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Abstract: Photodynamic therapy (PDT) is a remarkable alternative or complementary technique to chemotherapy,
radiotherapy or immunotherapy to treat certain forms of cancer. The synergistic effect of light, photosensitizer
(PS) and oxygen allows for the treatment of tumours with an extremely high spatio-tumoral control, therefore
minimizing the severe side effects usually observed in chemotherapy. The currently employed PDT PSs based on
porphyrins have, in some cases, some limitations, which include a low absorbance in the therapeutic window, a
low body clearance, photobleaching, among others. In this context, Ru(i) polypyridyl complexes are interesting
alternatives. They have low lying excited energy states and the presence of a heavy metal increases the possibility
of spin-orbit coupling. Moreover, their photophysical properties are relatively easy to tune and they have very low
photobleaching rates. All of these make them attractive candidates for further development as therapeutically
suitable PDT PSs. In this review, after having presented this field of research, we discuss the developments made
by our group in this field of research since 2017. We notably describe how we tuned the photophysical properties
of our complexes from the visible region to the therapeutically suitable red region. This was accompanied by
the preparation of PSs with enhanced phototoxicity and high phototoxicity index. We also discuss the use of
two-photon excitation to eradicate tumours in nude mice. Furthermore, we describe our approach for the selec-
tive delivery of our complexes using targeting agents. Lastly, we report on our very recent synergistic approach

to treat cancer using bimetallic Ru(i)-Pt(v) prodrug candidates.
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1. Introduction

The use of light holds enormous potential in anticancer
chemotherapy since it offers the possibility of controlling, at a
desired time and place, the release of cytotoxic species from an
inert prodrug. For this reason, many efforts have been dedicated
to the development of novel therapies for improving drug efficacy
and, more importantly, to reduce the toxic side-effects associated
with the current platinum-based drugs. Photodynamic therapy is
an advanced medical technique to treat certain types of tumours.
In this strategy, a photosensitizer (PS) harvests light and oxygen to
produce reactive oxygen species (ROS), which are responsible for
cell killing. The main advantages of this technique over classical
chemotherapy are the lowering of side effects due to the very high
spatio-temporal activation and less likelihood for drug resistance.
11 Despite its many advantages, this strategy is not suitable for the
treatment of metastasised cancers or large hypoxic tumours due
to the low concentration of oxygen in the core of large tumours.
[21 An ideal PDT PS should have certain criteria, which are i) a
very low dark cytotoxicity and high cytotoxicity in the presence
of light, ii) the ability to absorb light in the 600-900 nm window
to treat deep-seated or large tumours, iii) no production of any
toxic metabolites, iv) a selective accumulation in the tumour and
targeting of cell organelles to induce cell death, v) a low rate of
photobleaching, and vi) favourable pharmacokinetic properties,
i.e. optimal absorption, distribution, metabolism and excretion
(ADME) properties.

The basic mechanism of electron movement between different
electronic states upon absorption of light and production of ROS
is described in Fig. 1. After initial light absorption, some of the
ground state electrons of the PS start to populate their 'ES (singlet
excited state) from the 'GS (singlet ground state). Then, the elec-
trons in the excited state can return to the 'GS by radiative (flu-
orescence) or nonradiative (thermal radiation) decay. In another
pathway, excited electrons can go from the 'ES to the *ES (triplet
excited state) through intersystem crossing (ISC) and then returns
to the 'GS by radiative (phosphorescence) or nonradiative (relaxa-
tion) decay. Of particular interest in view of PDT, a longer triplet
excited state lifetime and populated *ES would be favourable to
generate 'O, in hypoxic conditions for the treatment of hypoxic
tumours.[3 The processes of ROS generation are following two
pathways, namely Type-1 and Type-2, both are well described in
the literature (Fig. 1).[41 The ROS produced are the species respon-
sible for cell killing.

Currently, the most used PSs in the clinics are based on a
tetrapyrrolic scaffold (i.e. porphyrin, chlorine). However, these
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Fig. 1. Photosensitization (one- and two-photon absorption) and mecha-
nism of reactive oxygen species generation.

families of compounds have, in some cases, some limitations like
poor water solubility, photobleaching, low body clearance, low
cancer cell selectivity, efc.5! In this context, metal-based photo-
sensitizers are gaining increasing attention due to the very low
or almost negligible amount of photobleaching observed,[®l and
possible efficient and ultrafast population of triplet excited state
due to efficient spin-orbit coupling.[”! Ru(1r), Pd(11), Pt(1r), Pt(1v),
Os(11), Re(1), or Ir(1ir) complexes have been or are currently be-
ing investigated as PDT PSs.[81 In this context, two metal com-
plexes, Photosens® (n = 1-4) and TOOKAD® soluble, have been
approved for clinical uses as PDT-PS whereas a few others (Sn
complex; Purlytin®, Lu complex; Lutrin®/Antrin®, and Ru com-
plex TLD1433) are in clinical trial (Fig. 2).13291 Among the choice
of different metal complexes, ruthenium complexes, especially
Ru polypyridyl complexes (RPC) are one of the most studied PSs
to treat cancers. In general, a large Stokes shift, efficient ROS pro-
duction, low photobleaching are the reasons of the choice of RPC.
Several strategies have been applied by different groups. Those
are mainly 1) change in donor atom from N'-N', to N'-C' or N'-O'
to get low lying easily available ES, 2) conjugation with a drug
or a biologically active molecule to obtain a synergistic effect
and selectivity, 3) bimetallic complex, and 4) a prodrug approach.
Moreover, several efforts have been given from different laborato-
ries, including our group, to deliver RPC selectively to the cancer
cell by encapsulating inside polymers to form nanoparticles.[19 As
a highlight, the first Ru(ir) RPC, namely TLD-1433 developed by
McFarland and co-workers is currently in Phase-II clinical trial
for the treatment of bladder cancer!82111 (Fig. 2). Recent findings
on RPCs showed important immune modulatory effects,['2! which
may have a beneficiary role to suppress cancer.
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Fig. 2. Metal-based PSs investigated for PDT treatment.
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The current PSs used in the clinics to treat cancers are based
on one-photon absorption with excitation wavelength range be-
tween 400 and 762 nm.[l13] Importantly, recent developments
suggest that two-photon activation could be effectively used to
treat tumours that reside 2 cm deep in the body. This distance is
considerably bigger than that obtained with one-photon activa-
tion.l'4 In two-photon absorption, a short laser pulse with very
high intensity is used to excite a PS by simultaneous two-photon
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absorption. The reason behind the use of a high intensity pulse is
to make sure two photons absorb simultaneously. The energy of
each photon contributes half of the actual energy for the excita-
tion of an electron. Hence, near-infrared light can be employed to
achieve even deeper tissue penetration with minimum biological
damage. The process can be quantified in terms of two-photon
absorption cross-section (62) and expressed in Goeppert-Mayer
(GM). In this context, the clinically used PDT PS Photofrin® (Fig.
2) showed a 62 of 10 GM in methanol at 850 nm.!5] A recent re-
view on this topic showed that, on average, RPCs have a slightly
higher 6 (160-210 GM).[161 Our lab has recently developed a RPC
with a 62 of ca. 6800 GM at 750 nm.[17!

This review highlights some of the achievements of our group
in the use of Ru(1) polypyridyl complexes as PDT PSs since
2017, following up on a previous review.[*! More specifically, in
this article, we first discuss the development of traditional Ru(ir)
polypyridyl complexes in combination with different N’-N” 1li-
gand systems and their selective delivery using targeting agents.
Furthermore, our recent work on bimetallic complexes is also
discussed.

2. Novel Ru(i) Polypyridyl Complexes

In continuation of our previous work on PSs having higher
wavelength absorption, we prepared a Ru(i1) complex of dipyri-
do[3,2-a:2",3'-c]phenazine (dppz) with either a bpy or phen
ligand.[!8] Our aim was to evaluate the structure—activity relation-
ship between two complexes (1 and 2) (Fig. 3). Unfortunately,
poor absorption and emission properties were unveiled for both
complexes. We then found that the complexes were non-toxic
against tested human cervical cancer cells (HeLa) both in the dark
and in the presence of light although the complexes were able to
generate 'O, by harvesting 420 nm light and °O,.
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Fig. 3. Chemical structures of Ru(i) complexes (1-5) for PDT applica-
tions.

In one of our previous works, we found that a 7-methoxy
substituted dppz-containing RPC, namely [Ru(bpy),(dppz-7-
OMe)]*, had a good phototoxic index (PI = IC,, in the dark/
IC,, upon light irradiation) of 42 against Hela cells upon irra-
diation with 420 nm light.""] Therefore, two [Ru(phen),dppz]*
derivatives were then prepared with different functional groups
on the dppz ligand [dppz-7,8-(OMe), (3), dppz-7,8-(OH), (4)] to
investigate the effect of small changes of functional group (i.e.
from methoxy to hydroxy) on the photophysical properties and
the phototoxicity of the RPCs (Fig. 3).120] Very similar absorp-
tion spectral properties were obtained for both complexes with
a typical metal-to-ligand charge-transfer (MLCT) absorption
band in the visible region (400-500 nm) for both complexes 3
and 4. An intense emission band at 620 nm in acetonitrile solu-
tion was observed for both complexes upon excitation at 420 nm.
However, the emission intensity was quenched in the presence of
water due to the interaction of water with the dppz ligand through
H-bonding.2"I The luminescence quantum yield values in acetoni-
trile for both complexes were comparable (®_ : 2.8% and 1.7%
for complexes 3 and 4, respectively) with the corresponding par-
ent complex [Ru(phen)z(dppz)]z* (@ =3.3%). This indicates that

the substitution has almost no influence on the excited state. The
presence of oxygen had an important influence on the lifetime of
the excited state for both complexes 3 and 4. Hence, we found
that the GS of molecular oxygen can interact with the *ES com-
plexes 3 and 4. The methoxy-substituted complex (3) showed a
long luminescence lifetime (aerated: 325 ns and degassed: 645 ns
in acetonitrile). Thanks to a collaboration with the Chao group,
we could show that both complexes had a much higher two-pho-
ton absorption (TPA) cross-section (3: 245 GM and 4: 93 GM at
around 800 nm) than the clinically approved PS, H,TPP (<20 GM
at 800 nm).["31 Cellular localization studies suggest that the more
lipophilic complex 3 was taken up more by cancer cells than the
complex 4 and distributes throughout the cytoplasm and nucleus
of HeLa cells. In contrast, the hydroxyl group-containing com-
plex 4 only accumulated in the cell membranes with almost three
times less uptake efficacy than 3. Complex 3 showed dark toxicity
against HeLa cells (IC, ;= 36.5 uM) whereas complex 4 was found
to be nontoxic. Interestingly, both complexes showed enhanced
toxicities with phototoxic index (PI) values 12 and 6, respectively
upon irradiation at 420 nm light. Complex 3 was also found to
be active against HeLa cells spheroids with an IC, of 9.5 uM
upon exposure of 800 nm light (two photon absorption) with PI
value 11.

Wiirthner and co-workers developed an azabenz-annulated
perylene bisimide (ab-PBI) ligand-containing Ru complex (5,
Fig. 3),1221 which shows a highly populated triplet state with a
4.2 ps lifetime. Moreover, the complex showed absorbance up
to 600 nm. All these photophysical properties are basic features
for an interesting PS. Therefore, we evaluated the ability of 5 to
act as a PDT PS.[231 Complex § was found to produce a very low
amounts of '0,. We then evaluated the toxicity of this complex
against human ovarian carcinoma (A2780), cisplatin resistant hu-
man ovarian carcinoma (A2780R), and HeLa cells. We found that
the toxicity slightly increased upon exposure of 420 nm light with
PI values of ca. 2. We observed that the complex preferentially
localized in the nucleus. This was confirmed by ICP-MS meas-
urements.

The low absorbance in the biological therapeutic window is one
of the common constraints of RPCs. To target this issue, we func-
tionalized one bpy ligand with aldehyde of the [Ru(phen), (bpy)]**
complex 6 (Fig. 4) to have a handle to increase the conjugation.24]
This extended conjugation could decrease the HOMO-LUMO
gap, resulting in a lower energy absorption. This derivatization
makes the system versatile for further functionalization. Most im-
portantly, upon functionalization with the aldehyde group, com-
plex 6 showed a red-shifted MLCT absorption band with a Stokes
shift of 35 nm in comparison to [Ru(bpy),]**. Complex 6 can gen-
erate high amounts of 'O, as indicated by the decrease in the flu-
orescence lifetime in aerated acetonitrile solution. An enhanced
phototoxicity (PI = 1.2) of 6 against HeLa cells was observed
in the presence of 480 nm light. Importantly, the benzyl amine
functionalized complex 7 showed almost 11-fold increase in tox-
icity towards HeLa cells upon 510 nm light irradiation. In another
work with the same aim, namely preparing RPCs that absorb at
higher wavelengths, we functionalized the [Ru(bpy)3]2+ core with
vinyl dimethylamino groups to give complex 8 (Fig. 4).[25] We
could observe a 65 nm red shift of the absorption maximum (515
nm) with an absorption tail up to 650 nm of complex 8 in com-
parison to the parent complex [Ru(bpy),]**. The functionalization
also enhanced the molar absorption coefficient. Unfortunately,
complex 8 showed poor emission and photostability but a much
higher uptake than the parent [Ru(bpy),]** complex. The cytotox-
icity of 8 against HeLa cells was found to increase from >200 uM
(dark) to 146.3 uM upon 540 nm light irradiation.

2,2"6',2"-terpyridine (terpy) is a ligand that has been widely
used in studies related to DNA binding and DNA photo-cleavage
activity.[26] For this reason, we used terpy and terpy-functional-
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Fig. 4. Chemical structures of Ru(i) complexes 6-8.

ized ligands in our design to prepare complexes 9-15 (Fig. 5).[27]
All the complexes showed a spin-allowed d-m MLCT transition
band at 400-550 nm. Importantly, all complexes only slight-
ly photobleached upon constant irradiation with 450 nm light.
Complexes 9-14 were found to be non-toxic against HeLa cells
both in the presence and absence of light. While complex 15,
which has a dimethylamine functionalization, had an IC_ value
of ca. 35 uM in the dark. This value slightly decreased (PI = 1.4)
in the presence of 480 nm light.

From these observations, we concluded that the increase in
conjugation and dimethylamine or methoxy functionalization in
the bpy or bpy type ligands may have a positive role for red-shift-
ed absorption maxima and phototoxicity.

R=H 9
cl 10
Br 1"
OMe 12
COOH 13
COOMe 14
NMe, 15

Fig. 5. Chemical structures of Ru(i) complexes 9-15.

As mentioned before, the majority of currently reported RPC-
based PSs typically absorbs in the blue or UV region, which limits
their PDT effect on deep-seated or large tumours. Hence, a prop-
er design of complexes that absorb towards higher wavelengths
(600-900 nm) is necessary to overcome this drawback. To reach
this aim, we have extensively utilized TD-DFT calculations to pre-
dict absorption properties in collaboration with the Ciofini group.
After calculations, the theoretically-guided lead complexes were
synthesized (16-22, Fig. 6) in collaboration with the Spingler
group.[281 We integrated different modifications on the bpy ligand
before coordinating the resulting ligands to [Ru(phen),Cl ]** and
[Ru(bphen)2C12]2+ ((phen = 1,10-phenanthroline) and (bphen =
4,7-diphenyl-1,10-phenanthroline)) (Fig. 6). In particular, we
synthesized the (E,E")-4,4'-bis(N,N'-dimethylaminovinyl)-2,2'-
bipyridine ligand (highlighted in blue, Fig. 6). The correspond-
ing complexes 20 and 22 showed the desired red-shift maximum
absorption (A__ ). Importantly, the red-shift in absorption spectra
of these complexes are well aligned with the theoretical predic-
tions of HOMO-LUMO gap. We believe that this theoretically
guided design approach will definitely increase the possibility to
design PDT PSs in the future. Importantly, biological studies re-
vealed that complexes 16—20 and 22 were found to be nontoxic
in the dark (IC, . > 100 pM) in mouse colon carcinoma (CT-
26), human glioblastoma (U87), human glioblastoma astrocyto-
ma (U373), HeLa, and noncancerous retina pigmented epithelial
(RPE-1) cells. Upon irradiation (480 nm, 10 min, 3.21 J.cm™),
the complexes based on a [Ru-(phen),(bpy)]** scaffold (16-20)
presented poor phototoxicity (IC,;: >100-52.54 uM). In contrast,
the compounds based on the [Ru(bphen) (bpy)]** scaffold (21 and
22) showed a notable phototoxicity upon light irradiation (IC_:

15.21-0.19 uM). This effect can be attributed to the significantly
higher cellular uptake of the compounds, as determined by ICP-
MS. Notably, complex 21 showed a PI around 23.5 against CT-26
cells (IC, . ;60 nM) upon exposure to 595 nm light. This com-
plex was found to be stable in human plasma as well as upon light
irradiation, which is a prime criterion for a PS. It localized in the
cytoplasm of HeLa cells as determined by confocal microscopy.
Based on these results, we performed additional biological ex-
periments to demonstrate the potential of these novel compounds
upon irradiation with red light (595 nm). For this purpose, the
Seahorse XF instrument was used as it allows for real time meas-
urements of oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) in cells. Also, we performed addition-
al and important assays, specifically, 3D multicellular tumour
spheroids (MCTS) growth inhibition assay. MCTSs simulate the
conditions found in clinically treated tumours including hypoxia
and proliferation gradients. So, irradiation at 595 nm led to the
disturbance of mitochondrial respiration and glycolysis processes
in HeLa 2D monolayer cells (Fig. 7) as well as 3D multicellular
tumour spheroids (MCTSs). Overall, these techniques presented
here can be applied for the synthesis of other metal complexes as
PDT agents.
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Fig. 6. Chemical structures of ruthenium (i) complexes investigated by our
group (16-22). The part of complex 20 and 22 highlighted in blue indicates
the ligand (E,E" )-4,4'-bis(N,N'-dimethylaminovinyl)-2,2'-bipyridine.

Based on these results, we further utilized this in silico-based
design approach to obtain a red-shifted absorption. More specif-
ically, we used an extended m-conjugation along with dimethyl
amine or a methoxy group attached to the bpy as bidentate li-
gand.l'”l We envisioned the introduction of donor groups to shift
the absorption maxima in the biological relevant therapeutic
window. Theoretical calculations predicted two bands (MLCT/
LMCT and ligand-centred (LC) charge-transfer excitations) in
the 400-600 nm region. Furthermore, most detailed theoretical
ground and excited state property studies indicate that the most
intense lowest lying 2P absorption processes are associated with
LCCT transitions. Overall, theoretical studies predicted both
1P and a strong 2P absorption probability of the corresponding
Ru(u1) complexes. We therefore synthesized three new ligands:
1) (E,E")-4,4'-bisstyryl-2,2'-bipyridine (Fig. 8A), ii) (E,E*)-4,4-
bis[p-(N',N'-dimethylamino)styryl]-2,2'-bipyridine (Fig. 8B) and
iii) (E,E")-4,4'-bis[p-methoxystyryl]-2,2'-bipyridine (Fig. 8C).[17]
After obtaining the corresponding complexes (23-29) shown
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in Fig. 8D, the photophysical studies revealed that their A_
was red-shifted by around 50-70 nm compared with [Ru(2, ol
bipyridine),]**. Also, the compounds presented an exceptionally
strong twoiphoton (2P) absorption with values up to ~6800 GM.
The theoretical predictions match well for both the 1P and 2P ab-
sorption properties. The complexes with the methoxy groups (24,
26 and 29) presented impressive singlet oxygen quantum yields
(52%, 54% and 75%, respectively) in acetonitrile. Importantly, all
compounds were found to be stable in human plasma at 37 °C for
48 h in the dark as well as photostable. Also, the cellular locali-
zation studies by both confocal microscopy and quantifying the
Ru concentration in different organelles by ICP-MS indicate their
preferential accumulation in the cytoplasm. All complexes were
found to be nontoxic in the dark (IC, = > 100 uM) in RPE-1 cells
(noncancerous), HeLa, CT-26, and U373 cell lines. Phototoxicity
studies under irradiation at 480 nm and 540 nm showed that

the complexes were toxic in the micromolar range: IC,, ., =
, nm

0.7-53.6 uM, and IC, /= 0.9-83.1 UM. The most cytotoxic
complex 24 showed IC ) dar > 100 uM, IC, o =0.7 0.4 uM,
IC) 4400 =0-9£0.3 uM agalnst CT-26 cells with a great PI value

> 143. Cell death mechanism studies showed that the complexes
follow either an apoptosis or both an apoptosis and para-apoptosis
pathway. In view of these good preliminary results, we investi-
gated their cytotoxic effects on 3D MCTS. Confocal microscopy
studies indicated the relatively quick uptake of asymmetric com-
plexes (23-26) to the inside core of MCTS, whereas symmetric
complexes (27-29) were mostly found on the outer surface of
MCTS. However, upon incubation for a longer time, it was inter-
nalized to the inside core. In dark conditions, spheroids show an
asymptotic growth of complex-treated 3D HelLa MCTS, that con-
firms the non-toxic effect without irradiation. But, upon 1P light
(500 nm) or 2P light (800 nm), 3D spheroids treated with 23-26
were completely eradicated. Strikingly, complex 24 is nontoxic up
to 300 uM against 3D MCTS and highly phototoxic in the low mi-
cromolar range (IC, (. > 1.4 +0.2) with PI values of 250 (Fig.
9). One of the most relevant studies of this work are the in vivo ex-
periments. In collaboration with the Chao group, we chose a multi-
resistant doxorubicin-selected P-gp-overexpressing human colon
cancer tumour model (SW620/AD300) that is very difficult to
treat. Compound 24 was injected intravenously to tumour-bearing
mice (2 mg/kg). While tumours of mice treated with 24 in the dark
kept growing, after one PDT procedure (irradiation at 1P (500 nm,
60 min) or 2P irradiation (800 nm, 50mW, 1 kHz)), tumour size

Time (minutes)

significantly decreased, as shown in Fig. 10. Importantly, after
the treatment, we did not find any significant pathological effect
to the organs, as observed in H&E staining. Overall, these results
provide valuable insights for the design and optimization of Ru(ir)
complexes for PDT. This theoretically guided development has
been recently highlighted.[2%]

A) B) NMe; <) OMe

(E.E')-4,4"bisstyryl-2,2bipyridine (E.E-4,4"bis[p-(N'N-

-2.2"bipyridine

Fig. 8. A) — C) Chemical structures of bpy derivatives used to synthesize
complexes 23-29, and D) chemical structures of RCPs investigated as
1P and 2P PDT PSs (23-29).

In another work, we modified the DNA intercalating ligand
dppz to synthesize a novel family of complexes (30-34, Fig. 11)
due to the interesting results obtained with other dppz-based com-
plexes for the production of 'O,, internalization and phototoxicity
values.[1930] More specifically, we explored the derivatization of
the dppz ligand with halogen groups (F, Cl, Br, and I) to increase
the lipophilicity of the complexes, therefore increasing membrane
permeability. We studied different parameters of the new series
of compounds, such as generation of singlet oxygen, UV-Vis ab-
sorption, LogP and photocytotoxicity. The A, bands were similar
to the previously reported ruthenium polypyridyl dppz complex-
es (350—400 nm).["%1 The broad band centred at 450 nm (MLCT
transition) did not seem to be affected by the incorporation of the
halogen groups. The octanol/water partition coefficient (LogP)
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Fig. 9. Representative image of
the cell viability assay in 3D-HelLa
MCTS. MCTS were treated with
compounds 23-26 (20 pM, 2%
DMSO, v%) in the dark for 3
days. After this time, MCTS were
kept in the dark, exposed to 1P
irradiation (500 nm, 16.7 min,
10.0 mW.cm, and 10 J.cm™) or
2P irradiation (800 nm, 10 J.cm™2,
and section interval of 5 ym).
After 2 days, the cell viability was
assessed by measurement of the
fluorescence of calcein (Xex =495
nm, 7\.em =515 nm), which is gen-
erated in living cells from Calcein
AM. The scale bar represents a
length of 200 um.!"”? Copyright ©
2020, The Author(s).

Dark

24 +2P 24 +1P 2p

Fig. 10. In vivo PDT study of 24 using 1P (500 nm, 60 min, 10.0mW.
cm2, and 36J.cm) or 2P (800nm, 50 mW, 1kHz, pulse width 35fs,

and 5s.mm™") excitation on nude mice bearing a doxorubicin-selected
P-gp-overexpressing human colon cancer tumour (SW620/AD300).
Representative photographs of the tumour-bearing mice.!"” Copyright ©
2020, The Author(s).

is an important parameter that gives some hints on the ability of
a compound to passively diffuse into cells. LogP determination
revealed that the lipophilicity of the complexes increased by the
introduction of halogen groups to the dppz ligand (H<F<Cl<
Br<I). However, counter-intuitively, the phototoxicity of these
complexes decreased (PI at 420 nm: ca. 47 to ca. 1 for complex-
es 30-34 respectively against HeLa cells) as their lipophilicity
increased; this could be explained by the atomic radius of the hal-
ogen substituents. Indeed, the intercalation process requires the
dppz ligand to get through the DNA’s double helix, which could
be prevented by the bulky halogen atoms.

3. Bioconjugation of Ruthenium

As mentioned before, RPCs are attractive PSs for PDT.
However, they generally present a low selectivity for cancer cells
over non-cancerous cells. Therefore, undesired phototoxic effects
on a healthy cell can be observed, although the physician is only
applying light at a selected area.l'-3!l To overcome this limitation,
there is a need for the development of a suitable drug delivery sys-
tem to increase the amount of PS delivered to the tumour. In this
context, there is a strong interest of our group towards the design

BF Calcein AM Merged

1P 2P
BF Calcein AM Merged

R

R
Fig. 11. Chemical structures of RPCs investigated as PDT PSs (30-34).

and development of complexes conjugated to small molecules,
peptides, antibodies or proteins, efc. for i) target selectivity,l32 ii)
key enzyme or protein inhibition,!'%®-33] or iii) organelle selectiv-
ity.34] This approach increases the specificity and potency of the
anticancer agents. In this context, our group is actively involved
in utilizing different pathways to achieve more tumour specific
uptake. Recently, we described two different strategies: i) specific
vitamin receptors and ii) use of nanobody in conjugation with our
target complex.

Vitamin B 12 is a critical nutrient mainly involved in cell growth
and proliferation.35! The transporter protein, transcobalamin (TC)
is responsible for transporting vitamin B12 (Cobalamine: Cbl)
from blood to cells. Furthermore, vitamin B12-loaded transco-
balamin can be recognized by a specific receptor protein, CD320,
present on the cell surface.3¢! This receptor is overexpressed in
several malignancies including breast, prostate, cervical, colorec-
tal cancer, etc.l37 In this context, to tackle this drawback, in col-
laboration with the Zobi group, we have tagged our complex to
vitamin B12 (cobalamine) (Fig. 12).1381 This improved the aque-
ous solubility of the complexes. The photophysical properties
have been compared between Cbl-conjugated and non-conjugated
complexes. We found that the *MLCT band centred at 450 nm in
parent complexes has not changed upon Cbl conjugation. Overall,
the conjugation had no effect on the photophysical properties of
the complexes. Complex 35 showed a very low emission, where-
as complex 36 showed an emission maximum at 635 nm upon
excitation at 450 nm. For complex 36, the excited state lifetime
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drastically decreases in the presence of *O,, indicating their inter-
action. The cytotoxicity of the complexes was evaluated against
HeLa cells and non-cancerous RPE-1 cells both in the dark and
in the presence of light. We observed that only the parent com-
plex 35 is toxic against both cancerous and non-cancerous cells.
Unexpectedly, we lost the toxicities upon conjugation with Cbl
both in the dark and upon light irradiation. We conclude that the
transcobalamin pathway was not involved in the uptake of our
complex.

Ruthenium Complexes B4, Conjugates

2+ H
\_> 1 : R
N —|2+ ‘
7NN i co
=N N= :
; |
N7 \N)RLLN/ VYN N:@i
7N M |
// // 35 R=a
a b 36; R=b

Fig. 12. Chemical structure of complexes 35-36.

In this context, another strategy to increase uptake into tu-
mour cells over healthy cells is the use of fragments of antibody
or nanobody (NBs). The use of NBs presents some advantages
thanks to their small size, stability, solubility, fast pharmacokinet-
ics, specificity, and affinity for their cognate antigens. Our group
recently explored the conjugation of NB to Ru(ir) polypyridyl
complexes for selective PDT in collaboration with the Zarschler
and Stephan groups.l3% We choose the 7C12 NB, known for spe-
cific binding to epidermal growth factor receptor (EGFR) express-
ing cells. EGFR is an important target as it is overexpressed in
some solid tumours, such as head and neck, breast, non-small-
cell lung, and pancreatic cancer. As shown in Fig. 13, we con-
jugated [Ru(phen)z(dppz)]z* to the nanobody, which is known
to have excellent phototoxicity. Also, we used a peptide chain
with a poly-glycine unit, which is necessary for an efficient and
site-specific conjugation. Importantly, the photophysical charac-
terization revealed that all major bands are still comparable be-
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Fig. 13. Overview of the Sortase A-mediated site-specific modification
of the NB derivative 7C12-Strep-Sortag-His6 with the Ru(phen),(dppz-
7-maleimidemethyl-S-Cys-(Ser),(Gly),-NH,) complex resulting in
Ru-NB conjugate. The [Ru(phen),(dppz)]** complex is highlighted in
green, while the engineered NB is drawn in red and the peptide chain
with a poly-glycine unit is depicted in blue. PDB entry of Sortase A
from Staphylococcus aureus: 1T2P.2% Copyright © 2019 The Authors.
Published by Wiley-VCH Verlag GmbH & Co. KGaA.

tween the Ru(ir) complex and the NB-Ru(1r). One of the essential
things in the conjugation of PDT agents is that the photophysical
properties are not affected. To demonstrate the receptor-specific
uptake, EGFR-positive (A431) and EGFR negative (MDA-MB-
435S) cells were incubated for different periods (4, 24, and 48
h) with various concentrations of the bioconjugate in the dark at
37 °C. The amount of cell-associated ruthenium was determined
by ICP-MS. Importantly, the accumulation of 37 after 48 h incu-
bation in A431 cell lines (32.87 + 4.87 ng/mg protein) was higher
if compared with the MDA-MB-435S cell line (5.45 + 1.32 ng/mg
protein). This indicates that the NB conjugation positively affects
the intracellular accumulation of the Ru(ir) polypyridyl complex.
Also, we performed confocal fluorescence microscopy exper-
iments. Notably, NB-Ru(11) showed a predominant membrane
staining even after 48 h of incubation at 37 °C, and only very little
intracellular fluorescence was observed. It confirms the site-spe-
cific biding of the NB-Ru(11) to the EGPR receptor. Unfortunately,
in contrast to expectations, conjugate 37 was found not to produce
reactive oxygen species (ROS) in cancer cells and is therefore not
phototoxic (IC >25 uM, IC >25 uM).

50, dark 50, 480 nm

4. Encapsulation of Ru Polypyridyl Complexes for
Selective Delivery

In the previous section, we discussed how we utilized recep-
tor-mediated uptake to achieve selectivity of our previously devel-
oped promising Ru complexes. At the same time, we are trying to
use a potential delivery vehicle to deliver our complex specifically
to the cancer cells. More precisely, in this effort, we utilized i) a
FDA-approved polymer with terminal biotin and folate group to
form nanoparticles, and ii) functionalized silica nanoparticles for
selective delivery to the cancer cells.

Previously, we found that complex 38 (Fig. 14) did not have
any photocytotoxicity despite ideal photophysical properties for
PDT applications. This was found to be due to a low cellular up-
take.l9 In collaboration with the Thomas group, we reported the
polymeric encapsulation of 38 to polylactide (PLA) (39) (Fig.
14).3221 PLA is a well-established, FDA-approved, biodegradable,
biocompatible, and aliphatic polyester for drug delivery applica-
tions. To synthesize the covalently bound Ru-containing polymer,
we used a ring-opening polymerization (ROP) technique with a
biologically friendly Zn initiator instead of commonly used toxic
Sn-based initiators. We characterized the nanoconjugate by NMR,
MALDI-TOF MS and dynamic light scattering (DLS). Polymers
of different molecular weights were synthesized from D,L-lac-
tide, L-lactide, and D-lactide. We then prepared nanoparticles of
different size. The influence of molecular weight, tacticity, and
nanostructure of the complex loaded polymer on the photothera-
peutic activity, cellular uptake, and photosensitizer release kinet-
ics was evaluated. The absorption and emission spectra did not
show much difference between the bioconjugate 39 in comparison
to 38. ICP-MS experiments revealed that the conjugate with the
higher chain length and hence hydrophobicity accumulated the
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Fig. 14. Chemical structures of conjugates based on RPCs for selective
PDT agents. The hydrophilic (blue) and lipophilic (green) parts as well as
biotin (red) are marked in colour.
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Fig. 15.1P (A =514 nm, A__ =
600-750 nm) and 2P (A = 800
nm, A__ = 600-750 nm) excited
Z-stack images after incubation
of NP (4.95 pM) for 12 hin a
500-600 pm cancerous adeno-
carcinomic human alveolar basal
epithelial (A549) MCTS (Above).
(Below) Z-axis images scanning
from the top to the bottom of an
intact spheroid every 7 ym, 3D
Z-stack of an intact spheroid.‘”
Copyright © 2020, American
Chemical Society.

most into the cells. In agreement with the uptake experiments,
photocytotoxicity studies revealed that this conjugate had, upon
light irradiation at 480 nm, an IC, value of 4.4 UM after 483 h
incubation in HeLa cells. Overall, this work demonstrates how to
tackle poorly cellular uptake to transform a non-photo toxic PS to
an active PS for PDT in a controlled fashion.

Following our earlier report on complex 24,171 we have found
a way to increase tumour selectivity by utilizing a FDA-approved
PEGylated phospholipid polymer. To do so, we functionalized this
polymer with biotin (vitamin B7) before complex encapsulation
(40) (Fig. 14).1401 In this context, it is important to mention that due
to a high proliferation rate, cancer cells have an unregulated vita-
min uptake receptor (sodium multivitamin transporter (SMVT)),
over the cell surface. Due to abnormal growth and arrangement,
tumours have also a leaky vascular system. The vasculature of the
tumour is markedly disorganized and twisted in comparison to
the vasculature of normal cells. Vascular endothelium in tumours
proliferate rapidly and discontinuously, resulting in a greater
number of open fenestrations and unions than in normal vessels.
Therefore, the EPR effect permits the accumulation of molecules
of certain size (typically liposomes, nanoparticles, and macromo-
lecular drugs) in tumour tissues much more than they do in normal
tissues. Hence, we targeted both SMVT and the permeability and
retention effect (EPR)-mediated uptake to deliver our complex.

Importantly, upon encapsulation, the luminescence quantum
yield (@, ,=0.9%, @_ ,=3.1%) in water increases drastically
and even little more than observed in acetonitrile (d)m 5 = 2-8%).
Further confocal microscopic studies indicated their selective ac-
cumulation inside the lysosome, which is further confirmed by the
quantification of Ru in lysosome by ICP-MS experiments. The
cellular uptake studies with different inhibitors and the complex
revealed that the complex is used mainly in the SMVT mediated
uptake and the endocytosis pathway. Strikingly, we also observed

Fig. 16. In vivo PDT study of

1P (Aex = 514 i, Aem = 600 —750 nm)

2P (hex =800 nm, Aew = 600 —750 nm)

that NP uptake was around 20 times higher in SMVT overex-
pressed A549 cells in comparison to noncancerous human lung
fibroblasts (HLF) cells. The NPs showed much less toxicity in the
dark (IC,, > 494.7 uM) against all of our tested cells but the toxic-
ity increased upon light exposure (IC_, 1P =3.2-3.6 uM, IC, , 2P
=3.2-3.5 uM) with PI, >139 — >155. Our complex-encapsulated
NP is also cytotoxic against cisplatin-resistant A549 cells and a
higher decrease in cytotoxicity was observed against noncancer-
ous HLF cells (IC,, IP=48.1 uM, IC, , 2P = 48.2 uM). The NPs
can activate caspase-3/7 and follow the apoptosis pathway for cell
killing. From confocal microscopy studies, we observed the accu-
mulation of the Ru complex inside the core of spheroids (Fig. 15).
The NPs showed low micromolar 1P and 2P phototoxicity against
MCTS with PI >108.7 and >113.6 respectively. In addition, dur-
ing in vivo studies, using the same amount of the Ru(1r) polypyri-
dine complex, the particles were found to accumulate 8.7 times
more inside the tumour than the complex alone, demonstrating its
cancer-targeting effect. Upon light exposure at clinically relevant
1P (500 nm) or 2P (800 nm) excitation, the nanoparticles were
found to have a high phototoxic effect of eradicating a tumour
inside a mouse model (Fig. 16) with no pathological alteration of
organ tissue.

Based on the promising results of complex 40, we further ex-
plored the potential of this type of delivery system with the anal-
ogous polymer with terminal folic acid groups. Folate receptors
(FRs), which are involved in the uptake of folic acid, exist in three
different isoforms (o, B, and ). Among them, FRo is expressed
at very low levels in healthy cells. Still, it is highly up-regulated
on the cell surface of a wide variety of cancer cells, including
ovarian, kidney, brain, triple-negative breast and colon cancer.
Therefore, it is a well-established target for selectively deliver
PDT agents. With this in mind, our group prepared folate-targeted
Ru(1r) nanoparticles.!l More specifically, we described the en-

B) 8004m S00nm_yp 800 nm 500 nm Control
I y

T e e G S

e Gma. @
v e g e
a @

A549-bearing nude mice. (A) A) 1000-
Tumour growth inhibition curves o —a— Control
upon 1P (500 nm, 10 mW/ [ —+—Light 500 nm
cm2, 60 min) or 2P (800 nm, £ 800+ __:_h'gmano n
50 mW, 1 kHz, pulse width of ; —+— Light 500 nm + NP
35 fs, 5 s/mm) treatment. (B) £ 5o «—eHaht 300 nm NP
Representative photographs =
of tumours harvested 15 days >° . ‘
after the treatment.” Copyright i =
© 2020, American Chemical g
Society. = 200+

=

O T T ;- : T T ]i f
1 & % & 1% 84 185




PHOTOCHEMISTRY

853

CHIMIA 2021, 75, No. 10

capsulation of [Ru(phen)2(4,4'-dimethy1-2,2'—bipyridine)]2+ into
DSPE-PEG, -folate (41, Fig 17). Importantly, upon encapsu-
lation, the absorption and emission spectra of nanoparticles 41
were found to be similar to the Ru(11) polypyridyl complex itself.
Having established the photophysical properties of nanoparticles
41, we focused on investigating photocytotoxicity towards can-
cerous human ovarian carcinoma (A2780) and its corresponding
cisplatin resistant (A2780 CIS) and doxorubicin resistant (A2780
ADR) cell lines. It is well-known that these cell lines overex-
pressed the FRo. (0.8 pmol/mg) contrary to the noncancerous hu-
man normal lung fibroblast (MRC-5) cells, which have a level of
the FRo. in the normal range (0.6 pmol/mg). While the Ru com-
plex showed toxicity in the dark in the micromolar range (IC,, =
4.17-9.53 uM), the corresponding nanoformulation NPs did not
show any toxicity in the dark (IC,, > 100 uM). This work clear-
ly demonstrates that the encapsulation of the Ru(1r) polypyridyl
complex (21) may drastically decrease undesired dark toxicity.
Upon irradiation at 480 or 595 nm, a phototoxic effect in the mi-
cromolar range for Ru (IC, ) = 0.27-0.72 uM) and NPs (IC,, =
2.64—-63.8 uM) with high phototoxic indices (PI) for NP of up to
>37.9 uM was determined. Notably, the nanoparticles were found
to have a significantly higher phototoxicity in the ovarian cancer
cell lines (IC ) = 2.64-3.92 uM), which overexpresses the folate
receptor, compared to the lung fibroblast cell line (IC,, = 40.51-
63.83 uM), which has a normal level of the folate receptors, sug-
gesting a folate targeting effect. The selective accumulation of the
Ru(1r) complex into the cancer cells was determined by ICP-MS.
The uptake of NPs (25 uM, 4 h) in A2780 was higher, 8-times
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M

=

~

N.__N__NH
PeQs
o b SN
AMN = o
00 ©

O/
SN N
oS~ \/\H/\/ =
0

[e]
o? H
= éO,S'I\/VNV\N/\/NvO =
H

more, in comparison with the value in MRC-5 cells. Following
these promising biological experiments, we explored the use of
these novel NPs in 3D multicellular tumour spheroids (MCTS).
Promisingly, the nanoparticles did not have a cytotoxic effect in
the dark. Irradiation with red-light engendered phototoxicity in
the lower micromolar range (IC, .o = 9.62 £ 0.93 uM, PI >
10.4). Overall, these results indicate that the NPs are able to pen-
etrate a 3D MCTS and to act as a PDT PS at 595 nm.

Very recently, our group, in collaboration with the team of
Gomez-Ruiz described the attachment of Ru(i) polypyridyl
complexes into mesoporous silica nanoparticles (MSNs).[42]
This type of particle presents some advantages compared to
the standard nanoparticles like their lower price and synthetic
accessibility. For this purpose, we derivatized the MSNs with
folic acid to increase the selectivity for cancer cells over healthy
cells. As mentioned before, the folic acid receptor is overex-
pressed in different cancer cells. Therefore, we synthesized
complexes 42 and 43 (Fig. 18), analogues of [Ru(bphen),(4,4'-
dimethyl-2,2'-bipyridine)]. The photophysical properties of the
Ru(1r) polypyridine complexes and corresponding conjugates
(MSNs and MSNs-FA) are in the same range as the previously
reported compound 21.1281 Importantly, the observed lifetimes
strongly decreased in the presence of air, suggesting that mo-
lecular oxygen (°0,) can interact with the excited state of the
Ru(1) polypyridine complex to generate singlet oxygen ('O,).
All silica nanoparticles were found to be nontoxic in the dark
in the tested cell lines. The potential targeting of folate recep-
tor overexpressing cancer cells was evaluated by comparison

Fig. 17. Chemical structures of
the Ru(i) polypyridine complex
and polymers used for nanoparti-
cle formulations. The hydrophilic
(blue) and lipophilic (green) parts
as well as folate (red) are marked
in colour.1
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Fig. 18. Chemical structures of
complexes 42 and 43, and syn-
thesis of the Ru(i) polypyridine
complex and folic acid-function-
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of the cytotoxicity between noncancerous human normal lung
fibroblast (MRCS) cells, which have folate receptors in the nor-
mal range, with cancerous human ovarian carcinoma (A2780)
cells, which are well-known to have an overexpressed number
of folate receptors. The particles without attached FA caused a
phototoxic effect upon irradiation at 480 or 540 nm in the low
nanomolar range without differentiating between cancerous and
noncancerous cells. On the contrary, the MSNs with FA upon
irradiation at 540 nm showed interesting IC_ values (> 500 pg/
mL; > 133-360 nM) in MRCS5. In contrast, the A2780 showed
IC, in the lower nanomolar range, according to the overexpres-
sion of the folate receptor. (IC, ., = 43-159 pg/mL; 31-42
nMand IC, .,/ =61-187 ug/mL; 44-50 nM).
5. Heterometallic Ruthenium (i)-Platinum(iv)
Complexes

Platinum(1r)-based drugs are widely used in chemotherapy to
treat almost all types of cancer.[*31 The main target of these drugs is
DNA: they bind to DNA, which eventually stops DNA synthesis.[43]
The first Pt(11) complex to be approved by the FDA, namely cis-
platin (Fig. 19A), showed numerous serious side effects due to
its kinetic lability.[*l Therefore, the next generation of anticancer
platinum (11) drugs, Carboplatin and Oxaliplatin (Fig. 19A), con-
tain a bidentate oxo-ligand to impart kinetic inertness in the blood-
stream. Also, some side effects have been reduced. In this context,
octahedral Pt(1v) complexes are kinetically much more inert than
Pt(i1) complexes. At present, there is a growing interest in the de-
velopment of Pt(1v) anticancer agents because of the inertness of
the low-spin d6 Pt(1v) centre to ligand substitution reactions. This
minimizes undesired side-reactions with biomolecules prior to
DNA binding. The Pt(1v) complexes used in anticancer research are
usually composed of six ligands: two are classified as non-leaving
groups, two as leaving groups (such as in conventional Pt(11) com-
plexes), and two extra ligands which occupy the two axial positions
(Fig. 19B). These two additional positions offer the possibility of
modifying the lipophilicity and solubility of the complex, as well
as facilitate the attachment of targeting ligands. The structures of
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Fig. 19. A) Clinically approved platinum drugs to treat cancers, B) Most
relevant examples of Pt(v) pro-drug and C) Chemical structures of a het-
erometallic Ru(i)-Pt(v) complex, 44.

four relevant examples of Pt(1v) complexes (Ormaplatin, Iproplatin,
Satraplatin and LA-12.) are shown in Fig 19B. Pt(1v) complexes
behave as pro-drugs. They are activated upon reduction from Pt(1v)
to Pt(11) by cellular reducing agents like glutathione, ascorbic acid,
etc. After the first activation, the second activation process is sim-
ilar to other Pt(i1) complexes, i.e. by aquation and further binding
to DNA to stop replication. Importantly, trans,cis,cis-bis(acetate)
amminecyclohexylaminedichlorido platinum(1v) (Satraplatin) was
the first platinum agent reported to have oral activity, which was ac-
complished by improving lipophilicity and stability. In preclinical
studies, Satraplatin showed a better toxicity profile than cisplatin,
including in cisplatin-resistant human tumour cell lines, like the
other Pt(1v) complexes that we mentioned before.

In collaboration with the Gibson group, we developed a novel
Pt(1v)—Ru(mr) bimetallic complex (44), which combines a Ru-based
PDT PS and classical chemotherapy based on Pt(1v) (Fig. 19C).[43]
In our case, the axial ligands including the Ru(ir) complex and phe-
nylbutyrate are released after Pt(1v) reduction. Phenylbutyrate is
an important adjuvant anticancer drug.[*31 We evaluated the pho-
tophysical properties of the Ru(ir) and Ru(1)-Pt(1v) complexes.
The absorption and emission spectra of the Ru(ir) and Ru(1)-Pt(1v)
complexes were relatively similar (abs: 438 and 462 nm, em: 623
nm, respectively). As expected, biological studies revealed differ-
ences between the Ru(ir) and the Ru(ir)-Pt(1v) complexes. The IC,
values of 44 against HeLa cells upon light irradiation at 595 nm
were lower compared to the Ru(1r) complex (IC :13.56 uM and
3.26 UM, IC, ¢ 1.65 uM and 0.31 UM and ICSO’ sos: 0-58 UM
and 0.13 uM, Ru(11) and Ru(1)-Pt(1v), respectively). Similar values
were obtained on different cell lines, RPE-1 and A2780.

Interestingly, complex 44 showed a much higher phototoxicity
activity with IC_; values in the nanomolar range. These values are
lower than similar types of Ru-Pt bimetallic complexes!“! or the
heterometallic Ru(m)-Pt(11) developed by the Zhou group.*’! As a
comparison, their reported bimetallic complex (containing four Pt-
centres and two Ru-centres) had IC, = 3.3 uM against HeLa cells
upon exposure to 450 nm light™7! whereas complex 44 had had IC,
= 130 nM against HeLa cells upon exposure of 595 nm light.

50, dark”

6. Conclusion

Ru(r) polypyridyl complexes are effective photosensitizers
for PDT because of their ability to produce ROS upon visible light
absorption and their easily tunable photophysical properties. In
recent years, important efforts were made by our group to develop
more suitable photosensitizers for therapeutic uses. Hence, in this
review, we have discussed our current advancements, highlighting
the most important achievements over the last 4 years.

For example, we have successfully introduced a series of new
phototoxic (500-800 nm) RPCs based on a theoretical TD-DFT
guided designing method. Strikingly, one of these complexes
can eradicate tumours completely upon excitation at 595 nm
(1P-PDT) and 800 nm (2P-PDT). Nevertheless, these complex-
es are non-selective for cancer cells. Therefore, we are currently
actively trying to achieve selectivity by attaching bioactive mol-
ecules to our complexes or by encapsulating them into polymers.
As a highlight, we encapsulated the complex into a biotin-con-
taining polymer, allowing for its higher accumulation in tumours
xenographted in mice.
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