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Introduction

Photocatalytic arylterpyridine iridium(in)
complexes trigger oncosis in 2D and 3D cancer
cell models via NADH oxidation

1 Lenka Markova, ) 1° Maria José Piernas-Mufrioz,

B¢ Jana Kasparkova, {2 € Christoph Janiak, (¢
€ Antonio Francés-Monerris, (2 *" José Ruiz (2 *@ and

Isabel Romero-Castellon,
Hana Kostrhunova,
Marta E. Alberto,

Viktor Brabec (2 *©

Eight novel arylterpyridine iridium(i) complexes [I((NANAN)(CAN)CLUPFg (Irl—1r8), incorporating diverse
para-substituents and extended aromatic groups, were synthesized and fully characterized. Upon
exposure to biocompatible blue light, all complexes demonstrated potent antiproliferative effects in both
2D and 3D cancer cell models, with minimal toxicity toward non-cancerous cells. Complexes Ir2, Ir3, and
Ir8 — those containing 9-anthracenyl-, 1,3-benzodioxole-5-yl, and 1,4-benzodioxan-6-yl substituents,
respectively — exhibited the highest phototoxic indices and were further investigated. Ir2 and Ir3 preferen-
tially localized in the cytoplasm of HCT116 cells, inducing oncotic-like cell death upon irradiation, charac-
terized by distinct cellular morphological changes, adenosine triphosphate (ATP) depletion, and porimin
upregulation. Mechanistic studies revealed that photoactivated Ir2 and Ir3 catalyzed nicotinamide adenine
dinucleotide (NADH) oxidation with high turnover frequencies, accompanied by the generation of reactive
oxygen species (ROS). Molecular dynamics and hybrid QM/MM simulations supported the formation of
non-covalent Ir-NADH heterodimers, with Mulliken charge analysis indicating NADH — Ir charge transfer
stabilized triplet states and identifying Ir8 as the most efficient NADH photocatalyst, in agreement with
the experimental evidence obtained by intracellular NAD*/NADH assays. Collectively, these findings
establish a mechanistic framework for a novel class of photoactivated iridium complexes that exert syner-
gistic phototoxic and photocatalytic effects, offering a promising alternative to conventional ROS-driven
photodynamic therapy.

fungal infections which enables localized drug activation
using a photosensitizer (PS), light, and molecular oxygen.'

Photodynamic therapy (PDT) is a clinically approved form of
cancer treatment (e.g., bladder, lung, brain, and esophageal
cancers) as well as used for treatment of bacterial, viral, and
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This targeted mechanism reduces systemic toxicity and side
effects compared to chemotherapy.>® PSs further enhance
spatiotemporal precision, and PDT may also stimulate antitu-
mor immune responses.*” Under light exposure, PSs are
excited from the ground state (S,) to an excited state (S,),
which then reaches the triplet excited state (T;) through inter-
system crossing (ISC). Subsequently, the excess energy from
light absorption by the photosensitizer can either be trans-
ferred to molecular oxygen to generate singlet oxygen (type II
PDT) or interact with surrounding biomolecules via electron or
hydrogen transfer to produce reactive oxygen species (ROS)
such as superoxide or hydroxyl radicals (type I PDT).® Among
the two main mechanisms of PDT, the type II mechanism,
which relies on the generation of singlet oxygen (*0,), is inher-
ently limited by its dependence on molecular oxygen as a co-
reactant. Conversely, the photogeneration of type I reactive
oxygen species (ROS) enhances the efficacy of PDT under
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hypoxic conditions.” Recently, transition metal complexes
(TMCs) have emerged as promising systems for anticancer
PDT," with Ru(u)- and Ir(m)-based PSs advancing to early-
stage preclinical and clinical applications.'’™” Among these,
Ru(u) polypyridyl complexes show significant potential to over-
come some of the limitations of current PSs."*" An outstand-
ing example is TLD-1433, currently in phase II clinical trials
for the intravesical treatment of non-muscle-invasive bladder
cancer (NMIBC), which is activated by green light
(NCT03945162).>* In recent years, Ir(m) complexes have also
garnered significant attention due to their favorable chemical
and photophysical properties, including high chemical stabi-
lity, photostability, strong emission, and efficient light-acti-
vated ROS generation.?*™>¢

A well-known example of a tridentate N*"N~N-type ligand is
2,2":6',2"-terpyridine (tpy), shown in Fig. S1A, which features
three nitrogen donor atoms from its heteroaromatic rings and
exhibits strong affinity for metal cations. Iridium terpyridine
complexes have demonstrated remarkable adaptability in med-
icinal chemistry, serving as versatile molecular building blocks
in photocatalysis and phototherapy.?” The introduction of tri-
dentate ligands can suppress chirality, thereby preventing the
formation of stereoisomers and reducing the risk of undesir-
able side effects.”® At the same time, nicotinamide adenine
dinucleotide (NADH) is crucial for redox balance and metab-
olism, and its elevated demand in cancer cells makes it a stra-
tegic target for anticancer phototherapy.>®' Sadler et al. first
introduced the concept of photocatalytic therapy (PCT), report-
ing the in-cell photo-oxidation of NADH by the iridium
complex [Ir(CH;-Phtpy)(pq)Cl]PFs, containing a p-tolyl-substi-
tuted terpyridine (CHj;-Phtpy) ligand and cyclometalated
3-phenylisoquinoline (pq) as a co-ligand (Fig. S1B),** which
initiated tandem intracellular photocatalysis, disrupted the
mitochondrial ETC (electron transport chain), and depleted
ATP (adenosine triphosphate) in cancer cells. Following this
research, Huang and Banerjee et al. reported a novel dinuclear
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Ir(m) photocatalyst for cancer therapy, revealing the synergistic
effect of the additional Ir(u) center and ruling out an additive
effect (Fig. S1C).>* Chao et al. have recently reported the induc-
tion of immunogenic cell death in melanoma stem cells by
photo-activation ~of a  ferrocene-iridium(m) prodrug
(Fig. S1D).>* Brabec et al. have also demonstrated that the
cyclometalated Ir(m) complex shown in Fig. S1E holds promise
for the targeted therapy of resistant brain tumors when photo-
activated.®® On the other hand, a bis-tridentate Ir(m) complex
(Fig. S1F) has exhibited potential as an effective antibacterial
agent via a synergistic photocatalytic and photodynamic
mechanism of action.®

Extending m-conjugation is a well-established strategy to
enhance the electronic properties of ligands and enable appli-
cations in fields such as catalysis, anticancer drug develop-
ment for PDT, and antimicrobial photodynamic therapy
(aPDT).*” In the present work, we explored a series of eight
new substituted terpyridine iridium(m) complexes, Ir1-Ir8
(Scheme 1), each of which incorporates an aromatic group at
the 4’-position of the central pyridine ring of the tpy scaffold.
To exploit their expanded zn-conjugation and rigid planar struc-
tures, which are known to enhance photosensitivity and stabil-
ize excited states,®® 1-naphthyl and 9-anthracenyl groups were
employed. In addition, 4-phenylterpyridine derivatives bearing
-Cl, -CF3, -CO,Me, and 9H-carbazol-9-yl at the p-position, as
well as 1,3-benzodioxole-5-yl or 1,4-benzodioxan-6-yl substitu-
ents were selected as ligands. It is well known that -Cl, -CF3,
and -CO,Me are electron-withdrawing groups. In contrast, the
carbazole moiety—an aromatic heterocycle containing nitro-
gen—is distinguished by its strong electron-donating pro-
perties.>® For its part, the electron-rich aromatic framework
and conjugated system of 1,3-benzodioxole derivatives have
been associated with notable bioactivity, making them promis-
ing scaffolds for the design of small molecules.*’

Herein, we focused on the characterization and biological
evaluation of a new class of substituted terpyridine iridium(ur)
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)

Scheme 1 General structures of the new arylterpyridine Ir(i) complexes synthesized in this work.
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complexes, Ir1-Ir8. This study pays special attention to deter-
mining the ability of these compounds to act as photoredox
catalysts and to elucidating the mechanism underlying their
antiproliferative activity in cancer cells, specifically focusing
on in-cell NADH photocatalysis as a strategy to overcome the
limitations of hypoxia and drug resistance in conventional
therapies.*!

Results and discussion

Design, synthesis, and chemical characterization of ligands
and novel Ir(mr) complexes

Ligand L1 was acquired commercially. Arylterpyridine (Ar-tpy)
ligands L2-L8 (Fig. S2) were prepared via condensation
between 2-acetylpyridine and the corresponding aldehyde
(Scheme S1), following the procedure described by Hanan
et al."* However, ligand L7 was obtained through a two-step
synthetic procedure, involving the methodology outlined
above, followed by a subsequent Fischer esterification.”® On
the other hand, the cyclometalating proligand HC*N was syn-
thesized in a two-step reaction (Scheme S2). First, upon con-
densation between 1,3-benzodioxole-5-carboxaldehyde and 1,2-
phenylenediamine, the intermediate 2-(benzo[d][1,3]dioxol-5-
yl)-1H-benzo[d]|imidazole was afforded. Then, this intermedi-
ate was reacted with 4-(trifluoromethyl)benzyl bromide to yield
the proligand 2-(1,3-benzodioxol-5-yl)-1-(4-(trifluoromethyl)
benzyl)-1H-benzo[d]imidazole.

The precursor complexes [Ir(N"N”N)Cl;], A1-AS8
(Scheme S3), were synthesized according to the method
described by Berndhard et al** and Ruiz et al*® Briefly,
IrCl;-3H,0 and ligands L1-L8 were left to react stoichiometri-
cally. Subsequently, the corresponding monomeric Ir(u) pre-
cursor, the cyclometalating proligand HC”N and potassium
hexafluorophosphate were dissolved in ethylene glycol and
subjected to microwave irradiation at 230 °C for 15 min to
yield the new iridium complexes [Ir(N*N~N)(C~N)CI]PFs, Ir1-
Ir8 (Scheme 1).

The new Ir(u) complexes were then thoroughly character-
ized by 'H, *C, and '°F NMR spectroscopy (Fig. $3-S26) and
high-resolution electron spray ionization mass spectrometry
(HR-ESI-MS). In the "H NMR spectra of complexes Ir1-Ir8, the
protons on the central pyridine ring of the arylterpyridine
ligand appear as a characteristic singlet (2H) at approximately
9.2 ppm.** The ~-OCH,O~ group resonance associated with the
C”N ligand of the new complexes can be distinguished as a
singlet at approximately 5.3-5.4 ppm, except for complexes Ir2
and Ir6, whose signal appears at around 5.6-5.7 ppm, due to
the presence of additional aromatic rings. Particularly, the Ir3
complex exhibits a singlet at 6.2 ppm, attributed to the -CH,-
group of the 1,3-benzodioxole moiety associated with the ter-
pyridine ligand. The equivalent ~CH,- of the 1,4-benzodioxan-
6-yl scaffold in complex Ir8 is detected, however, at 4.39 ppm.
For its part, the Ir7 complex exhibits a singlet at ca. 3.95 ppm,
assigned to -Me in the -COOMe group of the N*N”N ligand.
Furthermore, the ’F NMR spectra of all complexes show a
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singlet near —60.9 ppm, corresponding to the -CF; group of
the C”N ligand and a doublet at —70 ppm, associated with the
PFe~ anion. Additionally, in the '°’F NMR spectrum of complex
Ir4, an extra singlet can be identified, attributed to the -CF;
group of the arylterpyridine ligand L4. The correlation between
these signals and the cleanliness of the spectra, where no sig-
nificant impurities are observed, serves as evidence of the
complexes’ purity. The ESI-MS spectra, carried out in positive-
ion mode, displayed the corresponding [M — PFg]" peaks along
with the expected isotopic distribution pattern (Fig. S27-S34).
The purity of the complexes was further validated by elemental
analysis of C, H and N as well as by reverse-phase high-per-
formance  liquid chromatography-mass spectrometry
(RP-HPLC-MS) (Fig. S35-S43). All chromatograms display a
single peak, achieving a purity percentage higher than 95% in
each case (Fig. S35). Complex Ir5 appears to be the most lipo-
philic compound in the series and exhibits the lowest accumu-
lation. The latter is probably due to aggregation phenomena
associated with the presence of the carbazole moiety in the ter-
pyridine ligand, since carbazole units exhibit a strong ten-
dency to n-n stacking, which may promote self-aggregation in
aqueous or biological environments. Such aggregation can
hinder the membrane permeability or intracellular diffusion,
ultimately limiting effective intracellular uptake.*®

Crystal structure by X-ray diffraction

Orange crystals of complex Ir3-0.5CH,Cl, suitable for X-ray
diffraction analysis were obtained through the slow evapor-
ation of hexane into a saturated dichloromethane solution of
Ir3 at room temperature. Crystallographic data and selected
metrical parameters for Ir3 are given in Tables S1 and S2,
respectively. A perspective view of the Ir3 complex is shown in
Fig. S44. The iridium(u) center adopted a distorted octahedral
coordination geometry with the N3/N4/N5 atoms of the Ar-tpy
ligand, the N1/C9 atoms of the C*N ligand, and a monoden-
tate chloride ligand. The N3/N4/N5 atoms are in a meridional
arrangement. The chloride ligand is in a trans position to the
C9 atom, and the Ir-Cl bond length (2.4518(9) A) is much
longer than those of other coordination bonds, as previously
reported for iridium analogs.®> A PF, anion balances the
monocationic charge of the complex. There are additional dis-
ordered CH,Cl, solvent molecules in the crystal structure
(Fig. S45) from the crystallization process. The crystal structure
is stabilized by both inter- and intramolecular interactions
(see Schemes S4 and S5, Tables S3-S5, and Fig. S46 and S47 in
the SI for a more detailed discussion and illustrations).
Supramolecular packing interactions were analyzed using
PLATON. The n-n interactions between the N*N”N ligands of
Ir3 are depicted in Fig. S46a, with the shortest distance
between centroids for Ir3 of 3.727 A. C-H---n interactions are
illustrated in Fig. S46b, while C-H---F interactions are shown
in Fig. S47.

Optical properties

Absorption properties and time-dependent density func-
tional theory (TD-DFT) calculations. The absorption spectra of
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Ir1-1Ir8 (10 puM) were recorded in aerated acetonitrile and water
(containing 1% DMSO (dimethyl sulfoxide) in the latter),
showing broad absorption bands across the UV/Vis region
(Fig. 1A and S48, Table S6). All the cyclometalated iridium(u)
complexes exhibit intense absorption bands below 340 nm,
which can be attributed to ligand-centered (IL) n-n* electronic
transitions localized on the C"N ligand, with some MLCT/
LLCT (metal to ligand charge transfer/ligand to ligand charge
transfer) mixing character in some transitions, as confirmed
by TD-DFT predictions for compounds Ir2, Ir3, and Ir8.*®™°
Natural transition orbitals,?* which elucidate the nature of the
excited state only with one or two couples of orbitals, are
shown in Fig. S49-S51, whereas the band assignations are
listed in Table S7.

As observed in Fig. 1A and Table S6, the Ir2 complex, which
incorporates a 9-anthracenyl group in the tridentate scaffold,
exhibits an enhanced absorption intensity around 250 nm—
showing the highest molar extinction coefficient in the series
—due to the additional conjugation existing in the moiety.
Importantly, all complexes exhibit less intense, lower-energy
absorption bands between 350 and 450 nm, with experimental
maxima recorded between 380 and 400 nm for all complexes
(see Table S6).

The TD-DFT obtained spectra are consistent with the experi-
mental data, with a broad band in that spectral region arising
from several low-intensity electronic excitations. Notably, the
choice of the Ar substituent gives rise to distinctive and intri-
guing features. In the case of Ir2, the 'B,, m,n* transition at
378 nm (S, state), localized on the anthracene ligand (labeled
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Fig. 1
Emission spectra of Ir3 in different DMSO : H,O mixtures.
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as IL,,, see Fig. S49 and Table S7), is mainly responsible for
the experimental absorption feature, also in agreement with
experimental measurements for anthracene dissolved in
acetonitrile®®”? and previous theoretical predictions.>*> Such
a peculiar IL state localized on the Ar substituent disappears
when the ligand is changed. Indeed, three main transitions
with mixed ligand-to-ligand charge transfer (*LLCT) and
metal-to-ligand charge transfer ("MLCT) nature computed at
426 (Ss), 422 (S4), and 406 (Ss) nm (Fig. S50 and Table S7) con-
tribute to the broad band in this region found for Ir3.
Analogously, transitions of the same mixed nature
("MLCT/'LLCT) at 402 and 416 nm were detected in the com-
puted spectrum of Ir8 (Fig. S51 and Table S7).

Notably, weaker shoulder bands are also observed in the
450-550 nm range (blue-green region) for all species which are
associated with dark 'LLCT and spin-forbidden *MLCT states,
due to the spin-orbital coupling of the heavy Ir(um) atom ({ =
3909 cm™').>**” TD-DFT computations support this ascription.
All complexes exhibit an S; state with LLCT character in
their singlet-singlet spectra, yet distinct differences can still be
observed. A clear charge transfer from anthracene toward the
tpy ligand characterizes the S; state of Ir2 computed at 496 nm
("LLCTr—py), in line with the peculiar anthracene-
based HOMO and tpy-based LUMO orbitals found for Ir2 (see
Fig. S52). In contrast, the different nature of HOMO
orbitals for Ir3 and Ir8, now mainly localized on the C"N
ligand, leads to S; states with dominant 1LLCTNAcqtpy charac-
ter mixed with MLCTy,_y, computed at 478 and 477 nm,
respectively.
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(A) UV/Vis spectra of Ir1l-1r8 (10 pM) in aerated acetonitrile. (B) Normalized emission spectra of Ir1-Ir8 (10 uM) in aerated acetonitrile. (C)
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The lowest-energy triplet state (T;) for Ir3 and Ir8 is of
dominant *MLCT nature and is predicted at A = 493 and
491 nm, respectively (Fig. S53). On the other hand, the T; and
T, states of Ir2 are both localized over the anthracene moiety,
whereas the optically active first *MLCT state (T;) is vertically
predicted at A = 494 nm, consistent with the slight absorption
registered in this area shown in Fig. 1A. The involvement of
the heavy Ir atom in *MLCT leads to large singlet-triplet spin-
orbit couplings (SOCs), thereby enabling fast and effective
intersystem crossing (ISC) that allows triplet-state population
by direct light absorption.”® SOC values are listed in Table S8,
whereas Fig. S54 simulates the absorption spectra of Ir2, Ir3,
and Ir8, including SOC, demonstrating the absorption
capacities of the complexes in the 450-550 nm region. The
triplet nature of these excited states renders them suitable for
PDT.”

Emission properties and TD-DFT calculations. All new Ir(im)
complexes show an emission band in aerated acetonitrile,
showing only minor variations in their maximum Aem
(540-552 nm, in the green region), regardless of the arylterpyri-
dine N*N”N ligand present on it (Fig. 1B and S55, Table S9).
This finding suggests that the emissive state is localized over a
molecular moiety common to all complexes, such as the Ir
atom and its nearby coordination sphere. Fig. S53 shows that
the T, state of Ir3 and Ir8 is of dominant *MLCT nature, with
partial >LLCT mixing for the former complex, while both the
T; and T, states of Ir2 are localized over the anthracene
moiety. The spectral shapes reported in Fig. 1B and the rela-
tively low singlet-triplet SOCs calculated for the T, state of Ir2
(Table S8), accordingly with its mainly organic character,
suggest that this state is only marginally populated in the
excited-state dynamics of this complex and that the emissive
state is the lowest-energy *MLCT state (T; state, Fig. S53).

The emission lifetimes (zen) and quantum yields (¢em) of
complexes Ir1-Ir8 were recorded in deaerated acetonitrile at
room temperature (see Table S9). Lifetime values vary signifi-
cantly, ranging from 230 ns (Ir2) to 1.08 ps (Ir8), and are attrib-
uted to a prevailing *MLCT state, as mentioned above.®® The
emission intensity in deaerated acetonitrile varies notably
depending on the structure of the terpyridine ligand, with the
9-anthracenyl complex Ir2 being the least emissive (quantum
yield (¢em) < 2%), and complexes Ir3 and Ir8 (bearing 1,3-ben-
zodioxole-5-yl and 1,4-benzodioxan-6-yl, respectively) being the
most emissive (with ¢ey, > 25%, under the same conditions).
We hypothesize that the radiative/non radiative decay ratio and
phosphorescence lifetime differences observed across the Ir2-
Ir8 series may be associated with the different molecular rigid-
ity and intramolecular interactions provided by the terpyridine
ligand, which can impact the operative decay routes of the
emissive *MLCT states.

In line with the above, the aggregation ability of these
derivatives was studied by comparing the emission spectra in
aerated DMSO : H,O mixtures at constant concentration, using
different water volume fractions (f,,). All complexes, except for
Ir2, Ir5 and Ir8, reach their maximum emission intensity at
30% water (Fig. 1C and S56). As the water content increases
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beyond 50%, a hypsochromic effect is observed, and once it
exceeds 90%, the emission intensity drops to non-emissive
levels. This behavior is attributed to an aggregation-caused
quenching (ACQ) phenomenon, indicating that the new com-
plexes are capable of forming aggregates.®® However, com-
plexes Ir2 and Ir5 exhibit distinct behavior: beyond 50% water
content, a bathochromic shift is observed, accompanied by the
emergence of a new narrow emission band centered at around
570 nm. This phenomenon could be attributed to an aggrega-
tion-induced emission (AIE) effect and may be facilitated by
structural features such as extended n-conjugation or strong
intermolecular n-n stacking interactions that restrict intra-
molecular motion in both complexes.®

Stability and photostability studies

As a critical factor for biological applications, the stability of
the metal complexes was investigated. The compounds were
dissolved in deuterated DMSO, and "H-NMR spectroscopy was
employed to monitor any potential changes. No significant
variations were observed after 48 h (Fig. S57-S64), indicating
that the complexes remain stable in dimethyl sulfoxide. The
stability of complexes Ir1-Ir8 was subsequently evaluated in
RPMI cell culture media (containing 5% DMSO) at 37 °C using
UV/Vis spectroscopy. No appreciable changes were detected
either, suggesting that complexes Ir1-Ir8 exhibit high stability
in cell culture media (Fig. S65). Additionally, considering their
potential application in photodynamic therapy (PDT), the
photostability of the complexes in DMSO was assessed by UV/
Vis spectroscopy after irradiation with blue light (1 = 465 nm,
4.9 mW cm™?) for a period of 2 h. However, under the previous
conditions, no substantial differences are observed between
the spectra of the complexes not exposed to light and those
recorded upon 2 h of continuous irradiation (Fig. S66), thus
indicating that the complexes are photostable for at least 2 h.

NADH photocatalytic oxidation

Subsequently, we investigated the influence of tuning the aryl
substituent on ROS photogeneration by terpyridine Ir(u) com-
plexes. NADH, a key electron source in the mitochondrial elec-
tron transport chain (ETC),*> has emerged as a target for
cancer drug development,®® where it is converted to its oxi-
dized form NAD'. Disruptions in the NADH/NAD' ratio can
inhibit ATP synthesis, depriving cancer cells of the energy
required for proliferation. This ratio is therefore critical for cel-
lular metabolism.>" Fig. 2A and S67 show the UV/Vis spectra of
NADH (100 pM) in the presence of each Ir complex (5 pM) in
PBS (Phosphate-buffered saline, containing 5% DMF),
recorded at different times after irradiation with blue light (4 =
465 nm, P = 4.6 mW cm ). In all cases, a gradual decrease in
the characteristic absorbance of NADH is observed at approxi-
mately 339 nm, resulting from its photooxidation to NAD'.
The photooxidation is also evidenced by the increase in the
absorbance of the NAD" band at ca. 259 nm.

To confirm that the oxidation was photocatalyzed solely by
the Ir1-Ir8 complexes in the presence of light, NADH was incu-
bated with each complex in the dark. No spectral changes were
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(A) UV/Vis spectra of the NADH (100 pM) photo-oxidation catalyzed by Ir3 (5 pM) in PBS (5% DMF) under blue light irradiation (A = 465 nm, P

(power) = 4.6 mW cm™2). (B) UV/Vis spectra of DPBF (50 uM) in the presence of Ir3 in acetonitrile under blue light irradiation at different times for a
total of 2 min (4 = 465 nm, P = 0.48 mW cm™2). (C) Emission spectra (recorded at iexc = 490 nm) of HPF (10 uM) in the presence of Ir3 (10 uM) in
PBS (5% DMF) when irradiated with blue light (1 = 465 nm, P = 4.7 mW cm™?) at different times for 1 h.

observed after one hour (Fig. S68). Likewise, irradiating NADH
in the absence of the complexes with blue light had no effect
(Fig. S69). Thus, NADH photo-oxidation requires both blue
light and the presence of Ir1-Ir8. Turnover number (TON) and
turnover frequency (TOF) values were obtained to quantify the
efficiency of the photo-oxidation process (Table S10). The 1,4-
benzodioxan-6-yl terpy complex, Ir8, presents the highest TON
and TOF values (15.44 and 112.29 h™', respectively), while
complexes with 9-anthracenyl and 1-naphthyl substituents, Ir2
and Ir6, exhibited the lowest values. NADH photo-oxidation
was repeated under identical conditions with ROS scavengers:
mannitol (20 mM) for hydroxyl radicals and sodium azide
(10 mM) for singlet oxygen (Fig. S70 and S71). As shown in
Table S10, the TON and TOF generally decreased, except for
Ir8, whose TOF increased from 112.29 h™* to 167.07 h™* with
mannitol. Complexes Ir1-Ir7 thus operate via dual type I/II
pathways, whereas Ir8—the most efficient photocatalyst—
showed enhanced activity when hydroxyl radical formation was
suppressed but a marked TOF decrease with sodium azide,
indicating type II predominance.

The NADH photocatalytic oxidation was also studied by
means of multiscale quantum mechanics/molecular mechanics
(QM/MM) methods run with Amber®® software, in combination
with Terachem.®®™®® Each Ir2, Ir3, and Ir8 molecule (the most
active compounds of the series) was embedded in an octahedral
water box in the presence of a NADH molecule (Fig. 3a) and
simulated for 2 microseconds through classical molecular

2050 | /norg. Chem. Front.,, 2026, 13, 2045-2063

dynamics (MD). Metal complexes were described with easyPARM-
derived force-field parameters,”® while NADH was described with
the OL21 DNA force field*” and other parameters retrieved from
the literature.”””> Analysis of the simulations reveals efficient
and persistent non-covalent interactions, driven mainly by
n-stacking and hydrogen bonding, as shown in Fig. 3b. The prob-
ability of finding both molecules forming a non-covalent hetero-
dimer (distances between 5 and 10 A) in water solution is over-
whelmingly larger than the states in which both molecules are
separated, as shown in Fig. S72. Ir2 seems to exhibit the most
efficient interactions, probably due to the extended aromatic
system of the anthracene moiety, which facilitates n-stacking.

Fig. 3 shows the analysis of the charge of NADH in the S,
ground and T; states along the MD simulation. In S, the Ir(im)
complex and NADH have a molecular charge of +1 and -2,
respectively, as shown in panel (a) for the three Ir2/NADH, Ir3/
NADH, and Ir8/NADH systems. However, in the lowest-energy
triplet excited state T;, the charge distribution can change
depending on the nature of the excitation, which is in turn
modulated by the nuclear coordinates disposition as a func-
tion of temperature and other environmental perturbations
such as solvent effects. Ir(+1)/NADH(—2) is indicative of local
excitation, whereas Ir(0)/NADH(—1) or Ir(+2)/NADH(-3) indi-
cates NADH — Ir and Ir — NADH charge transfer states,
respectively. Fig. 3b evidences a significant fraction of snap-
shots in which the NADH — Ir charge transfer is the most
stable state. This happens for the 20.2, 26.5, and 35.0% of the

This journal is © the Partner Organisations 2026
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Fig. 3 Histogram of NADH Mulliken charges at the Sy ground state
(panel a) and T, excited state (panel b) for an ensemble of snapshots
extracted from the MD simulations. The total sampling for each Ir(m)
complex/NADH system is 163 frames for Ir2/NADH, 155 frames for Ir3/
NADH, and 177 frames for Ir8/NADH. The Ir2/NADH system embedded
in an octahedral water box with short (left) and long (right) distances
between the metal complex and NADH is shown at the top of panel a.
Panel b shows different side views of Ir2 (orange), Ir3 (green), and Ir8
(silver) non-covalent heterodimers with NADH (blue), respectively. H
atoms are omitted for the sake of clarity.

total number of snapshots analyzed for Ir2/NADH, Ir3/NADH,
and Ir8/NADH, respectively, clearly indicating that Ir8 is the
photosensitizer that stabilizes the NADH — Ir states most
efficiently. In turn, this correlates with a more efficient NADH
photocatalysis.

This journal is © the Partner Organisations 2026
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The study of the T,/S, energy difference along the MD snap-
shots (Fig. S73) shows that the most abundant energy gap is
between 2 and 3 eV (620 and 413 nm, respectively) for the
three Ir/NADH systems considered. All in all, the MD-QM/MM
study unambiguously indicates that NADH — Ir charge trans-
fer states are sufficiently stable to be populated after light
absorption in a statistically significant number of configur-
ations, representing the first step of the NADH photooxidation.
Among the three Ir2, Ir3, and Ir8 systems, the latter is deemed
the most efficient photocatalyst, in good agreement with the
experimental findings.

Evaluation of ROS photogeneration in cell-free media

Next, the ability of Ir1-Ir8 to photogenerate ROS in cell-free
media was investigated to determine whether type I, type II, or
both types of ROS were produced. Firstly, the generation of
singlet oxygen (*0,, type II ROS) was assessed by the decrease
in 1,3-diphenylisobenzofuran (DPBF) absorbance at 411 nm,
as DPBF reacts with singlet oxygen to form a colorless
product.’® Upon light irradiation (4 = 465 nm, P = 0.48 mW
cm™?), a gradual decrease in the DPBF absorbance peak (4 =
411 nm) was observed (Fig. 2B and S74), confirming the pro-
duction of '0,. Fig. S75 presents a comparative analysis of the
singlet oxygen ('0,) generation efficiency among Ir1-Ir8 com-
plexes. It reveals that Ir2, which features a 9-anthracenyl group
on the tpy ligand, exhibits the highest singlet oxygen quantum
yield (~77%). This value significantly exceeds those of the
other Ir-tpy compounds synthesized in this study, whose yields
ranged between 20% and 40% (Table S11).

After proving that Irl-Ir8 complexes generate singlet
oxygen, we evaluated their ability to produce hydroxyl radicals
OH’, using a spectroscopic method based on the oxidation of
the almost non-fluorescent hydroxyphenyl fluorescein
(HPF).>'* Upon blue light irradiation, all complexes (10 pM)
were able to oxidize HPF (10 pM), resulting in bright green
fluorescence. As shown in Fig. 2C and S76, all complexes sig-
nificantly enhance OH" production under blue light irradiation
for one hour (1 = 465 nm, P = 4.7 mW cm™2). For comparison,
Fig. S77 highlights that Ir7 and Ir8 generate the highest
amounts of OH'. Conversely, the terpyridine complex Ir3, con-
taining the 1,3-benzodioxole-5-yl substituent, leads to a
marked reduction in hydroxyl radical production under the
same conditions. Overall, these results confirm the capacity of
the new Ir(ur) complexes to photogenerate both type I and type
II ROS.

The feasibility of type I electron-transfer reactions between
Ir2, Ir3 and Ir8 complexes and molecular oxygen leading to the
generation of highly reactive superoxide species has been
explored by computing the vertical electron affinity (VEA) and
ionization potential (VIP) values of the involved species
(Table 1). With the same approach, the electron transfer possi-
bilities involving NADH and the Ir complexes were also con-
sidered to compare with the results presented in Fig. 3.
Thermodynamic data indicate that the photoinduced electron
transfer from one excited PS molecule to another PS molecule
in the ground state is favorable either in T, or S; (reactions (1)
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Table 1 Thermodynamics [AE = E(products) — E(reactants)] of type |
PDT reactions based on the VEA and VIP values shown in Table S12

# Type I photoreactions Ir2 Ir3 Ir8
Autoionization reactions

(1) Irt + ' - I+ Ir 0.58 0.54 0.52

(2) (') + 't - Pt + I 0.05 0.46 0.45

(3) I+ - T+ Ir -1.39 -1.97 —2.01
Indirect reaction

(4) Ir + %0, = 'Ir* + 70, -0.27 —0.56 -0.56
Direct electron transfer

(5) It +30, - I +°0,” 2.28 2.99 2.98

(6) rt + %0, - Ir*t +°0,” 0.31 —0.02 —0.04
Reactions with NADH

(7) NADH’™ +°Ir" — 'NADH™ + 'Ir -0.19 -0.44 -0.46

(8) NADH>™ + 'Ir* » "NADH™ + 'Ir 1.78 2.07 2.07

9) ‘Ir + NADH?*™ — Ir" + NADH*~ 1.72 1.43 1.43

All energies are in eV.

and (2), respectively). In contrast, all Ir complexes can undergo
reduction in their triplet states via autoionization (reaction (3)
in Table 1), with the net electron transfer being strongly
exothermic. Moreover, the exothermicity increases markedly
from Ir2 to Ir8, in agreement with the experimental measure-
ments. The subsequent electron transfer from the reduced
form of the complexes ('Ir) to molecular oxygen via reaction (4)
appears feasible in all cases, with a notably enhanced driving
force for Ir3 and Ir8, which exhibit the most negative values.
The latter two complexes also show a slightly favorable process
for direct electron transfer via reaction (6) in the triplet state,
while it is clearly unfeasible in the ground state due to the
high endothermicity predicted by reaction (5).

The direct reduction of the Ir complexes by NADH”™ is
favorable through the triplet-state species (reaction (7),
Table 1). Notably, the exothermicity of this process increases
progressively from Ir2 to Ir8, aligning well with both experi-
mental and QM/MM findings discussed above. The
NADH - Ir charge transfer is unfeasible without light absorp-
tion, as quantified by reaction (8). The opposite Ir — NADH
charge transfer pathway is not favourable even when consider-
ing the reduced form of the Ir complex examined via reaction

View Article Online
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(9), since it proves to be largely endothermic. A schematic
sketch of the possible photocatalytic mechanism, partly based
on previous works, is proposed in Fig. S78.

Antiproliferative activity

The antiproliferative potential of the novel iridium complexes
was studied in three distinct human cancer cell lines: HeLa
(cervix), HCT116 (colon), and A375 (melanoma), selected
based on the irradiation compatibility of their anatomical sites
in the clinic. The evaluation was conducted under both dark
conditions and after exposure to blue light (420 nm). The
results, presented in Table 2, outline the antiproliferative
efficacy as determined by the MTT assay. The MTT assay is a
widely used colorimetric technique for assessing cell viability,
proliferation, and cytotoxicity, relying on the ability of mito-
chondrial enzymes in viable, active cells to reduce the tetra-
zolium dye MTT into formazan crystals.

Iridium complexes demonstrated strong antiproliferative
effects across all tested cancer cell lines under irradiation. Their
ICso values fell within micromolar to submicromolar ranges,
underscoring their high effectiveness in targeting malignant
cells. Notably, some of the tested iridium complexes show a
high phototoxicity index (PTI). All investigated iridium com-
pounds are significantly more toxic when exposed to light com-
pared to dark conditions. However, it is difficult to compare the
photopotentiation efficiency within the group of Ir complexes as
their low dark activity (an advantage for potential use in PDT)
does not allow for the determination of precise ICs, values. Due
to limited solubility, it was not possible to use concentrations
higher than 200 uM. Nevertheless, of all the compounds tested,
complexes Ir2, Ir3, and Ir8 showed the highest phototoxic
indices across all cancer cell lines.

Another significant and intriguing observation from
Table 2 is the notably low activity in normal, non-cancerous
cells (MRC5pd30, derived from human fetal lung fibroblasts)
under dark conditions. This approach assumes a treatment
scenario for a patient with a tumor in which irradiation is
applied exclusively to the tumor site, leaving the surrounding
healthy tissue unaffected by light. We calculated the selectivity

Table 2 Antiproliferative activity (ICsq values) evaluated using the MTT assay”

HELA HCT116 A375 MRC5PD30 (normal)

Dark 420 nm°” PTI° Dark 420 nm? PTI° Dark 420 nm? PTI Dark,, SI Darky,, SI¢
IR1  >200 83+0.3  >24  >200 3.8+0.2 >53  >200 5+1 >43  >200 >35  22%5 4
IR2 10+2 0.14+0.04 69 3.5+09 0.026+0.003 135 2.7+0.9 0.037 +0.005 72 12+2 177 3.0+0.1 44
IR3  >200 09+02  >217 19+4 0.14+0.03 136 109+17  0.50+0.08 218 68+18 130 10+2 19
IR4  >200 10+1 >20  >200 41 >50  >200 10+2 >20  >200 >25  11+1 1.4
IR5  >200 22+0.2 >91  11%1 1.08+£0.09 10 45+6 1.7+ 0.4 26 150+19 90 15+ 3 9
IR6 101 07+02 14 31+07  0.14+0.03 22 2.2+03  032+0.09 7 11+2 27  34+02 6
IR7  >200 52+09  >38  >200 3.2+0.2 >63  >200 4+1 >46  >200 >47  90+10 21
IRS  >200 1.3+0.5 >158 19+4 0.16 £0.05 119 112+9 0.6+ 0.1 187 68+15 99 10+3 15

“Cells were pretreated for 1 h in EBSS (Earle’s Balanced Salt Solution), followed by either irradiation at 420 nm for 1 h or maintenance under
dark conditions. After treatment, EBSS was removed, and fresh culture medium was added. The cells were then allowed to recover for 70 h. Final
viability was determined using the MTT assay. ° IC5, values for irradiated samples; the untreated irradiated control was set to represent 100% cell
viability. “ PTI (phototoxicity index) = ICsq(dark)/IC50(420 nm)- s (selectivity index) = ICso(dark,mrcs)/average ICso(420 nm,Hela, HCT116,4375)-
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indices as the ICs, in non-cancerous non-irradiated cells
divided by the average ICs, in irradiated cancer cells. The SI
indices indicate how much more effective a drug is against
cancer cells compared to its toxicity toward healthy cells. A
higher SI value indicates greater selectivity.

To evaluate the long-term impact of the iridium complexes
on non-cancerous human MRC5pd30 cells, we cultured the
cells with the iridium complexes for 72 h. Subsequently, we
measured their viability using the MTT assay. The ICs, values
observed after this prolonged exposure significantly differed
from those obtained after a 2 h treatment followed by a 70 h
recovery in a drug-free medium. This variation is primarily due
to the slow proliferation rate of MRC5pd30 cells, which orig-
inate from normal fetal lung tissue and exhibit normal growth
control. Detecting the antiproliferative effects of the studied
compounds requires a more extended exposure period in these
cells, indicating that the investigated iridium complexes do
not cause acute toxicity in MRC5pd30 non-cancerous cells.
This is advantageous since agents that induce immediate cell
damage tend to be highly toxic.

In previous studies,”*’* some iridium complexes have been
shown to disrupt mitochondrial function, potentially interfer-
ing with the reduction process in MTT. This disruption could
lead to misleading results - cells may appear non-viable even
if they remain alive but metabolically impaired. To address
this issue, we employed an alternative sulforhodamine (SRB)
assay, which quantifies the cellular protein content, for
selected complexes Ir2 and Ir3 in HCT116 cells (Table S13).
The ICs, values obtained from the SRB assay were consistent
with the data from the MTT assay. These findings confirm that
the tested Ir complexes do not impair mitochondrial function
in a manner that would compromise the reliability of the MTT
results.

Cellular accumulation

To determine the permeability and accumulation of the new
iridium complexes in the cells, we conducted an experiment
measuring the amount of iridium inside the HCT116 cells.
Cells were exposed to the studied complexes at their equimolar
concentrations (5 pM) for 2 h in the dark, then washed, har-
vested, counted, and immediately digested in hydrochloric
acid. The final amount of iridium inside the cells was evalu-
ated by ICP-MS (Table 3).

For further biological studies, the two iridium complexes,
Ir2 and Ir3, were selected based on their superior results in
antiproliferative activity and selectivity screening (mainly due
to their high PTI, in the range of 69->217); HCT116 cells were

Table 3 Intracellular accumulation of Ir in HCT116 cells (ng Ir per 10°
cells)

Ir1 Ir2 Ir3 Ir4 Ir5 Ir6 Ir7 1Ir8

59 + 131 + 102 + 89 + 74 £ 112 + 88 + 103 +
13 21 20 2 9 9 4 1

This journal is © the Partner Organisations 2026
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employed in these studies, as they proved to be the most sensi-
tive to the two Ir-complexes.

Cellular localization

Beyond the mere penetration and accumulation of the drug
within the cell, its intracellular distribution plays a pivotal role
in determining its mechanism of action. Therefore, using a
confocal microscope (Leica SP5), we investigated the cellular
localization of the selected iridium complexes (Ir2 and Ir3) in
a 2D cell culture of HCT116 cancer cells (Fig. 4).

Only a weak fluorescence signal was detected for complex
Ir2 under the used conditions. In contrast, a stronger signal
was observed for complex Ir3. Importantly, localization studies
revealed that the Ir complexes are predominantly situated in
the cytoplasm, with no detectable presence in the cell nucleus.

For better identification of the intracellular localization of
the Ir complexes, colocalization experiments were conducted.
The data revealed no overlap between the fluorescence signal
of Ir3 and markers of mitochondria or the endoplasmic reticu-
lum (Fig. S79), with Pearson’s correlation coefficients of 0.12 +
0.03 and 0.08 + 0.02, respectively. Rather than associating with
specific organelles, Ir3 appears to be diffusely distributed
throughout the cytoplasm; a few brighter spots may corres-
pond to aggregates of Ir3. In the cytoplasm, the agents can
interact with cellular components that regulate cell death or
proliferation.

Cellular morphology

During localization studies using a confocal microscope, we
observed an intriguing phenomenon: the cellular morphology
changed significantly within a very short time. After irradiation
of the cells treated with Ir3 with an excitation laser (355 nm),
small membrane blebs appeared within 5-10 min (Fig. 5A). It
is essential to note that this effect was not observed in
untreated cells, even when they were irradiated with the same
laser setup. When the morphology was monitored for a more
extended period (1-24 h), another morphological alteration
became evident, such as cytoplasmic vacuolization, where the
vacuoles filled almost the entire cell volume (Fig. 5B). The
whole cells were swollen and rounded. These morphological
features indicate the oncotic-like cell death. Oncosis is a form
of cell death, characterized by significant energy consumption,
cell swelling, dilation of the endoplasmic reticulum, mitochon-
drial swelling, and nuclear chromatin aggregation.””

Cell death: annexin V/propidium iodide

It has been shown that oncotic cells exhibit annexin V positiv-
ity, similar to apoptotic cells. Typically, phosphatidylserine
residues are located on the inner side of the cytoplasmic mem-
brane. However, during oncosis, these residues are externa-
lized. This externalization is not an early event in oncosis, but
occurs as cells progress toward loss of membrane integrity.
Externalized phosphatidylserine can be recognized by annexin
V. This was also observed for HCT116 cells treated with com-
plexes Ir2 or Ir3 (Fig. 6A). After irradiation and a 24 h recovery

Inorg. Chem. Front,, 2026, 13, 2045-2063 | 2053
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UNTREATED Ir2 Ir3

Fig. 4 Cellular localization of Ir complexes analyzed using a confocal microscope. HCT116 cells were seeded on confocal dishes and treated with
Ir2 or Ir3 (0.5 pM) for 3 h under dark conditions. Immediately, live cell imaging was performed using a confocal microscope. Confocal images were
captured using a UV laser (lex/Aem = 355/400-485 nm), and the image was taken immediately. Top panels: fluorescence from the iridium complexes.
Bottom panels: bright field. Scale bars represent 5 um.

>

B UNTREATED (o,lgssz)

UNTREATED

Ir3 (0.5uM,3h)

Fig. 5 A. HCT116 cell morphology monitored using a confocal microscope (Leica SP5). HCT116 cells were treated with Ir3 (0.5 uM) for 3 h in DMEM
(Dulbecco’s modified Eagle’s medium) (without phenol red). The cells were directly analyzed under the microscope, where they were irradiated with
a laser (355 nm, 75%) to monitor the fluorescence signal of the Ir complex. However, the irradiation was sufficient to activate the Ir complex, and
immediate oncotic-like cell death was observed within 5 min after irradiation. Scale bar: 5 um. B. Morphology of HCT116 cells. Cells were pretreated
with Ir2 (0.05 pM) or Ir3 (0.1 pM) for 1 h in EBSS, irradiated (420 nm) for 1 h. After this treatment procedure, the EBSS was removed, and fresh culture
medium was added. The cellular morphology was monitored at O, 1, 4, and 24 h after irradiation using an inverted microscope. Scale bars: 20 pm.
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Fig. 6 A. Flow cytometric analysis of HCT116 cells stained with annexin V/propidium iodide assay (for details, see the Experimental
section). B. Intracellular ATP levels in HCT116 cells treated with Ir2 (left) at concentrations of 1, 5 and 30 nM or Ir3 (right) at concentrations of 10, 30,
and 100 nM, or untreated. After 1 h of pretreatment, the cells were either irradiated (420 nm, 1 h) or kept in the dark. Cells were then incubated in a
drug-free medium for 1 h. Intracellular ATP levels were determined using the CellTiter-Glo reagent (Promega). Cell membrane integrity was evalu-
ated by the Trypan blue exclusion assay. Statistical significance: p < 0.01. C. Immunofluorescence staining of HCT116 cells, untreated or treated with
Ir2 or Ir3 (concentration corresponding to ICsp) and irradiated with blue light, showing membrane localization of porimin (green fluorescence

signal). The nuclei of the cells are stained with DAPI. Scale bar: 5 pm.

period, the annexin V-positive populations were clearly
observable.

Annexin V positivity is often associated with apoptosis;
therefore, the importance of combining annexin V assays with
morphological criteria and other markers to accurately dis-
tinguish between apoptosis and oncosis is emphasized.
Although distinct pathways mediate apoptosis and necrosis,
they share overlapping involvement of cell surface death recep-
tors, mitochondria, and the endoplasmic reticulum. Oncosis
is characterized by the early opening of MPTP (mitochondrial
permeability transition pore) in the inner membrane, occur-
ring without the release of cytochrome c. The initiation of
MPTP results in rapid loss of the mitochondrial membrane
potential (AY,,), interruption of ATP synthesis, solute influx,
and mitochondrial swelling.”® Unlike apoptosis, oncosis does
not involve the activation of caspases or the formation of apop-
totic bodies. A surface receptor, porimin (pro-oncosis receptor
inducing membrane injury), is considered an indicator of
oncotic cell death.

ATP depletion

ATP plays a critical role in oncosis. Unlike apoptosis, which is
an energy-independent process, oncosis occurs when cells fail
to maintain the ionic balance due to insufficient ATP, resulting
in uncontrolled water influx and cellular swelling. Oncotic
inducers contribute to a decline in ATP concentration, further
driving this process.

In our work, when HCT116 cells were treated with Ir2 or Ir3
and irradiated, their ATP level showed a rapid reduction com-
pared to untreated, non-irradiated cells. The effect was evident
even at low Ir complex concentrations (1, 5 nM for Ir2 and 30
nM for Ir3) within a short time interval (1 h), while the

This journal is © the Partner Organisations 2026

majority of the cell population still maintained membrane
integrity (Fig. 6B).

Porimin staining

A surface receptor, porimin (pro-oncosis receptor inducing
membrane injury), is a key marker and mediator of oncosis.
Porimin plays a crucial role in the oncotic process by facilitat-
ing membrane permeability changes, leading to the character-
istic swelling of the entire cell during oncosis and cell lysis.
The increased expression of porimin is associated with mito-
chondrial dysfunction and ROS accumulation, which further
drives oncosis. As shown in Fig. 6C, an elevated expression of
porimin upon incubation with Ir2 or Ir3 and subsequent
irradiation was demonstrated by confocal microscopy.

ROS production

Since ROS can be generated rapidly upon irradiation of treated
cells, this process is challenging to capture. To address this
issue, we designed an experiment where cells were first pre-
treated with complexes Ir2 or Ir3, followed by the introduction
of the CellROX marker just before irradiation. The cells were
then irradiated for 10 min, allowing us to use shorter time
intervals and successfully capture ROS, which can form very
quickly but are also rapidly processed within the cells.

Blue light irradiation itself may induce reactive oxygen
species (ROS) in cells,”®’”” leading to an increased oxidation of
CellROX dyes and a stronger fluorescence signal. This is
evident in Fig. 7A, where untreated cells (black column)
exhibit an increased level of intracellular ROS, even after
10 min of blue light irradiation. However, the increased pro-
duction of ROS in the untreated control does not appear to
affect the overall cell viability. When comparing MTT data for
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Fig. 7 A. Intracellular ROS production. HCT116 cells were treated with complexes Ir2 (left) or Ir3 (right). After 30 min, the CellROX Green dye was
added (at a final concentration of 2.5 pM). After 30 min, the EBSS with the complex and dye was removed, cells were washed, and drug-free EBSS
was added. Cultures were irradiated with blue light (10 min). Immediately after irradiation, the cells were harvested and analyzed using a flow cyt-
ometer Amnis. B. NADH/NAD™ ratio determined using an NAD*/NADH assay kit (Sigma-Aldrich). HCT116 cells were treated with complexes Ir2 (5
nM), Ir3 (30 nM), or Ir8 (30 nM). The selected concentrations correspond to levels at which the cell membrane is not disrupted and the cells exhibit
at least 90% viability. Cell membrane integrity was evaluated by the Trypan blue exclusion assay. After 1 h pretreatment, the cells were either irra-
diated (420 nm, 1 h) or kept in the dark. Cells were then incubated in a drug-free medium for 1 h. Intracellular NADH and NAD* levels were deter-
mined using the NAD*/NADH assay kit (Merck) according to the manufacturer’s instructions. Statistical significance: * p < 0.01.

dark and irradiated controls, we found no significant differ-
ences (not shown).

In cells pretreated with complexes Ir2 or Ir3, we observed a
significantly higher ROS production compared to untreated
(irradiated-only) cells (Fig. 7A). As a result, the most significant
increase in ROS occurs within a short irradiation time in the
presence of the Ir complexes.

To demonstrate the relationship between ROS production
and the observed photobiological activity and confirm the
involvement of ROS in the phototoxicity of complexes Ir2 and
Ir3, the effects of various ROS inhibitors and scavengers on the
phototoxic response of the Ir complexes after irradiation were
evaluated. It was verified that the individual scavengers at the
concentrations used did not affect the cell viability compared
to the control incubated in the complex-free medium.”® The
results are summarized in Fig. S80.

The effect of irradiated Ir was inhibited in the presence of
the hydroxyl radical (OH") scavenger, mannitol, as well as in
the presence of sodium azide, a potent singlet oxygen
quencher. This suggests that these types of radicals participate
in the biological activity of the studied Ir complexes, in accord-
ance with the results obtained in the non-cellular environment,
where the formation of OH radicals and singlet oxygen under
irradiation was demonstrated. Thus, the above-described find-
ings indicate that the photopotentiation of both Ir2 and Ir3 is

2056 | /norg. Chem. Front, 2026, 13, 2045-2063

associated with ROS generation and that the resulting oxidative
stress plays a role in their phototoxic effects.

Considering that the Ir complexes investigated in this study
also exhibited a certain degree of dark toxicity, albeit relatively
low (Table 2), additional experiments were performed to eluci-
date the mechanism underlying their biological activity in the
absence of irradiation. The results showed that, at concen-
trations corresponding to their dark ICs, values, ROS levels in
the treated HCT116 cells increased above the level observed in
untreated control cells, with a more pronounced rise observed
for Ir3 (Fig. S81A). Furthermore, experiments employing ROS
scavengers demonstrated that quenching ROS reduces the
overall biological effect of both complexes in the dark, indicat-
ing that ROS generation contributes to the dark biological
activity of Ir2 and Ir3 (Fig. S81B). Nonetheless, other factors,
such as potential interactions with specific molecular targets,
cannot be excluded as contributors to the dark toxicity.
However, given that the primary focus of this study is the light-
induced activation of the investigated complexes, a detailed
elucidation of the mechanisms responsible for dark toxicity
lies beyond the scope of the present work.

NADH/NAD" ratio

Since the results obtained from spectrophotometric measure-
ments showed (Fig. 2A and S67) that the investigated Ir com-
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plexes photooxidize NADH to NAD' in a cell-free medium, we
tested whether this photocatalytic ability of the studied Ir com-
plexes is also reflected in cells. In addition to complexes Ir2
and Ir3, which we tested in all other experiments (due to good
phototoxicity and high PI), we also included complex Ir8 in
this test, which showed the highest turnover frequency (TOF)
in spectroscopic studies (Table S10), i.e., making it the most
effective catalyst.

The NADH/NAD' ratio serves as a key indicator of a cell’s
redox balance and energy metabolism. In healthy cells, this
ratio is carefully maintained within a specific range, which can
vary depending on the cellular compartment and cell type. It is
tightly regulated and plays a central role in essential cellular
functions.

We investigated the intracellular NADH/NAD' ratio after
HCT116 cells were treated with complexes Ir2, Ir3, or Ir8 and
their photoinduction (Fig. 7B). The NADH/NAD' ratio was
unaffected after incubation with the Ir complexes in the dark.
On light irradiation, only Ir8 induced a significant decrease in
the NADH/NAD" ratio.

It is therefore reasonable to conclude that, in accordance
with the spectroscopic results obtained in the cell-free
medium (Fig. 2A and S67), where photooxidation did not
occur in the dark, there is no difference in the NADH/NAD"
ratio in cells. After irradiation, a small but statistically signifi-
cant decrease in the NADH/NAD' ratio was observed only
when the cells were treated with Ir8 (the most effective photo-
catalyst, as predicted by the multiscale computational results
shown in Fig. 3b), so it can be assumed that this may also par-
tially contribute to its antiproliferative effects under blue light
irradiation.

The mechanism proposed for the photocatalytic oxidation
of NADH by Ir complexes involves the transfer of an electron
from NADH to the Ir complex in its excited *Ir(um) state, fol-
lowed by the formation of O,”~ and the unstable NADH™" inter-
mediates. These transient species subsequently react to ulti-
mately produce NAD" and H,0,.*>”® As shown in Fig. S82, the
intracellular concentration of H,O, increased in cells treated
with Ir8 and exposed to irradiation compared to untreated
cells or those kept in the dark. Moreover, the cellular H,O,
level was significantly reduced in the presence of pyruvate, a
known H,0, and superoxide radical scavenger,®® confirming
the effect of irradiated Ir8 on hydrogen peroxide evolution in
HCT116 cells.

To assess whether the decrease in the NADH/NAD' ratio
found for cells treated with Ir8 may be biologically relevant,
additional experiments were performed. Changes in glucose
consumption and lactate production have been quantified.
The treatment of HCT116 cells with complex Ir8 under the
same conditions in which the alteration in the NADH/NAD"
ratio was detected (Fig. 7B) resulted in a reduction of lactate
secretion; while the amount of lactate produced by the
untreated irradiated control was 2400 nmol mL™" of medium,
in the Ir8-treated and irradiated samples, the lactate pro-
duction decreased to 1740 + 30 nmol mL™" of medium. The
decrease in lactate production could be associated with inhi-
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bition of the reduction of pyruvate to lactate, a key reaction of
glycolysis in which NADH acts as a reducing agent.
Concurrently, we observed slightly reduced glucose consump-
tion - 1.35 umol per 10° cells for the untreated irradiated
control compared to 0.75 pmol per 10° cells for the treated
and irradiated with Ir8 - and a pronounced decrease in intra-
cellular ATP levels (Fig. S83).

It should be noted, however, that there is evidence that
reactive oxygen species (ROS) can modulate the glycolytic flux
in cancer cells via up-regulation of proteins in the glycolytic
pathway.**®® As our work demonstrates that Ir complexes -
particularly Ir8 - exert dual modes of action, encompassing
not only photocatalytic oxidation of NADH but also the classi-
cal PDT mechanisms of ROS generation via type I and type II
pathways, interpretation of these results is challenging. The
relative contributions of these mechanisms to the observed
metabolic effects cannot be distinguished under the current
experimental conditions.

Morphological changes in 3D spheroid cultures

Next, we examined morphological alterations in 3D tumor
spheroids in response to drug-induced cytotoxicity. Compared
with untreated viable tumor spheroids, after treatment with
Ir2, morphological alterations are visible (Fig. 8A-C), including
an irregular and uneven surface, a decrease in spheroid size,
and a halo of cell debris or loosening. A defining feature of
viable 3D spheroids is cell-cell contact, characterized by a
cohesive, circular, or smooth surface. Loosening of cell-cell
contacts, compactness, or spheroid integrity is a key defining
feature of cytotoxic drug effects. The quiescent or dead cells in
3D spheroids, as observed under bright-field imaging, appear
as the darkest, typically located in the center of the spheroid.

Cell viability in 3D spheroids

CellTiter-Glo® 3D cell viability assay. The CellTiter-Glo® 3D
cell viability assay is a reagent developed by Promega for
measuring the cell viability in 3D microtissue cultures. This
reagent is specifically formulated to penetrate large spheroids
and produce a luminescent signal that is finally measured.

Treatment of HCT116 spheroids with Ir2 or Ir3 demon-
strated that both complexes were more active following blue
light irradiation compared to dark conditions (Fig. S84).
However, despite their increased activity upon irradiation, the
phototoxicity index was lower than that observed for cyto-
toxicity in 2D cell cultures. This suggests that the overall
phototoxic impact in spheroid models is reduced compared to
traditional 2D cultures, possibly due to differences in the cellu-
lar architecture that limit drug and light penetration.

Therefore, confocal microscopy was used to assess the ability
of the Ir complexes to penetrate the cell mass of the spheroid. As
the low intrinsic fluorescence of Ir2 (see Fig. S55 and Fig. 4) pre-
vented reliable signal acquisition, the experiment was performed
with Ir3. The spheroids from HCT116 (mean diameter 300 um),
formed over 4 days, were treated with Ir3 (5 uM) for 4 h and the
fluorescence signal was visualized (Fig. S85). The fluorescence
intensity was quantitatively analyzed to determine the complex’s
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(A—C) Morphological alterations in 3D tumor spheroids under bright field imaging. A. untreated, dark: viable tumor spheroid with a regular

size and shape, compactness, integrity and smooth surface; B. Ir2, 0.5 pM, irradiated: a decreased spheroid size, uneven surface with halo of loo-
sened cells or debris; C. Ir2, 5 uM, irradiated: quiescent or dead cells in 3D spheroids reflected as the darkest areas in the spheroid. (D and E)
Representative images of HCT116 spheroids. HCT116 spheroids were treated with Ir2 (D) or Ir3 (E) for 1 h in the dark, followed by either 1 h of blue
light irradiation (irradiated) or 1 h of incubation in darkness (DARK). Subsequently, EBSS was replaced with drug-free sphere-forming medium, and
the spheroids were maintained in culture for 72 h. At the 72 h timepoint, HCT116 spheroids were stained with calcein AM (2 pM) and propidium
jodide (8 ug mL™) for 2 h. Immediately after the staining, the plates were processed using the JuLi™ Stage Cell Recorder (NanoEntek, Germany) to
capture fluorescence. Scale bar: 200 pm. For quantitative evaluation, see Fig. S86.

penetration depth (Fig. S85D). As indicated, the fluorescence
signal was distributed unevenly, with the highest intensity in the
periphery and the intermediate zone (approximately to a depth
of 80 um from the surface), whereas fluorescence in the spheroid
core was low. This may indicate that, within the relatively short
treatment period, the complex penetrated relatively deeply
although it did not have sufficient time to penetrate the entire
volume of the spheroid. However, it should also be noted that
the observed effect (i.e., low fluorescence in the spheroid center)
may be related to the limited penetration of the excitation light
into the dense cellular mass, as the light is strongly scattered
and absorbed by the cells and the surrounding medium. This
likely reduces the effective excitation intensity reaching the core,
thereby decreasing the emitted fluorescence signal.

Consequently, given that the ability to penetrate tumor
tissue represents a limiting factor that could restrict the poten-
tial use of the Ir complex for PDT, further efforts will be
directed toward improving the penetration capabilities of this
class of Ir complexes.

Spheroid calcein AM and PI staining. Propidium iodide (PI)
is a fluorescent dye that is impermeable to live cells, meaning it
only stains dead or membrane-compromised cells. It does not

2058 | /norg. Chem. Front.,, 2026, 13, 2045-2063

penetrate live cells and therefore does not provide a fluorescent
signal. Simultaneously, with the increase in PI staining, a
decrease in the fluorescence signal for calcein AM is observed.
In contrast to PI, calcein AM marks live cells. Calcein AM is a
non-fluorescent compound that can easily enter live cells due to
its lipophilic properties. Once inside, intracellular esterases
cleave the molecule, converting it into fluorescent calcein, which
is retained within the cytoplasm. Only live cells retain fluo-
rescence, making calcein AM useful for viability assays.

As shown in Fig. 8, irradiation of the spheroids pretreated
primarily with Ir2 resulted in a vast increase in PI fluorescence,
indicating a substantial accrual of dead cells within the spher-
oid volume. A similar increase in PI fluorescence was also
observed in non-irradiated samples; however, this effect was
noticeable only at significantly higher concentrations of the Ir
complexes (Fig. 8 and S86). Within the range of concentrations
used in the experiment, the impact of Ir2 was more pro-
nounced compared to that of Ir3, in agreement with its lower
IC5, value determined for 3D colonospheres (table in Fig. S84
and S87). On the other hand, complex Ir3 exhibits lower dark
toxicity yet maintains good PTI, which may be advantageous
considering potential side effects.
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Conclusions

We successfully synthesized and comprehensively character-
ized eight new arylterpyridine Ir(u) complexes Ir1-8 with the
general formula [Ir(N"N~N)(C*N)CI|PF¢, where N*N”N is 4’-
(aryl)-2,2":6',2"-terpyridine and C*N is deprotonated 2-(1,3-ben-
zodioxol-5-yl)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imid-
azole. The ligands incorporated para-substituents (Cl, CFs,
CO,Me, carbazolyl) or extended aromatic groups (benzodiox-
ole, benzodioxane, naphthyl, anthracenyl). Upon irradiation
with biocompatible blue light, these complexes exhibited
potent antiproliferative effects in both 2D and 3D cancer cell
models, while inducing minimal acute toxicity in non-cancer-
ous cells. Among them, Ir2, Ir3, and Ir8 were emphasized
because each represents a distinctive photophysical/biological
profile: Ir2, with its n-expanded scaffold, achieves the highest
'0, yield (~77%), the lowest ICsy, and the best selectivity
index; Ir3, bearing electron-rich substituents, combines a high
emission quantum yield with the highest phototoxicity indexes
across cell lines; and Ir8, also electron-rich, exhibits the
longest emission lifetime, the largest NADH photooxidation
TOF, and pronounced ‘OH generation, explaining its superior
photocytotoxicity. These three complexes were therefore
selected for further investigation.

Complexes Ir2 and Ir3 showed superior antiproliferative
activity and selectivity, particularly against the HCT116 cell
line, and confocal microscopy revealed that they localize pre-
dominantly in the cytoplasm. Light activation induced marked
morphological changes consistent with oncotic-like cell death,
confirmed by ATP depletion and porimin upregulation, indi-
cating membrane injury.

Mechanistic studies revealed that Ir2 and Ir3 catalyzed
NADH photo-oxidation with high turnover frequencies in
aqueous solution and Ir8 in cancer cells, accompanied by ROS
generation. Molecular dynamics and hybrid QM/MM simu-
lations further indicated the formation of non-covalent Ir-
NADH heterodimers, with Mulliken charge analysis supporting
NADH — Ir charge transfer as the most stable triplet state in a
statistically relevant number of configurations. These compu-
tational findings align with experimental data, showing that
Ir8 (1,4-benzodioxan-6-yl) is the most efficient NADH photo-
catalyst, confirmed by intracellular NAD'/NADH measure-
ments in HCT116 cells.

Overall, Ir2, Ir3, and Ir8 emerged as the most promising
candidates, with their mechanism of action involving synergis-
tic phototoxic and photocatalytic effects. These findings
provide a mechanistic foundation for the development of inno-
vative phototherapeutic strategies distinct from classical ROS-
driven photodynamic therapy.
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