:sdny woiy papeojumo o ‘S9L£12S1


https://doi.org/10.1021/ja00168a052
https://doi.org/10.1021/cr9804341
https://doi.org/10.1016/j.ccr.2011.06.012
https://doi.org/10.1016/j.ccr.2011.06.012
https://doi.org/10.1039/c2cs15299a
https://doi.org/10.1021/ja0677564
https://doi.org/10.1039/c3cc00177f
https://doi.org/10.1039/C6DT01624C
https://doi.org/10.1039/C7CS00680B
https://doi.org/10.1002/chem.201402796
https://doi.org/10.1002/chem.201402796
https://doi.org/10.1039/C6SC00387G
https://doi.org/10.1002/anie.201707350
https://doi.org/10.1002/ange.201707350
https://doi.org/10.1002/ange.201707350
https://doi.org/10.1016/j.ccr.2010.01.014
https://doi.org/10.1016/j.ccr.2010.01.014
https://doi.org/10.1021/ja953941y
https://doi.org/10.1021/ja953941y
https://doi.org/10.1002/anie.201411346
https://doi.org/10.1002/ange.201411346
https://doi.org/10.1002/ange.201411346
https://doi.org/10.1021/ja991984z
https://doi.org/10.1021/ja991984z
https://doi.org/10.1021/ja027252f
https://doi.org/10.1021/ja027252f
https://doi.org/10.1093/nar/gku859
https://doi.org/10.1093/nar/gkv864
https://doi.org/10.1039/C9CC09312E
https://doi.org/10.1039/C9CC09312E
https://doi.org/10.1002/anie.200604837
https://doi.org/10.1002/ange.200604837
https://doi.org/10.1002/ange.200604837
https://doi.org/10.1021/jacs.9b12564
https://doi.org/10.1021/jacs.9b12564
https://doi.org/10.1002/chem.201605750
https://doi.org/10.1002/chem.201605750
https://doi.org/10.1021/ic0607134
https://doi.org/10.1021/ic0607134
https://doi.org/10.1021/jp906716g
https://doi.org/10.1021/jp906716g
https://doi.org/10.1002/cbic.201000782
https://doi.org/10.1021/ic034749x
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1039/b925574e
https://doi.org/10.1039/b925574e
https://doi.org/10.1021/ic100588d
https://doi.org/10.1039/C8SC05084H
https://doi.org/10.1021/ic700484j
https://doi.org/10.1021/ic700484j
https://doi.org/10.1039/c0cc02571b
https://doi.org/10.1039/c0cc02571b
https://doi.org/10.1021/jacs.7b08772
https://doi.org/10.3109/10520295.2013.780634
https://doi.org/10.3109/10520295.2013.780634
https://doi.org/10.3109/10520295.2015.1005129
https://doi.org/10.3109/10520295.2015.1005129
https://doi.org/10.1007/s00418-006-0156-7
https://doi.org/10.1007/s00418-006-0156-7
https://doi.org/10.1021/acs.jpclett.9b01225
https://doi.org/10.1021/acs.jpclett.9b01225
https://doi.org/10.1016/j.ccr.2009.01.004
https://doi.org/10.1016/j.ccr.2009.01.004
https://doi.org/10.1111/j.1751-1097.1991.tb03669.x
https://doi.org/10.1016/j.jphotobiol.2009.11.013
https://doi.org/10.1016/j.jphotobiol.2009.11.013
https://doi.org/10.1016/S1572-1000(05)00007-4
https://doi.org/10.1016/S1572-1000(05)00007-4
https://doi.org/10.1016/S1011-1344(97)00127-9
https://doi.org/10.1007/s10863-006-9064-8
https://doi.org/10.1016/S0169-409X(01)00126-0
https://doi.org/10.1002/anie.201604130
https://doi.org/10.1002/ange.201604130
https://doi.org/10.1002/ange.201604130
https://doi.org/10.1021/acsami.7b02977
https://doi.org/10.1002/advs.201700481
https://doi.org/10.1016/j.ccr.2017.10.022
https://doi.org/10.1016/j.ccr.2017.10.022
https://doi.org/10.1002/chem.201700460
https://doi.org/10.1002/chem.201700460
https://doi.org/10.1021/j100229a010

RESEARCH ARTICLE
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From Chemotherapy to Photother- -
apy - Changing the Therapeutic

Action of a Metallo-Intercalating Ru"-

Re' Luminescent System by

Switching its Sub-Cellular Location
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