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Anticancer agents often rely on apoptosis, limiting their effectiveness and leading to drug resistance. To
address these issues, alternative cell death mechanisms have gained attention. To date, only very few
metal complexes that trigger oncosis have been reported. Herein, the conjugation of a cyclometalated Ir
() complex to human serum albumin for oncosis mediated photodynamic therapy is reported. While
being non-toxic in the dark, the conjugate showed strong therapeutic effects upon irradiation in cancer
cells and tumor spheroids. Biological mechanistic analyses revealed that the conjugate preferentially
accumulated in mitochondria, induced NADH oxidation, caused oxidative damage to the cell membrane,

Received 10th June 2025, depleted ATP, and triggered Ca2" influx, inducing cellular swelling and vacuolization of the cytoplasm as
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well as the formation of organelle-free blisters, ultimately leading to cell death by oncosis. This work pre-
sents the first example of a photo-responsive metal complex human serum albumin conjugate that
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Introduction

Photodynamic therapy (PDT) is a clinically approved medical
technique for the treatment of cancer (i.e., bladder, lung, brain,
or esophageal cancers) as well as bacterial, viral, and, fungal
infections. In PDT, a photosensitizer is locally or systemically
administrated at a non-toxic dose. After a specified incubation
time, the targeted tumorous tissue is irradiated with light.
When the photosensitizer is exposed to light, it is first excited
to a higher energy singlet state, before transitioning to a triplet
state through intersystem crossing. In this triplet state, the
photosensitizer can induce the production of reactive oxygen
species (ROS) through two primary mechanisms. The type I
pathway involves the photosensitizer transferring electrons to
adjacent molecules, leading to the formation of reactive rad-
icals like superoxide or hydroxyl radicals. In the type II
pathway, the photosensitizer transfers energy to molecular
oxygen (O,), generating singlet oxygen (*O,). The majority of
photosensitizers primarily function through the type II mecha-
nism when interacting with biological systems.'™ Among the
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most promising types of photosensitizers, cyclometalated Ir(ur)
complexes are gaining much interest due to their attractive
photophysical and biological properties (i.e., strong emission,
large Stokes shift, ROS generation, biocompatibility).®™>
Despite these promising characteristics, Ir(m) complexes often
display low aqueous solubility due to their high lipophilicity,
limiting their application in PDT."*™® To overcome this chal-
lenge, the conjugation of metallodrugs to human serum
albumin (HSA) has recently been explored to enhance their
solubility and cellular uptake of drug candidates.'’>* HSA is
the most prevalent extracellular protein in plasma, essential for
regulating blood colloidal osmotic pressure, stabilizing pH,
and transporting various metabolites such as fatty acids, hor-
mones, and bilirubin from the bloodstream to cells. Its unique
three-dimensional structure makes it highly efficient for drug
delivery.”>*® The palladium(u) bacteriochlorophyll derivative
WST11 (TOOKAD® soluble), that has been clinically approved
as a photosensitizer for PDT, has been reported to preferen-
tially bind non-covalently to HSA during circulation, leading to
high accumulation in the prostate and therefore an efficient
drug delivery.>’*® Despite the growing interest in albumin-
bound photosensitizers, most reported systems exhibit only
weak to moderate affinity for the protein. Moreover, the under-
lying mechanisms governing the interactions between photo-
sensitizers and albumin remain largely unexplored, resulting
in a critical gap in our understanding of how non-covalent
forces can be harnessed to enhance metal-albumin binding.
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To address this limitation, we recently developed an Ir(u)
photosensitizer with markedly improved affinity for albumin.
Guided by theoretical calculations, we found that the strategic
incorporation of thiophenyl moieties, fluorinated substituents,
and ester groups on the cyclometalated Ir(u) scaffold collec-
tively enhanced hydrophobic, electrostatic, and hydrogen-
bonding interactions with the protein.>*

Despite recent research progress in PDT, most of photosen-
sitizers trigger cell death by apoptosis and are therefore prone
to the development of drug resistances.**® Capitalizing on
this, there is a high demand in photosensitizers that induce
cell death by non-apoptotic cell death mechanisms.'*29732
Among the clinically most promising cell death mechanism,
the induction of cell death by oncosis is receiving much inter-
est. Oncosis is a form of programmed cell death characterized
by cellular swelling, chromatin clumping, cytosol clearing, and
increased membrane permeability. It involves mitochondrial
dysfunction due to early opening of permeability transition
pores, leading to depolarization, ROS production, ATP
depletion, and ion pump failure. This disruption causes water
influx, organelle-free blister formation, and ultimately, mem-
brane rupture.*”*” Although several molecular organic agents
have been identified as inducers of oncosis,*” metal complexes
capable of triggering oncosis remain highly rare (see Fig. S1
for an overview of previously reported oncosis-inducing metal
complexes of relevance).*®***> Moreover, to the best of our
knowledge, there are no reports on photosensitizer-HSA conju-
gates that trigger oncosis. For all these reasons, the chemical
synthesis and biological evaluation of the conjugation of a
cyclometalated Ir(m) (Oncl) as a photosensitizer with HSA
(Onc1@HSA) for oncosis mediated PDT is reported. While
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being non-toxic in the dark, Onc1@HSA was found to photo-
catalytically oxidize NADH and generate singlet oxygen upon
light irradiation, causing a cytotoxic response against murine
colon cancer cells and multicellular tumor spheroids in the
very low micromolar range. Further analyses demonstrated
that Onc1@HSA preferentially accumulated in mitochondria,
induced NADH oxidation, triggered oxidative damage to the
cell membrane, depleted ATP, and triggered Ca®" influx, indu-
cing cellular swelling and vacuolization of the cytoplasm as
well as the formation of organelle-free blisters, ultimately
leading to cell death by oncosis (Fig. 1). This study reports on
the first example of a photo-responsive metal complex-HSA
conjugate capable of inducing oncosis.

Results and discussion
Synthesis and characterization

2-Thienylcarboxaldehyde  and  3,4-difluoro-1,2-phenylene-
diamine were condensed to yield 5,6-difluoro-2-(thiophen-2-
yl)-1H-benzo[d]imidazole. This intermediate was further
reacted with 4-(trifluoromethyl)benzyl bromide to obtain the
cyclometalated ligand 5,6-difluoro-2-(thiophen-2-yl)-1-(4-(tri-
fluoromethyl)benzyl)-1H-benzo[d]imidazole. The compound
was then suspended with iridium trichloride in a mixture of
2-ethoxyethanol/water and heated at reflux, leading to the for-
mation of the dimeric complex [Ir(5,6-difluoro-2-(thiophen-2-
y1)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazole), (p-
Cl)],. The dimeric metal precursor and the ancillary ligand 2-
(pyridin-2-yl)-1H-benzo[d]imidazole were dissolved in a di-
chloromethane/methanol mixture and heated overnight to
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Fig. 1 Chemical structure of complex Oncl and overview of biological mechanism of action of Onc1@HSA by oncosis-mediated PDT.
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obtain the desired compound [Ir(5,6-difluoro-2-(thiophen-2-yl)-
1-(4-(trifluoromethyl)benzyl}-1H-benzo[d]imidazole), (2-(pyridin-2-
yl)-1H-benzo[d]imidazole)][Cl]] (Onc1) (synthetic strategy:
Scheme S1).

The identity of the compounds was confirmed using 'H-,
BC- and "F{'H}-NMR spectroscopy (Fig. $2-S11) as well as
high-resolution electron spray ionization mass spectrometry
(Fig. S12). Proton and carbon signals were further assigned by
2D 'H-'H COSY, 'H-'H NOESY, 'H-"*C HSQC, and 'H-"*C
HMBC spectra. The proton signals were assigned using the
Nuclear Overhauser Effect observed in interligand H*-H’/H
H"-H’/H” and H"-H*H? and intraligand H'"™°-H'*"*
cross peaks (Fig. S8-S11). The results showed a double signal
set of peaks associated with an asymmetric ligand environ-
ment of the metal complex. The purity of the complex was veri-
fied by high performance liquid chromatography and elemen-
tal analysis (Fig. S13).

Photophysical properties and DFT calculations

The photophysical properties of the iridium(u) metal complex
were systematically investigated to evaluate its potential as a
photosensitizer for PDT. The absorption spectrum of the
complex was recorded in water and the corresponding absorp-
tion bands were assigned based on density functional theory
(DFT) calculations. The complex exhibited intense absorption
bands in the 310-320 nm region, which were attributed to
ligand-centered ® — =* transitions originating from both the
cyclometalated and ancillary ligands. Additionally, weaker
absorption bands of Oncl were observed in the 410-430 nm
range, primarily associated with metal-to-ligand charge trans-
fer transitions (Fig. 2a, Fig. $14).***> A bathochromic shift in
the metal-to-ligand charge transfer band was observed upon
solvent variation from polar water to apolar acetonitrile, indi-

cating the involvement of charge transfer in these
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Fig. 2 (a) UV/VIS absorption spectra of complex Oncl (10 uyM) in a

H,O/DMSO (99:1) mixture. (b) Molecular orbitals for complex Oncl
computed in acetonitrile by DFT calculations using the PBEO level of
theory and 6-31G(d) and LANL2DZ as basis sets. (c) Vertical transitions
found for complex Oncl with the assistance of (TD)-DFT calculations.
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transitions.***® The highest occupied molecular orbital
(HOMO) was predominantly localized on the d-orbitals of the
iridium center and the n-orbitals of the cyclometalated
ligands, whereas the lowest unoccupied molecular orbital
(LUMO) was primarily composed of n* orbitals from the ancil-
lary ligand (Fig. 2b). Consequently, the HOMO-LUMO gap of
Oncl encompassed both metal-to-ligand charge transfer (dy
— m*y~n) and ligand-to-ligand charge transfer (tg.y — T*nan)
transitions, highlighting the complex’s charge-transfer charac-
teristics (optimized coordinates: Table S1).

The emission spectra of the iridium(ur) complex displayed a
broad emission range spanning 500-700 nm (Fig. S15). The
emission properties of Onc1 were analyzed in various solvents,
revealing that the more energetic peak remained unaffected by
increasing solvent polarity, while the less energetic peak
exhibited both a bathochromic and hypochromic shift. These
spectral variations led to a subtle emission color change from
orange to yellow, suggesting the involvement of dual ligand-
centered and metal-to-ligand charge transfer transitions
(Fig. S16 and $17).** Time-dependent density functional
theory (TD-DFT) calculations of singlet and triplet vertical tran-
sitions (Fig. 2¢) determined an S,-S; gap of 2.58 eV (481 nm)
and an S,-T; gap of 2.27 eV (546 nm). Notably, the latter
exceeds the energy gap between ground-state oxygen and
singlet excited oxygen molecules (0.98 eV),* indicating the
potential for photocatalytic generation of singlet oxygen by a
type II PDT mechanism. Furthermore, the S;-T; gap was calcu-
lated to be 0.31 eV, surpassing the threshold (>0.2 eV) required
for efficient and irreversible intersystem crossing.?” Analysis of
the vertical transitions revealed that the excitation of Oncl
from the ground state to its singlet excited state was primarily
governed by HOMO — LUMO transitions, further supporting
the presence of metal-to-ligand charge transfer and ligand-to-
ligand charge transfer processes in the lowest-lying excited
state (Table S2). Emission quantification indicated that Onc1
exhibited moderate emission, with an emission quantum yield
of 4.5%. The emission decay profile followed a biexponential
pattern, consisting of a short-lived component (34 ns) with a
minor contribution and a dominant long-lived component
(156 ns) (overview of photophysical properties: Table S3).

Photo-catalytic production of singlet oxygen and hydroxyl
radicals

The catalytic ability of the photosensitizer to generate ROS
upon irradiation was then investigated. The energy transfer
from the excited state of the metal complex to O,, leading to
the production of '0,, was assessed by capturing 0, with 1,3-
diphenylisobenzofurane and monitoring changes in the
absorption spectrum of the probe over irradiation time.*® No
changes in the probe were observed when only DPBF was irra-
diated (Fig. S18), whereas a significant decrease in absorbance
was noted upon incubation with Oncl and exposure to
irradiation (Fig. 3a). A comparison with the reference photo-
sensitizer, [Ru(2,2-bipyridine);](Cl), (Fig. S19), revealed that
Onc1 had a singlet oxygen quantum yield of 73% (Fig. S20). As
a complementary technique, the generation of ROS was

This journal is © the Partner Organisations 2025
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(a) Changes in the absorption spectrum of 1,3-diphenylisobenzofuran (1,,s = 411 nm, acetonitrile) upon incubation with complex Oncl and

exposure to blue light irradiation (3 min, 2 = 465 nm, 0.5 mW cm™2). (b) Monitoring of the emission spectra of SOSG (1 uM) upon incubation with
Oncl (6 uM) in a H,O/DMF (95 : 5) mixture and irradiation with a blue lamp (1 = 450 nm, power: 20%, 50 s, 5 s irradiation intervals). deyc: 488 nm. (c)
Changes in the emission profile of 2',7'-dichlorodihydrofluorescein diacetate (30 pM) upon incubation with complex Oncl (5 pM) in a H,O/DMF
(95 : 5) mixture and exposure to blue light irradiation at short intervals (1 = 465 nm, 5 mW cmM2). dexe: 490 nm. (d) Monitoring of the emission profile
of HPF (10 pM) upon incubation with complex Onc1 (10 pM) and short blue light irradiation intervals (1 = 465 nm, 5 MW cm™2). Jeyc: 490 nm.

assessed by emission spectroscopy using the general ROS
probe 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA).
Upon light irradiation, a pronounced green fluorescence
signal was detected, indicating photoactivation of Oncl and
the subsequent formation of ROS (Fig. 3c). 'O, production,
indicative of a type II photodynamic mechanism, was further
confirmed using the Singlet Oxygen Sensor Green (SOSG)
probe. When incubated with the parent complex Oncl, a pro-
gressive increase in green fluorescence was observed upon per-
iodic light exposure, supporting the generation of 'O,
(Fig. 3b). Notably, control experiments demonstrated that the
SOSG probe alone did not undergo significant fluorescence
changes upon irradiation (Fig. S21). In addition to type II
species, the photoinduced formation of type I ROS was also
investigated. Specifically, the generation of hydroxyl radicals
('OH)—highly reactive species implicated in the non-selective
oxidative damage of cellular components such as DNA, pro-
teins, and lipids**—was monitored using the non-fluorescent
probe 3'-(p-hydroxyphenyl)fluorescein (HPF). Upon incubation
with Oncl and light irradiation, a marked increase in the
emission of the green-fluorescent HPF adduct was observed,
indicating efficient *OH production (Fig. 3d). No fluorescence
increase was observed when HPF was irradiated in the absence
of Onc1 (Fig. S22). Together, these results highlight the dual
ROS-generating capacity of Oncl and underscore its potential

This journal is © the Partner Organisations 2025

to mediate both type I and type II photodynamic therapeutic
pathways.

Photo-catalytic NADH oxidation

Following the study of type I mechanism, the photosensitizer’s
ability to transfer electrons to adjacent biomolecules was eval-
uated. Oncl was incubated with several relevant biomolecules
for cell growth and proliferation (NADH, GSH, Glu, Gly, Pro,
Cys, His), followed by irradiation, and qualitatively testing
hydrogen peroxide formation with a stripe test. Only the incu-
bation with NADH resulted in a notable discoloration (Fig. 4a),
suggesting  interaction between Onecl and NADH.
Nicotinamide adenine dinucleotide hydrogen (NADH) is a
coenzyme located in the mitochondrial electron transport
chain (ETC) and it has been proven to be crucial for ATP syn-
thesis through the conversion to its oxidized form, NAD'.
Imbalances in the NADH/NAD' ratios lead to an impairment
in the ETC and the subsequent blockage in ATP synthesis,
bereaving cells from their energetic source to proliferate.’®
Time-dependent monitoring of an NADH solution upon incu-
bation with Onc1 and irradiation revealed a gradual decrease
in the absorption band at 339 nm (Fig. 4b), indicating the
oxidation of NADH to NAD".*>® Quantification of this process
determined a turnover frequency for Oncl of 6.85 h™™.

Inorg. Chem. Front,, 2025, 12, 7068-7082 | 7071
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Fig. 4 (a) Hydrogen peroxide stripes dipped into irradiated (1 h, A = 465 nm, 5 mW cm™2) solutions of biomolecules (1 mM) upon incubation with
complex Oncl (10 pM). (b) Monitoring of the absorption profile of NADH (100 pM) upon incubation with complex Oncl (5 pM) and blue light
irradiation (1 h, 2 = 465 nm, 5 mW cm™2). (c) Overview of the photo-catalytic oxidative cycle of NADH. Adapted from ref. 7 and 51. Monitoring of the
absorption profile of NADH (100 pM) upon coincubation with complex Oncl (5 uM) and sodium azide (10 mM) (d) or in deaerated conditions (e) and
blue light irradiation (1 h, 2 = 465 nm, 5 mW cm™2). (f) Monitoring of the absorption profile of NBT (50 pM) upon incubation with complex Onc1
(5 uM) and NADH (100 pM) and blue light irradiation (1 = 465 nm, 5 mW cm™2) at short intervals.

No evident changes were detected when NADH was incubated
with Onc1 in the dark (Fig. S23).

To gain deeper insight into the mechanism underlying
NADH photooxidation, additional spectroscopic studies were
conducted. Based on previous reports on the photocatalytic
oxidation of NADH,”>" the process is proposed to proceed by a
single electron transfer (SET) from NADH to the photosensiti-
zer in its triplet excited state (Fig. 4c). To probe the involve-
ment of triplet excitons, we monitored the time-dependent
absorption profile of NADH in the presence of Oncl under
irradiation, both with and without sodium azide, a well-estab-
lished singlet oxygen scavenger and inhibitor of type II photo-
reactions. Interestingly, the turnover frequency (TOF) increased
upon the addition of sodium azide (Fig. 4d), suggesting that
suppression of the type II pathway redirects the excited-state
complex toward a SET-driven, type I photocatalytic mecha-
nism. This observation underscores the competitive interplay
between type I and type II pathways in the catalytic cycle.
Interestingly, the catalytical ability of Oncl to oxidize NADH
upon irradiation was partially but not totally inhibited in the
absence of oxygen (Fig. 4e), emphasizing its suitability for
photoredox therapy under oxygen-deficient conditions.

Following the initial SET event, the resulting reduced photo-
sensitizer radicals react rapidly with molecular oxygen, return-
ing to the ground state and generating superoxide anions
(O57). These anions can subsequently undergo a second SET
with NAD" intermediates to yield oxidized NAD" and hydrogen
peroxide. To confirm the formation of superoxide as part of
this mechanism, UV-Vis absorption spectroscopy was per-

7072 | Inorg. Chem. Front, 2025, 12, 7068-7082

formed using nitroblue tetrazolium, a selective superoxide sca-
venger that produces the blue-colored formazan dye (s =
590 nm) upon reduction. A significant increase in absorbance
was observed upon irradiation of Oncl in the presence of
NADH (Fig. 4f), whereas no such change occurred in the
absence of NADH (Fig. S24). These findings strongly support
the involvement of superoxide in the catalytic cycle of NADH
photooxidation and further validate the type I mechanism
facilitated by the triplet state of the photosensitizer.

Stability in solution

As a critical factor for biological applications, the stability of
the metal complex was investigated. The compound was dis-
solved in deuterated DMSO and 'H-NMR spectroscopy was
employed to monitor any potential changes. No significant
alterations were observed (Fig. S25), indicating that the
complex remains stable in dimethyl sulfoxide. The stability of
Oncl was subsequently evaluated in aqueous solutions and
cell culture media using high-performance liquid chromato-
graphy coupled with mass spectrometry. No significant
changes were detected, suggesting Oncl high stability in
aqueous solutions (Fig. $26-528). Followingly, the photostabil-
ity of the metal complex was evaluated. No significant changes
in the spectra were observed, indicative of the high stability of
Onc1 upon irradiation (Fig. S29). Despite these promising pro-
perties, the use of moderate concentrations of Onc1 led to the
formation of precipitates. Absorption spectroscopy (Fig. S30),
transmission electron microscopy (Fig. S31), and dynamic
light scattering (Fig. S32) measurements revealed that particles

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi01287b

Open Access Article. Published on 29 July 2025. Downloaded on 12/6/2025 10:16:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

began to form even with equivolumetric water-DMSO
solutions.

Interaction with human serum albumin (HSA)

To address this severe pharmacological limitation, the physical
encapsulation of Onc1 with HSA is herein proposed. To study
the interaction of both compounds, the absorption spectra of
HSA upon the addition of Oncl was measured. The spectra
showed that the more energetic band had a hypochromic and
bathochromic shift whereas the less energetic band underwent
a slight hypochromic shift (Fig. 5a), indicative of strong
binding of One1 to HSA.*>** To quantify the binding affinity, a
fluorometric titration experiment upon dropwise addition of
Oncl to a solution of HSA was performed. The intrinsic fluo-
rescence of albumin, primarily originating from tryptophan
residues, underwent significant quenching with successive
additions of Onc1 (Fig. 5b), indicating continuous binding of
the metal complex to the protein. Maximal changes were
observed after addition of one equivalent of Onc1, suggestive
of the preferential binding in a 1:1 ratio. Further analysis of
the data revealed an excellent fit to a static quenching process
rather than a dynamic quenching process (Fig. $33).%*°
Scatchard analysis determined a binding constant of 1.04 x
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107 M~ of Onel to HSA (Fig. S34). Followingly, the binding
site was investigated by preformation of binder-HSA conju-
gates that block specific binding sites, the addition of Onc1,
and assess binding of the Ir(m) complex by emission spec-
troscopy. As specific binding site blockers, warfarin (K, = 1.63
x 10° M™)** was used for binding site I and dansyl glycine (K
= 8.70 x 10* M~")** for binding site II. The emission intensity
of the warfarin-HSA adduct revealed a slight quenching as the
concentration of Onc1 increased (Fig. 5¢c), suggesting that the
metal complex interacts with surface aromatic amino acids of
HSA without significantly displacing warfarin from site I. In
contrast, the addition of Oncl to the dansyl glycine-HSA
adduct resulted in a significant decrease in the emission band
(Fig. 5d), indicating effective displacement of dansyl glycine
from site II. These spectrophotometric findings are further
supported by the analysis of emission quenching constants for
the warfarin-HSA and dansyl glycine-HSA adducts (Fig. S35,
overview of experimental binding parameters: Table S4). To
validate the binding site of Oncl with HSA, its interaction with
the protein was theoretically assessed using molecular docking
simulations performed with the Molegro Virtual Docking soft-
ware. When docking was conducted without spatial con-
straints, preferential binding of Onc1 to site II was observed,
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(a) Absorption spectra of HSA upon incubation with one equivalent of Oncl. (b) Emission spectra of HSA upon successive addition of Oncl.

(c) Emission spectra of the preformed warfarin—HSA adduct (site | binding) upon successive addition of Oncl. (d) Emission spectra of the preformed
dansyl glycine—HSA adduct (site Il binding) upon successive addition of Oncl. (e) Docking simulation of the binding of Oncl at HSA. (f) Monitoring
of the synchronous fluorescence spectra of HSA (3 pM) at A4 = 15 nm upon cumulative additions of Oncl (0-15 pM). Recorded range: 260-320 nm.
(g) Monitoring of the synchronous fluorescence spectra of HSA (3 uM) at A1 = 60 nm upon cumulative additions of Oncl (0-15 pM). Recorded
range: 260-320 nm.
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indicating the optimal positioning of the compound (Fig. 5e).
However, when the docking was restricted to specific subpock-
ets, Oncl exhibited binding at site I with a twisted coordi-
nation geometry and a positive docking score, suggesting an
unfavorable interaction, and at site II a highly negative
docking score, indicating favorable binding. Further analysis
of the binding of Onc1 in site II revealed the presence of attrac-
tive electrostatic forces, hydrogen bonding, and hydrophobic
van der Waals interactions stabilizing the Onc1-HSA adduct
(Fig. S36-S40; summary of docking parameters: Table S5).
Overall, these results suggest the preferential binding of Onc1
in site IT of HSA.

To gain further insight about protein structural changes
while bound to Onc1, synchronous emission experiments were
performed. This spectrophotometric technique can give valu-
able information about conformational changes in the hydro-
phobic environments of proteins. As albumin’s fluorescence
predominantly arises from tryptophan (Trp) and tyrosine (Tyr)
residues, the difference between excitation and emission wave-
lengths (A4 = Aem — 4exc) can reflect their different emissive
nature. If A4 = 15 nm, the synchronous spectrum depicts the
emission arising from tyrosine residues, whereas a A1 =60 nm
difference is characteristic of the Trp214 residue.’® The syn-
chronous fluorescence spectra of HSA at A4 = 15 nm (Fig. 5f)
and Al = 60 nm (Fig. 5g) upon incubation with increasing
amounts of complex Oncl underwent noticeable hypochromic
and hypsochromic effects, thus suggesting the capability of
this complex to alter both tryptophan- and tyrosine-contribut-
ing hydrophobic environments. Further theoretical analysis
with molecular docking calculations matched with the experi-
mental studies, as Onc1 was found to allocate in the vicinity of
tryptophan (Trp214) and several tyrosine residues (Tyr30, Tyr
84, Tyr 140, Tyr148, Tyrl50, Tyr401, Tyr41l, Tyrd52 and
Tyr497) within albumin’s tertiary structure (Fig. S41).

Besides non-covalent hydrophobic, electrostatic and hydro-
gen bonding interactions, metallodrugs have previously shown
their ability to covalently bind to albumin through accessible
thiol-containing cysteine residues.'®**?*°® To investigate the
potential covalent binding of Onc1 to albumin, a competitive
fluorimetric binding was conducted. Albumin was incubated
with CellTracker®™ Red CMTPX dye, commonly employed in
biological experiments for viable cell tracking. This probe,
originally a weak emitter, profusely reacts with any accessible
thiol groups of cysteine-bearing proteins, yielding a red fluo-
rescent thioether adduct. After incubation of the dye with
albumin for 4 h, the emission spectrum of the red-emitting
adduct was monitored upon incrementing amounts of
complex Oncl. As observed, no significant changes could be
detected, evidencing the inability of the iridium(m) complex to
displace the dye and thereby suggesting that covalent binding
to albumin is unlikely to happen (Fig. 6).

To further support this trend, Oncl was incubated with
model N-acetyl cysteine at 37 °C at different times. No evident
traces of the adduct could be detected neither by "H-NMR
spectroscopy (Fig. S42) nor high-resolution electron spray
ionization mass spectrometry (Fig. S43), therefore dismissing
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Fig. 6 Monitoring of the emission profile of the red-emitting adduct
formed between HSA (5 pM) and CellTracker*™ CMTPX (5 pM) dye upon
incubation with successive additions of Oncl (0—-10 pyM). Time between
measurements: 5 min. deyc = 577 nm, registering range: 590-640 nm.

the formation of thiol-mediated covalent bonds with human
serum albumin.

Preparation of the metal-albumin conjugate (Onc1@HSA)

Based on the strong interaction of Onc1 with HSA, the respect-
ive nanoconjugate, followingly referred to as Onc1@HSA, was
prepared on synthetic scale. Oncl was added dropwise to an
aqueous solution of HSA and the reaction mixture exposed to
dialysis to remove any traces of non-encapsulated metal
complex. A direct comparison of aqueous solutions of Oncl
and Onc1@HSA at the same concentration clearly demon-
strated the superior water solubility of the Onc1@HSA conju-
gate (Fig. S44).

Absorption spectroscopy measurements revealed a conju-
gation efficiency of Onel to HSA of approximately 80%
(Fig. S45). Dynamic light scattering analysis of the Onc1@HSA
nanoparticles indicated an average hydrodynamic diameter of
160 nm (Fig. S46a). The stability of the nanoparticles was eval-
uated by monitoring their size in aqueous solution over several
days (Fig. S46b). No significant changes observed, suggesting
high stability of Onc1@HSA in water.

The stability of the newly formed albumin conjugate nano-
particles was also studied by UV/VIS absorption spectroscopy
by monitoring the metal-involved charge transfer absorption
band (4,ps = 435 nm). Onc1@HSA was found to be stable in
the dark within neutral, acidic, basic, and reductive environ-
ments (approximately 80% of the iridium content was
retained), whereas the fraction of conjugated iridium complex
drastically decreased upon light irradiation (Fig. 7 and Fig. S47
and S48).

Further analysis of the albumin conjugate with ESI-MS
suggested the non-covalent nature of the binding between
Oncl and HSA, since the m/z peak of the resulting adduct
could not be detected in the mass spectrum (Fig. S49). This
finding may be attributable to the harsh ionization and elec-
tron impact process, possibly leading to the break of the
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Fig. 7 Stability of Oncl@HSA (50 pM) in neutral (phosphate-buffered
saline, 10 mM, pH = 7.0), acidic (acetate buffer, 100 mM, pH = 5.0), basic
(HEPES buffer, 50 mM, pH = 8.3) and reductive (sodium ascorbate,
10 mM) aqueous solutions in the dark (a) or upon light irradiation for 1 h
with a blue lamp (1 h, 1 = 465 nm, 5 mW cm™2) (b). Three independent
measurements were carried out.

non-covalent conjugate. To support this evidence, the mass
spectrum was recorded in the 200-3000 m/z range, observing
free Oncl complex. As the samples were dialyzed prior to
conduct the measurement, detection of free complex strongly
suggests the breakage of Onc1@HSA during ionization and
electron impact.

The octanol/phosphate-buffered saline partition coefficient
(log P) was determined using the spectrophotometric ‘shake-
flask’ method. The log P value for Onc1@HSA was found to be
—0.56 + 0.14, indicating it is significantly more hydrophilic
than Onc1l (log P = 1.42 + 0.03) (Table S6). Photophysical evalu-
ation of the albumin conjugate showed no distinguishable
changes in the absorption and emission spectra of Onc1@HSA
with those obtained for the parent complex Oncl (Fig. S50 and
S51). Photochemical evaluation of Oncl@HSA showed the
ability of the albumin conjugate to produce singlet oxygen
upon light irradiation, as the emission intensity of the singlet
oxygen sensor green (SOSG) probe underwent an increase with
the continuous irradiation at short intervals (Fig. S52).

In vitro (photo)-cytotoxicity

Based on the promising photophysical and photochemical pro-
perties of the albumin conjugate Onc1@HSA, its biological
(photo-)activity was evaluated in cancerous murine colon carci-
noma (CT-26), human breast adenocarcinoma (MCF-7),
human hepatocellular carcinoma (Hep G2), and non-cancerous
human fibroblast (GM-5657) cells. The therapeutic effect was
compared to the parent complex Oncl, the clinically-approved
chemotherapeutic drug cisplatin, and the clinically-approved

Table 1
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photosensitizer Photofrin (Table 1). The (photo-)toxicity of the
tested compounds was evaluated by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells
were treated with increasing concentrations of the compounds
for 4 h, the media was refreshed, the cells were kept in the
dark or exposed to irradiation (450 nm, power: 20%, 10 min,
1.2 ] em™?), and after an additional 44 h the cell viability deter-
mined. The molecular metal complex Oncl was found to be
non-toxic in the dark as well as upon irradiation (IC5, >
100 puM) in all investigated cell lines. Strikingly, while
Oncl1@HSA demonstrated to be non-toxic in the dark (ICso gark
> 100 pM), matching with the stability of the albumin conju-
gate, where the complex remains inactive whilst trapped by the
protein. In contrast, the compound showed a strong thera-
peutic response upon irradiation (ICsg jight = 1.17-2.93 pM) in
cancerous cells, achieving a high phototoxic index (PI > 86).
Importantly, Onc1@HSA showed to be less cytotoxic to the
non-cancerous GM-5657 cells. The phototoxic index of
Onc1@HSA was found to be higher than for the clinically
applied photosensitizer Photofrin for all cell lines under iden-
tical conditions.

Cellular uptake pathway

The cellular uptake of the Oncl complex and its corresponding
albumin conjugate, Onc1@HSA, was subsequently analyzed
using fluorescence microscopy. Microscopy images revealed a
significantly enhanced accumulation of Onc1@HSA compared
to Oncl. These observations provide a rationale for the
absence of a cytotoxic response from Oncl and suggest that
conjugation with HSA effectively enhances the internalization
of the iridium(m) complex into cells (Fig. S53). Using induc-
tively coupled plasma optical emission spectroscopy, the
uptake of Onc1@HSA inside the cell was quantified to be 38 +
4 ng per million of cells. Followingly, the uptake mechanism
of the compounds was investigated by selectively inhibiting
various cellular transport pathways using metabolic inhibitors
(2-deoxy-p-glucose and oligomycin), endocytosis inhibitors
(ammonium chloride or chloroquine), cationic transporter
inhibitor (tetraethylammonium chloride), and as well as incu-
bation at reduced temperature (4 °C), and then monitoring of
the internalization of the nanoparticles by fluorescence
microscopy. While metabolic and endocytosis inhibitors had
no significant effect on the uptake, these pathways were ruled
out as major contributors. In contrast, preincubation with the

ICs50 values (uM) of Oncl, Oncl@HSA, cisplatin and photofrin in cancerous murine colon carcinoma (CT-26), human breast adeno-

carcinoma (MCF-7), human hepatocellular carcinoma (Hep G2), and non-cancerous human fibroblast (GM-5657) cells. Light exposure: 450 nm,
power: 20%, 10 min, 1.2 J cm™2. Data is expressed as the average of three independent measurements (mean + standard deviation)

CT-26 MCEF-7 Hep G2 GM-5657

Dark Light PI  Dark Light PI  Dark Light PI Dark Light PI
Oncl >100 >100 — >100 >100 — >100 >100 — >100 >100 —
Oncl@HSA >100 1.17 £0.07 >86 >100 1.56 £+ 0.09 >64 >100 2.9+0.15 >34 >100 18.43 +1.71 >5
Cisplatin 6.16 £ 0.71 — — 6.38+0.92 — — 7.35+0.84 — — 9.74£1.13 — —
Photofrin >20 3.70£0.43 >5 >20 2.77 £0.68 >7 >20 6.19+0.85 >3 >20 4.48 £ 0.56 >4
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Fig. 8 Fluorescence microscopy images of CT-26 cells upon pre-incu-
bation at 37 °C (control), 4 °C (inhibition of the active transport), with
2-deoxy-p-glucose and oligomycin (metabolic inhibitors), ammonium
chloride (endocytosis inhibitor), tetraethylammonium chloride (cation
transporter inhibitor), and followingly incubated with Oncl@HSA. J =
460-490 nm, Aem = 590 nm, scale bar = 200 pym.

cationic transporter inhibitor and incubation at reduced temp-
erature resulted in a markedly decreased uptake of Onc1@HSA
(Fig. 8). These findings align with literature reports indicating
that the internalization of the drug-albumin conjugate can be
actively mediated by overexpressed receptor proteins, such as
the secreted protein acidic and rich in cysteine (SPARC)
protein, which possesses a binding site for cations and it has
showed to facilitate the accumulation of other metallodrug-
albumin conjugates.””°

Cellular localization and mitochondrial membrane
depolarization

The subcellular localization of Onc1@HSA was examined
using confocal laser scanning microscopy. The emission
pattern of the compound was compared with that of commer-
cial dyes targeting major cellular organelles. Microscopy
images revealed a high degree of colocalization between the
emission pattern of Onc1@HSA and that of BioTracker 405
Blue Mitochondrial Dye (Fig. 9a), indicating preferential
accumulation in the mitochondria. As a complementary
approach, the subcellular distribution of Oncl@HSA was
quantitatively assessed by measuring the iridium content in
isolated organelles using inductively coupled plasma optical
emission spectroscopy. The analysis revealed that only a small
fraction of the internalized compound localized to the nucleus
(5 = 3%), while the majority accumulated in the mitochondria
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Fig. 9 (a) Confocal laser scanning microscopy images of CT-26 cells

upon co-incubation of Oncl@HSA (lex = 405 nm, dem = 635 nm) and
BioTracker 405 Blue Mitochondrial Dye (lex = 405 nm, Ao, = 440 nm).
Scale bar = 50 pm. (b) Fluorescence microscopy images of CT-26 cells
upon co-incubation of Oncl@HSA and the JC-1 probe
(JC-1 monomers: lex = 460-490 Nnm, ey = 510-550 nm; JC-1 aggre-
gates: Aex = 460—-490 nm, Aem = 590 nm). Scale bar = 50 pm. Carbonyl
cyanide chlorophenyl hydrazone (CCCP) was used as a positive control.

(58 + 7%), corroborating the results obtained from confocal
laser scanning microscopy. Subsequently, the ability of
Onc1@HSA to induce mitochondrial membrane depolariz-
ation was assessed using the specific fluorescent probe JC-1.
While no changes in mitochondrial membrane potential were
observed following treatment with the conjugate in the dark,
significant depolarization was detected upon treatment and
irradiation with light (Fig. 9b).

Cellular ROS generation and NADH Oxidation

The ability of Onc1@HSA to generate ROS was investigated by
fluorescence microscopy using the specific probe 2',7’-dichlor-
odihydrofluorescein diacetate. Whereas no emission was
observed when cells were treated with Onc1@HSA in the dark,
green emission was detected when cells were exposed to light
irradiation, suggesting the photo-catalytic production of ROS
by Onc1@HSA (Fig. 10). The photocatalytic oxidation of NADH
inside the cancer cells was studied using a commercial NADH/
NAD+ assay kit upon treatment in the dark and upon
irradiation. While no changes upon treatment in the dark were
observed, upon treatment with Oncl@HSA and light
irradiation the normalized NADH/NAD' ratio in the untreated
cells dropped to 0.61 + 0.04, indicative of the conversion of cel-
lular NADH levels.
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Fig. 10 Evaluation of the formation of reactive oxygen species (ROS) in
CT-26 cells by fluorescence microscopy upon treatment with
Oncl@HSA (10 uM) and exposure to blue (450 nm, power: 20%, 10 min,
1.2 J cm™?) light irradiation.
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Cell death mechanism

The mechanism of cell death induced by the conjugate
Onc1@HSA was investigated using flow cytometry. Cancer cells
were treated with Onc1@HSA either in the dark or under light
exposure, followed by staining with Annexin V-FITC and 7-ami-
noactinomycin to assess apoptotic and necrotic responses.
While no significant effects were observed in the dark, light
exposure triggered a therapeutic response characterized by the
externalization of phosphatidylserine to the outer leaflet of the
plasma membrane and disruption of the cell membrane.
Notably, pretreatment with a necroptosis inhibitor did not
restore cell viability, ruling out necroptosis as the underlying
mechanism of cell death (Fig. 11a). Furthermore, fluorescence
microscopy confirmed cell membrane disruption upon
Oncl@HSA treatment and light irradiation (Fig. 11b). To
assess the potential involvement of caspase-1 in the cell death
mechanism, cancer cells were preincubated with the caspase-1
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= Control dark Control light dark light NEC1 light
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Fig. 11

(a) Flow cytometry analysis of CT-26 cells upon incubation with Annexin V-FITC/7-aminoactinomycin and treatment with Onc1@HSA in the

dark or exposure to irradiation (450 nm, power: 20%, 10 min, 1.2 3 cm™2). (b) Fluorescence microscopy images of CT-26 cells upon incubation with
7-aminoactinomycin and treatment with Oncl@HSA in the dark or exposure to irradiation (450 nm, power: 20%, 10 min, 1.2 J cm™2). Scale bar =

200 pm.
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inhibitor Belnacasan, followed by treatment with the ICs, con-
centration of Onc1@HSA. No significant change in cell viabi-
lity was observed under dark (non-activated) conditions.
However, upon activation, a modest increase in cell survival to
67 * 5% was observed with Belnacasan preincubation,
suggesting that caspase-1 may contribute partially to the
observed cytotoxicity.

Cell morphology

To gain further insight, the morphological changes of the
cancer cells upon treatment with Onc1@HSA were analyzed
using light microscopy. Upon light exposure, cells exhibited
characteristic swelling and rounding (green arrows), followed
by cytoplasmic vacuolization and the formation of organelle-
free blisters (yellow arrow). These blisters appeared empty, dis-
tinguishing them from those observed in apoptotic cells.
Additionally, bright-field imaging revealed chromatin clump-
ing (red arrows), evidenced by the presence of dense black
spots in the nuclear region (Fig. 12). In contrast, no significant
morphological alterations were observed in untreated cells
(Fig. S54).

Intracellular ATP and Ca*"* levels

Changes in ATP levels following treatment were assessed using
the CellTiter-Glo luminescent assay. While treatment in the
dark had no significant effect, exposure to Onc1@HSA com-
bined with irradiation led to a substantial depletion of ATP
(Fig. 13a). Additionally, intracellular Ca** levels were moni-
tored by fluorescence microscopy using the Ca**-specific probe
Fluo-4 AM. Microscopy images revealed an increase in green
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fluorescence intensity upon treatment with Onc1@HSA, indi-
cating elevated intracellular Ca** levels (Fig. 13b). The
depletion of ATP and the release of Ca®" typically induces the
activation of calpain proteins that cleave key cytoskeletal and
membrane-associated proteins. To investigate these effects,
the cancer cells were preincubated with calpain inhibitor
Calpeptin, treated with the ICs, value of Onc1@HSA, and the
cell viability determined. While no effect upon treatment in
the dark was observed, an enhancement in the cell survival
upon preincubation with the calpain inhibitor to 71 + 4% was
observed, indicative that the cell death mechanism is related
to calpain activation. Taken together, the observed cellular
swelling, cytoplasmic vacuolization, formation of organelle-
free blisters, ATP depletion, and Ca** release strongly suggest
that Onc1@HSA induces an oncosis cell death mechanism
upon light activation.

3D multicellular tumor spheroids

Based upon the promising results obtained from two-dimen-
sional monolayer cancer cell studies, the therapeutic effects of
Onc1@HSA were further evaluated in three-dimensional multi-
cellular tumor spheroids. Tumor spheroids are able to simu-
late the pathological conditions of solid tumors like hypoxic
centers, proliferations gradients, or nutrients gradients.® To
assess the (photo-)therapeutic efficacy, a fluorometric assay
utilizing the CellTiter-Glo® 3D Cell Viability kit was con-
ducted. The results revealed that Onc1@HSA exhibited low
cytotoxicity in the dark (ICs, = 27.13 + 1.20 pM); however,
upon irradiation, a potent therapeutic response was observed
in the low micromolar range (ICso = 3.20 + 0.92 pM) (overview:

Fig. 12 Time-dependent light microscopy images of CT-26 cells upon treatment with Oncl@HSA and exposure to irradiation (liag =

460-490 nm). Scale bar = 25 pm.
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(a) Measurement of the ATP luminescence of CT-26 cancer cells upon incubation at 37 °C (untreated cells, control) and treatment with cis-

platin (CDDP) or Oncl@HSA in the dark or upon blue light (450 nm, power: 20%, 10 min, 1.2 J cm™) irradiation. (b) Ca®* intracellular levels in
Oncl@HSA-treated CT-26 cells qualitatively detected by fluorescence microscopy using the Fluo-4 AM probe. Scale bar: 100 ym.

Table S7, drug dose-response curves: Fig. S55). To visualize
the (photo-)toxic activity of Onc1@HSA, light microscopy
images of tumor spheroids with an average diameter of
300 pm were recorded two days after treatment with cisplatin,
photofrin, or Onc1@HSA in the dark or upon light irradiation.
While the treatment with cisplatin was found not to affect the
size and morphology of the tumor spheroids, due to the use of
low compound concentrations, a reduction in tumor size was
observed upon treatment with Oncl@HSA and Photofrin
exposure to irradiation (Fig. 14).

For a better understanding of the (photo-)toxicity mecha-
nism against MCTS, the ability of Onc1@HSA to produce ROS
species was evaluated by fluorescence microscopy using the
specific probe 2',7-dichlorodihydrofluorescein  diacetate
(H,DCFDA) (Fig. S56). The fluorescence images show a signifi-
cant enhancement in the probe emission intensity when
spheroids were treated with Onc1@HSA and subjected to light
irradiation, indicating an efficient ROS generation. Notably,
these ROS species were detected in the center of the spheroids,
corroborating the results obtained for the growth inhibition
assay.

Control dark

Cisplatin dark Photofrin dark Onc1@HSA dark

Fig. 14 Light microscopy images of CT-26 multicellular tumor spher-
oids after treatment with cisplatin, photofrin, or Onc1@HSA in the dark
or upon irradiation (450 nm, power: 20%, 10 min, 1.2 J cm~2). Scale bar
=100 pm.
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Conclusions

In summary, this study reports on the chemical synthesis and
biological evaluation of a cyclometalated Ir(m) complex conju-
gated to human serum albumin as a photosensitizer for
oncosis-mediated photodynamic therapy. The conjugate
exhibited negligible toxicity in the dark but demonstrated
potent photocatalytic activity upon light irradiation, effectively
oxidizing NADH and generating singlet oxygen. This resulted
in a strong cytotoxic response against a variety of cancer cells
and multicellular tumor spheroids, with a phototoxicity value
in the very low micromolar range. Further mechanistic investi-
gations revealed that the conjugate preferentially accumulated
in mitochondria, where it induced NADH oxidation, triggered
oxidative damage to the cell membrane, depleted intracellular
ATP, and stimulated Ca®* influx. These events led to character-
istic morphological changes, including cellular swelling, cyto-
plasmic vacuolization, and the formation of organelle-free blis-
ters, ultimately culminating in cell death by oncosis.
Additionally, the albumin conjugate was found to exert a sig-
nificant phototoxic activity in multicellular tumor spheroids.
To the best of our knowledge, this study reports on the first
example of a metal complex conjugated to human serum
albumin as a photosensitizer for oncosis-mediated photo-
dynamic therapy. We believe that the conjugation to human
serum albumin could provide a strategy for the tumor selective
treatment of cancerous tumors. We are confident that these
findings could open new avenues towards the treatment of
(apoptosis-) resistant tumors.
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