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Metal—coumarin derivatives as promising
photosensitizers: unlocking their cancer
phototherapy potentialy

® Elena de la Torre-Rubio, {2°

2 Vicente Marchan 2 *® and

Gloria Vigueras, (2 ? Eduardo Izquierdo-Garcia,
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José Ruiz (2)*@

The coumarin scaffold exhibits remarkable chemical adaptability, allowing modifications at nearly every
position. This versatility enables precise customization of its photophysical, photochemical, physico-
chemical, and biological properties both for bioimaging and therapeutic applications. Transition metal
complexes with photofunctional capabilities have also garnered significant attention as light-activated
drugs due to their diverse and well-established photophysical and photochemical characteristics, facilitat-
ing numerous biomedical applications. In this context, both coumarin derivatives and transition metal
complexes have been extensively employed in light-induced therapies, including photodynamic therapy
(PDT) for cancer treatment. PDT, a clinically approved treatment modality for various medical conditions,
relies on the use of light-activated drugs, known as photosensitizers (PSs), which are activated by specific
wavelengths of light to generate cytotoxic reactive oxygen species (ROS) capable of eliminating cancer
cells. This review offers a comprehensive analysis of the strategic development of advanced metal-based
PSs incorporating coumarin derivatives, emphasizing the unique photophysical, photochemical and
photobiological properties provided by the coumarin scaffold. The discussion is systematically divided
into two major sections based on the integration approach of the coumarin within the metal complexes:
1. metal complexes with coumarin attached via non-conjugated linkers. This section details cases where
coumarin is indirectly linked to the metal center. 2. Metal complexes with coumarin integrated into
ligands. This section explores systems where the coumarin is directly involved in the metal coordination
sphere, either through direct bonding or via conjugated linkers that enhance electronic interactions with
the metal center. This structured approach facilitates an in-depth comparison and analysis of design strat-
egies for these innovative therapeutic agents. Special attention is given to metal-COUPY conjugates, fea-
turing cyclometalated Ir(n) or Ru() complexes, and Ru()—COUBPY complexes, where the coumarin
scaffolds are incorporated into Ru(i) polypyridyl complexes through a bipyridine ligand.

characterized by a benzene ring fused to a pyrone moiety
(Fig. 1). The coumarin scaffold is widely found in numerous

a. Coumarins: general structure and biological relevance

Coumarins derive their name from “Coumarou”, the French
name for the tonka bean (Dipteryx odorata Willd., Fabaceae),
from which the simplest coumarin was first isolated in 1820.
These aromatic compounds belong to the benzopyrone family,
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plants, as well as in certain fungi and bacteria, where it is bio-
synthesized as a secondary metabolite, primarily via the shiki-
mic acid pathway. In recent years, both naturally occurring
coumarins and their synthetic derivatives have garnered
increasing attention due to their broad range of biological
activities, largely attributed to their ability to interact with
various enzymes and molecular targets in living systems.'
Coumarin-based compounds are widely used as pesticides,’
food additive,’ perfumes and cosmetics,” allelopathic agents,’
anticancer and antibacterial agents,®” anticoagulants,® and in
various other industrial and therapeutic applications.’

The numbering of coumarin atoms starts from the lactone
oxygen, which is assigned as number 1, increasing consecu-
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therapeutic

tively as shown in Fig. 1. The structure of the coumarin can be
easily modified, allowing for the fine-tuning of their physico-
chemical and biological properties through the incorporation
of different substituents at key positions of the backbone.
Various synthetic approaches, such as the Pechmann,
Knoevenagel, and Perkin reactions, have been employed for
the synthesis and functionalization of a wide variety of cou-
marin derivatives.'® Coumarins can be broadly classified into
four main categories: simple coumarins, pyrone-substituted
coumarins, furanocoumarins and pyranocoumarins. Simple
coumarins are characterized by the presence of alkyl, alkoxy,
hydroxyl or amino substituents on the benzene ring, with
Umbelliferone serving as a representative example.
Furanocoumarins such as Psoralen consist of a five-membered
furan ring fused to the benzene ring and are typically used in
the treatment of skin diseases through psoralen-based photo-
chemotherapy (PUVA).'" Visnaline, is a representative example
of a pyranocoumarin containing a six-membered pyran ring
fused to the benzene ring exhibiting analgesic and anti-inflam-
matory properties.">"® Lastly, pyrone-substituted coumarins
are distinguished by the functionalization of the pyrone
moiety at either the third or fourth carbon position, with
Warfarin being widely used as an anticoagulant drug.

The coumarin scaffold exhibits exceptional chemical versati-
lity, allowing for modifications at almost any position. This flexi-
bility enables precise tailoring of its photophysical, photochemi-
cal, physicochemical, and biological properties to suit specific
applications. Among their diverse applications, coumarin deriva-
tives are particularly notable as organic fluorophores due to
their relatively high fluorescence quantum yields, large Stokes’
shifts, and excellent cell membrane permeability."* Coumarin-
based fluorophores (CBFs) are invaluable tools in the fields of
sensing and molecular detection. For example, they can be used
for the detection of inorganic ions, as well as amino acids and
peptides."”™” CBFs have also been applied for pH and micro-
environment polarity detection, serving as fluorescent probes for
materials and fluorescent labels for bioimaging.'®

While the original 2H-chromen-2-one structure exhibits
limited fluorescence, CBFs’ absorption and emission spectrum
can be fine-tuned through strategic backbone modifications.
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A key approach in designing new CBFs involves the introduc-
tion of electron-donating groups (EDG) at position 7 (e.g
hydroxyl, alkoxy or N,N-dialkylamino substituents) that partner
with the electron-withdrawing lactone to create a push-pull
effect along the & system, but also electron-withdrawing groups
(EWG) at positions 3 or 4 (e.g. trifluoromethyl, ester, or cyano
groups), which can also induce a red-shift in absorption and
emission maxima. Expanding the m-conjugation system rep-
resents another widely used strategy for tuning optical pro-
perties of the coumarin scaffold, often achieved by incorporat-
ing polymethine bridges or bulky aromatic moieties through
position 3, including the attachment of other organic fluoro-
phores such as pyrene, hemicyanine, or BODIPY.'® >

Despite huge synthetic efforts dedicated to the coumarin
scaffold, little work has been devoted to modifying the lactone
function to develop new CBFs. As shown in Fig. 2, both the
thionation of the carbonyl group®® and the incorporation of a
dicyanomethylene group>*>> have been described to cause sig-
nificant red-shift in the 7-N,N-diethylamino series compared to
the original coumarin, leading to green light emission. In
2018, Marchan et al. were pioneers in describing a new family
of CBFs, named COUPYs, that arise from the incorporation of a
cyano(1-alkyl-4-pyridin-1-ium)methylene motif at the 2-position
of the coumarin backbone. This structural modification
endows COUPY dyes with tunable photophysical properties,
including far-red and near-infrared (NIR) emission and large
Stokes’ shifts (Fig. 2).>°*° COUPY dyes inherently accumulate
in mitochondria owing to their positively-charged
N-alkylpyridinium moiety, and have been successfully used to
fluorescently label peptides®® and lipids.*! Additionally, as
described in the following sections of this review, COUPY
fluorophores show great potential as phototherapeutic agents,
whether in their free form,** nanoencapsulated®® or when con-
jugated and/or integrated with transition metal complexes.**>°

b. Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is a clinically approved treatment
for various medical conditions. It is particularly effective for
pre-cancerous lesions of the skin and esophagus, and is also
used to treat advanced cancers in the head, neck, bladder,
prostate and lungs.*>*! PDT involves the use of a photosensiti-
zer (PS) drug that, when exposed to a specific wavelength of
light, produces a variety of cytotoxic reactive oxygen species
(ROS) that are capable of destroying cancer cells. This therapy
is minimally invasive and can be repeated multiple times at
the same site if necessary. This makes PDT a flexible and
patient-friendly option for treating various conditions, as it
allows for ongoing treatment without significant discomfort or
recovery time. The molecular design of the PS plays a critical
role in the efficacy of PDT, as key factors such as photoactiva-
tion wavelength, ROS generation efficiency, photostability, cel-
lular uptake, biodistribution and dark toxicity directly influ-
ence treatment outcomes. Optimizing these parameters
ensures that the PS can effectively target and destroy cancer
cells while minimizing damage to surrounding healthy
tissues. From a mechanistic point of view, the PS, upon

This journal is © the Partner Organisations 2025
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Fig. 2 Rational design of COUPY fluorophores.

exposure to light, transitions to a triplet excited state (*PS*). In
this state, the PS can either transfer an electron (type I PDT) or
energy (type II PDT) to molecular oxygen within the targeted
tissues (Fig. 3), leading to the formation of ROS that can
induce three main therapeutic effects: (i) direct oxidative
damage to cancer cells by affecting nucleic acids, proteins, and
lipid membranes; (ii) vascular damage that depletes oxygen
and induces hypoxia; and (iii) activation of the immune
response.*> The combined mechanisms contribute to PDT’s
strong anticancer efficacy while minimizing undesired side
effects, making it an increasingly popular and well-researched
therapeutic approach.

From a chemical perspective, PSs are generally classified
into two main categories: organic and metal-based. Among
organic PSs, coumarin derivatives have attracted considerable
attention due to their structural versatility and the ease with
which their photophysical and photochemical properties can
be tuned. Other major families include PSs based on the tetra-
pyrrolic scaffold (e.g. porphyrins, chlorins and phthalocya-
nines), BODIPY dyes, xanthenes, cyanines, and phenothia-
zines. Interestingly, some coumarins, porphyrins, and chlorins
are of natural origin, underscoring the vital role of nature-
derived scaffolds in the design of modern phototherapeutic
agents.”® A key limitation of organic PSs is their relatively low
efficiency in undergoing intersystem crossing (ISC) to access
the triplet excited state, particularly when compared to their
metal-based counterparts. Traditionally, this challenge has
been addressed by incorporating heavy atoms (e.g., bromine or
iodine) into the molecular structure to enhance ISC via the

habs = 500-650 nm s
hom = 600-700 nm '} @
COUPYs

Aem =520 nm

“heavy atom effect”. More recently, however, increasing atten-
tion has been directed toward the development of heavy-atom-
free organic PSs that facilitate ISC through alternative strat-
egies, such as spin-orbit charge transfer or twisted
n-conjugation.*® These approaches offer promising avenues for
achieving efficient triplet state generation while reducing
potential toxicity and improving biocompatibility.

Hypoxia is a hallmark of solid tumors, resulting from rapid
cancer cell proliferation and inadequate vascularization.*®
While normal tissues maintain oxygen levels between
40-60 mmHg, many solid tumors experience levels below
10 mmHg.*® This oxygen deficiency triggers adaptive
responses, that promote tumor survival, angiogenesis, meta-
stasis, and therapy resistance, ultimately driving disease pro-
gression, recurrence, and poor patient outcomes.*” One of the
major limitations of currently marketed PSs is their reduced
efficiency in generating ROS within the hypoxic tumor micro-
environment. This is because most of them primarily operate
through the type II mechanism, which is highly dependent on
oxygen concentration. To overcome this limitation, two key
strategies have been explored: (i) developing PSs that operate
through both type I and type II mechanisms, which enables
the generation of ROS other than singlet oxygen (*O,), such as
superoxide (‘O,7) and hydroxyl ("OH) radicals, even under low-
oxygen conditions;*®*® (ii) integrating oxygen-releasing
systems to locally increase oxygen availability.’®”" More
recently, a type III PDT mechanism has been proposed, in
which the PS can directly damage biological molecules even in
the absence of oxygen.>>*
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Fig. 3 Jablonski diagram illustrating type | and type Il mechanisms of PDT.
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c. Coumarins as PSs in PDT

Coumarins have been widely used in light-induced therapies
due to their optimal photophysical properties and high biocom-
patibility. The strong fluorescence and high photostability of
certain coumarin derivatives, combined with their ability to
photogenerate ROS, make them promising candidates for PDT.
As previously indicated, psoralens have been exploited in PUVA
therapy for treating various skin conditions, such as psoriasis,
vitiligo, and cutaneous T-cell lymphoma. In PUVA therapy, psora-
lens are administered either topically or orally, and then the
affected skin is exposed to UVA light.***® While both PUVA and
PDT involve light-activated treatments, they differ significantly
in their mechanisms and applications. PUVA uses psoralens and
UVA light (320-400 nm) as the light source. In contrast, PDT
employs various families of PSs (e.g, porphyrins, chlorins,
phthalocyanines or metal complexes) that are activated by longer
wavelengths of light (>400 nm). Furthermore, the main mecha-
nism of PUVA involves DNA cross-linking through photoinduced
[2 + 2] cycloaddition reactions, which inhibit cell division, while
PDT induces direct oxidative damage to cellular components
through the generation of ROS.

In PDT, ROS generated during PS irradiation are highly
reactive and short-lived, with lifetimes ranging from 0.03 to
0.18 ps in biological environments. These ROS also have
limited diffusion distances (0.01-0.02 pm) within cells.
Therefore, the precise subcellular localization of the PS is
crucial for maximizing its phototoxic effects and ensuring
effective treatment outcomes.’® As a result, extensive efforts
have been focused on developing organelle-targeted PSs to
enhance PDT efficiency by directing ROS generation to critical
organelles such as mitochondria, lysosomes, endoplasmic reti-
culum and lipid droplets.”” In 2021, the groups of Marchan
and Ruiz reported the therapeutic applications of COUPY cou-
marins in the context of anticancer PDT.*> The (photo)cyto-
toxicity of 15 COUPY derivatives was assessed in cancerous
(HeLa, A2780) and non-cancerous (CHO, BGM) cell lines,
enabling the establishment of structure-activity relationships
(SAR) and the identification of three lead compounds (Cou1-3,
Fig. 4). Among them, Cou3 exhibited the highest phototoxic
activity against HeLa cells upon visible-light irradiation, under
both normoxic (IC5,%™ = 2.0 = 0.3 uM, IC5,"8™ = 0.028 +
0.004 pM, PI = 71.4) and hypoxic (IC5,*™ = 17 + 3 uM, IC;,"™
= 0.56 + 0.09 pM, PI = 30.4) conditions, while demonstrating
preferential toxicity toward cancer cells over non-cancerous
cells. Confocal microscopy confirmed the selective mitochon-
drial accumulation of COUPY derivatives, driven by their posi-
tively charged pyridinium moiety, while flow cytometry vali-
dated the ability of Cou3 to induce mitochondrial depolariz-
ation. Mechanistic studies identified ROS generation as the
primary cytotoxic mechanism under light irradiation, with
peroxyl radicals (ROO") prevailing under normoxia and singlet
oxygen ('0,) under hypoxia, ultimately triggering apoptosis
and/or autophagy as the main cell death pathways.

In a later study, the same groups further enhanced the PDT
performance of Cou3 by employing a pH-responsive poly-

4358 | Inorg. Chem. Front.,, 2025, 12, 4355-4375

View Article Online

Inorganic Chemistry Frontiers

urethane-polyurea hybrid nanocapsule formulation.*® This
strategy improved tumor targeting, photostability, ROS gene-
ration, and in vitro phototoxicity against HeLa cells upon red
light irradiation while reducing dark toxicity, leading to signifi-
cantly higher phototoxicity index (PI) values compared to the
free compound (255 for NC-Cou3 vs. 30 for Cou3). Notably,
NC-Cou3 displayed a notable growth inhibitory effect against
HeLa multicellular tumor spheroids (MCTSs) when subjected
to red light (630 nm, 89 mW cm™>, 30 min), highlighting its
antitumoral potential in a clinically relevant model.

Zhao et al. reported a series of coumarin dyes, where a
cyano(N-alkyl-4-pyridinium)methylene motif was attached to
the C3 position of the coumarin backbone via an alkene
bridge, instead of the 2-position as seen in the COUPY dyes.>®
Among them, Cou4 exhibited moderate in vitro phototoxicity
against HeLa and CT-26 cells (IC5, 8™ ~ 10 uM) under white
light irradiation, although it was found to inhibit tumor
growth in a murine subcutaneous tumor model of CT-26 cells
(Fig. 4). Coumarins have also been conjugated with other
chromophores to develop novel PSs with enhanced photobiolo-
gical properties, being Cou5-Coul0 some representative
examples.>*"¢*

d. Role of metal complexes in phototherapy. Scope and
objectives of this review

Transition metal complexes with photofunctional properties
have gained considerable interest as PSs due to their rich
photophysical and photochemical characteristics, which
enable applications in bioimaging and therapeutic contexts,
including PDT.>***%® Metal complexes may offer several
advantages over conventional organic PSs. The incorporation
of a heavy metal center enhances spin-orbit coupling (SOC),
which promotes intersystem crossing (ISC) and facilitates the
efficient formation of triplet excited states, leading to high
quantum yields for ROS generation. Additionally, these com-
pounds demonstrate excellent photostability, allowing for
effective ROS production at low concentrations while minimiz-
ing systemic toxicity and post-treatment photosensitivity. The
structural versatility and synthetic tunability of metal com-
plexes enable precise control over their photophysical pro-
perties and biological activity through careful selection of the
metal center and ligands.>® Due to these unique benefits, tran-
sition metal complexes have rapidly advanced as potential PSs
for PDT in cancer treatment. Notably, the Ru(u) polypyridyl
complex TLD1433 has shown significant promise and has
reached phase II clinical trials (NCT03945162) for the PDT-
based intravesical treatment of non-muscle invasive bladder
cancer using green light.*® Based on these promising results,
efforts are currently focused on the development of new metal-
based PSs with operability at long wavelengths (500-800 nm)
to achieve deep tissue penetration and treat large, hypoxic
solid tumors.*”

In this review, we present a detailed and comprehensive
overview of the strategic design to develop innovative metal-
based PSs by taking advantage of the unique photophysical
and physicochemical properties of the coumarin scaffold. Our

This journal is © the Partner Organisations 2025
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focus is on the structural diversity, photophysical and photo-
chemical characteristics, and the phototherapeutic efficiency
of PDT agents based on metal-coumarin derivatives. The
review is systematically organized into two main sections
based on the mode of integration of the coumarin into metal
complexes:

1. Metal complexes where the coumarin fragment is
attached to a ligand via a non-conjugated linker. This section
explores systems where the coumarin is indirectly linked to the
metal center.

2. Metal complexes where the coumarin is integrated into a
ligand. This section examines cases where the coumarin plays
a more direct role in coordination, either as a directly co-
ordinated ligand or through conjugated linkers that enhance
electronic communication between the coumarin and the
metal center.

By categorizing the review in this manner, we aim to provide
a clear and organized understanding of how coumarin inte-
gration influences the overall properties and efficacy of metal-
based PDT agents. This structured approach allows for a more
thorough comparison and analysis of the various strategies
employed in the design of these advanced therapeutic agents.
Particular emphasis is placed on metal-COUPY conjugates,
where the metal complex is either a cyclometalated Ir(ur) or Ru(u)
complex. Additionally, we focus on Ru(u)-COUBPY complexes, in
which the coumarin ligand is integrated into the coordination
sphere of a Ru(n) polypyridyl complex via a bipyridine ligand.

II. Metal complexes where the
coumarin fragment is attached to a
ligand via a non-conjugated linker
a. PSs based on Ir(1)-COUPY conjugates

In 2019, Marchan, Ruiz, Brabec et al. described for the first
time a cyclometalated Ir(m) complex conjugated to a COUPY

This journal is © the Partner Organisations 2025
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coumarin®® (Ir-COUPY-1, Fig. 5) as a new class of PSs that
takes advantage of the photophysical properties of the organic
fluorophore to enable activation at longer wavelengths com-
pared to the metal complex alone. This PS exhibited promising
PDT activity under both normoxic and hypoxic conditions
upon visible light irradiation, the latter feature attributed to
the photogeneration of type I superoxide ROS. The synthesis of
the Ir(m)-COUPY conjugate involved forming an amide bond
between the amino and carboxylic groups incorporated at key
positions of the parent COUPY dye (COUPY-a) and the iridium
complex (Ir1), respectively. Ir-COUPY-1 was found to be water-
soluble and highly stable in cell culture media.

The UV-Vis spectrum of Ir-COUPY-1 was dominated by a
strong absorption in the visible region of the electromagnetic
spectrum due to the coumarin moiety, with a band centered
around 550-565 nm depending on the solvent’s polarity. The
significant decrease in both the intensity and lifetime of the
coumarin fluorescence in the conjugate indicated the existence
of competitive excited-state processes. Conjugation of the
metal complex to COUPY-a also resulted in a higher singlet
oxygen quantum yield (®,) in organic solvents compared to
the coumarin alone upon irradiation with green light.
However, none of the evaluated compounds exhibited singlet
oxygen production in aqueous medium.

Thanks to the coumarin moiety, the cellular uptake of Ir-
COUPY-1 in living HeLa cells could be easily studied by con-
focal microscopy using yellow light excitation. This revealed
accumulation in the cytoplasm, contrasting with the parent
COUPY dye that accumulates in the mitochondria. The com-
pound showed no cytotoxicity in the dark (ICs, > 200 uM)
towards HeLa cells, whereas COUPY-a and Irl displayed mod-
erate cytotoxicity. However, under low doses of green (21 J
em~?) or blue (28 J em™?) light, the ICs, values were 2.51 and
1.32 pM, yielding PI values of 85 and 161, respectively. The Ir
(u)-COUPY conjugate maintained its high photocytotoxicity
under hypoxic conditions (2% O,), with a hypoxia index (HI)
close to 1. This index, defined as the ratio of light ICs, in nor-
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Fig. 5 Structures of Ir(i1)—COUPY PSs based on the conjugation of COUPY dyes and cyclometalated Ir(i) complexes.

moxia to light IC5, in hypoxia, provides an idea of the potency
of a given PS under hypoxia compared to normoxia (21% O,).
These results confirmed a strong phototoxic effect of the Ir(u)-
COUPY PS even under challenging hypoxic conditions, com-
pared with the non-conjugated parent compounds, particularly
under green light irradiation.

ROS photogeneration studies in HeLa cells indicated that
Ir-COUPY-1 generated significantly more ROS than Irl and
COUPY-a. The use of various ROS scavengers confirmed that
the primary ROS produced by Ir-COUPY-1 was "O, ", making it
a promising type I PS. This was a significant improvement over
the iridium complex alone, which primarily produces singlet
oxygen. The production of superoxide by Ir-COUPY-1 was
further confirmed in the absence of cells through spectro-
scopic methods using the DHR123 probe and electron para-
magnetic resonance (EPR),>” and correlated with cell death
according to cellular viability experiments in the presence of
the superoxide tiron scavenger. The ability of Ir-COUPY-1 to
function under hypoxia highlighted the potential of metal-
COUPY conjugates as promising PS candidates for treating
hypoxic tumors, which are resistant to traditional PDT that
relies mainly on singlet oxygen photogeneration.

Ir-COUPY-1 also showed promising results for the PDT
treatment of prostate cancer.® It was found to effectively elim-
inate both differentiated prostate cancer cells and prostate
cancer stem cells (CSCs), which are often resistant to conven-
tional therapies, making it significant for preventing cancer

4360 | /norg. Chem. Front., 2025, 12, 4355-4375

relapse and metastasis. The compound was able to penetrate
the inner layers of 3D tumor spheroids, enhancing its thera-
peutic effect and showing high selectivity for tumor cells over
noncancerous cells. Ir-COUPY-1 was shown to induce apopto-
sis and autophagy, likely due to ROS generation under green
light irradiation, contributing to its effectiveness. All these
findings suggest that Ir-COUPY-1 PS holds great potential to
treat aggressive and resistant forms of prostate cancer.

Two subsequent studies focused on synthesizing a series of Ir
(m)-COUPY conjugates (Ir-COUPY-2-6; Fig. 5) to explore struc-
ture-activity relationships (SARs).>’*® The primary aim of the
first study®” was to assess how structural modifications within
the COUPY scaffold influenced the photophysical, photochemi-
cal and photobiological properties of the resulting Ir(m)-COUPY
PSs (Ir-COUPY-2-5). As shown in Fig. 5, the original cyclometa-
lated Ir(m) complex Irl was conjugated to three COUPY dyes
using either flexible or rigid linkers. As expected, the absence of
the N,N-diethylamino EDG at the 7-position of the coumarin
moiety resulted in a significant blue-shift of the A of Ir—
COUPY-2 (451 nm vs. 555 nm for Ir-COUPY-1 in ACN). In con-
trast, the introduction of a julolidine-fused analogue caused a
red-shift in both absorption and emission maxima (Aups =
580 nm and Ay, = 647 nm for Ir-COUPY-3 in ACN) compared to
the original Ir-COUPY-1 (ca. 25 and 32 nm, respectively).
Conjugates Ir-COUPY-4 and 5 showed similar absorption and
emission maxima in all investigated solvents compared to the
original Ir-COUPY-1, since they contain the same coumarin.
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The (photo)cytotoxicity studies revealed that all of the new
Ir(m)-COUPY conjugates exhibited high phototoxicity under
green light irradiation, except Ir-COUPY-2, while remaining
non-toxic in the dark (IC5, > 250 uM).>” The compounds effec-
tively induced cell death in various cancer cell lines, including
melanoma (A375, SK-MEL-28), ovarian cancer (A2780,
A2780cis), and cervical cancer (HeLa), with significant sensi-
tivity observed in cisplatin-resistant A2780cis cells, suggesting
their potential to overcome drug resistance. The PI values
varied among the cell lines, with the highest values in
A2780cis cells (Table 1), and conjugates 1, 4 and 5 demon-
strated the best phototoxic profiles under green light
irradiation. Despite showing a similar PI value, Ir-COUPY-3
was considered a less effective PS since its photocytotoxic
effect was very similar to that of the other conjugates, but
required a higher intracellular accumulation to achieve com-
parable ICs, values, as inferred from cellular uptake studies by
ICP-MS in A2780cis cells. Interestingly, the absence of the EDG
at the 7-position in Ir-COUPY-2 led to a loss of photocytotoxi-
city whereas the use of longer linkers, either flexible (Ir-
COUPY-4) or rigid (Ir-COUPY-5) sharing the same coumarin
moiety as Ir-COUPY-1, resulted in no significant changes in
photocytotoxicity under normoxia. Under hypoxic conditions,
the phototoxicity decreased but remained significant, with Ir-
COUPY-4 and 5 showing enhanced activity compared to the
parent conjugate Ir-COUPY-1, with HI values close to 2 and PI
values of >132 and >147, whereas Ir-COUPY-1 exhibited a
5-fold decrease in cytotoxicity.

All conjugates were found to increase cellular ROS levels
under green light irradiation, except for Ir-COUPY-2, which
correlates with its lack of phototoxicity. In good agreement
with the results from phototoxicity studies, ROS production
under hypoxia was significantly higher for Ir-COUPY-1, -4, and
-5. Furthermore, the photoinduced cell death mechanism was
studied in A2780cis cells using the annexin V/propidium
iodide (AV/PI) labeling method, which revealed that Ir-
COUPY-1, -3-5 induced necrosis. This mechanism of cell death

Table 1
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can trigger inflammation and immune response, increasing
toxicity in cisplatin-resistant tumors and highlighting their
potential as PSs for PDT treatment.

The photoinduced anticancer activity of the Ir(u)-COUPY
conjugates was also characterized against A2780cis MCTS.
Consistent with the results of phototoxicity studies in 2D cellu-
lar models under hypoxic conditions, Ir-COUPY-1, 4 and 5
were able to inhibit the growth of A2780cis tumor spheres
compared to conjugates 2 and 3, which did not demonstrate
significant tumor inhibition under the same experimental
conditions.

After examining how modifications to both the coumarin
and the linker influence the photobiological properties of the
Ir(m)-COUPY conjugates, the subsequent step was to investi-
gate the effects of modifying the parent iridium complex Ir1.*®
Interestingly, the incorporation of trifluorobenzyl groups in
the cyclometalated ligands of the iridium complex (Ir2),
enhanced the photophysical properties of the resulting conju-
gate (Ir-COUPY-6, Fig. 5), including higher absorptivity and
luminescence quantum yield compared to Ir-COUPY-1 and -3,
which contain the same coumarin and linker.

In terms of biological activity, the Ir-COUPY-6 conjugate
demonstrated potent photocytotoxicity against A2780cis and
breast cancer cells (EO771), efficiently generating type I and II
ROS under red light irradiation (620 nm), leading to an
enhanced PI under red light irradiation (>208) compared to
green light (>134) in the cisplatin-resistant ovarian cancer cell
line (Table 1). As previously stated, the use of red light is par-
ticularly advantageous as it penetrates deeper into tissues,
making it more effective for treating large solid tumors. In
contrast, similar PI values were obtained for Ir-COUPY-1 and
-3 following red-light treatment compared to green light treat-
ment, highlighting the key role of the trifluorobenzyl groups in
the biological activity of the PS. Additionally, the Ir-COUPY-6
conjugate showed a HI value close to 1 when evaluating photo-
cytotoxicity under hypoxia in both EO711 and A2780cis cancer
cells, indicating that its activity was not entirely dependent on

(Photo)cytotoxicity of Ir(n)—COUPY conjugates, COUPY dyes and Ir(n) complexes towards A2780cis cells under green and red-light

irradiation, both under normoxic (21% O,) and hypoxic (2% O,) conditions expressed as ICsq values (uM)?

Dark Green light Red light
Compound Normoxia Hypoxia Normoxia Hypoxia PI” (N/H) Normoxia Hypoxia PI” (N/H)
COUPY-a >250 >250 2.1+0.2 2.5+£0.2 >119/100 71+£0.4 59+0.9 >35/>42.4
COUPY-b >250 >250 >250 >250 — — — —
COUPY-c 15+2 34+5 0.15 + 0.04 0.6 + 0.1 100/36.4 0.7+0.1 0.37 £ 0.04 21.4/92
Ir1 >250 >250 1.5+04 11+2 >167/>22.7 4.5+0.3 — >56/—
Ir2 >250 >250 3.5+0.4 — >71/— 9+2 >28/—
Ir-COUPY-1 >250 >250 0.70 + 0.06 3.8+£0.3 >357/>65.8 0.71 + 0.02 1.6 + 0.2 >352/>156
Ir-COUPY-2 >250 >250 61+8 31+7 >4.1/>8.1 — — —
Ir-COUPY-3 >250 >250 1.04 = 0.02 8+1 >240/>31.3 1.2+0.1 51 >208/>50
Ir-COUPY-4 >250 >250 1.1+0.2 1.9+0.2 >227.3/>131.6 — — —
Ir-COUPY-5 >250 >250 0.93 + 0.04 1.7+ 0.3 >268.8/>147.1 — — —
Ir-COUPY-6 >250 >250 1.9+0.3 — >134 1.2+0.2 1.4+0.5 >208/>179

“ Cells were treated for 2 h (1 h incubation and 1 h irradiation with green or red light at 520 nm or 620 nm, respectively) followed by 48 h of incu-
bation in drug-free medium. Dark analogues were kept in the dark. Data expressed as mean + SD from three independent experiments. ? PI =
phototherapeutic index defined as ICs, (dark-non-irradiated cells)/ICs, (irradiated cells).
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high oxygen concentration. In contrast, Ir-COUPY-1 and -3
exhibited a 2-fold and 4-fold loss of photocytotoxicity under
hypoxia, respectively.

Beyond "O,~ photogeneration, Ir-COUPY-6 was also capable
of producing hydroxyl radical (OH") in hypoxia under red-light
irradiation, as well as the photo-oxidation of NADH, an enzyme
involved in mitochondrial electron transfer during cellular res-
piration. Furthermore, the type I PDT activity was theoretically
supported by density functional theory (DFT) calculations,
which demonstrated that the photoinduced electron transfer
between the coumarin moiety and the Ir(u) complex favored
superoxide formation. Further biological studies on the Ir-
COUPY-6 conjugate confirmed that it induced apoptosis under
red light irradiation, suggesting that the cell death mechanism
can be modulated by modifications to the Ir(m) complexes as
well as by the wavelength of irradiation. Importantly, Ir-
COUPY-6 was found highly phototoxic against EO771 MCTSs
under red-light irradiation and showed no signs of toxicity or
adverse effects in vivo, as a 5 mg kg™ " dose was well tolerated
by mice. Taken together, this study demonstrated that the con-
jugation between COUPY dyes and rationally designed Ir(im)
complexes represents a frontier strategy for the development of
new red light-activated PSs capable of operating under hypoxia.

b. PSs based on Ru(u)-COUPY conjugates

Based on the excellent performance of Ir(ur)-COUPY conju-
gates under hypoxic conditions when irradiated with visible
light, and the broad applications of ruthenium(u) polypyridyl
complexes in cancer phototherapy, a Ru-COUPY conjugate
(Fig. 6) was designed as a new metal-coumarin PS that could
be activated with longer wavelengths.>® As previously stated,
far red and NIR light offers several advantages over short wave-
lengths, including deep tissue penetration due to its lower
absorption and scattering by biological tissues. For this
reason, a julolidine-fused CF;-containing coumarin derivative
with an increased push-pull effect (COUPY-d) was selected to
be conjugated with a Ru(u) complex containing two dipyrido
[3,2-d:20,30-f]quinoxaline (dpq) N~N ligands and a methyl
1-butyl-2-arylbenzimidazolecarboxylate ligand (Rul). This com-
pound was previously reported to exhibit high phototherapeu-
tic potency under green light irradiation in hypoxic con-

COUPY-d

Ru1
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ditions.”® The resulting Ru(un)-COUPY conjugate exhibited
absorption and emission maxima in the far-red/NIR region of
the electromagnetic spectrum (626 and 698 nm, respectively),
which were red-shifted compared to the two separated com-
ponents (e.g. Amax = 561 nm and 615 nm for COUPY-d and
Rul, respectively). Ru-COUPY was able to generate singlet
oxygen in ACN and DCM under green light irradiation, as well
as superoxide in PBS, thereby reproducing a key feature of Ir
(1)-COUPY conjugates.

Ru-COUPY showed no cytotoxicity in the dark (>300 pM)
towards colon cancer cell lines (human HT-29 and murine
CT-26), as well as cervix adenocarcinoma cells (HeLa), and
minimal toxicity against A2780 ovarian cancer cells (ICso = 97 +
10 pM). In contrast, COUPY-d and Rul exhibited moderate
(35-44 pM) and high (0.8-7 pM) dark cytotoxicity, respectively.
When irradiated with red light (620 nm), Ru-COUPY showed
higher PI values than Rul, but similar to COUPY-d in some
cancer cell lines, notably achieving a PI >300 in CT-26 cells. A
chromatic screening using different wavelength irradiation,
ranging from red (620 nm) to NIR (740 nm and 770 nm),
against HT-29 cells, revealed that Ru-COUPY maintained cell
killing efficacy upon 740 nm irradiation in the same micromo-
lar range as with other red-light treatments, with a PI > 42. By
contrast, the phototherapeutic clinical drug PpIX did not show
any NIR-photocytotoxicity up to 300 pM. Under hypoxia, Ru-
COUPY exhibited PI values >23 and a HI of 1.8, indicating a
significant enhancement in photobiological properties under
hypoxic conditions when the coumarin was conjugated to
ruthenium. Ru-COUPY also demonstrated the ability to
produce singlet oxygen and superoxide in cells under nor-
moxia, and to a lesser extent, under hypoxia.

Overall, the conjugation of a far-red/NIR emitting COUPY
dye with a cyclometalated Ru(u) polypyridyl complex enabled
the construction of a potent PS that addresses some of the key
drawbacks of conventional metal-based PDT agents, such as
dark cytotoxicity and inefficacy under hypoxia. Ru-COUPY
exhibits other notable features, including water solubility,
stability in biological media, and high photostability, along
with luminescent properties that aid in bioimaging and photo-
therapy. Furthermore, this PS can effectively generate both
type I superoxide and type II singlet oxygen under low doses of

Ru-COUPY

Fig. 6 Structure of Ru()—COUPY conjugate and of the parent coumarin and Ru(i) complex.
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NIR light, even in hypoxic conditions, as confirmed by in vitro
studies on HT-29 colon cancer cells, achieving high PI values.
This conjugation approach offers a good opportunity to
develop new NIR- and hypoxia-active Ru(u)-based theragnostic
PSs using tunable, low molecular-weight COUPY fluorophores.

c. Other metal-coumarin PS

Zhu and co-workers developed NIR-activatable platinum(iv)
complexes as potential photo-oxidant anticancer agents.®’
These complexes, derived from carboplatin (Pt1) and oxalipla-
tin (Pt2), feature a coumarin-based photosensitive ligand
(Fig. 7) and exhibit stability in the dark while undergoing
efficient reduction to Pt(u) drugs under two-photon irradiation
at 880 nm. Their activation mechanism suggests a photoacti-
vated chemotherapy (PACT) mechanism rather than a PDT
mechanism. Biochemical studies confirmed that Ptl and Pt2
could oxidize nucleic acids, proteins, and lipids even in
oxygen-deprived environments. Upon irradiation, their cyto-
toxicity increased significantly (461-fold relative to that of the
corresponding Pt(n) drugs), particularly against cancer stem
cells, a key factor in metastasis and chemotherapy resistance.
Unlike conventional Pt(v) prodrugs, which primarily target
DNA, these photo-oxidants accumulate in the endoplasmic
reticulum (ER), triggering oxidative stress and immunogenic
cell death (ICD). Further investigations into compound Pt1
revealed that photoactivation led to glutathione and lipid oxi-
dation, severe oxidative bursts, ER stress, and a decrease in
intracellular pH. This dual mechanism resulted in rapid, non-
classical necrosis and immune activation. In vivo studies
demonstrated that intravenous administration of Pt1, followed
by NIR irradiation, effectively inhibited tumor growth and
metastasis while enhancing T lymphocyte infiltration in
treated mice. These findings highlight the potential of Pt-cou-
marin-based photo-oxidants as promising candidates for tar-
geted, oxygen-independent anticancer therapy.

View Article Online
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[ll.  Metal complexes in which the
coumarin is incorporated into a ligand
a. Coumarin directly coordinated as a ligand

Due to their strong chromophoric properties, excellent elec-
tron-donating ability, and efficient light-harvesting capabili-
ties, coumarins have garnered significant attention as versatile
ligands in the development of metal-based PSs.”® Coumarins
can act as mono- or bi-dentate ligands, offering flexibility in
coordinating with metal centers and enabling the design of
complexes with diverse geometries and functionalities.”*
Furthermore, their ability to form stable metal complexes
through oxygen or nitrogen donor atoms ensures structural
robustness and long-term activity. As a result, a wide range of
coumarin-containing metal complexes have been explored,
including Pt(wv), Ir(m), Fe(m) and Co(i/m) compounds, which
demonstrate the versatility and applicability of these ligands
(Fig. 8-10).

Sadler and colleagues reported photoactivatable trans-diazi-
dopyridine Pt(iv) complexes with different axial ligands: one
containing a hydroxide ligand along with a coumarin ligand
(Pt3, monofunctionalized) and another lacking the hydroxide
ligand but featuring a second dichloroacetate (DCA) ligand
(Pt4, difunctionalized).”” These complexes were photoactivata-
ble with blue light, generating Pt(u) species and releasing both
axial ligands. The monofunctionalized complex Pt3 exhibited
greater photoselectivity towards A2780 cells due to its low cyto-
toxicity in the dark, whereas the difunctionalized complex Pt4
showed selectivity towards A2780 cells both in the dark and
under irradiation, with high cellular accumulation.
Synchrotron techniques were employed to investigate the be-
havior of these prodrugs within cells and to visualize the local-
ization of Pt after treatment with and without irradiation, as
well as to observe changes in cellular morphology in PC3
cancer cells.”® Post-irradiation, the Pt3 compound was uni-
formly distributed within the cells, suggesting multiple cellu-

Fig. 7 NIR-activatable Pt(iv)—coumarin PSs.
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Fig. 9

lar targets and increased Pt levels. Additionally, the partial
reduction of the Pt(iv) to Pt(u) after photoactivation implies
that both Pt(iv) and Pt(u) species were involved in the mecha-
nism of action. The formation of photolysis products near the
cell membranes altered cellular morphology and suggested a
radical-based mechanism of action.
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Ir(in)-based PSs with coumarin C6 directly coordinated as CAN ligand.

In 2020, Zhu and co-workers developed a photocaged Pt(iv)
conjugate, coumaplatin (Pt5), incorporating a coumarin and a
cell-penetrating peptide. This complex remained stable in the
dark and exhibited efficient photoactivation under physiologi-
cal conditions.” After 1 hour of irradiation (450 nm, 8 mw
ecm~?), HPLC analysis of A549cisR cell lysates detected the cou-
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Fig. 10 Earth-abundant metal PSs with coumarin directly coordinated as OAO ligand.

marin ligand but not the Pt complex, indicating successful
activation. Coumarin fluorescence was used to track the pro-
drug’s activation and cellular localization. Upon activation,
coumaplatin was effectively reduced to oxaliplatin, leading to
an increased accumulation of Pt in genomic DNA. Notably, it
displayed a unique activation pathway independent of p53
(E2F1-mediated) and strongly induced cellular senescence.
Moreover, even at low concentrations, photoactivated couma-
platin significantly triggered ICD in resistant cells. This shift
in oxaliplatin’s subcellular distribution toward the nucleolus
dramatically altered its mechanism of action, offering a novel
strategy to overcome drug resistance.

Ir(m)-based PSs are particularly notable for their ability to
generate intracellular ROS and act as photo-catalysts for the
oxidation of endogenous nicotinamide adenine dinucleotide
(NADH).”” NADH plays a crucial role in cellular metabolism,
including glycolysis and the tricarboxylic acid cycle, and is a
key electron source in the mitochondrial electron transport
chain. Depletion of NAD(P)H by photoactive Ir(m) complexes
in cancer cells may help combat tumor hypoxia-related drug re-
sistance. Huang et al. reported Ir(u1) complexes containing cou-
marin C6, a coumarin derivative containing a benzothiazolyl
group at position 3, as cyclometalated (C*N) ligands (Ir3-5)
(Fig. 9).”° Upon 525 nm green light irradiation, these com-
plexes oxidized intracellular NAD(P)H with high turnover fre-
quency (TOF; 1200 h™") and generated hydrogen peroxide and
singlet oxygen via type I and type II pathways. The complexes
exhibited remarkable necro-apoptotic anticancer activities,
attributed to the synergistic effects of NAD(P)H photo-oxi-
dation and ROS generation. Notably, Ir4 showed a very high
phototoxicity index (PI = 793), significantly higher than the
clinically used photosensitizer 5-aminolevulinic acid (5-ALA, PI
> 30) against HeLa cell monolayers. Additionally, Ir4 demon-
strated significant photo-catalytic anticancer effects in tumor-
bearing mice. To enhance water solubility, Huang et al. also
reported Ir(m)-coumarin complexes (Ir6-Ir7) featuring the
same C*N coumarin 6-based ligand, along with 4,4'-bis(N,N,N-
trimethylmethanaminium)-2,2"-bipyridine as the N*N ligand.””
The water-soluble complex Ir7 was highly potent as a photo-
catalyst for the oxidation of NAD(P)H and amino acids via a
single electron transfer (SET) pathway. Under blue light
irradiation (465 nm, 11.7 J cm™?), Ir7 induced remarkable
photocytotoxicity against several cancer cell lines while
remaining non-toxic to normal cells (PI: 40-172). In addition,

This journal is © the Partner Organisations 2025

the complex showed high in vivo photocatalytic anticancer
efficiency, in both zebrafish and mice tumor models, where
tumor growth was significantly retarded after light irradiation.
Continuing their research, Sadler et al. prepared glucose-
bound Ir(m)-coumarin derivatives that showed increased water
solubility and biocompatibility.”® The non-glycosylated Ir8 was
used as control. The glucose derivatives were efficient in gener-
ating ROS and photo-oxidizing NAD(P)H under blue light with
turnover number (TON) and TOF values four times higher
than those observed in previously described Ir(m) complexes.
In addition, Ir9 showed a high PI (334) in HeLa cells after
irradiation (465 nm, 11.7 J cm™?). The Ir9 complex was highly
biocompatible as demonstrated by in vivo studies with
zebrafish.

Banerjee et al. have successfully synthesized and character-
ized two new Ir(m)-based photocatalysts containing coumarin
C6 as C”N ligands, Ir10 and Ir11.”° The anticancer potential of
these complexes under light exposure was enhanced by extend-
ing the conjugation within the ligand framework (e.g., dipyr-
ido[3,2-a:2,3-c]phenazine (dppz) vs. 2-(anthracen-9-yl)-1H-
imidazo[4,5-f][1,10]phenanthroline (aip)). The absorption
spectra of Ir10 and Ir11 displayed a sharp coumarin-based
band in the 450-550 nm range, along with a metal-to-ligand
charge transfer (MLCT) band between 400-450 nm. These
spectral features enabled green light-driven catalytic NADH
oxidation and visible light-induced anticancer activity. Among
the two, Ir11 exhibited superior photocatalytic efficiency for
NADH oxidation in aqueous solution, achieving a TON of
approximately 66 and a TOF of around 1000 h™*, whereas Ir10
showed a TON of about 28 and a TOF of 841 h™'. This suggests
that the extended conjugation in Irl1 enhances its electron-
accepting properties compared to Irl10. Both complexes
demonstrated strong photo-cytotoxicity against cancer cells
under both normoxic and hypoxic conditions, with high PI
values ranging from >28 to 71. The slightly greater phototoxi-
city of Irll compared to Irl0 could be attributed to its
increased conjugation, which may improve lipophilicity, cellu-
lar uptake, and photosensitivity. The apoptotic anticancer
activity of these complexes under light exposure in normoxia
was primarily driven by their ability to generate ROS and
oxidize NADH within cells, thereby activating caspase 3. While
many photocatalysts for cancer therapy under normoxia have
been shown to exert their effects through a combination of
NADH oxidation and 'O, production, Ir10 and Ir11 exhibited
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an additional mechanism by generating hydroxyl radicals
alongside 0, and NADH oxidation.

Similarly, the recently developed Ir(m)-coumarin com-
plexes, Ir12 and Ir13,%° have demonstrated promising photo-
catalytic and anticancer properties under green light
irradiation (525 nm, 50.2 ] cm™>). Structurally, these complexes
also incorporate coumarin C6 as C"N ligand, combined with
either a phenyl-terpyridine (Ph-tpy) or anthracenyl-terpyridine
(An-tpy) moiety, which modulates their photophysical and bio-
logical behavior. Ir12 and Ir13 efficiently catalyzed NADH oxi-
dation in phosphate-buffered saline, exhibiting TOF values
comparable to Ir10 and Irl1, ranging from 840 to 1100 h™".
Their ability to generate ROS, including 'O, and "OH, was
attributed to a synergistic interplay of type I and type II photo-
reactions. Notably, Ir13, featuring the anthracenyl-terpyridine
unit, displayed superior phototoxicity against MCF-7 and HeLa
cancer cells while maintaining minimal dark -cytotoxicity
toward HEK-293 non-cancerous cells. The selectivity index (SI)
for Ir12 and Ir13 reached up to 22, underscoring their poten-
tial as selective photosensitizers for PDT. Mechanistic investi-
gations revealed that the anticancer activity of Ir13 upon light
activation was mediated by enhanced mitochondrial ROS
accumulation, mitochondrial membrane depolarization, and
caspase 3/7-driven apoptosis.

In addition, Banerjee et al. also explored the development
and evaluation of a novel Fe(ur) complex, [Fe(L)(esc)Cl] (Fe1),*!
with a ferrocene conjugated N,N,N-donor tridentate dipicolyl-
amine ligand (ferrocenyl-N,N-bis(( pyridin-2-yl)methyl)metha-
namine, L) and incorporating esculetin (6,7-dihydroxycou-
marin), a naturally occurring coumarin catecholate derivative
with anticancer and photosensitizing properties (Fig. 10). Fel
exhibited a ligand-to-metal charge transfer (LMCT) absorption
band in the red region, enabling red light photo-toxicity in
cancer cells. While non-toxic in the dark, the complex became
highly toxic to cancer cells (HeLa, MCF-7, HaCaT) upon
irradiation with visible light. Interestingly, Fel exhibited
phototoxicity even when was irradiated with a low dose of red
light (600-720 nm, 50 J cm™2), showing PI >3-6. The iron
complex generated ROS and induced apoptotic cell death
through photoredox and type II mechanisms. Notably, the
dark toxicity of esculetin decreased upon complexation with Fe
(m), and the complex remained non-toxic to normal cells
(MCF-10A) even after light irradiation. This study highlights
the tumor selectivity, bio-imaging capabilities, and mitochon-
dria-targeted red light cytotoxicity of the Fe(m) complex,
demonstrating the potential of coumarin-based PSs for cancer
treatment. Moreover, the use of earth-abundant Fe offers a
cost-effective and sustainable alternative to precious metals.

Co(mr) complexes, with their rich photophysical and photo-
chemical properties, as well as their low-energy absorption
bands, are potential photocytotoxic agents. Hussain et al. have
described heteroleptic Co(ur) complexes with mixed ligands:
phenanthroline-type based and a naturally derived coumarin
compound, esculetin, with the stoichiometry [Co(B),(L)]ClO,
(Co1-3) (Fig. 10).®* Here, B represents an N,N ligand (1,10-phe-
nanthroline, phen, dipyrido[3,2-d:2,3-f]quinoxaline, dpq, and

4366 | Inorg. Chem. Front, 2025, 12, 4355-4375

View Article Online

Inorganic Chemistry Frontiers

dipyrido[3,2-a:2,3-c]phenazine, dppz), and L is the dianionic
0,0-donor ligand esculetin. Co1-Co3 exhibited significant tox-
icity in the presence of low-energy visible light (10 J cm™%) and
negligible toxicity in the dark against HeLa cells (PI >2-31).
Notably, the dppz derivative (Co3) was the most active, fol-
lowed by the dpq (Co2) and phen (Col) compounds. The
photocytotoxic activity correlated well with their lipophilicity.
The Co3 complex preferentially accumulates in the mitochon-
dria of HeLa cells, as revealed by confocal microscopy studies.
Additionally, it induces cell death via apoptosis through the
generation of ROS via type I mechanism that generates
hydroxyl radicals and efficiently induces visible light-mediated
DNA cleavage. Furthermore, the Co3 complex serves as a cellu-
lar imaging agent.

Very recently, Hussain et al. have also described a series of
dinuclear Co(u) complexes (Co4-5)** with light-enhanced anti-
cancer and antibacterial properties. In these complexes, phen
and dppz acted as neutral N,N-donor ligands, while esculetin
served as O,0-donor ligand. The Co4 and Co5 complexes dis-
played an absorption band within the 600-850 nm range,
which can be attributed to a charge transfer transition. These
electrically neutral compounds exhibited good stability in solu-
tion under both dark and irradiated conditions. Among them,
the dppz-complex Co5 demonstrated significant cytotoxicity
against A549 lung carcinoma cells, with their potency mark-
edly enhanced after a short (5-minute) exposure to deep-red
(660 nm) and NIR (808 nm) laser light, achieving IC5, values
in the range of ~8.9 to 14.9 pM. Importantly, they showed
minimal toxicity toward normal NIH-3T3 fibroblast cells.
Cellular studies indicated that the observed cell death was pri-
marily driven by apoptosis resulting from mitochondrial
damage. The enhanced anticancer activity was linked to the
production of 0, with a singlet oxygen quantum yield (@,) of
0.13 for Co5 upon exposure to red or NIR light, yielding stron-
ger effects than 660 nm.

b. Coumarin attached to a ligand via a conjugated linker

In addition to using coumarin as a ligand itself, another strat-
egy reported in the literature involves anchoring the coumarin
moiety to a ligand via a n-conjugated linker.”®* This approach
offers greater structural flexibility and can optimize orbital
interactions, facilitating more efficient charge transfer and
better control over the complex’s photophysical properties.®®
In recent years, this strategy has been successfully applied to
the development of various metal-coumarin complexes, par-
ticularly in the design of Ru(u)-coumarin PSs for PDT
applications.

Although most Ru-based PSs reported in the literature
contain N*N ligands,**®® the use of C”N ligands offers a sig-
nificant advantage for developing type I PSs. The electron-
donating nature of C”N ligands can elevate the energy level of
the drn(Ru) orbital, leading to a cathodic shift in the oxidation
potential.®**°° This shift facilitates electron transfer processes,
providing a promising pathway for the generation of new type I
PSs. In this context, Huang and co-workers designed type I PSs
based on cyclometalated Ru(u) complexes incorporating a cou-
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marin moiety into a cyclometalated ligand (2-(3,4-difluorophe-
nyl)pyridine) via a carbon-carbon double bond (Ru2)
(Fig. 11).°" This complex demonstrated a lower oxidation poten-
tial and enhanced absorption in the visible region compared to
its coumarin-free counterpart. PDT efficacy was assessed under
both normoxic and hypoxic conditions using white light for
10 min. The results indicated that Ru2 exhibited superior
therapeutic performance in vitro (3.1% of cell viability at
20 pM) compared to the complex lacking the coumarin.
Notably, even under hypoxia, Ru2 maintained a strong PDT
effect, likely due to direct charge transfer between the excited
PS and a nearby substrate via a type I photochemical mecha-
nism, generating highly oxidative hydroxyl radicals that contrib-
ute to tumor cell damage. Furthermore, studies in tumor-
bearing mice confirmed the antitumor efficacy of Ru2, showing
significant inhibition of tumor growth upon PDT treatment.
Nomula et al. reported two coumarin-based Ru(u)-polyi-
mine complexes (Ru3 and Ru4) which exhibit strong visible
light absorption and possess long-lived triplet excited states
(~12-15 ps) (Fig. 11).°> The complexes were investigated for
their interactions with DNA. The findings indicate that both
Ru3 and Ru4 bind to calf thymus DNA (CT-DNA) through an
intercalative mode, with binding constants (K;,) of 6.47 x 10*
M and 5.94 x 10" M, respectively. DNA cleavage activity
under visible light irradiation (450 nm) was examined by treat-
ing supercoiled pUC19 DNA with these complexes, resulting in
the production of 'O, with @, = 0.67 for Ru3 and 0.42 for Ru4.
Both Ru3 and Ru4 demonstrated efficient DNA cleavage, con-
verting supercoiled DNA to nicked circular form at concen-
trations as low as 20 pM within 30 minutes of light exposure.
Under the same conditions, Ru3 produced a significant
amount of linear DNA. The cytotoxicity of the complexes

coocH; |®

F

H;CO0C

H;CO0C

Ru4
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toward HeLa, BEL-7402, and MG-63 cells was evaluated using
the MTT assay, and cellular uptake was observed in BEL-7402
cells via fluorescence microscopy. The complexes exhibited
moderate cytotoxic effects, with ICs, values of 15.5, 19 and
20.0 pM for Ru3, and 19.8, 24.0, and 21.2 uM for Ru4 towards
HeLa, BEL-7402 and MG-63 cell lines, respectively.

Recently, Marchan, Gasser et al. described a family of
potent PSs based on Ru(u) polypyridyl complexes incorporating
2,2"-bipyridyl ligands derived from COUPY coumarins, termed
COUBPYs.>® Ru-COUBPY complexes (SCV42, SCV45, and
SCV49; Fig. 12) exhibit exceptional in vitro cytotoxicity against
colon cancer cells (CT-26) upon irradiation with light within
the phototherapeutic window, under both normoxic and
hypoxic conditions, while remaining non-toxic in the dark.

The photophysical properties of Ru-COUBPY complexes are
strongly influenced by the coumarin ligand since they display
absorption bands beyond 500 nm, which are absent in the
complex lacking the coumarin moiety ([Ru(bpy)s]*").
Computational studies confirmed that these bands involve a
contribution from COUPBY ligands. For SCV42 and SCV45,
two sharp yet almost-fused bands are observed in the
500-600 nm range, while SCV49 exhibits a broader band
around 570 nm, with some weak absorption extending beyond
700 nm. These spectral characteristics allowed the compounds
to be photoactivated with visible light, ranging from green
(540 nm) to far-red (670 nm) light, and even with NIR light
(740 nm). Additionally, Ru-COUBPY complexes efficiently
photogenerated type I (superoxide and hydroxyl radical) and
type II (singlet oxygen) ROS, as assessed by spectroscopic
methods using fluorogenic probes and EPR. Among the series,
SCv42 exhibited the highest singlet oxygen production,
although SCV49 was capable of generating ROS even under

|\

Fig. 11 Ru(i)-based PSs with coumarin attached to a ligand via a n-conjugated linker.
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Fig. 12 Structure of COUBPY ligands and of Ru—~COUBPY complexes.

red-light irradiation. SCV45 appeared to be the least photo-
stable in culture media, indicating the negative effect of the
julolidine group, while the incorporation of a trifluoromethyl
group in the coumarin led to increased photostability.
Moreover, the compounds displayed good water solubility and
high dark and light stability in complete cell culture medium.

Cellular uptake studies using confocal microscopy con-
firmed that SCV42 and SCV45 primarily localized in the mito-
chondria, whereas SCV49 also accumulated in lysosomes and
lipid droplets. Ru-COUBPY complexes exhibited no cyto-
toxicity in the dark (>250 uM) towards CT-26 cells, but after
irradiation with green, deep-red and far-red light, the ICs,
values of all three complexes were in the nanomolar range,
leading to exceptional high PI values of >30 000 in some cases.
As shown in Table 2, the best results were obtained for
complex SCV42 under green light irradiation (IC5, = 8.2 nM, PI
>30487) and for SCV49 under deep-red light (ICs, = 7.4 nM, PI
>33 783). Remarkably, SCV49 maintained high photocytotoxi-
city in the submicromolar range even under irradiation at
740 nm, with a PI >329.

Table 2

View Article Online

Inorganic Chemistry Frontiers

SCV49

Under hypoxic conditions, SCV42 and SCV49 retained high
nanomolar cytotoxicity under visible light irradiation (Table 2).
Once more, SCV42 performed best under green light (ICs, = 35
nM), while SCV49 exhibited excellent phototoxicity under
green, deep-red and far-red light (e.g. IC5, = 74 nM at 670 nm),
and maintained micromolar activity upon NIR light. The
strong phototoxic activity of Ru-COUBPY PSs under hypoxia
was attributed to their ability to simultaneously photogenerate
type I and type II ROS.

Finally, the in vivo safety and efficacy studies in mice high-
lighted the potential of Ru-COUBPY PSs for PDT cancer treat-
ment, especially the lead compound SCV49. This Ru-COUBPY
complex demonstrated a favorable in vivo pharmacokinetic
profile and excellent toxicological tolerability in healthy mice
following intraperitoneal administration. This was evidenced
by various parameters such as body weight, food consumption,
organ weight, and comprehensive hematological and bio-
chemical analyses. Additionally, the remarkable in vitro photo-
toxicity of SCV49 was confirmed in an animal model, showing
potent tumor inhibition in mice bearing subcutaneous CT-26

(Photo)cytotoxicity of Ru—COUBPY complexes SCV42 and SCV49 towards CT-26 cancer cells under visible and NIR light irradiation, both

under normoxic (21% O,) and hypoxic (2% O,) conditions expressed as ICsq values (uM)?

SCv42 SCv49

Normoxia Hypoxia Normoxia Hypoxia

ICs0 (1M) pr’ ICs0 (1M) I’ ICs0 (1M) pr’ ICso (M) pr’
Dark >250 — >250 — >250 — >250 —
540 nm 0.0082 £ 0.0006 >30487 0.035 = 0.005 >7143 0.025 + 0.002 >10 000 0.086 + 0.011 >2907
645 nm 0.048 + 0.003 >5208 0.920 + 0.09 >272 0.0074 + 0.0006 >33783 0.076 + 0.008 >3290
670 nm 1.460 + 0.450 >171 13.24 + 3.64 >19 0.036 + 0.003 >6944 0.074 + 0.005 >3378
740 nm 31.3+6.1 >8 >100 — 0.76 £ 0.06 >329 9.56 £ 2.15 >26

“Cells were incubated for 4 h at 37 °C, followed by either 1 h in the dark or irradiation under the specified light conditions. Cell viability was
determined after 44 h using the resazurin assay. ” PI = phototherapeutic index defined as ICs, (dark-non-irradiated cells)/ICs, (irradiated cells).
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tumors upon intratumoral administration under deep-red
light irradiation (660 nm).

IV. Overall structure—activity
relationships of metal-coumarin
complexes

To offer a broader perspective on the therapeutic relevance of
metal-coumarin PSs, we present a comparative analysis of the
complexes across different metal centers (Ir(m), Ru(u), Pt(wv), Fe
(m) and Co(m)), coumarin integration strategies, and photo-
therapeutic conditions (Table S1, ESI{). The table compiles
relevant data, including absorption maxima (4,,s), molar
extinction coefficients (¢), singlet oxygen quantum yields (D,),
light conditions used for photocytotoxicity studies, and bio-
logical activity under normoxic and hypoxic conditions.

The analysis reveals several key trends:

1. Metal center influence:

Among the different metal centers, Ir(u) and Ru(u) com-
plexes consistently exhibit superior performance, especially in
hypoxic environments, owing to their strong spin-orbit coup-
ling that promotes ISC and triplet-state formation. These long-
lived excited states facilitate both type I and type II ROS gene-
ration. Notably, cyclometalated Ir(m)- and Ru(i)-COUPY conju-
gates achieved high phototoxicity indices (PI >100-200 in mul-
tiple cases) and potent activity in drug-resistant cancer cell
lines, even under hypoxia, which was attributed to efficient
type I ROS production due to intramolecular photoinduced
electron transfer between the coumarin moiety and the metal
complex. This activity was greatly surpassed when coumarin
ligands were integrated into the coordination sphere of Ru(u)
polypyridyl complexes, allowing Ru(i)-COUBPY complexes to
achieve PI values greater than 30000 upon irradiation with
light within the phototherapeutic window. While less potent,
Fe(ur) and Co(m) complexes demonstrated promising selecti-
vity, mitochondrial targeting, and compatibility with red or
NIR light. Their earth-abundant nature and sustainable pro-
files make them appealing candidates for further development
despite lower quantum yields or extinction coefficients. Pt(iv)
complexes showed potential for oxygen-independent acti-
vation, likely via photoreduction pathways that bypass ROS
altogether.

2. Coumarin integration strategy:

The mode of coumarin incorporation significantly affects
the compound’s behavior.

(i) Non-conjugated coumarin linkers: In metal-COUPY
systems, the coumarin is appended via flexible linkers to the
metal complex. These structures exhibit efficient cellular
uptake, tunable luminescence, and excellent selectivity.
Although singlet oxygen quantum yields are typically low (&, <
0.01), the biological response is pronounced through type I
ROS generation, particularly under dual green/red light
irradiation.

This journal is © the Partner Organisations 2025
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(ii) Direct integration into the coordination sphere: com-
plexes in which coumarin functions as a chelating ligand or
part of a n-conjugated system often display enhanced metal-to-
ligand charge transfer (MLCT) characteristics, higher molar
extinction coefficients, and improved ROS photogeneration.
For instance, Ir7-Ir9 and Ru-COUBPY complexes show robust
activity with singlet oxygen and/or superoxide and hydroxyl
radical production.

3. Ligand design and absorption properties:

Another key determinant of PDT efficacy is the spectral
profile. Complexes with strong absorption in the 500-650 nm
region align well with the phototherapeutic window, offering
deeper tissue penetration. n-Extended ligands (e.g., anthrace-
nyl- or phenyl-terpyridines, dppz) not only red-shift the absorp-
tion maxima but also boost light-harvesting capability and
enhance intersystem crossing rates.

4. Photobiological performance across cell lines and oxygen
conditions:

A consistent observation across the dataset is the superior
performance of metal-coumarin PSs in drug-resistant cell
lines (e.g., A2780cisR, A549R) and under hypoxia, conditions
typically challenging for classical PDT. Phototoxicity indices
exceeding 300 in these settings reflect the critical importance
of designing PSs capable of functioning via oxygen-indepen-
dent or mixed ROS-generation pathways.

V. Conclusions and outlook

PDT is a clinically approved technique for treating various
medical conditions. It uses a light-activated drug, known as a
photosensitiser, and molecular oxygen. Transition metal com-
plexes with photofunctional properties are highly valued as
PSs due to their versatile photophysical and photochemical
characteristics. These features make them suitable drug candi-
dates for bioimaging and therapeutic applications, including
anticancer PDT. This review highlights the pivotal role of cou-
marin derivatives, known for their exceptional (photo)chemi-
cal versatility, in improving the photophysical, photochemical
and photobiological properties of metal-based PSs. The discus-
sion primarily focuses on cancer phototherapy and is systema-
tically categorized into two major sections based on the inte-
gration approach of the coumarin within the metal complexes.

For metal complexes where the coumarin is attached to the
metal core via non-conjugated linkers, particular emphasis
was placed on metal-COUPY conjugates. These included cyclo-
metalated Ir(m) and Ru(u) polypyridyl complexes linked to far-
red/NIR-emitting coumarin-based COUPY fluorophores.
Notably, the Ir-COUPY-1 PS demonstrated activation with
visible light, efficient cellular uptake in HeLa cells, and prom-
ising photocytotoxicity under both normoxic and hypoxic con-
ditions upon irradiation with green and red light, attributed to
the generation of superoxide type I ROS. Further studies on a
series of Ir(m)-COUPY conjugates (Ir-COUPY-2-6) revealed
structure-activity relationships, with specific modifications in
the coumarin, spacer and ligand’s metal complex enhancing
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photocytotoxicity against resistant cancer cell lines. Similarly,
the Ru-COUPY conjugate exhibited efficient activation by far-
red and NIR light and improved photostability, proving
effective under challenging hypoxic conditions. In parallel, Pt
(v)-coumarin complexes have also demonstrated potential for
oxygen-independent chemotherapy, offering promising solu-
tions to combat drug resistance.

The approach of integrating coumarin into ligands of the
metal complex has also been widely explored in the literature.
Among the examples where the coumarin is directly bound to
the metal coordination sphere, coumarin C6 containing a ben-
zothiazolyl group at position 3 stands out. Ir(u)-coumarin
complexes incorporating this coumarin as a C*N ligand along
with different N*N co-ligands showed exceptional photo-
catalytic and anticancer properties under green light
irradiation. Their synergistic type I and type II photoreactions
facilitated ROS generation and NAD(P)H photo-oxidation,
mitochondrial ROS accumulation, membrane depolarization,
and caspase 3-driven apoptosis.

Additionally, iron complexes like [Fe(L)(esc)Cl] (Fe1l) with
the natural coumarin derivative esculetin exhibited effective
ROS generation and apoptosis induction through photoredox
and type II mechanisms. These complexes combine tumor
selectivity, mitochondrial targeting, and sustainability, lever-
aging the earth-abundant nature of iron as a cost-effective
alternative to precious metals. Heteroleptic Co(m) complexes
(Co1-3), composed of phenanthroline-based and esculetin
ligands, displayed significant light-induced toxicity via type I
ROS production and DNA cleavage, with negligible toxicity in
the dark. These complexes also serve as cellular imaging
agents and efficient PDT tools. Similarly, dinuclear Co(u) com-
plexes (Co4-5) demonstrated enhanced anticancer and anti-
bacterial efficacy under red or NIR light, inducing apoptosis
primarily through mitochondrial damage.

The use of m-conjugated linkers instead of coumarin as
direct ligands, provides structural flexibility and optimizes
orbital interactions, significantly improving photophysical and
photobiological properties. Coumarin’s adaptability has driven
the development of advanced metal-based PDT agents for
diverse cancer treatments. Notably, type I PSs based on cyclo-
metalated Ru(un) complexes, such as Ru3 and Ru4, leverage
C”N ligands like 2-(3,4-difluorophenyl)pyridine for strong
visible light absorption, long-lived triplet excited states, and
effective DNA interactions, establishing them as promising
tools for phototherapeutic applications.

Ru-COUBPY PSs, where the coumarin scaffold is incorpor-
ated into the metal coordination sphere of Ru(u) polypyridyl
complexes via a bipyridine ligand, have shown remarkable
in vitro cytotoxicity against colon cancer cells when irradiated
with light within the phototherapeutic window, under both
normoxic and hypoxic conditions. This is due to their ability
to generate type I and type II ROS. Notably, Ru-COUBPY com-
plexes achieved exceptionally high PI values, exceeding 30 000
in certain cases upon irradiation with deep-red light.
Furthermore, the Ru-COUBPY complex SCV49 exhibited a
favorable in vivo pharmacokinetic profile and excellent toxico-
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logical tolerability in healthy mice. This PS also exhibited
potent tumor inhibition in mice bearing subcutaneous color-
ectal tumors under deep-red light irradiation (660 nm), under-
scoring the promising future of metal-coumarin PSs in advan-
cing cancer treatment through PDT.

The development of metal-coumarin derivatives as innova-
tive PSs has significantly advanced cancer phototherapy by
improving light absorption in the phototherapeutic window,
ROS photogeneration, and phototoxicity under both normoxic
and hypoxic conditions. The promising results of the in vivo
safety and efficacy studies with Ru-COUBPY complex SCV49
highlight the translational potential of this new class of PSs.
However, further comprehensive studies in animal models are
needed to validate the efficacy of metal-coumarin PSs in clini-
cally-relevant environments.

Future research should focus on rational ligand design to
fine-tune photophysical properties, improve triplet-state life-
times, and increase selectivity toward cancer cells. Expanding
the scope of earth-abundant metal-based PSs also offers a sus-
tainable and cost-effective alternative to noble metal systems.
Synthetic scalability and stability of metal-coumarin com-
plexes are critical aspects that also need to be addressed for
clinical development. Another important aspect that needs
attention is the lack of studies on the photoproducts generated
from metal-based PSs, which may potentially cause undesired
toxicity. Understanding the nature and effects of these photo-
products is crucial for developing safer and more effective PDT
treatments. Another key challenge remains in enhancing
tumor selectivity and bioavailability, which could be addressed
through targeted drug delivery strategies based on conjugates
with tumor-targeting moieties (e.g. peptides, antibodies and
carbohydrates) that exploit receptors overexpressed on cancer
cells, as well as nanoparticle formulations designed to
accumulate in tumors.

For metal-coumarin complexes to be approved for use as
drugs in humans, they must comply with the requirements set
by regulatory agencies like the FDA and EMA. This involves
detailed chemistry, manufacturing, and controls (CMC) docu-
mentation for investigational new drug (IND) submissions,
ensuring the quality, safety, and efficacy of the products
throughout their development and commercialization.
Preclinical regulatory studies in animals must provide compre-
hensive data on dosing, toxicity and biodistribution. All these
studies are essential to evaluate the potential risks of PS drug
candidates before entering clinical trials.

Finally, advancements in light-delivery technologies,
including upconversion nanoparticles and fiber-optic-guided
illumination, may further expand PDT’s applicability by
enabling deeper tissue penetration and access to tumors
located in challenging areas such as the throat, lung, and gas-
trointestinal tract. By addressing all these challenges through
interdisciplinary efforts, metal-coumarin-based PSs have the
potential to revolutionize PDT, offering more selective,
efficient, and minimally invasive treatment options for cancer
therapy. Additionally, integrating multimodal approaches,
such as combining PDT with other modalities like photother-
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mal therapy (PTT), sonodynamic therapy (SDT) or chemo-
therapy, can provide synergistic effects, further improving
treatment outcomes and overcoming drug resistance.
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