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1. Introduction

Tumor hypoxia represents a major barrier to effective cancer
refers
characterized by low oxygen levels, resulting from the rapid
proliferation of cancer cells and inadequate vascularization.?
While oxygen concentration in normal tissues typically range
(40 mmHg pO,y),
microenvironment can drop to as low as 0.02—2% O (below 2.5
mmHg p0-).3 This oxygen deficiency triggers adaptive responses
that promote tumor survival, angiogenesis, metastasis, and
resistance to conventional anticancer therapies, ultimately
contributing to poor patient prognosis.

treatment.? It

from 2-9%
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Insights into Type | Photoreactivity of Cyclometalated Iridium(lil)
and Ruthenium(ll) Photosensitizers

Gloria Vigueras,*? Vicente Marchdan < and José Ruiz*<

Photodynamic Therapy (PDT) is a light-activated treatment that relies on the generation of cytotoxic reactive oxygen species
(ROS). While most clinically approved photosensitizers (PSs) operate through a Type Il mechanism—based on energy transfer
to molecular oxygen—their efficacy is often compromised in hypoxic tumor microenvironments. In this context, Type | PSs
capable of initiating electron or hydrogen atom transfer reactions have gained increasing attention due to their reduced
dependency on oxygen levels. In this Feature Article, we review recent advances in cyclometalated iridium- and ruthenium-
based PSs exhibiting Type | photoreactivity, highlighting representative examples from both our own work and the literature.
Although rational design strategies are still emerging, selected examples demonstrate how subtle modifications in complex
architecture, ligand environment, or metal center identity can influence the balance between Type | and Type Il pathways.
In particular, we outline conceptual design motifs—such as cyclometalation with thiophenyl-based ligands, conjugation with
fluorophores such as coumarin or BODIPY, and multinuclear architectures—that have been explored to enhance electron-
transfer reactivity under hypoxic conditions. Beyond photophysical considerations, we discuss common challenges in the
experimental identification of Type | mechanisms and emphasize the importance of biologically relevant models, such as 3D
cell cultures, for evaluating PS performance. Ultimately, we offer a perspective on how molecular design can be tailored to
meet the demands of next-generation PDT agents, aiming to improve therapeutic outcomes in low-oxygen tumor
microenvironments, which are characteristic of highly aggressive and treatment-resistant tumors.

independent pathways as critical alternatives for overcoming
challenges posed by hypoxic tumor microenvironments.*

At the core of PDT are two principal photochemical pathways:
Type Il, which involves energy transfer from the PS’s excited
triplet state to molecular oxygen to generate singlet oxygen,
and Type |, characterized by electron or hydrogen transfer
leading to reactive radical species (Figure 1). Yet, beneath the
apparent simplicity of this dichotomy lies a complex interplay of
photophysical, photochemical and biochemical processes,
often governed by the presence and availability of molecular
oxygen.>® A crucial step common to both mechanisms is the
efficient population of the PS’s triplet excited state, which
depends on effective intersystem crossing (ISC) from the singlet
state. Enhancing ISC is therefore fundamental to improving

to regions within solid tumors

levels in the tumor

Photodynamic therapy (PDT) is a minimally invasive therapeutic
modality that has emerged as a promising strategy for cancer
treatment. PDT relies on the interplay of three essential
components: a photosensitizer (PS), a light source, and
molecular oxygen. Although most clinical PDT approaches have
traditionally focused on oxygen-dependent mechanisms, recent

research highlights the growing importance of oxygen-
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reactive oxygen species (ROS) generation. One widely adopted
strategy involves increasing spin—orbit coupling (SOC), which
facilitates ISC; this can be efficiently achieved by incorporating
heavy atoms—particularly transition metals—into the PS
structure.” These metal centers promote SOC due to their high
atomic number, making them especially attractive for designing
triplet-active compounds. Alternatively, reinforcing the
intramolecular charge-transfer (ICT) character of the PS can also
boost ISC efficiency by narrowing the singlet—triplet energy gap
(AEs—7).3° This is typically accomplished through the strategic
placement of electron-donating or electron-withdrawing
groups within the PS structure, although transition metals
themselves can also modulate ICT behavior via metal-ligand
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Figure 1. Jablonski diagram illustrating Type | and Type Il photochemical pathways of PDT. Adapted from ref. 46 with

permission from the Royal Society of Chemistry, copyright 2025.

Thus, metal-based PSs offer a multifaceted
approach to engineering efficient triplet-state PSs.10

In 2018, Li et al. proposed Type | PDT as a “partial oxygen-
recyclable” mechanism mediated by superoxide radicals (Figure
2), offering a compelling explanation for how Type |
photoprocesses can help overcome PDT resistance under

interactions.

hypoxic conditions.'>12 This renewed interest in Type | PDT has
stimulated efforts to design PSs capable of engaging both Type
I and Type Il pathways, thereby enabling the generation of a
broader spectrum of ROS beyond singlet oxygen—including
superoxide (*O;7) and hydroxyl (*OH) radicals—that remain
effective even in oxygen-deficient tumor microenvironments.
This growing interest in Type | PDT has underscored the value
of systems that can efficiently participate in electron transfer
reactions. In this context, transition metal complexes stand out
not only for their ability to access long-lived triplet excited
states, but also for their intrinsic electronic configurations—
particularly the presence of partially filled d orbitals—which
facilitate interactions with nearby biomolecules and molecular
oxygen species.’? These features make them uniquely well-
suited to mediate Type | processes, especially under hypoxic
conditions, where classical 10, production becomes inefficient.
Nevertheless, the development of Type | PSs faces several
challenges due to inconsistent interpretations of mechanisms,
varied detection techniques, and diverse application strategies.
This evolving understanding compels us to reconsider the
design principles of metal-based PSs, scrutinizing how their
ligand environments influence
photoreactivity toward electron-transfer pathways.

Several comprehensive reviews on noble-metal complexes for

electronic structures and

PDT have been published recently.1314 In contrast, this Feature
Article adopts a more focused and intentional scope: it explores
cyclometalated Ir(lll) and Ru(ll) complexes that exhibit Type |
photoreactivity. Particular attention is given to mechanistic

insights, representative examples (including our own
contributions), and the experimental challenges involved in
identifying Type | behavior under biologically relevant

conditions. While our primary focus is on cyclometalated Ir(lll)
and Ru(ll) complexes, recent advances in other metal-based
platforms also deserve brief mention. Platinum(Il)®> and
osmium(Il)® PSs have been investigated for oxygen-
independent photoreactivity within specific ligand
environments, while cobalt(lll)-based systems, as well as certain

2| J. Name., 2012, 00, 1-3

manganese(ll) and iron(lll) compounds are gaining interest due
to their natural abundance and cost effectiveness.l’-20 These
examples illustrate that Type | photoreactivity is not exclusive
to Ir and Ru complexes. They also help contextualize the unique
opportunities and challenges associated with cyclometalated
platforms.

2. What defines a Type | photosensitizer?
Molecular features and design strategies

Type | PSs are characterized by their ability to generate ROS
predominantly through electron or hydrogen transfer
mechanisms, rather than via direct energy transfer to molecular
oxygen (Figure 1). In the canonical Type | pathway, the excited
triplet state (3PS*) transfers electrons to surrounding oxygen or
water molecules, producing superoxide (*0;~), hydroxyl (*OH)
radicals and/or hydrogen peroxide (H,O,). These free ROS
initiate oxidative cascades that can trigger lipid peroxidation,
leading to the formation of peroxyl radicals (ROO®), alkoxyl
radicals (RO*®), etc, ultimately resulting in cell death.2!

An  alternative—but increasingly recognized—Type |
mechanism involves initial electron donation from endogenous
biomolecules, such as NAD(P)H, amino acids, peptides, or
nucleic acids, to the excited PS.? The resulting reduced PS

Type | PDT:
a “partial oxygen-recyclable mechanism”

0 +H* 22 H,0, + 0, (1)

H,0, + Fe’* — Fe’* +*OH + OH; @
0" +Fe** — Fe** + O,

07~ +H,0; — O, + *OH + OH ™~ 3)

(1) Disproportionation reaction

(2) Fenton reactions

(3) H,0, reduction through the Haber—Weiss
reaction

Figure 2. Type | “partial oxygen-recyclable” mechanism proposed by Li et al.*%12 *O,~
generated during Type | photoreactions can undergo disproportionation catalyzed by
superoxide dismutase (SOD), producing both H,0, and molecular oxygen. Additionally,
*02” may react with H,O, via Fenton- or Haber-Weiss-type chemistry, leading to the
formation of *OH.

This journal is © The Royal Society of Chemistry 20xx
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intermediate subsequently transfers an electron to O,
generating superoxide indirectly. This two-step pathway,
conceptually analogous to photocatalytic redox cycles, expands
the mechanistic landscape of Type | PDT and underscores its
adaptability in complex biological environments.

Type | and Type Il mechanisms often coexist within a given PS,
with the relative contribution of each pathway determined by
molecular structure, medium composition, and environmental
conditions. In the design of organic PSs, two principal strategies
have been employed to favor Type | reactivity. The indirect
strategy involves suppressing excited energy transfer (EET) by
lowering the energy of the triplet excited state (T:) below the
threshold required to generate singlet oxygen (10,), thereby
disfavoring the Type Il pathway. Conversely, the direct strategy
focuses on enhancing electron transfer (ET) by structurally
optimizing the PS to promote efficient ET processes and the
subsequent formation of Type | ROS such as *O,” and °OH.
Several recent reviews have comprehensively explored these
molecular design strategies, shedding light on the structural and
electronic factors that govern Type | versus Type Il behavior in
organic PSs.>91222,23

Compared to the Type | mechanism, the Type Il process is
generally more kinetically favorable. This is reflected in the
significantly higher rate constants for photoinduced energy
transfer to molecular oxygen than for electron or hydrogen
atom transfer between PSs and biological substrates. For
instance, the rate constant for energy transfer (Keer) from
phtalocyanines to oxygen is approximately 10° M~"s™", whereas
their electron transfer rates (Ker) with biological substrates
typically range from 10* to 108 M™"s™.5 However, transition
metal complexes can shift this mechanistic balance toward Type
| reactivity due to several intrinsic features: partially filled d
orbitals, favorable redox potentials, and strong SOC. These
properties facilitate efficient ISC and promote electron transfer
processes.?! As a result, metal-based PSs can achieve high ROS
yields even under low oxygen conditions and access alternative
photoreactivity pathways that are not available to purely
organic systems.

Given the ongoing debate regarding the accurate identification
of Type | pathways, it is crucial to critically evaluate both the
reliability and the limitations of the experimental techniques
commonly employed for ROS detection. These considerations
are discussed in detail in Section 4.

3. Metal-based Type | photosensitizers:
representative examples and insights

Transition metal complexes have attracted increasing attention
as PSs due to their versatile physicochemical, photophysical and
photochemical properties, which make them well-suited for
applications in bioimaging and PDT.!31424-26 Compared to
traditional organic PSs, metal complexes offer several distinct
advantages. As previously mentioned, the presence of a heavy
metal atom enhances SOC, thereby facilitating ISC to long-lived
triplet excited states and improving the efficiency of ROS
generation. Additionally, their robust photostability enables

This journal is © The Royal Society of Chemistry 20xx
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sustained ROS production at low doses, which helps minimize
systemic toxicity and post-treatmént! 1GpREVE3ASRIVIRR
Furthermore, the modular architecture of these complexes
allows for precise tuning of their photochemical behavior and
biological interactions through strategic selection of metal
centers and ligands. Despite the growing interest in metal-
based PSs, comprehensive reviews specifically addressing the
development and mechanistic understanding of Type |
photoreactivity in these systems remain surprisingly limited.
Here, we highlight key design strategies—such as cyclometalation
with  thiophenyl-based ligands, conjugation with organic
fluorophores like coumarin or BODIPY, and the development of
multinuclear architectures—that have been investigated to enhance
electron-transfer reactivity under hypoxic conditions.

3.1. Bis-cyclometalated Iridium(Ill) complexes: Synergistic Type /Il
photosensitization

Cyclometalated Ir(lll) complexes have emerged as versatile
platforms for PDT due to their excellent photophysical
properties.?’ Iridium(lll) complexes distinguish themselves from
organic fluorophores through the strong spin—orbit coupling of
the metal center (£ = 3909 cm™), which promotes efficient ISC
to the triplet state. This results in long-lived excited states, often
accompanied by high phosphorescence quantum vyields. Their
capacity to transfer energy to molecular oxygen and participate
in photoredox processes makes them excellent candidates for
both Type | and Type Il photodynamic mechanisms.?® In
addition, their large Stokes’ shifts, emission in the visible to
near-infrared (NIR) region, and high photostability make them
particularly suitable for combined imaging and therapeutic
applications.?®

In our initial investigation of Ir(lll) complexes for PDT, we
reported a series of 2-(thiophen-2-yl)benzimidazole-based
cyclometalated Ir(lll) complexes (Irl-3; Figure 2) containing
dipyrido[3,2-a:2',3'-c]phenazine (dppz) as NAN ligand that
exhibited dual Type I/Il photoreactivity under normoxic
conditions (21% 0). Notably, under hypoxic conditions (2%
0,)—mimicking the tumor microenvironment—their
photoreactivity shifted predominantly toward a Type |
mechanism, producing superoxide radicals with minimal singlet
oxygen generation. This behavior highlights a key feature of
these compounds: their environmental adaptability. Upon blue-
activation (1 h, Amax =420 nm, 77 + 3 W m™2), the compounds
induced effective cell killing in Hela cells, with phototoxicity
indexes (PIs) exceeding 40 in hypoxia.3°®

A second-generation series of bis-cyclometalated Ir(lll) dppz
complexes incorporating 2-(5-aryl-thienyl)-benzothiazole
ligands, was designed to shift the absorption bands toward the
more tissue-penetrating region of the visible spectrum.3! The
chromophoric nature of 2-(5-arylthiophen-2-yl)benzothiazole,
featuring an electron-donating N,N-dimethylaminophenyl ring
connected to an electron-withdrawing benzothiazole moiety in
Ir4 (Figure 3), enabled a red-shifted absorption profile with
bands around 500 nm and tails extending to 620 nm. Ir4 was
capable of photocatalytically oxidizing NADH under blue light
irradiation and generating 0, and *OH in cell-free media. The
complex showed minimal dark toxicity and high phototoxicity

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Thiophenyl-based cyclometalated Ir(lll) PSs.

upon blue light irradiation (Pl >71). Remarkably, Ir4 could also
be activated by green and red light, albeit with reduced efficacy.
Park et al. reported neutral Ir(lll) complexes (Ir5 and Ir6; Figure
3) featuring thiophene-based cyclometalating ligands and a
morpholine moiety for lysosome-targeting.32 Upon white-light
irradiation (0.6 J cm™2), Ir5 generated both singlet oxygen and
radical species (*Oz~and *OH), indicating a dual Type Il and Type
| photoreactivity mechanism. Notably, Ir5 and its analogue Ir6
preferentially accumulated in lysosomes, where protein
oxidation disrupted lysosomal membrane integrity and
disrupted autophagic flux. In 2D cancer cell models, both
complexes exhibited enhanced PDT efficacy, even under drug-
resistant conditions. Proteomic analyses suggested that the
therapeutic effect was linked to spatiotemporal protein
oxidation within lysosomes, identifying autophagy as a
vulnerable pathway. Furthermore, the red-light activatable
analogue Ir6 demonstrated strong in vivo efficacy against drug-
resistant tumors, underscoring the translational potential of
that approach.

A structurally related Ir(lll) complex (Ir7; Figure 3), reported by
Zhu and co-workers,3? showed strong phototoxicity under
green-light irradiation (525 nm, 100 mW cm~2, 5 min), with ICso
values as low as 91 nM in 4T1 breast cancer cell line.
Spectroscopic and computational analyses confirmed its ability
to produce both singlet oxygen and superoxide radicals,
supporting a combined Type Il/Type | photoreactivity profile.
Beyond efficient ROS production, Ir7 activated a distinct cell
death pathway: ferroptosis. Using GPX4-overexpressing and
GPX4-knockout cell models, the authors demonstrated that Ir7
not only induces lipid peroxidation via ROS-mediated oxidative
stress but also directly impairs glutathione metabolism and
GPX4 activity. This dual mode of action amplifies oxidative
imbalance and promotes ferroptotic cell death, contributing to
Ir7’s remarkable antitumor efficacy, as validated by in vivo by
tumor growth inhibition.

4| J. Name., 2012, 00, 1-3
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Building upon the thiophenyl scaffold, two subsequent studies
from our group explored the incorporation of
(thiophenyl)benzimidazole ligands into Ir(lll) complexes, with a
rational design aimed at enhancing selective tumor
accumulation through strong and specific binding to human
serum albumin (HSA).3435 In the first approach, theoretical
calculations guided the design of [Ir(5,6-difluoro-2-(thiophen-2-
yl)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]-imidazole),(tert-
butyl 4-((2-(pyridin-2-yl)-1H-benzo[d]- imidazole-1-
yl)methyl)benzoate)]* (Ir8, Figure 3), which exhibited high-
affinity interaction with HSA.34 This resulted in a significant
increase in protein binding capacity, promoting passive tumor
targeting via the enhanced permeability and retention (EPR)
effect. A second strategy involved the direct conjugation of 1r9
(Figure 3) to HSA, yielding a robust biomolecular assembly with
improved aqueous solubility and enabling oncosis-mediated
PDT.3> Both systems retained strong photobiological activity
under blue-light irradiation (450 nm, 1.2 J cm™2), efficiently
oxidizing NADH and generating singlet oxygen through
combined Type I/Type Il mechanisms. In vitro studies against
colon cancer cells (CT-26) revealed high photocytotoxicity (Pl =
34-89), with negligible dark toxicity.

Chen and co-workers reported a mitochondria-targeting Ir(lll)
PS functionalized with a triphenylphosphonium group (Ir10;
Figure 3), enabling simultaneous mitochondrial modulation of
macrophages and cancer cells to achieve synergistic antitumor
immunity.3¢ Under white light irradiation (6 mW cm, 15 min),
Ir10 generated *0,, *O,~ and "OH in mononuclear macrophage
leukemia RAW264.7 cells, confirming its dual Type 1l/Type |
photoreactivity in vitro. Irl0 exhibited higher phototoxicity
toward 4T1 tumor cells (Pl >145) than toward macrophages (Pl
>48), attributed to differences in cellular uptake. Mitochondrial
targeting also enhanced Ir10’s ability to induce immunogenic
cell death (ICD) in 4T1 cells. Remarkably, Irl0 demonstrated
good PDT efficacy in vivo and effectively activated a systemic
immune response with favorable biosafety.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Ir(lll)-coumarin PSs.

To address the limited tissue penetration of blue light and red-
shift the absorption wavelength of Ir(lll) complexes,3” we
designed an Ir-coumarin conjugate (Ir-COUPY-1, Figure 4) that
can be activated with green light, thanks to the coumarin
moiety, while retaining its ability to generate radicals.3® The
compound exhibited no dark cytotoxicity (ICsp >200 uM) in Hela
cells. Notably, under low doses of green light (21 J cm2), the ICso
value dropped to 2.51 uM, resulting in a Pl of 85. The Ir(lll)-
COUPY conjugate maintained high photocytotoxicity under
hypoxic conditions (2% O,), with a hypoxia index (HI) close to 1.
This index, defined as the ratio of light ICso in normoxia to light
ICso in hypoxia, provides an idea of the potency of a PS under
oxygen-deficient conditions. The use of various ROS scavengers
confirmed that the primary ROS generated by Ir-COUPY-1 was
*0;", positioning it as a promising Type | PS.3°

To investigate structure-activity relationships (SAR), a series of
Ir(111)-COUPY conjugates (Ir-COUPY-2-5, Figure 4) were
synthesized to explore how structural modifications within the
COUPY unit influence ROS generation and photocytotoxicity.*°
The absence of the N,N-diethylamino electron-donating group
(EDG) in Ir-COUPY-2 caused a pronounced blue-shift in
absorption and abolished both ROS generation and
photocytotoxicity, highlighting the critical role of the EDG at
position 7 of the coumarin backbone in photoreactivity. In
contrast, the julolidine-fused analogue Ir-COUPY-3 exhibited
red-shifted absorption and emission, but required higher
intracellular accumulation to achieve cytotoxic effects,
indicating reduced photoreactivity. Conjugates Ir-COUPY-4 and
5, which incorporated longer linkers while retaining the COUPY
core of Ir-COUPY-1, displayed similar photophysical properties
and ROS production, but showed enhanced phototoxicity under
hypoxia. Ir-COUPY-1, -4, and -5 induced potent cell death via
ROS-mediated necrosis under green light irradiation, even in
hypoxic and cisplatin-resistant models, with strong inhibition
also observed in 3D tumor spheroids. Overall, these findings
underscore the importance of precise structural tuning of the
COUPY scaffold to optimize Type | ROS generation and
phototherapeutic efficacy under clinically relevant conditions.
Building on previous strategies aimed at tuning photoreactivity
through coumarin and linker modifications, a subsequent
strategy focused on reengineering the cyclometalated Ir(lll)
scaffold itself. The incorporation of trifluorobenzyl substituents
into the cyclometalating ligand of the Ir(lll) complex led to the

This journal is © The Royal Society of Chemistry 20xx
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development of Ir-COUPY-6 (Figure 4),*! a conjugate exhibiting
significantly enhanced photophysical properties, including
stronger absorption and improved luminescence. Importantly,
Ir-COUPY-6 exhibited potent photocytotoxicity under red-light
irradiation (620 nm), efficiently generating both Type | and Il
ROS—even under hypoxic conditions—while maintaining
minimal dark toxicity. Compared to earlier analogues, its
superior performance under red light resulted into higher PI
values and deeper tissue penetration, key advantages for the
treatment of solid tumors. Beyond *O,” photogeneration, Ir-
COUPY-6 also produced *OH and catalyzed NADH oxidation
under hypoxia. Density functional theory (DFT) calculations
supported a photoinduced electron transfer from the coumarin
moiety to the Ir(lll) complex, favoring superoxide formation and
reinforcing its Type | mechanism. Taken together, these findings
demonstrate that fine-tuning the conjugation between COUPY
dyes and rationally designed Ir(lll) complexes, represents a
powerful strategy for developing red-light activated Type | PSs
with robust activity under low-oxygen conditions.

Other Ir-coumarin PSs have also proven effective under hypoxic
conditions via a Type | mechanism.*>™*> For example, Huang et
al. developed an Ir(lll)-coumarin complex (Irll, Figure 4)
bearing a CAN coumarin-6-based ligand and a quaternized
bipyridine (4,4'-bis(N, N, N-trimethylmethanaminium)-2,2'-
bipyridine) as the N~AN ligand.*? This structural modification
rendered Irll water-soluble and enabled efficient
photocatalytic activity through a single-electron transfer (SET)
mechanism. Upon blue light irradiation (465 nm, 11.7 J cm™3),
Irl1 promoted the oxidation of NAD(P)H and amino acids,
consistent with Type | reactivity, and displayed strong
photocytotoxicity against various cancer cell lines while
remaining non-toxic in the dark (PI: 40-172). Notably, Ir11 also
showed significant antitumor efficacy in vivo, effectively
inhibiting tumor growth in both zebrafish and murine models
upon light activation, further supporting its potential as a Type
| PDT agent in biologically relevant hypoxic environments.
Although coumarin-based PSs can be structurally tuned to
absorb light in the visible and even far-red region,*® their
absorption bands are generally narrower than those of
phthalocyanines (Pcs), which inherently exhibit intense and
broad absorption in the far-red to NIR region. In this context,
the Ir(ll)-phthalocyanine conjugate (Ir12, Figure 5)*’ showed
strong absorption at 677 nm and improved photostability

J. Name., 2013, 00, 1-3 | 5
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Figure 5. Examples of Ir(lll)-based PSs.

compared to free ZnPc. When encapsulated in polyurethane-
polyurea hybrid nanocapsules, 1Irl2 exhibited high
photocytotoxicity under 630 nm light irradiation in both
normoxic and hypoxic conditions, attributed to its dual Type |
and Type Il ROS generation. It also demonstrated excellent
phototherapeutic efficacy in 3D tumor spheroid models. These
results illustrate an alternative design strategy for red-light-
activated PSs, offering a complementary approach to coumarin-
based systems.

Boron dipyrromethene (BODIPY) fluorophores have been also
introduced into iridium complexes for achieving long-
wavelength absorption. For example, Chao et al.*8 reported an
Ir-BODIPY-1 conjugate (Figure 5) with an intense absorption in
the green region (Asps = 500 nm) that can generate both Type
I/Type Il ROS (*0O,, "OH, and °0;7). Ir-BODIPY-1 was highly
photoactive against triple-negative breast cancer cells with Pl
values ranging from 172 to 519 under a moderate flux of visible-
light irradiation (500 nm, 10.5 mW cm=2). Remarkably, the
antiproliferative activity of Ir-BODIPY-1 was retained under
hypoxic conditions (2.5% O,). Very recently, Su et al. designed a
Type-l Ir-BODIPY-2 conjugate (Figure 5) by modulating the
triplet state energy through ligand engineering.*® To achieve
this, they performed time-dependent density-functional theory
(TDDFT) calculations comparing two cyclometalating ligands: 2-
phenylpyridine (ppy) and 2-phenylbenzo[d]-thiazole (bpt). The
ppy-based conjugate exhibited a triplet-to-ground state energy
gap (AEriso) of 1.674 eV, sufficient to overcome the energy
barrier between 30, and 0, (1.61 eV), thereby enabling
efficient 10, generation under irradiation. In contrast, Ir-
BODIPY-2 containing the bpt ligand reduced the AEt;-spto 1.425
eV, which suppressed energy transfer and favored an electron
transfer pathway, effectively converting a Type Il PS into a Type
I. Extracellular and intracellular experiments confirmed the

6 | J. Name., 2012, 00, 1-3
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production of *OH and °O,, rather than 'O, for Ir-BODIPY-2
upon red laser irradiation (630 nm, 0.6 W cm™2, 5 min) under
hypoxic conditions. Moreover, irradiation severely disrupted
the intracellular photoredox balance, triggering pyroptosis, a
form of programmed cell death. RNA sequencing and in vivo
experiments further demonstrated that Ir-BODIPY-2 effectively
induced ICD and suppressed solid tumor growth. This study
demonstrates the importance of rational structural design in
advancing cancer phototherapy.

Inspired by the work of Sadler et al. on an iridium complex
bearing a terpyridine ligand that exhibits phototoxicity toward
both normoxic and hypoxic cancer cells,>® we developed a series
of Ir(lll) complexes incorporating the terdentate ligand 4'-(p-
tolyl)-2,2":6',2"-terpyridine (ttpy), and a C~N ligand derived
from a deprotonated 2-arylbenzimidazole backbone.>® Under
blue light irradiation, these iridium complexes efficiently
mediate the photooxidation of NADH and generate 10, and *OH
via a combined Type I/lIl mechanism. To assess their potential
for treating brain tumors, we evaluated their ability to cross the
blood-brain barrier using a range of in vitro models. Among the
series, the complex Ir13 (Figure 5), which features a
deprotonated methyl 1-butyl-2-
phenylbenzimidazolecarboxylate ligand, emerged as a
particularly promising candidate for targeting therapy-resistant
brain tumors. Upon blue laser irradiation (405 nm, 60 s, 1 mW),
Irl3 triggers a rapid and sustained ROS-induced cytotoxic
response and shows preferential accumulation in tumor tissues.
These properties highlight its potential for fluorescence-guided
PDT in combination with surgical resection of glioblastoma.
Remarkably, Ir13 also displayed tumor-suppressing activity in
the absence of light, outperforming standard temozolomide
treatment while sparing healthy brain tissue.

This journal is © The Royal Society of Chemistry 20xx
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Huang et al. also developed Ir(lll) photocatalysts bearing
tridentate ligands that exhibit synergistic Type I/l
photosensitization and photocatalytic activity.>%>3 For instance,
the dinuclear Ir(lll) complex (Ir14, Figure 5) showed a markedly
enhanced photocatalytic oxidation of NAD(P)H—up to 13-fold
greater than its mononuclear analogue Ir15—demonstrating a
clear synergistic effect between the two metal centers. Ir14 also
catalyzed the oxidation of amino acids such as proline and
tryptophan, along with H,O, generation, contributing to its
potent photoactivated anticancer activity in various cell lines
and in vivo models. Notably, Irl4 exhibited superior
photocytotoxicity under green light irradiation (525 nm; 29.56 J
cm=) in HepG2 cells (Pl = 660), likely due to its enhanced light
absorption and higher intracellular ROS generation. Its
lysosomal localization and favorable biocompatibility further
improved its therapeutic performance. This study also
introduced the use of single-cell ICP-MS to quantify iridium
uptake at the cellular level—marking the first application of this
technique to evaluate the intracellular distribution of metal-
based PSs.

More recently, Chao et al reported a photoactivated ferrocene-
iridium(lll) complex with a tridentate ligand designed to
overcome drug resistance in melanoma by disrupting cancer
stem cell properties and inducing immunogenic cell death
(ICD).>* Upon blue light irradiation (405 nm, 20 mW cm2, 600 s),
Ir16 (Figure 5) undergoes cleavage, releasing Fe?* ions and a
cytotoxic Ir-based PS. This dual-action mechanism enables the
generation of both *OH and *O;,™ radicals—even under hypoxic
conditions—triggering ferroptosis, autophagy, and ICD. To
enhance tumor selectivity and biocompatibility, Ir16 was
encapsulated in DSPE-PEG2000 nanoparticles (Irl6@PEG),
which showed improved accumulation in tumor tissue after
systemic administration. Light activation of Irl6@PEG

Figure 6. Examples of cyclometalated Ru(ll)-based PSs.

This journal is © The Royal Society of Chemistry 20xx
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significantly downregulated stemness markers ang \inhibijted
the growth of both primary and distantDfiel&d8M&PEGRIGS IR
vivo.

3.2. Ruthenium(ll) complexes: Type | performance through
cyclometalation

Ru(ll) complexes have gained significant attention for their
potential applications in PDT.>>>7 A notable example is the
Ru(ll) complex TLD-1433, which has advanced to Phase Il clinical
trials for the treatment of non-muscle-invasive bladder cancer
using irradiation with green light.>8 Ru-based compounds
exhibit several advantageous properties, including high
photostability, partially filled d orbitals, and higher molar
extinction coefficients in the visible range compared to Ir
complexes. Moreover, their ability to adopt multiple oxidation
states enable diverse redox reactions, making them particularly
versatile for Type | photodynamic processes.

Although most Ru-based PSs described in the
primarily rely on NAN ligands,>®%1 several research groups—
including ours—have explored the incorporation of
cyclometalated CAN ligands as a rational strategy to address the
challenges posed by the hypoxic tumor microenvironment.
These ligands, owing to their electron-donating nature, can
modulate the electronic structure of the metal center by raising
the energy of the dm(Ru) orbital, resulting in a cathodic shift of
the Ru(ll/111) redox potential.?263 This electronic tuning favors
electron transfer over energy transfer processes, thereby
facilitating the generation of ROS through a Type | mechanism.%
In addition, the anionic character of the CAN ligand induces a
bathochromic shift of the metal-to-ligand charge transfer
(MLCT) absorption band of the Ru(ll) cyclometalated

literature

complex.55-67
In 2016, McFarland et al. reported the first class of potent light-
responsive

cyclometalated Ru(ll) complexes.®?  They

Ru6 (N~N: dpq)
Ru7 (N*N: bpy)
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investigated how m-expansive cyclometalating ligands influence
the photophysical and photobiological properties of
organometallic Ru(ll) compounds. Among them, Rul—
featuring the most m-expansive cyclometalating ligand—
exhibited red-shifted absorption and low singlet oxygen
quantum vyield compared to its Ru(ll) polypyridyl counterpart.
Notably, Rul was non-toxic in the dark (ICsp > 300 uM) but
showed nanomolar range phototoxicity, attributed to
intracellular generation of *O,~under visible-light irradiation (50
Jem™).

The same group later designed and synthetized a new class of
cyclometalated Ru(ll) complexes incorporating m-extended
benzo[h]imidazo[4,5-f]lquinoline (IBQ) cyclometalating ligands.
Ru2, the Ru(ll) CAN analog of TLD-1433,57:68 was cytotoxic to SK-
MEL-28 melanoma cells in the dark but showed selective
toxicity toward cancer cells over normal skin fibroblasts,
suggesting its potential as a selective chemotherapeutic agent.
In contrast, Ru3—bearing an additional thienyl group appended
to the IBQ ring—was non-toxic to melanoma cells in the dark
and exhibited a high Pl (>1400) under visible-light irradiation.
Ru3 also showed a low singlet oxygen quantum yield (16%),
suggesting that its photodynamic activity may arise from a dual
Type 1l/Type | mechanism.

A family of heteroleptic complexes of the general formula
[RU(CAN)(N~AN);][PFs]  (HCAN =  methyl  1-butyl-2-
arylbenzimidazolecarboxylate; NAN = polypyridine) was
synthesized to serve as biologically-compatible PSs activated by
green light.®® Under low doses of green light (1 h, 1.3 mW cm?),
Ru4 and Ru5 (Figure 6) exhibited the highest Pl values, with Ru4
exceeding 750 in HelLa and A2780cis cancer cells, and displaying
nanomolar ICso values. Notably, both complexes were active
under both normoxic and hypoxic conditions. In normoxia, H,0;
was identified as the primary photogenerated species, although
other ROS such as *OH or 'O, were also produced. Under
hypoxic conditions, Ru4 and Ru5 retained the ability to
photogenerate H,0, and *O, species, indicating a preference

SCV42
Figure 7. Ru(ll)-coumarin and Ru(ll)- TPABP PSs.

SCV49

8| J. Name., 2012, 00, 1-3

for Type | photodynamic mechanism at |Qw,.oxygen

concentrations. DOI: 10.1039/D5CC051628
A new generation of cyclometalated Ru(ll) polypyridyl
complexes was rationally designed and synthesized.’”® The
incorporation of an electron-withdrawing substituent (CFs) in
the position 3 of the phenyl ring in the cyclometalating ligand
(Figure 6) was carried out to investigate their influence on the
complexes’ absorption properties and photobiological
activities. These Ru complexes exhibited absorption maxima
around 560 nm, with a tail extending up to 700 nm. In free-cell
media, the compounds were capable of generating 10, upon
green light irradiation (A = 520 nm) in acetonitrile, with Ru6
containing dipyrido[3,2-d:2’,3’-flquinoxaline (dpq) as NAN
ligand and Ru7 with bipyridine (bpy), showing the highest
performance (10, quantum yields of 0.15). In addition, Ru6 and
Ru7 were also able to photogenerate *OH, demonstrating the
ability to operate via both Type | and Type Il PDT mechanisms.
Under irradiation with green light (545 nm, 1h, 22 W m=2), the
complexes also produced ROS at the cellular level. Upon
illumination, Ru6 was able to disrupt phospholipid membranes
and induce mitochondrial membrane depolarization.

A series of octahedral Ru(ll) complexes with the general formula
[Ru(C~AN)(phen),]* incorporating m-extended cyclometalated
benzo[g]lquinoxaline ligands (CAN) and phenanthroline co-
ligands, were developed and evaluated for their anticancer
phototherapeutic properties.”* These complexes demonstrated
notable light-induced cytotoxicity in human cervical,
melanoma, and colon cancer cell lines, particularly under blue
light irradiation. Among them, Ru8 (Figure 6) exhibited the
highest potency, achieving Pl values up to 100 in HCT116 colon
cancer cells. This activity was attributed to its ability to generate
singlet oxygen and hydroxyl radicals via a dual Type | and Type
Il mechanism. Cellular studies revealed that Ru8 predominantly
localizes in to cellular membranes and, upon photoactivation,
induces lipid peroxidation via ROS generation. This oxidative
damage compromises membrane integrity, activates caspase-3,

COOCH; | *

7N 7N\

This journal is © The Royal Society of Chemistry 20xx
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and initiates apoptosis, supporting a membrane-targeted PDT
mechanism. Notably, Ru8 also exhibited the ability to eradicate
colon cancer stem cells, a subpopulation often linked to
treatment resistance, recurrence, and metastasis.

Building on the promising performance of Ir(lll)-COUPY
conjugates under hypoxic conditions, a Ru(ll)-COUPY complex
was rationally designed to integrate red/NIR absorption with
dual Type | and Il photoreactivity.”? In this construct, a
julolidine-fused CFs-coumarin was conjugated to a Ru(ll)
polypyridyl complex bearing two dipyrido[3,2-d:20,30-
flquinoxaline (dpq) ligands and a benzimidazole-based CAN
ligand. The resulting Ru-COUPY conjugate (Figure 7) showed
far-red/NIR absorption and emission (626/698 nm), improved
photostability, and cellular selectivity. It was capable of
generating both '0, and °0O;” under green and red light
irradiation, even under hypoxic conditions. Compared to its
individual components, Ru-COUPY displayed negligible dark
toxicity (ICso >300 uM) and superior phototoxicity, achieving a
P1>300in CT-26 cells under 620 nm light, while retaining activity
up to 740 nm.

Huang et al. developed a Type | PS based on cyclometalated
Ru(ll) complex incorporating a coumarin moiety into the
cyclometalated ligand (2-(3,4-difluorophenyl)pyridine) (Ru9,
Figure 7).%* Ru9 showed enhanced visible light absorption
compared to the free coumarin. Upon white light irradiation (10
min), Ru9 demonstrated enhanced efficacy under both
normoxic and hypoxic conditions, reducing cell viability to 3.1%
at 20 pM. Ru9 maintained the activity even under hypoxic
conditions, which was attributed to the generation of highly
oxidative hydroxyl radicals via a Type | photochemical
mechanism. Moreover, in vivo studies in tumor-bearing mice
confirmed the antitumor efficacy of Ru9, showing significant
inhibition of tumor growth upon light irradiation.

Expanding on the success of Ir/Ru-COUPY conjugates, where
coumarin dyes are appended to the metal scaffold via non-
conjugated linkers, we recently introduced a structurally
distinct design strategy involving direct conjugation of the
fluorophore to a ligand through a m-conjugated linker. This
approach enabled the development of a new family of Ru(ll)-
based PSs (SCV42, SCVA49, Figure 7) incorporating COUPY-
derived 2,2’-bipyridyl ligands (COUBPYs).”®> These complexes
display strong absorption in the visible region, extending up to
the NIR in some cases, thereby allowing efficient
photoactivation with green, red, and NIR light. Photochemical
studies using fluorogenic probes and electron spin resonance
(ESR) spectroscopy revealed that Ru-COUBPY complexes
generate both Type | (superoxide, hydroxyl radical) and Type I
(singlet oxygen) ROS, while retaining high phototoxicity under
hypoxic conditions. Among them, SCV49 emerged as the lead
candidate, displaying nanomolar photocytotoxicity and PI
values exceeding 30,000 in CT-26 cells under deep-red light
irradiation. /n vivo PDT efficacy studies in murine subcutaneous
tumor models of colorectal cancer confirmed the therapeutic
potential of SCV49, demonstrating excellent tolerability and
strong tumor growth inhibition upon irradiation with deep-red
light (660 nm). These results position SCV49 as a highly
promising hypoxia-active PS for advanced anticancer PDT.

This journal is © The Royal Society of Chemistry 20xx
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Very recently, Sun et al. have reported cyclometalated MNIRs
absorbing Ru-based PSs capable of Type IRfHotoreatvity 73 TR
cyclometalated Ru enantiomers (A/A-Rul0, Figure 7), [A/A-Ru-
dgpy-TPABP]CI (dgpy = 2,6-di(quinolin-2-yl)pyridine; TPABP = 4-
(4-(pyridine-2-yl)-2,1,3-benzothiadiazol-7-yl)triphenylamine),
exhibited strong metal- and ligand-to-ligand charge transfer
(ML-LCT) absorption around 640 nm with an extended tail
reaching 800 nm. The electron-rich TPABP ligand facilitates
triplet-state formation and enhances electron transfer,
promoting Type | ROS generation and effective phototoxicity
under hypoxic conditions. Encapsulation into polymeric
nanoparticles further improves tumor-targeted delivery,
resulting in high inhibition of primary tumors (>85%) and
suppression of breast tumor lung metastases under 700 nm
light irradiation. This work highlights how rational design of
cyclometalating ligands can enable NIR-active Ru PSs for Type |
PDT applications.

4. Challenges in the experimental identification of
Type | mechanisms and their biological evaluation

Despite the increasing relevance of Type | photochemical
in PDT, the field still lacks standardized and
unequivocal methodologies  for  their experimental
identification. Many commonly used ROS detection techniques
remain qualitative and are often influenced by the biological
context, limiting their reliability. For example,
dihydrorhodamine 123 (DHR123) is frequently employed to
detect *O, in cell-free systems, as it undergoes oxidation to
fluorescent rhodamine 123. However, in cellular environments,
this oxidation can also be mediated by H,0, in the presence of
endogenous peroxidases,’® thereby compromising its specificity
for superoxide in live-cell assays. In contrast, dihydroethidium
(DHE)® is better suited for superoxide detection within cells, as
its oxidation product binds to DNA, producing a strong
fluorescent signal. Nevertheless, this DNA-binding requirement
makes DHE unsuitable for cell-free systems.

ESR spectroscopy remains the most direct and informative
technique for detection and characterization of ROS,
particularly when combined with spin trapping agents.”” The
most widely used spin trap for superoxide is 5,5-dimethyl-1-
pyrroline N-oxide (DMPO), which forms a stable adduct with
*0,~ in methanolic solutions, yielding a characteristic ESR signal
with a peak integral ratio of 1:1:1:1. However, in aqueous
media, DMPO can also trap *OH,'2 forming a DMPO-"OH adduct
with a distinct 1:2:2:1 signal pattern, which often exhibit short
half-lives that can compromise signal stability and lead to
potential inaccuracies in ROS identification. To overcome this,
improved spin traps such as 5-diethoxyphosphoryl-5-methyl-1-
pyrroline N-oxide (DEPMPO) and 5-tert-butoxycarbonyl-5-
methyl-1-pyrroline N-oxide (BMPO)’8 have been developed,
offering extended adduct stability and enhanced accuracy in
distinguishing between superoxide and hydroxyl radical
formation.

Among the Type | ROS, *OH is considered the most reactive and
cytotoxic. Its detection is commonly achieved using 3-(p-

pathways
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hydroxyphenyl) fluorescein (HPF), a fluorogenic probe that
reacts specifically with °*OH, resulting in the release of
fluorescein with bright green emission. This reaction occurs
with minimal interference from other ROS, such as singlet
oxygen or superoxide, making HPF a preferred a simple method
for detecting hydroxyl radicals in both in vitro and non-cellular
contexts. Regardless of the probe used, it is crucial to include
parallel controls with ROS scavengers—such as superoxide
dismutase (SOD) for *O,~ or mannitol for *OH to confirm the
identity of the ROS and avoid false-positive signals.

Together, these methods provide valuable insight into the types
of ROS generated during PDT. However, results should be
interpreted with caution and, ideally, multiple approaches
should be combined to strengthen mechanistic conclusions. As
emphasized in the guidelines proposed by Li et al.l?, the
inclusion of appropriate controls (e.g., ROS scavengers, hypoxic
conditions, light-only vs. dark treatments) is essential to
validate whether ROS production arises from Type |
photochemical pathways. It is also worth noting that many ROS
probes and ESR spin-trapping techniques suffer from limited
selectivity and may vyield overlapping or misleading signals.
Therefore, rigorous cross-validation using independent
detection methods is essential to draw robust mechanistic
conclusions.

In addition to direct ROS detection, monitoring the
photooxidation of NADH to NAD* has become a widely used
strategy to probe potential Type | photoreactivity in metal-
based PSs. However, the mechanistic interpretation of this
assay remains under active debate. Recent studies have framed
this process within the broader context of photocatalytic cancer
therapy, rather than strictly as Type | PDT.7>80 A key point of
debate is whether the NADH oxidation is directly mediated by
the excited PS via a photoinduced electron transfer (PET)
mechanism, or indirectly driven by ROS (e.g., *OH, '0,, or *0;")
generated during the photodynamic process. Nonetheless,
previous mechanistic studies have demonstrated that NADH
photooxidation can proceed via a single electron transfer (SET)
from NADH to the triplet excited state of the metal complex,
forming highly reactive PS*~ and NAD" intermediates.>® Under
oxygen-depleted conditions, this reaction s typically
attenuated but not entirely suppressed, supporting the
involvement of a Type | pathway.3>8! According to the proposed
Type | catalytic cycle, the PS*~ species reacts with molecular
oxygen to regenerate the ground-state complex and produce
*O2". These radicals can further react with NAD* intermediates
to ultimately yield NAD* and H.O,, thereby completing the
redox cycle.3> This mechanistic duality raises an important
conceptual question: should NADH photooxidation be
considered a hallmark of canonical Type | PDT, or rather part of
a broader photocatalytic paradigm that also encompasses the
emerging Type lll pathway, in which PSs directly oxidize
biomolecules in a largely ROS-independent fashion? Regardless
of terminology, the assay provides valuable mechanistic
insights, but robust classification requires complementary ROS
detection, scavenger controls, and hypoxia studies.

Moreover, the photochemical processes underlying Type |
mechanisms in complex biological

environments remain

10 | J. Name., 2012, 00, 1-3

insufficiently characterized, particularly regarding the.dynamic
interactions between PSs and diverse bigfloledaresRaithinleRR
cellular microenvironment. Identifying their intracellular
targets and rationally designing PSs that selectively oxidize key
biomolecular components®®>—such as membrane lipids,
proteins, or nucleic acids—remains a significant and unresolved
challenge.” In addition, most mechanistic studies rely heavily on
simplified 2D cell cultures or cell-free systems, which fail to fully
recapitulate the complexity of the tumor microenvironment.
There is a growing need to incorporate biologically relevant
models, such as 3D spheroids,328 to better assess oxygen
gradients, ROS diffusion, and PS behavior under physiologically
realistic conditions.

From a translational perspective, the absence of a predictable
dose—response relationship in many biological models
complicates the development of clinically viable therapies. Even
when in vitro phototoxicity is demonstrated under normoxic
and hypoxic conditions, these findings often fail to translate
effectively in vivo due to factors such as limited PS
accumulation, metabolic degradation, or heterogeneity within
the tumor microenvironment.

Conclusions and outlook

Cyclometalated Ir(lll) and Ru(ll) complexes have emerged as
highly promising platforms for the development of Type | PSs.
Their intrinsic heavy-atom effect, long-lived excited states, and
tunable redox properties uniquely position them to facilitate
electron or hydrogen transfer processes. These features enable
sustained photoreactivity even under hypoxic conditions, which
are characteristic of aggressive and treatment-resistant tumors.
From a molecular design perspective, the examples discussed
herein underscore how subtle modifications to the
cyclometalating ligands or the strategic incorporation of organic
chromophores such as COUPY, phthalocyanine, and BODIPY,
can significantly influence the photochemical behavior of these
complexes. Such modifications allow for fine-tuning of the
balance between Type | and Type Il pathways, enabling dual
photodynamic mechanisms and/or red-shift light activation.
Notably, our group’s contributions demonstrate that rational
conjugation strategies not only extend absorption into the
phototherapeutic window but also enhance photostability and
performance in hypoxia—key attributes for therapeutic
translation.

Despite these advances, several challenges persist in
unequivocally identifying Type | mechanisms and translating
them into biological relevant environments. The limitations of
conventional probes and assays, coupled with the lack of
standardized protocols, often hinder accurate mechanistic
elucidation. Furthermore, while promising results have been
obtained in traditional 2D cell cultures, the transition to more
physiologically relevant models—such as 3D spheroids and
organoids—is imperative. These models better recapitulate the
tumor microenvironment and are essential for establishing
predictive structure—activity relationships that can guide
therapeutic development.

This journal is © The Royal Society of Chemistry 20xx
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Looking ahead, further exploration of ligand frameworks—such
as COUBPYs—offers exciting opportunities to expand the Type |
reactivity landscape of iridium and ruthenium complexes.
However, achieving meaningful progress will require a more
integrated approach that combines mechanistic insight with
biological validation. This includes the development of
improved photophysical and photochemical characterization
methods, more robust biological evaluation platforms, and the
design of PSs with enhanced selectivity and therapeutic
efficacy. While molecular optimization of Type | activity is
clearly advancing, translating these developments into clinical
practice requires careful consideration of practical constraints.
Key factors include: (i) delivery and formulation strategies that
ensure selective tumor accumulation while minimizing systemic
photosensitivity; (ii) predictable pharmacokinetics and, where
appropriate, rapid clearance; (iii) scalable and reproducible
synthetic routes; and (iv) regulatory and safety evaluation
frameworks that account for multimodal mechanisms of action
(i.e. photochemistry combined with potential catalytic redox
activity). To bridge promising in vitro findings with therapeutic
translation, it is essential to incorporate clinically relevant
endpoints into preclinical studies. These include testing in
orthotopic models, conducting detailed toxicology and
biodistribution analyses, and evaluating combination strategies
with existing therapies.

Ultimately, the insights presented in this work aim to stimulate
further innovation in the rational design of cyclometalated Ir(l11)
and Ru(ll) complexes. By addressing current limitations and
embracing interdisciplinary strategies, we can move closer to
realizing oxygen-independent photodynamic therapies that are
both effective and clinically viable.
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