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Two in one: merging photoactivated chemotherapy
and photodynamic therapy to fight cancer

Kirill M. Kuznetsov, © Kevin Cariou® * and Gilles Gasser @ *

The growing number of cancer cases requires the development of new approaches for treatment. A therapy
that has attracted the special attention of scientists is photodynamic therapy (PDT) due to its spatial and
temporal resolution. However, it is accepted that this treatment methodology has limited application in
cases of low cellular oxygenation, which is typical of cancerous tissues. Therefore, a strategy to
overcome this drawback has been to combine this therapy with photoactivated chemotherapy (PACT),
which works independently of the presence of oxygen. In this perspective, we examine compounds that

rsc.li/chemical-science

1. Introduction to PDT and PACT

The World Health Organization (WHO) expects that the number
of new cases of all types of cancer will grow from 20 million in
2022 to 33 million in 2045.* The increasing number of cancer
cases raises a significant concern, urging us to closely examine
contributing factors and develop innovative approaches for
better understanding, detection, and treatment of this disease.
One example of such an innovative therapeutic approach is the
clinically approved method called photodynamic therapy (PDT).
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act as both PDT and PACT agents and summarize their photophysical and biological characteristics.

PDT is based on the interactions of a photosensitizer (PS) with
light in the presence of oxygen.

To better understand the processes, let us turn to the
Jablonski diagram depicted in Fig. 1. Under irradiation, the PS
absorbs light, and an electron of the ground state transfers to
a higher-lying electronic singlet state.>® The molecule then
relaxes to the lowest vibrational state without emitting
a photon. In addition to the radiative transition to the ground
state (fluorescence), a non-radiative relaxation to the triplet
state can occur. This process is called intersystem crossing (ISC)
and has a higher probability of happening in the presence of
a heavy atom. In both singlet and triplet excited states, a reac-
tion with oxygen is possible. The triplet state of oxygen (*0,)
shows generally much higher reactivity rates, leading to the
formation of singlet oxygen (*O,) from >0, by energy transfer.*
This '0, is highly reactive and can interact with surrounding
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Fig. 1 Jablonski diagram depicting common pathways. Straight lines
indicate radiative transitions. Curved arrows indicate non-radiative
transitions. Bold arrows indicate processes of electron, energy, or
proton transfer. S — singlet state, T — triplet state, * — excited state, ISC
— intersystem crossing, PDT — photodynamic therapy, PACT — pho-
toactivated chemotherapy, and ROS - reactive oxygen species.

molecules.® In particular, in biological systems, this generation
of 'O, can be used to kill cancer cells. In the context of PDT, the
0, generation process is referred to as Type II PDT. Type I PDT
refers to an electron transfer between the excited PS and the
surrounding molecules. Such interaction can lead to the
formation of other types of reactive oxygen species (OH', H,0,,
0O, ’, etc.).? Both strategies can be utilized for cancer therapy, by
using light as a trigger for the generation of toxic species,
allowing spatial and temporal control of the therapy.®® Electron
transfer is also possible from triplet and singlet excited states to
form radical molecules, ions, and other species, which are then
converted to degradation products. This type of photo-
transformation is used in photoactivated chemotherapy (PACT).

The term PACT was proposed by Sadler in 2009.* PACT is
similar to Type I PDT and occurs due to electron transfer of the
triplet excited state of the compound (Fig. 1). As a result,
degradation of the compound with radical formation or the
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formation of aqua species is possible.”*® The latter is most
typical for ruthenium complexes.**** The resulting compounds
of degradation and their derivatives may exhibit toxicity against
cancer cells. If so, it can be used for anticancer therapy. PACT
usually does not require the presence of triplet oxygen; thus, it
can be considered oxygen-independent compared to PDT.*
However, compared to PDT, PACT is stoichiometric due to the
irreversibility of transformation reactions, while PDT is catalytic
due to the reversibility of excitation and relaxation processes to
the ground state.

Being active even in hypoxia is especially important when the
disease targeted is cancer as a common feature of the tumor
microenvironment is hypoxia.'”” Several PDT agents are
approved worldwide for clinical use, others underwent or are
undergoing clinical trials."® PDT is usually characterized by low
side effects and less likelihood of drug resistance.'® Recently,
more sophisticated strategies have been proposed combining
PDT and sonodynamic therapy,” photothermal therapy,”>*
hyperthermia,* radiotherapy,* chemotherapy,* and others.”**”
One of the recent trends is to try to combine PDT with PACT.®

In this perspective, we summarize the known examples of
dual PDT/PACT agents. We considered only single molecules
that exhibited the properties of a PS before and/or after drug
release and for which the released drug was found to be cyto-
toxic. Quite similar to photocages,”® PDT/PACT agents can be
divided into types depending on the nature of the PS: metal
complexes and organic compounds.

2. Metal complexes as
photosensitisers

Metal complexes are a rapidly growing class of PDT/PACT dual
agents. Among the factors that are described in the literature
rationalizing the choice of metal complexes are their thermal
stability, as well as the stability of the excited state they can
reach.?* In the case of excited state stability, the ligand field
should be discussed. Ligands exert a much weaker ligand field
on 3d metals than on 4d- or 5d metals, since the more
compressed 3d orbitals have weaker spatial overlap. This means
that complexes with less overlap have a higher probability of
transitioning to the ground state without light irradiation.* The
latter limits the use of these metal complexes as PSs. One of the
most informative reviews in the field of ruthenium complexes
for PACT purposes was authored by Bonnet in 2023.> In our
perspective, when describing ruthenium complexes and other
compounds acting as dual agents, we highlight the absorption
range, the quantum yields of singlet oxygen, the mechanism of
release, the cytotoxicity of compounds, and the types of cells
that were used to evaluate the anticancer effect of the
compounds.

2.1. Ruthenium complexes

There are currently a growing number of ruthenium(u)
complexes acting as PDT/PACT agents.*” We can identify three
factors influencing their ability to release ligands that would act
as cytotoxic drugs: (1) the releasing ligand is mostly

Chem. Sci., 2024, 15, 17760-17780 | 17761
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monodentate pyridine derivatives,''***=* (2) other ligands are
bipyridine or terpyridine derivatives,'®**¢ and (3) they have
substituents close to coordinated nitrogen.'***** The nature of
the excited state of the metal complexes can explain the first and
second factors. The coordination of bipyridine and terpyridine
ligands leads to a stable *MLCT excited state of the complexes,
which is reflected in high levels of singlet oxygen generation
and relative photostability.” It can also be noted that the
ruthenium complexes obtained for PACT purposes with S-
coordinated ligands exhibited in most cases extremely low
quantum yields of singlet oxygen or the yields were not
measured.”"**** The third factor appears to be related to steric
hindrance, which helps to release a target ligand more
easily.”*® Similarly, the elongation of the aromatic ligand
system leads to mixed photoreactivity, combining both PACT
and PDT mechanisms.'® Interestingly, these complexes may not
follow the energy gap law, which means that the complexes with
the lowest energy *MLCT excited states are less able to effi-
ciently populate the dissociative state.** A more detailed expla-
nation of the interconnections between the structure and
release rates can be found in the 2015 publication by Turro
et al.*> and related articles with computational studies.>***

In 2017, Bonnet et al. reported red-light-activated ruthe-
nium-caged nicotinamide phosphoribosyltransferase (NAMPT)
inhibitors 1 and 2 (Fig. 2)."° NAMPT is a key enzyme in NAD"
biosynthesis and usually has elevated levels in cancer cells. The
inhibitors selectively block NAMPT-dependent pathways and
have the potential to be used as a tool in biomedical research.
The quantum yields of singlet oxygen are <0.5% and 3.6% in
CD;0D, and the quantum yields of photodissociation are 5.8%
and 1.3% in water solution, respectively. In general, it is
believed that compounds with quantum yields of photodisso-
ciation in the 1-10% range are considered to be the most effi-
cient.” Both compounds can be excited using blue and green
light (A.ps = 473 and 531 nm, respectively). Changing the nature
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Fig. 2 Structures of ruthenium complexes 1 and 2 as prodrugs of
enzyme inhibitors that exhibit properties of PDT/PACT agents. Light
pink highlights a part of PS, while gray indicates the released ligand.
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of the ligand led to a major change in the photophysical prop-
erties. Four cell lines were used for cytotoxicity studies: three
human cancer cell lines A549 (human lung adenocarcinoma),
MCF-7 (human breast adenocarcinoma), and A431 (human
epidermoid carcinoma), and a non-cancerous cell line MRC-5
(human lung). Half maximal effective concentrations (ECsg)
were calculated under hypoxic (1% O,) and normoxic condi-
tions (21% O,). It was found that the cytotoxicity of complex 2 is
substantial in all cancerous cell lines in comparison with
compound 1. While compound 1 had no difference in hypoxia
and normoxia, compound 2 was even more effective in hypoxia.
The authors showed that the inhibitor activity released from
complex 2 was comparable to the drug itself. The same complex
has half-maximal inhibitory concentration ICs, = 4.8 uM before
irradiation and ICs, = 0.26 uM after irradiation in comparison
with a free drug with IC5 = 0.25 pM. Thus, it was demonstrated
for the first time the use of dual agents as NAMPT inhibitors.
One of the first studies devoted to ruthenium(u) complexes
as PDT/PACT agents was performed in Turro's lab in 2015.*°
Initially, the obtained compounds were not characterized using
biological assays. Fortunately, the group continued to work in
this area,” and in 2018, they published a paper discussing
complexes 3-5, which are derivatives of the chemotherapeutic
drug imatinib (Fig. 3).”® Imatinib, known as a tyrosine kinase
inhibitor, is commonly prescribed for treating gastrointestinal
stromal tumors. The study explored the potential of photo-
controllable drug release to mitigate side effects associated with
imatinib, such as abdominal pain, decreased hemoglobin,
nausea, vomiting, cardiac toxicity, and skin issues. The metal
complexes exhibited a high quantum yield of singlet oxygen
(7.3-25%) with an absorption spectrum extending up to 650
nm. Compound 5 also showed a significant 57% quantum yield

Fig.3 Structures of ruthenium complexes 3-5 as prodrugs of enzyme
inhibitors that exhibit properties of PDT/PACT agents. Light pink
highlights a part of PS, while gray indicates the released ligand.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of drug photorelease under 500 nm irradiation. Although there
are no in vivo assays for the compound, the study examined its
affinity for the gene encoding the receptor tyrosine kinase
protein (C-kit/CD117). For this purpose, derivatives of these
metal complexes were prepared with a carboxyl group that
readily binds to an antibody targeting the receptor tyrosine
kinase protein. The studies showed that conjugation with the
antibody did not affect the release of imatinib. Thus, the
authors obtained a dual PDT/PACT agent targeting the receptor
tyrosine kinase protein capable of releasing a chemotherapeutic
drug.

In 2021, Zhou's group reported ruthenium(u) complexes 6
and 7 that were expected to have three functions: PDT agents,
PACT agents, due to the bipyridine-containing quinone frag-
ment, and catalysts of photooxidative processes (Fig. 4).*¢
Quinones are known to be actively involved in mitochondrial
respiration. With this in mind, the authors have proposed
a nitro-anthraquinone moiety that can accept an electron from
the excited ruthenium moiety, oxidizing the metal centre and
releasing the ligand with this anthraquinone-based anionic
moiety. The latter can serve as a photooxidative catalyst, causing
cellular oxidative stress. The absorption spectrum of the
compounds had an absorption maximum at 560 nm with a tail
of the spectrum up to 700 nm. The authors did not provide the
values of quantum yields of photorelease, but when the
compounds were photo-irradiated at 600 nm for 25 min in
acetonitrile, the authors observed photodissociation with yields

of 72% and 47%, respectively. In studies with 9,10-
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anthracenediyl-bis(methylene)dimalonic acid, the compounds
did not show the ability to generate singlet oxygen but showed
the possibility of generating O, " with dihydroethidium. The
same was shown in cellular experiments with 2',7-dichloro-
fluorescein diacetate. The cytotoxicity of the compounds was
studied on three cell lines: A549 (human lung adenocarcinoma),
A549/DDP (cisplatin-resistant A549), and SKOV-3 (human
ovarian cystadenocarcinoma). The toxicity of compound 6 was
shown to be higher than that of compound 7 due to the factors
of photocatalysis and generation of ROS. The most significant
phototherapeutic index (PI) change was shown with the A549
cell line, where the PIwas found to be 3 for complex 6 and 44 for
complex 7. The authors demonstrated similar outcomes using
SKOV-3 3D multicellular spheroids. As a result, the biological
activity of the compounds was investigated, demonstrating
their applicability through several biological assays.

The next large subgroup of compounds 8-18 was obtained in
the laboratories of Gazer and of Kodanko, who devoted their
attention to inhibitors of the cytochrome P450 family. Cyto-
chrome P450s are vital enzymes responsible for facilitating
complex organic transformations crucial for the biosynthesis
and metabolism of key molecules such as steroids, retinoic
acid, and vitamin D. Compounds 8-10 were synthesized by
Glazer et al. (Fig. 5).** These complexes exhibited absorption
capabilities extending up to 600 nm with a maximum near 560
nm. The authors did not quantitatively estimate the quantum
yields of singlet oxygen but showed that its generation is
comparatively lower than for the same complex with three

Fig. 4 Structures of ruthenium complexes 6 and 7 as multifunctional agents that exhibit properties of PDT/PACT agents. Light pink highlights

a part of PS, while gray indicates the released ligand.
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Fig. 5 Structures of ruthenium complexes 8—10 as prodrugs of inhibitors of the cytochrome that exhibit properties of PDT/PACT agents. Light

pink highlights a part of PS, while gray indicates the released ligand.
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bathophenanthroline ligands. A fluorescent substrate selective
to the cytochrome P450 was used to demonstrate a 136-fold
difference between intact and irradiated samples with ICs,
values for enzyme inhibition of 6.8 and 0.05 uM, respectively.
The cytotoxicity of the metal complexes after light irradiation
was found to be comparable to the toxicity of released drugs.
Using human liver microsomes, the authors demonstrated the
ability of compound 9 to inhibit cytochrome P450 activity. At the
same time, this compound was used to treat plasmids coding
for green fluorescent protein in the presence and the absence of
cytochrome to better visualize the difference in activity. The
compound was found to be toxic under light irradiation due to
DNA intercalation of the Ru(u) center as there was no influence
of cytochrome. It means that in vitro experiments have
confirmed that the Ru(u) center can target DNA, while the
released ligands target the P450 enzyme. This suggests that the
compounds have toxicity not only because of the ligand released
as a chemotherapeutic agent but also because the released
ruthenium itself may chemically interact with the environment
after the loss of the ligand.

In 2021, another series of ruthenium complexes as photoc-
ages for cytochrome P450 inhibitors were obtained by Kodanko
et al. (Fig. 6).** Complexes 11-15 contain an octahedral ruthe-
nium complex as a core responsible for singlet oxygen genera-
tion and a pyridine-coordinated ligand that is released under
light irradiation. These pyridine ligands are analogs of the
antiretroviral drug ritonavir, which is a CYP3A4 inhibitor.
Compounds 11 and 13 showed no generation of singlet oxygen
before and after the release in methanol, while the others have

View Article Online
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values of quantum yields of singlet oxygen of 57-80%. The
quantum yields of photosubstitution measured in acetonitrile
are in the range of 1.4-6.1%. The maximum absorption lies near
470 nm and the tail of the absorption spectrum is up to 600 nm
in acetonitrile. The PI for the compounds ranged from 0.3 to 2.3
based on studies of half-maximal inhibitory concentration
(ICs0). The biological studies were performed using a human
adenocarcinoma cell line DU-145, which is known to have high
levels of cytochrome P450 expression. The drug vinblastine,
which had previously shown synergy with cytochrome P450
inhibitors, was used to increase the efficacy of the drugs.
Compound 12 showed the highest toxicity under light irradia-
tion (ECso = 2.8 uM) in contrast to the sample in the dark (ECs,
> 25 uM). The authors demonstrated that inhibition can be
enhanced by a drug release strategy, as metal complexes in cells
can bind tightly and selectively to the active site of cytochrome
P450s without heme ligation.

The next series of ruthenium complexes comprises the
compounds obtained in 2022 by the Glazer group (Scheme 1).**
Similarly to the previous series, complexes 16-18 include
ligands that serve as inhibitors of one protein from the CYP1B1
family of P450 cytochromes. CYP19A1 was targeted because it
produces estrogen and thus provides fuel for estrogen-induced
cancers. Tetramethoxystilbene was chosen as a ligand because
several derivatives could be obtained if necessary to establish
selectivity. The resulting complexes do not generate singlet
oxygen according to the Singlet Oxygen Sensor Green assay but
showed low levels of ROS generation. The quantum yield of
photosubstitution in 5% DMSO in water varied from 0.04% to

Fig. 6 Structures of ruthenium complexes 11-15 as prodrugs of inhibitors of the cytochrome that exhibit properties of PDT/PACT agents. Light
pink indicates the part responsible for PDT, while gray indicates the released ligand.

17764 | Chem. Sci, 2024, 15, 17760-17780
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17: R=CO,H, X =N
18: R=CO,H, X =CH
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Scheme 1 Scheme of the photorelease mechanism of ruthenium complexes 16—-18 as prodrugs of inhibitors of the cytochrome that exhibit
properties of PDT/PACT agents. Light pink highlights a part of PS, while gray indicates the released ligand.

5.5% depending on the structure. The compounds have an
absorption maximum in water around 390, 455, and 550 nm,
respectively. However, due to the extent of the tail of the spec-
trum, the authors studied the inhibition ability of the
compounds upon irradiation at 660 nm. Complex 18 showed
the highest PI values for CYP1B1 inhibition compared to the
other cytochromes CYP1A1 and CYP19A1. The selectivity ratio
of CYP1B1 inhibition to the other two was >100 000 and 62 800,
respectively. However, the authors emphasize that low PI values
are a persistent problem for ruthenium complexes and dark
ICs, values are usually in the uM range. The reasons for the
selectivity were not found due to the difficulty of the studied
compounds for docking. Moreover, the addition of a carboxylic
acid substituent to the ligand (16 and 17) was shown to reduce
the inhibition of the CYP1B1 enzyme by about 10-fold. Unfor-
tunately, these compounds have not been tested in vivo. Overall,
the authors obtained and characterized in detail ruthenium
complexes capable of selective inhibition of CYP1B1.

The next subgroup of compounds comprises ruthenium
complexes with sulfur-coordinated ligands. Often, such
compounds have extremely low quantum yields of singlet
oxygen production, or the yields for these compounds have not
been reported.*>***"-3° One example of a metal complex that can
be considered a PDT/PACT dual agent is compound 19 (Scheme
2). This metal complex absorbs up to 550 nm with an absorption

19

maximum of around 400 nm in acetonitrile solution. A pure
HPLC sample of the compound had a 3% singlet oxygen
production quantum yield. This value is much lower than those
of clinically used PSs.** The quantum yield of photosubstitution
was measured by UV-vis spectroscopy and found to be 11.1% in
acetonitrile solution under green light irradiation (541 nm). The
authors note that 15 minutes is sufficient to achieve complete
photosubstitution. Under photo-irradiation, the non-toxic 2-
((methylthio)methyl)pyridine ligand is released together with
a ruthenium-based cytotoxic photoproduct (Scheme 2). This
complex can bind to biomolecules such as nuclear DNA. The
photocytotoxicity of the metal complex has been studied using
several biological assays. In in vitro experiments using the cell
lines A549 (human lung adenocarcinoma), PC3Pro4 (human
prostate carcinoma), CRMM1, CRMM2, and CM2005.1 (three
lines of conjunctival melanoma), and OMM1, OMM2.5, and
MEL270 (three lines of uveal melanoma), metal complex 19
showed high PI values up to 31 (PC3Pro4 cell line). However, in
in vivo experiments, the compound was not as efficient against
implanted PC3Pro4 cells as against CRMM1 and CRMM2. The
latter showed lower PI values in vitro. The authors conclude that
this demonstrates the difficulty in the translation of in vitro
cytotoxicity results to an in vivo model. Overall, the resulting
metal complex is a rare example of a dual agent that has shown
efficacy in both in vivo and in vivo models.

Scheme 2 Scheme of the photorelease mechanism of ruthenium complex 19 as a prodrug of a toxic ruthenium aqua-complex that exhibits
properties of PDT/PACT agents. Light purple highlights a part of PS, while blue indicates the released ligand.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Structures of osmium and ruthenium complexes 20-22 that
exhibit properties of PDT/PACT agents. Light blue indicates the part
responsible for PDT, while gray indicates the released ligand.

2.2. Osmium complexes

The photochemistry of osmium complexes has been less
studied in comparison with ruthenium but their polypyridine
complexes have proven to be quite promising PSs.**">* In 2021,
the Sadler group reported the synthesis and evaluation of
several osmium arene and ruthenium arene complexes with
curcumin ligands (20-22, Fig. 7) that showed good anticancer
potency.” These compounds absorb light in the visible region
of 400-500 nm in phosphate-buffered saline (PBS). The authors
did not mention the measurement of singlet oxygen production
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quantum yield, but the generation of ROS by complex 20 was
confirmed using 2/,7’-dichlorofluorescein diacetate as a fluo-
rescent ROS probe in cellular studies. Simultaneously, the
authors were able to observe a gradual increase of the aromatic
ligand concentration in the mixture upon photo-irradiation of
the complexes, which confirmed the release of the ligand.
Moreover, a change in the oxidation state of diamagnetic Os> to
paramagnetic Os>* was monitored by NMR. Various cell lines
for the studies included A549 (human lung adenocarcinoma),
A549R (cisplatin-resistant human lung adenocarcinoma), HeLa
(human cervical adenocarcinoma), HepG2 (human liver carci-
noma), HLF (human normal lung), and LO2 (normal liver).
Osmium complex 20 showed higher PI values than 21, 22, cur-
cumin alone, or cisplatin in all experiments performed. The
highest PI value of 34.3 was observed for this metal complex in
experiments with A549R, which makes it a promising agent for
further studies. It was also found that photo-irradiation
changes the localization of metal complexes from the mito-
chondria to the nucleus, resulting in mitochondrial damage,
apoptosis, DNA damage, angiogenesis inhibition, and colony
formation. The authors suggest that these processes might be
related to the changes in the oxidation state of osmium. Overall,
this work proposes a new strategy for designing multimodal
anticancer drugs that can release an arene ligand and undergo
oxidation of the metal centre upon irradiation.

2.3. Iridium complexes

In recent years, iridium has also witnessed a tremendous
increase in interest for the development of PSs suitable for
PDT.*>*® To date, only a small number of iridium complexes
having the properties of dual PDT/PACTs agent are known. Mao
et al. reported cyclometallated complexes 23-25 (Fig. 8), which
can release their five-membered ring ligands (an imidazole or
a pyrazole) under photo-irradiation, as promising dual agents
with high phototoxicity values.”” These compounds have an
absorption maximum of around 260 nm with a tail of up to 450
nm in dichloromethane solution. They have high singlet oxygen
production quantum yields of 79-86% as evaluated using the
indicator 1,3-diphenylisobenzofuran in methanol. The
quantum yields of photorelease were not evaluated, but it was
noted that the emission intensity of the metal complexes drops
by 20% when irradiated with blue light for 10 minutes in
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Fig. 8 Structures of iridium complexes 23—25 that exhibit properties of PDT/PACT agents. Blue indicates the part responsible for PDT, while gray

indicates the released ligand.
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phosphate-buffered saline. Studies with the indicator 2',7'-
dichlorofluorescein on the A549 cell line confirmed the intra-
cellular generation of ROS by flow cytometry. For the biological
experiments, the authors used a variety of cell lines: A549
(human lung adenocarcinoma), A549R (cisplatin-resistant
human lung adenocarcinoma), PC3 (human prostatic adeno-
carcinoma), HepG2 (human liver carcinoma), and LO2 (normal
liver). 23 and 25 showed higher PI values compared to
compound 24. The maximum value of PI equal to 61.7 was
measured for metal complex 23 against the HepG2 cell line. The
authors not only studied the localization of the metal
complexes, which are predominantly in the cytoplasm, but also
demonstrated that the compounds can covalently link to
biomolecules after photodissociation by complexing to histi-
dine residues in proteins.

An original strategy to overcome hypoxia was devised by the
groups of Chao and Gasser in 2022. The idea was to merge two
strategies: directly deliver oxygen-carrying compounds, endo-
peroxides, to the hypoxic tumor to increase the efficacy of Type
II PDT treatment that requires oxygen,*®**° and under photo-
irradiation generate carbon radicals as photoactivated toxic
species.®* Thus, the following compounds 26-27 have been
proposed and synthesized following these ideas (Fig. 9).°>

These metal complexes absorb up to 450 nm with
a maximum of around 300 nm in methanol. The quantum
yields of photorelease were not measured, but the authors
estimated an 80% photoconversion in 2 min at 405 nm in
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DMSO solution under hypoxic conditions (1% oxygen). The
quantum yields of singlet oxygen production were found to be
79% for complex 26 and 16% for 27. Based on the results of the
HPLC-MS analysis and EPR, the following scheme of photo-
transformation was suggested (Scheme 3). Under light irradia-
tion, the iridium complex releases a highly cytotoxic iridium
complex, singlet oxygen, and an alkoxy radical. Due to the high
generation of ROS, complex 26 was selected for further in vitro
studies on the A549 (human lung adenocarcinoma) cell line.
Under hypoxic conditions (1% oxygen), the PI of compound 26
was 690, whereas under normoxic conditions (21% oxygen) it
was 959. The iridium complex, which is a photoreleasing
product of metal complex 26, was found to be highly toxic. The
authors were also able to show the release of the compound
intracellularly using lifetime phosphorescence imaging.
Microscopic images showed signs of cellular damage, including
a reduction in mitochondrial size and the formation of vesicles
within the cell after the photorelease. Using two-photon exci-
tation of A549 multicellular tumor spheroids by confocal
microscopy, it was demonstrated that all layers of cancer cells
could be treated efficiently with metal complex 26. Further, in
vivo studies with the encapsulation of 26 in phospholipids were
performed on A549 tumor-bearing Nu mice. It was found that
the formed nanoparticles almost completely eradicated the
tumor in a mouse model under two-photon irradiation (750
nm). Overall, the obtained compound 26 is one of the most
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Fig. 9 Structures of iridium complexes 26—-27 that exhibit properties of PDT/PACT agents. Purple indicates the part responsible for PDT, while

gray indicates the released oxygen.
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Scheme 3 Scheme of the photorelease mechanism of ruthenium complex 26 as a prodrug of singlet oxygen, a toxic complex, and an alkoxy

radical that exhibits properties of PDT/PACT agents.
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effective metal-based PDT PSs that can be used under hypoxic
conditions with two-photon excitation.

2.4. Binuclear complexes

Some of the most attractive molecules are those in which
different parts of the molecule are responsible for PDT and
PACT properties.”* Among the compounds that have been
reported in the literature, the Ru-Ir compound 28 is a unique
binuclear complex where the iridium subunit serves as a PS,
and the ruthenium one as a drug photoreleasing moiety
(Scheme 4)."* The authors wanted to obtain the binuclear
complex as a mitochondria-targeting compound to treat plat-
inum-resistant cell lines.** The compound in phosphate-buff-
ered saline had absorption bands around 380-405 nm and 450
nm. The release of the ruthenium complex was confirmed by
NMR spectroscopy, absorption spectroscopy, and HPLC. The
last method allowed authors to identify the degradation prod-
ucts (Scheme 4). The quantum yield of singlet oxygen of the
compound under 405 nm irradiation was 46% in studies with
methylene blue as a standard in methanol solution. However, at
450 nm irradiation, the complex does not generate singlet
oxygen, and thus 405 nm was utilized for cellular experiments.
Four cell lines were tested: two cis-platinum resistant/two non-
cisplatin resistant cell lines A549/A549R (human lung adeno-
carcinoma) and SGC-7901/SGC-7901DDP (human gastric
adenocarcinoma). With A549R, the compound demonstrated
higher cytotoxicity (ICso = 11.34 £ 1.2 uM) without light irra-
diation in comparison with cisplatin (IC5o = 92.54 £+ 9.2 uM).
Upon photo-irradiation, the toxicity increased to ICs, = 0.45 £
0.1 uM. Thus, the PI value was found to be 25.2 for the prom-
ising dual agent. The same pattern of changes was observed for
other cell lines. In contrast to previous studies, the authors were
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able to demonstrate the ability of the released ruthenium
complex to bind to DNA. For this purpose, the authors used
a gel electrophoresis assay with the plasmid pBR322. After light
irradiation of the complex in the presence of the plasmid,
a delayed shift was observed by electrophoreses that demon-
strated the binding ability of the ruthenium-releasing moiety.
The ability of the compounds to induce mitochondrial
dysfunction due to DNA damage was also demonstrated, which
was characterized by a decrease in the level of adenosine
triphosphate (ATP). Overall, the authors showed the possibility
of using the dual agent as an effective PS capable of inducing
mitochondrial stress through the release of the ruthenium
complex.

3. Organic compounds as PSs

Among organic-based PSs used as PDT/PACT agents, two main
groups emerge: 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) and polypyrrole macrocycles. BODIPY compounds
gained attention due to their use as dyes for bioimaging, broad
spectral characteristics, and high luminescence quantum
yields.*>* Polypyrrole macrocycles like silicon phthalocyanines
and porphyrins are also known in the literature to exhibit
properties as PDT/PACT agents. The interest in these
compounds is linked to their application in PDT as effective
PSs.% We report below first examples of BODIPYs and then
phthalocyanines, as well as other examples based on organic
PSs as dual PDT/PACT agents.

3.1. BODIPYs

The second broadest class of compounds after ruthenium
complexes that can serve as PDT/PACT agents are BODIPY
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Scheme 4 Scheme of the photorelease mechanism of the binuclear complex 28 that exhibits properties of PDT/PACT agents. Light red

highlights the PS, while orange indicates the compound released.
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compounds. The greatest contribution to the field of study of
these compounds as possible PACT agents comes from the
groups of Winter and Weinstain.***»” In their joint review in
2023, they combined the most significant trends in the variation
of photophysical properties depending on (1) the structure of
the BODIPY backbone, (2) the nature of the leaving group, and
(3) the substituents at the boron.*® It should be noted that this
review considers exclusively the meso-position in the structure
as a bridge between the molecule and the leaving group
(Scheme 5). An earlier Weinstain review from 2020 showed that
the photodegradation process is observed at the position where
the electron density decreases when the substance is irradiated
with light.”® In the case of BODIPY compounds, it is in the meso-
position of the molecule backbone that the electron density
decreases the most.®® An in-depth explanation of the mecha-
nism of photorelease has been theoretically studied.®*™

Among the compounds that can be found in the literature
exhibiting the properties of PDT/PACT agents are the molecules
shown in Fig. 10.%%7>7*

In the case of 29-34, the PS is BODIPY itself. It serves also as
a photocage. The exact mechanism of photorelease from BOD-
IPY meso-methyl remains unknown but has been proposed to
be a photo-Sx1 type mechanism.®® Under photo-irradiation, the
molecule reaches a higher-lying singlet excited state. Calcula-
tions suggest that the molecule degrades from this state,
leading to the formation of a putative carbocation and a leaving
group (Scheme 6). In the presence of methanol, a methoxy

LG
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derivative is formed. Compound 29 includes a derivative of
chlorambucil, which has shown efficacy in anticancer chemo-
therapy.” The compound exhibits absorption up to 600 nm with
a maximum at 550 nm in phosphate-buffered saline. The
complete release of chlorambucil was observed upon 1 h irra-
diation at 561 nm. The starting BODIPY with a hydroxy
substituent has a singlet oxygen quantum yield of 55%, while
the resulting product has a quantum yield of 21% in acetonitrile
solution. Cytotoxicity investigations on HeLa (human cervical
adenocarcinoma) revealed relatively low toxicity for the
complex, with 75% of surviving cells when incubated with 50
uM for 24 h in the dark. Under light irradiation, the cell survival
rate dropped below 40% after 15 minutes and nearly reached
zero after 1 h. Moreover, at equal concentrations, the BODIPY
compound exhibited higher cytotoxicity compared to chlor-
ambucil, likely attributed to the generation of singlet oxygen
and the enhancement of phototoxicity.

The described compound includes an ester bond as a linker
between the backbone of the molecule and the leaving group.
Such a bond can be often enzymatically broken by esterases.”®””
While compound 29 was not investigated for stability to ester-
ases, compounds 30-32 were.”* Compounds 30-32 include
a fragment of the cysteine protease cathepsin B inhibitor with
a broad scope of functions.””® The authors tried to overcome
resistance to esterases by varying the nature of substituents,
which succeeded for 31 (Fig. 10). All compounds absorb light in
the 400-550 nm range with a maximum of around 525 nm in

Ry
hv, Nu .B.
e D
R R
Nu

Scheme 5 General mechanism of photoconversion of BODIPYs into by-products and released drugs. LG — leaving group that in the observed
cases is the drug and Nu — a nucleophile, usually solvent molecules. The overall mechanism may not correspond to all examples of photorelease.
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Fig. 10 Structures of BODIPYs 29—-34 that exhibit properties of PDT/PACT agents. Green highlights the PS, while gray indicates the compound

released.
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Scheme 6 Scheme of the photorelease mechanism for compound 29. 1 indicates a singlet state.

dichloromethane. The quantum yield of photorelease was
approximately 2.5% for compound 31 in methanol. The
quantum yield of singlet oxygen was determined relative to
methylene blue using 1,2-diphenylisobenzofuran in isopropyl
alcohol, with complex 31 having the highest value. MDA-MB-
231 (human breast carcinoma) and MCF-10A (human normal
epithelial) cell lines were used to evaluate cytotoxicity. The
compounds are non-toxic without light irradiation. The PI
values were found to be 30 for the cancerous line and 7.7 for the
non-tumorigenic one, showing the selectivity of the drug. As
a result, the authors showed that the combination of rapid and
selective inactivation of Cathepsin B with singlet oxygen
generation results in a synergistic effect that steers cancer cells
away from apoptotic death in favor of necrosis.

In the case of 33-34, the authors obtained compounds con-
sisting of a BODIPY residue and a leaving group with a carba-
mate bond. Under light irradiation, a DNA-binding PS is
released, namely Br-DAPI (highlighted in gray in 33, 34), and
generates carbon dioxide.” As in the previous case, the authors
used the so-called photocage WinterGreen. The carbamate
linker was chosen because of the higher quantum yield of
photorelease compared to the direct nitrogen-carbon bond.*
Similarly to the previous example, the compounds have
absorption maxima around 320 and 520 nm in PBS. After 20
minutes of 480 nm irradiation, the drug was completely
released in the same buffer. However, no boron-containing
release products were found in the sample due to photo-
bleaching. The quantum yield of singlet oxygen was found to be
0.42% in aqueous ethanol solution. MCF7 (human breast
carcinoma), A549 (human lung adenocarcinoma), and HeLa
(human cervical adenocarcinoma) lines were used to estimate
the toxicity of the compounds. No enzymatic cleavage occurred
after the incubation of the compounds with cells in the dark,
without light irradiation. Also, in the dark, Br-DAPI compared
with 33 showed different cytotoxicity depending on the cell line,
which may be due to cell permeability and defense mechanisms
against oxidative stress. The toxicity of the compounds was
estimated as the concentration that reduces the number of
viable cells by 50% (CCs,) in the dark and under light irradia-
tion. We calculated PI values based on the data presented in the
paper. In the case of the MCF7 line when UV + 480 nm was

17770 | Chem. Sci., 2024, 15, 17760-17780

applied, the PI was approximately 26 for 33 and 21 for 34. The
PIs were lower when only 480 nm was used, which was
explained by the lower ROS generation. This is also explained by
the spectral separation of BODIPY (480 nm) and Br-DAPI (UV)
photorelease activation. In summary, the authors have shown
that the use of 34 drugs is preferable due to the achievement of
high levels of phototoxicity due to the dual PDT/PACT
treatment.

3.2. Silicon phthalocyanines

These compounds share a release mechanism similar to
ruthenium complexes. Upon light excitation, one of the ligands
undergoes decoordination.®* The released ligand serves as the
drug. Significant contributions to the development of the
chemistry of PDT/PACT agents have been made by You et al.
Some of the first studies confirmed that aminoacrylate linkers
can be cleaved in the presence of singlet oxygen.*>** Among
these compounds, two have cleavable (35 and 37) and two stable
linkers (36 and 38) to singlet oxygen (Fig. 11 and Scheme 7).5**°
The connected drugs are FDA-approved tubulin polymerization
inhibitors: combretastatin A4 and paclitaxel.*** It was shown
that absorption spectra, as well as emission spectra (37 and 38),
do not change significantly due to the variation of substituents.
The authors are more focused on the biological properties of the
molecules, referring to the known photophysical characteristics
of phthalocyanines as effective PSs for singlet oxygen genera-
tion.*®** Compounds 35 and 36 were embedded in poly(ethylene
glycol)-poly(p,i-lactide) micelles. The size was chosen to allow
the enhanced permeability and retention (EPR) effect. Notably,
the authors investigated the bystander effect on the Colon-26
line (mice colorectal carcinoma). In their setup, they use 24-well
plates in which one half of each well is concealed, so that only
one half can be photo-irradiated. Irradiation can lead to the
release of both singlet oxygen and drugs, but the toxicity of
singlet oxygen remains localized in the irradiated half. Yet they
could observe that toxicity occurs in the non-irradiated half as
well. This phenomenon, known as the bystander effect, occurs
because non-irradiated cells were affected by the released drug
that diffused in the well. In this way, the authors confirmed the
release of the drug as a main factor of toxicity. It was concluded

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Structures of silicon phthalocyanines 35—38 that exhibit properties of PDT/PACT agents. Red highlights the PS, while yellow indicates the

compound released.

that despite the difference in linkers, compounds 35 and 36
showed toxicity upon light irradiation. The toxicity was higher
for the compound with a cleavable linker in in vivo studies on
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BALB/c mice with single carcinoma tumors. Compounds 37 and
38 were used without incorporation into micelles. The toxicity
of 37 and 38 was investigated using SKOV-3 cells (human
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Scheme 7 Scheme of the photorelease mechanism for compound 35.
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ovarian cystadenocarcinoma). The drug itself showed high
cytotoxicity against SKOV-3 cells with IC5, = 4.7 nM, while the
compounds demonstrated lower toxicity: ICs, = 910 (37) and
1279 nM (38). After illumination, both showed strong cytotox-
icity with ICs, = 3.9 and 24 nM, respectively. Thus, the authors
have demonstrated highly cytotoxic compounds activated by
light, with the cytotoxicity in the case of the stable linker being
due to the ability of the PS and in the case of the cleavable linker
being due to both PDT and PACT mechanisms.

Fig. 12 illustrates the structures of compounds 39-41 ob-
tained by Schnermann et al®° Building upon prior research
concerning the release of oxygen-coordinated compounds, the
authors decided to explore the possibility of releasing ligands
directly coordinated to silicon. Specifically, combretastatin A4
was serving as a releasing moiety within the structure 41.*® For
the sake of comparison, the authors included a less active trans
analog 40 and a fluorescent dye in the release study 39 (Scheme
8). The fluorescent dye released allowed in situ estimation of the
photodissociation rate. All the compounds exhibited absorption
peaks around 690 nm, with quantum yields of singlet oxygen
ranging from 10% (40) to 39% (39) in phosphate-buffered
saline. In the case of these molecules, the release process
competes with triplet-triplet annihilation processes. Conse-
quently, in the absence of oxygen, a preferential release is ex-
pected. This phenomenon was demonstrated for compounds 40
and 41, where the presence of sulfur-containing ligands in the
medium is a prerequisite. Compound 41 releases 56% of com-
bretastatin A4 and 9% of its trans analog due to a change in
stereochemistry. Experiments were additionally carried out on
the HeLa cell line (human cervical adenocarcinoma), revealing
the localization of compounds in lysosomes. In the absence of
light, the compounds exhibited negligible cytotoxicity.
However, upon light irradiation, compound 41 induced an 80%
growth inhibition, comparable to the uncoordinated drug. The
compounds have high quantum yields and absorption in the
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red region, which makes them one of the most promising
among the considered groups of compounds.

3.3. Platinum complexes as drugs

Another group of compounds of interest platinum-based drugs
in PDT/PACT agents (Fig. 13). To date, we have identified several
examples of platinum-containing compounds. Significant
contributions to the development of azido platinum(wv)
complexes have been made by Sadler's group, as detailed in
a recent review.*® These compounds share a common concept:
the platinum(iv) center is attached to an organic PS and the
irradiation leads to the release of a platinum(u)-containing
drug. This is in contrast with ruthenium-based agents, where
the metal plays the role of a moiety of the PS.

The group of Yan described the platinum complex conjugate
to chlorin e6 42 as a potential agent for the anticancer treatment
of hypoxic cells.”* Chlorin e6 is a well-known PS certified by the
FDA.”? The choice of the platinum azide complex was justified
by its inertness during storage and ease of activation with
nitrogen release. The compound was used to co-assemble with
upconversion nanoparticles. In this way, the authors overcame
one of the main problems of PDT - the absorption of light by
tissues in the visible range. It requires the absorption peak to be
shifted towards the first transparency window (values vary,
approximately 700-980 nm).”*** In this case, the compound
absorbs around 980 nm in aqueous medium. Embedding in the
nanocomposite material also prevented the spontaneous plati-
num(w) to platinum(u) process in the presence of dithiothreitol,
which is usually characteristic of platinum(iv) complexes. Due
to the competition between the release and singlet oxygen
generation processes, a non-linearity tendency in singlet oxygen
generation was observed. The more platinum complex was
released, the more energy went to chlorin e6. Nanocoatings
were investigated in vivo and in vitro. The authors conducted
experiments on HeLa (human cervical adenocarcinoma),
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Fig. 12 Structures of silicon complexes 39-41 that exhibit properties of PDT/PACT agents. Red highlights the PS, while yellow indicates the

compound released.
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Scheme 8 Scheme of the photorelease mechanism for the compounds 39.
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Fig. 13 Structures of platinum complexes 42—43 that exhibit properties of PDT/PACT. Blue highlights the PS, while light yellow indicates the

compound released.

HCT116 (human colorectal carcinoma), MDA-MB-231 (human
breast carcinoma), and B16 tumor-bearing mice to evaluate the
antitumor activity. Treatment with the conjugate combined
with near-infrared (NIR) irradiation resulted in a significant
reduction in tumor growth compared to control groups. The
authors also conducted studies using MDA-MB-231 cells to
evaluate ROS levels and hypoxia-inducible factor (HIF-1a)
expression under hypoxic conditions. The stabilization of HIFs
under hypoxia leads to the transcriptional activation of genes
involved in adapting cellular physiology to low oxygen levels.
This includes promoting angiogenesis, glucose transport, and
glycolytic metabolism."” Treatment with the conjugate resulted
in increased ROS levels and reduced HIF-1a expression, sug-
ges