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Historically, the classification of mesoionic compounds has been disconcerting, with more confusion
arising when these molecules are used as ligands for metal complexes. Many mesoionic compounds are
also biologically active and widely used in various therapeutic applications, but mesoionic metal
complexes have not seen much prevalence in the field. In this work, we determine the "mesoionic”
nature of an unusual and rare series of NAS biscyclometallated iridium(in) complexes [Ir(NAC),(p-ttqt)] (p-
Httgt = 1-phenyl-5-thioxo-5,6-dihydro-[1,2,4]triazolo[1,5-clquinazolin-1-ium-2-thiolate; HNAC = 2-
phenylpyridine (Hppy) (1), 7.8-benzoquinoline (Hbzq) (2), 2-phenylbenzothiazole (Hbt) (3) and 2-(1-
naphthyl)benzothiazole (Hbsn) (4)) as photodynamic therapy (PDT) agents and immunogenic cell death
(ICD) inducers. X-ray, infrared spectroscopy and density functional theory studies demonstrate that the

mesoionic nature is retained in the iridium(n) complexes. These complexes are ideal PDT agents with no
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Accepted 12th September 2025 cytotoxicity at micromolar concentrations (ICsg,gark > 25 uM), remarkable photocytotoxicity at nanomolar
concentrations and Pl values (ICs,ignt = 1.5-69 nM; Pl = 362-33 333), and exquisite selectivity towards

DOI: 10.1039/d5sc04772b cancer cells. Furthermore, their localisation in the endoplasmic reticulum (ER) and efficient reactive
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Introduction

Mesoionic compounds are structurally defined as five-
membered heterocyclic rings that cannot be satisfactorily rep-
resented by any single resonance structure and possess
a dipolar nature with a localised positively charged ring coun-
terbalanced by a negatively charged exocyclic atom (Scheme 1).*
The term “mesoionic” has been highly debated, with the most
recent calculations highlighting the absence of aromaticity and
the exocyclic bond showing more of a double bond character.*?
As an extension, a class of compounds rarely investigated is
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oxygen species (ROS) generation enable them to act as photoactivated type Il ICD inducers.

transition metal complexes with intact mesoionic character.
However, these complexes heavily rely on mesoionic sydnone as
the coordinating ligand, and most work only reports their
synthesis.* The rarity of mesoionic transition metal complexes
and the lack of variation in mesoionic ligands is attributable to
their difficult and poorly understood preparation and purifica-
tion procedures, instability, ambiguous chelation modes to the
metal centre, and the mesoionic properties that are uncertain
after coordination. In a therapeutic context, mesoionic
compounds are highly bioactive and have been investigated for
anti-bacterial, anti-cancer and anti-inflammatory

applications.>™® This popularity has not extended to
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Scheme 1 Resonance structures of sydnone, a representative meso-
ionic compound.
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mesoionic transition metal complexes due to the aforemen-
tioned issues, but research in this frontier area is necessary to
elucidate their biological activity and develop new diagnostic
and therapeutic tools.

Recently, the synthesis of a new class of fused mesoionic
compounds, 1-substituted-5-thioxo-5,6-dihydro-[1,2,4]triazolo-
[1,5-c]quinazolin-1-ium-2-thiolate (Httqt),"* inspired us to
attempt the coordination with an iridium(m) metal centre.
Cyclometallated iridium(ur) complexes enable facile attachment
of ligands in mild reaction conditions (stirring at room
temperature), which is crucial since harsher conditions may
affect the stability of the mesoionic ligand. Additionally, cyclo-
metallated iridium(m) complexes are potent photosensitisers
for photodynamic therapy (PDT) due to their high biocompati-
bility, luminescence and ability to generate reactive oxygen
species (ROS).*™* Furthermore, luminescent iridium(im)
complexes have been shown to be effective immunogenic cell
death (ICD) inducers.?*** The demand for PDT agents that can
activate type II ICD response is increasing since these
compounds are expected to directly induce endoplasmic retic-
ulum (ER) stress and promote anti-tumour immunity in
a controlled manner.?*?¢

Herein, we report the synthesis, characterisation and pho-
tophysical and photochemical properties of an unusual and
rare class of neutral mesoionic N*S biscyclometallated iridiu-
m(m) complexes [Ir(N~C),(p-ttqt)] (p-Httqt = 1-phenyl-5-thioxo-
5,6-dihydro-[1,2,4]triazolo[1,5-c]quinazolin-1-ium-2-thiolate;
HN~C = 2-phenylpyridine (Hppy) (1), 7,8-benzoquinoline
(Hbzq) (2), 2-phenylbenzothiazole (Hbt) (3) and 2-(1-naphthyl)
benzothiazole (Hbsn) (4)) (Scheme 2), and their use as potent
photosensitisers and type II ICD inducers. The structures and
“mesoionic” nature of the iridium(u) complexes 1, 2 and 4 were
characterised by X-ray crystallography and density functional
theory (DFT) studies. The photophysical properties, electro-
chemical behaviour and singlet oxygen ('O,) generation
quantum yields of the complexes, as well as the photoinduced
oxidation of 1,4-dihydronicotinamide adenine dinucleotide
(NADH) by the complexes were examined. Additionally, the
aggregation-induced emission (AIE) properties of the complexes
were determined. The cellular uptake and localisation of the
complexes were also studied by inductively coupled plasma-
mass spectrometry (ICP-MS) and laser-scanning confocal

ppy (1)
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microscopy (LSCM), respectively. The (photo)cytotoxicity of the
complexes against cancer and normal cells was evaluated using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Complex 2 was shown to be the most
effective photosensitiser and was used to demonstrate the
photoinduced activation of the cell death mechanism and ICD
response by using various biological markers.

Results and discussion
Synthesis and characterisation

The ligand p-Httqt was synthesised as previously reported.** The
thiourea intermediate was synthesised by condensation of
methyl-2-isothiocyanatobenzoate with 4-phenyl-
thiosemicarbazide. Base-catalysed cyclisation of the interme-
diate thiourea derivative yielded the p-Httqt ligand. The ppy (1),
bzq (2), bt (3) and bsn (4) complexes were prepared from the
reaction of the corresponding iridium(ur) dimers [Ir,(N~C),Cl;]
with p-Httqt and Et;N in CH,Cl,/MeOH, purified by column
chromatography and recrystallised from CH,Cl,/(CH;3),CO/
Et,0. All the complexes were characterised by "H and "*C NMR
spectrometry, high-resolution ESI-MS and IR spectroscopy, and
their elemental analyses were satisfactory. X-ray crystal struc-
tures of complexes 1, 2 and 4 were also investigated. Detailed
synthetic procedures and characterisation data are included in
the SI.

Structure and mesoionic elucidation

Biscyclometallated iridium(ur) complexes have been reported to
coordinate N”S ligands via 3-atom or 4-atom chelation.””*® The
presence of multiple nitrogen and sulfur atoms on the Httqt
ligand could enable facile attachment via N*S chelation to the
iridium(m) metal centre, but the coordinating modes can occur
in three forms (Fig. 1a). During the purification process of the
iridium(m) complexes, we noticed that only one single product
was formed. Interestingly, "H NMR analyses of the iridium(m)
complexes indicated that after coordination, deprotonation of
the amine present on the 1,2,4-triazolo[1,5-c]quinazolin-1-ium-
2-thiolate ring (Fig. 1b and S1) of the p-Httqt ligand occurred
and this phenomenon is evidenced by the missing broad peak
at 6 14.47 in all the complexes (Fig. 1b and S2-S5). To elucidate
the structural form, single crystals of complexes 1, 2 and 4 were
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Scheme 2 Resonance structures of the mesoionic NAS iridium(i) complexes 1-4.
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Fig. 1 (a) Different coordination modes I-IIl of p-Httqt for NAS chelation. (b) Magnified *H NMR spectra of complex 2 (red) and p-Httqt ligand
(blue) in DMSO-dg. (c) Perspective drawing of complex 2 with the atomic labelling scheme. Thermal ellipsoids are shown at the 35% probability

level. Hydrogen atoms are omitted for clarity.

obtained by slow diffusion of Et,O vapour into a concentrated
CH,Cl,/(CH;),CO solution of the respective complex. Crystal
and structure determination data of the complexes are listed in
Tables S1-S3. Selected bond lengths and angles of complexes 1,
2 and 4 are listed in Tables S4-S6, respectively. The perspective
drawings of complexes 1, 2 and 4 are depicted in Fig. S6, 1c and
S7, respectively. The structures obtained from X-ray crystallog-
raphy data demonstrate that the NS iridium(m) complexes
preferentially adopt coordination form II (Fig. 1a). The iridiu-
m(ur) centre of 1, 2 and 4 adopts a distorted octahedral geom-
etry, and the trans angles at the metal centre range from 170.4 to
178.4°,173.0 to 175.2° and 169.4 to 175.5°, respectively. The Ir-
C bonds of the cyclometallated ligands are coordinated to the
iridium(m) centre in a cis configuration. The trans-influence of
the carbon donors results in a longer Ir-N bond length in the p-
ttqt ligand for complexes 1 (Ir(1)-N(3), 2.171 A), 2 (Ir(1)-N(3),
2.144 A) and 4 (Ir(1)-N(3), 2.181 A) than in their cyclometallating
ligands (ppy = Ir(1)-N(5), 2.040 A; Ir(1)-N(6), 2.070 A, bzq =
Ir(1)-N(5), 2.072 A; Ir(1)-N(6), 2.042 A and bsn = Ir(1)-N(5),
2.070 A; Ir(1)-N(6), 2.056 A). The bite angles of the cyclo-
metallating ligands (N-Ir-C) and the p-ttqt ligand (N-Ir-S) are
close to 80°; similar observations have been made in a related
N”S biscyclometallated iridium(m) polypyridine system.?”*® The
phenyl ring and the 1,2,4-triazole ring of the p-ttqt ligand for 1,
2 and 4 are non-conjugated, and the dihedral angles were
determined to be 87.90, 83.97 and 68.60°, respectively, sugges-
tive of a lack of m-conjugation.

In accordance with other reported mesoionic systems,*** we
determined if the iridium(m) complexes are mesoionic based on
two factors: (1) double bond character in the exocyclic bond and
(2) the absence of aromaticity in the 5-membered ring. In
complexes 1, 2 and 4, the p-ttqt C(2)-S(2) bond lengths are

© 2025 The Author(s). Published by the Royal Society of Chemistry

1.660, 1.647 and 1.650 A, respectively. These bond length values
are noticeably shorter than the average value for compounds
with C-S single bonds (1.804 A),** and slightly longer than C=S
double bonds (1.602-1.628 A).***® These data suggest that the
bonding in these complexes is a combination of resonance
structures that feature substantial C=S double bond character.
IR spectroscopy measurements also confirmed the presence of
an absorption peak ascribed to a C=S double bond (ca.
1320 cm ™). A similar observation has been made in a struc-
turally related compound.®*® The C-N bond lengths of the 1,2,4-
triazole ring in complexes 1, 2 and 4 are in the range of 1.332-
1.430 A with a significantly longer C(2)-N(4) bond (complex 1 =
1.421 A, complex 2 = 1.415 A and complex 4 = 1.430 A). The
variation in bond lengths connecting the same atom types (C-N)
indicates that the geometric standards for aromaticity are not
respected; this agrees with recent calculations of mesoionic
azomethine ylides and imines.” Based on the criteria for
mesoionic compounds,***>?*” the combined X-ray and IR spec-
troscopy results showing the double bond character of the C(2)-
S(2) and lack of aromaticity in the p-ttqt ligand are suggestive of
retention of the mesoionic character of the ligand upon coor-
dination to the iridium(ur) centre.

To further elucidate the electronic structure and mesoionic
nature of the complexes, DFT calculations were performed at
the B3LYP-D3(BJ)/def2-SVP and B3LYP-D3(BJ)/def2-TZVP levels
using 1 as the model complex. Geometry optimisation studies of
the ground state (S,) were carried out using the polarisable
continuum model (PCM) to account for solvation effects in
CH,Cl,. The optimised bond lengths and bond angles of the S,
structure (Table S7) show excellent agreement with the X-ray
crystallographic data, with mean absolute deviations (MADs)
of 0.013-0.019 A for selected bond lengths and 1.37-2.14° for

Chem. Sci., 2025, 16, 20931-20941 | 20933
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bond angles. The calculated Wiberg bond indices (Fig. S8)
support the absence of aromatic character in the five-membered
ring. Specifically, the bond orders are S(2)-C(2), 1.51; N(4)-C(2),
0.99; N(4)-C(3), 1.20; N(2)-C(3), 1.19; N(2)-N(3), 1.07; and N(3)-
C(2), 1.30. These values indicate that S(2)-C(2) and N(3)-C(2)
bonds possess partial double character, whereas N(4)-C(2) and
N(2)-N(3) are essentially single bonds.

Photophysical and photochemical properties

The electronic absorption spectral data of the p-Httqt ligand
and the complexes are listed in Table S8, and the electronic
absorption spectra of the ligand and the complexes are shown
in Fig. 2a and S9. All the complexes displayed intense spin-
allowed intraligand ("IL) (= — m*) (N*S and N~C) absorption
features in the UV region (ca. 250-349 nm, ¢ on the order of 10*
dm® mol™' em™') and weaker spin-allowed metal-to-ligand

View Article Online
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charge-transfer (‘MLCT) (d7(Ir) — 7*(N"S and N”C)) transi-
tions (ca. 350-450 nm). The weaker absorption tailing beyond
ca. 475 nm is assigned to spin-forbidden *MLCT (dw(Ir) —
7*(N~S and N~C)) transitions for complexes 1-3. The spin-
forbidden *MLCT (dm(Ir) — w*(N~S and N~C)) transitions for
complex 4 are attributed to the weaker absorption tailing
beyond ca. 490 nm. The assignment of these bands is made with
reference to spectroscopic of bi-
scyclometallated iridium(ur) complexes.?”***> Upon photoexci-
tation, the complexes exhibited moderately intense and long-
lived greenish-yellow to red emission in solutions under
ambient conditions and in low-temperature glass. The photo-

previous studies

physical data of the ligand and complexes are shown in Table
S9, and the emission spectra of the ligand and complexes are
presented in Fig. 2b and $10. The ppy (1) and bzq (2) complexes
showed a broad and featureless emission band in fluid
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Fig. 2

(a) Electronic absorption spectra of complex 2 in CH,Cl, (black) and CH3CN (red) at 298 K. (b) Normalised emission spectra of complex 2

in CH,Cl, (black) and CH3CN (red) at 298 K and in n-butyronitrile at 77 K (blue) (ex = 350 nm). (c) Latimer diagram showing the ground- and
excited-state potentials of complex 2 in CH3CN at 298 K; potentials are with reference to the SCE. (d) Relative emission intensities of complex 2
(10 uM) in aerated CH=CN solutions with various water fractions (f,,, v/v) at 298 K (Aex = 350 nm). (e) Size distribution of complex 2 (10 pM) in
water/DMSO (99 : 1, v/v). (f) ESR signals obtained without (black) and with (red) irradiation at 450 nm (15.5 mW cm™2, 15 min) of aerated CHzCN
solutions containing TEMP (20 mM, 'O, scavenger) and complex 2 (10 pM). (g) Photooxidation of NADH (100 uM) with complex 2 (10 pM) upon
light irradiation (450 nm, 15.5 mW cm™?) at different time intervals in water/DMSO (99:1, v/v). Inset: detection of H,O, after irradiation
(D = dark; L = light). (n) Proposed photocatalytic cycle for the oxidation of NADH by complexes 1-4.
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solutions at 298 K, indicative of a *MLCT (dw(Ir) —
m*(N~S))/ ligand-to-ligand charge-transfer (LLCT) (m(N~C) —
T*(N"S)) emissive state.>”***> However, complexes 3 and 4 di-
splayed a structured band suggestive of a *IL (m — 7*)(N~C)
emissive state, probably mixed with some *MLCT (dr(Ir) —
T*(N~C/N"S)) character. The emission bands of the complexes
showed enriched structural features upon cooling the samples
to 77 K, attributed to the increased involvement of *IL (w — 7t*)
(N~S and N~C) excited-state character. In general, the emission
quantum yields (@, = 0.06) and emission lifetimes (7, = 0.24
us) of all the complexes are larger than those of previously re-
ported N~S Dbiscyclometallated iridium(m)
[Ir(N~C),(N”S)].>

Time-dependent DFT (TD-DFT) calculations for complex 1
were subsequently performed to investigate the nature of the
low-lying singlet (S;-S;3) and triplet (T;-T,) excited states. The
vertical excitation energies of T; (2.51 eV) and T, (2.55 eV) are
nearly degenerate, while T; (2.68 eV) and T, (2.72 eV) lie at
higher energies (Table S10). Inter-fragment charge-transfer
(IFCT) analysis (Table S10) was employed to quantify the
contributions of MLCT, LMCT, LLCT, IL and metal-centred
character in these excitations. The S, — T; and S, — T, tran-
sitions are primarily *IL (w(N~S) — w*(N*S)), contributing
84.7% and 76.0%, respectively. These are followed by *MLCT
contributions (dw(Ir) — w*(N"S)), 9.1% and 15.3% and, to
a lesser extent, ’LLCT (r(ppy) — w*(N"S)), 4.1% and 7.0%,
respectively. Natural transition orbital (NTO) analysis of the S,
— T, and S, — T, excitations also reveals that both the occu-
pied and virtual NTOs are predominantly localised on the NS
ligand (Fig. S11).

The electrochemical properties of the p-Httqt ligand and
complexes 1-4 were investigated by cyclic voltammetry, and
their electrochemical data are listed in Table S12. Latimer
diagrams were constructed based on their electrochemical data,
and the excited-state energy of the complexes was calculated
from their emission maxima in low-temperature glass. As
indicated in Fig. 2c and S12, the excited-state reduction poten-
tial (E°[Ir"*]) ranged from —1.06 to —1.52 V versus the saturated
calomel electrode (SCE), which is more negative than those of
typical ruthenium(u) and iridium(ur) complexes,* highlighting
that the complexes are strong photoreductants.

The environment-responsive photophysical properties and
0, generation capabilities of the complexes are important for
developing robust PDT agents. Thus, the complexes were first
investigated for their environment-sensitive emission in aerated
CH;CN solutions with various water fractions (f;,, v/v) at 298 K,
and their emission responses are illustrated in Fig. 2d and S13.
Complexes 1-3 displayed enhanced emission intensities upon
increasing water fractions; however, this enhancement was
reduced upon reaching f,, = 99%. The decrease is attributable to
the random agglomeration of amorphous aggregates caused by
increased solvent polarity and a decrease in the solubility of the
complexes.**** The increased emission intensities at various
water fractions (f,, = 60-90%) for complexes 1-3 suggest the
formation of ordered crystalline nanoaggregates***> and were
confirmed by DLS analysis (Fig. 2e, S14 and S15). At f,, = 99%,
a composition suitable for biological applications, complexes 1

complexes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 2 showed AIE properties that could be useful in enhancing
the emission intensity and photocytotoxicity of the complexes.
Complex 4, possessing the most hydrophobic cyclometallating
ligand bsn, however, was AlE-inactive with a decreased emis-
sion intensity upon increasing water concentrations, even
though the complex also underwent aggregation (Fig. S14 and
S15).

The '0, quantum yields (®,) of the complexes are listed in
Table S13, and the @, values of the complexes in order of the
highest production are 4 > 1 > 2 > 3. Complex 4 displayed the
largest @, values which may result from its longest emission
lifetime (>2.00 ps, Table S9). To further confirm the 'O, gener-
ation by the complexes, electron spin resonance (ESR) spec-
troscopy was employed with a 'O, trapper, 2,2,6,6-
tetramethylpiperidine (TEMP). As illustrated in the ESR spectra
of the iridium(ur) complexes in aerated CH;CN solutions upon
irradiation (Fig. 2f and S16), TEMP is converted to TEMPO after
reaction with 'O,, leading to an intense 1:1:1 triplet signal.
This result indicates that all the iridium(m) complexes can
photosensitise *0, to generate '0,.

A crucial coenzyme for redox reactions in living cells is
NADH, a useful indicator of the cell's metabolic state.*® Induced
conversion of intracellular NADH to NAD' in cancer cells can
disrupt the redox balance, leading to cell death.*”*' The char-
acteristic absorption peaks of NADH (A = 259 and 339 nm) and
NAD' (A = 259 nm) were monitored upon treatment with the
complexes and light irradiation (Fig. 2g and S17). All the
complexes with light irradiation could induce a significant
increase and decrease in absorbance at 259 and 339 nm,
respectively, indicative of photoinduced conversion of NADH to
NAD". The complete transformation of NADH was observed
within 6 min of irradiation time, and the turnover frequency
values of the complexes were determined to be 62.7-69.4 h™!
(Table S14). Interestingly, all the complexes showed reduced or
no photoinduced conversion of NADH in degassed solutions
(Fig. S18), highlighting the role that oxygen plays in the pho-
tocatalytic cycle. The high excited-state reduction potentials of
the complexes (E°[Ir"*] = —1.06 to —1.52 V versus SCE) are more
negative than the reduction potential of oxygen to superoxide
anions (ca. —0.75 V versus SCE),* indicating that superoxide
anions could be formed from oxygen and converted to H,O,.
Peroxide detection strips (inset of Fig. 2g and S17) confirmed
the generation of H,0, and highlighted that the complexes may
show similar photocatalytic properties to other previously re-
ported photoreductants.**** A proposed photocatalytic cycle for
the oxidation of NADH by complexes 1-4 is shown in Fig. 2h.
Notably, the excited-state reduction potentials of the complexes
(E°[Ir*"] = +0.46 to +0.74 V versus SCE) is more positive when
compared to the reduction potential of NAD" + e~ + H" —
NADH (ca. +0.035 V versus SCE),> illustrating that the
complexes can also feasibly undergo an alternative NADH
photooxidation pathway.>®

Photodynamic therapy efficacy

Based on the promising structural features and chemical
properties, the (photo)cytotoxicity of the ligand and complexes

Chem. Sci,, 2025, 16, 20931-20941 | 20935
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1-4 towards cancer (A549 and HeLa) and normal (MRC9) cells
was evaluated using the MTT assay (Table 1). The maximum
concentrations tested for the ligand, complexes 1-3 and
complex 4 were 100, 50 and 25 pM, respectively, due to solubility
reasons. Interestingly, the ligand and complexes were essen-
tially noncytotoxic in cancer and normal cells at their highest
soluble concentration (25-100 puM) in the dark for 24 h. This
noncytotoxic property could be attributed to the chelation of the
noncytotoxic mesoionic N*S ligand; hence, the coordination of
p-Httqt to the metal centre could bestow low dark cytotoxicity
on the resulting metal complex. Surprisingly, upon photo-
irradiation, the complexes showed no photocytotoxic activity
towards normal cells (ICsqjighe > 50 pM for complexes 1-3;
ICs0,ight > 25 UM for complex 4). This interesting result is
further highlighted by the exceptionally large photocytotoxicity
index (PI) values obtained for complexes 1-4 (PI = 362-33 333)
compared to other luminescent biscyclometallated iridium(ur)
polypyridine complexes.>”"*

The cellular localisation of the iridium(m) complexes is
important in assessing photoinduced damage since photog-
enerated ROS have short half-lives and their photocytotoxicity is
limited to the surrounding environment. Interestingly, all the
complexes showed specific staining of the ER and high Pear-
son’'s correlation coefficients ((PCC) = 0.89-0.96, Fig. 3a and
S19) with ER-Tracker Red in HeLa cells. This result highlights that
the complexes may serve as type II ICD inducers due to their
excellent ER localisation and efficient ROS generation. In
contrast, the localisation of the complexes in normal MRC9 cells
did not show any distinctive staining, and the emission intensity
was significantly lower (Fig. S20). The cellular uptake of the iri-
dium(m) complexes in cancer A549 and HelLa cells and normal
MRC?9 cells is listed in Table S15. The cellular uptake efficiency of
all the complexes is as follows: 2 > 3 > 1 > 4 in both cancer cell
lines. All the complexes showed much higher uptake efficiency in
cancer cells ([Ir] = 0.44-6.10 fmol) than in normal cells ([Ir] =
0.07-1.01 fmol), which in conjunction with their localisation may
account for their low photocytotoxicity towards normal cells
(Table 1). Complex 2 displayed almost >2-fold greater uptake than
all the other complexes across both cancer cell lines and could
play an important role in its larger photocytotoxic activity.
Importantly, all the iridium(m) complexes are potent photo-
sensitisers with exquisite selectivity towards cancer cells. Complex
2 was used as a model to further study the specific ROS generated

Table 1
at 450 nm (15.5 mW cm™2, 15 min). P! is the ratio of IC50,dark/ICs0,1ght
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a)

Complex 2 ER-Tracker Red Overlaid

Tiron
o,
NaN;

102
D-Mannitol

c) «OH

NaP

Cell Counts

HZOZ
ControlJ/’\

DCFH FITC

Amount of Ir inside the cell / %

Fig. 3 (a) Laser-scanning confocal microscopy of Hela cells treated
with complex 2 (10 uM, 24 h, Aex = 405 Nnm; Aepy = 540-570 nm) and
further incubated with ER-Tracker Red (1 uM, 30 min, Aex = 587 nm;
Aem = 610-630 nm) (PCC = 0.90). (b) Characterisation of specific ROS
produced in Hela cells incubated with complex 2 (500 nM, 24 h) upon
irradiation (450 nm, 15.5 mW cm™2, 15 min). Control: no ROS inhibi-
tors. (c) Cellular uptake mechanism study of complex 2 (10 uM, 1 h)
upon pretreatment with different inhibitors/under varied conditions in
Hela cells for 1 h. Control: 37 °C, low temperature: 4 °C, cation
transporter inhibition: Et4NCL (1 mM), metabolic inhibition: 2-deoxy-b-
glucose (50 mM) and oligomycin (5 mM), and endocytic inhibition:
NH4Cl (50 mM) or chloroquine (100 pM).

intracellularly (Fig. 3b) and the cellular uptake mechanism
(Fig. 3c) owing to its high cellular uptake efficiency and large PI
values. The photoinduced ROS generated in HeLa cells was
characterised by treatment with ROS inhibitors and the ROS
indicator CM-H,DCFDA. Strong fluorescence of the probe was
observed upon irradiation of complex 2 alone, indicating the
generation of ROS. Pretreatment of HeLa cells with Tiron and
NaN; (O, and 'O, scavengers, respectively) led to a sharp
decrease in the fluorescence intensity of the ROS indicator.
Interestingly, this result indicates that the mesoionic N*S iridiu-
m(m) complexes may activate both type I and type II PDT path-
ways. The cellular uptake mechanism was determined by
blocking various pathways via preincubation with different
inhibitors in HeLa cells. Upon pretreatment with endocytic or
metabolic inhibitors, the internalisation of complex 2 was
reduced, suggestive of a primarily energy-dependent endocytosis
pathway. This result was further confirmed by preincubation of

(Photo)cytotoxicity (ICsg, pM) of p-Httgt and iridium(i) complexes 1-4 towards cancer and normal cells in the dark and upon irradiation

A549 HeLa MRC9
Compound ICSO,dark Icso,light PI Icso,dark Icso,light PI Icso,dark ICSO,]ight PI
p-Httqt >100 >100 -4 >100 >100 -4 >100 >100 -4
1 >50 0.027 + 0.003 >1852 >50 0.015 £ 0.002 >3333 >50 >50 -4
2 >50 0.0019 + 0.0001 >26 316 >50 0.0015 + 0.0003 >33 333 >50 >50 -4
3 >50 0.014 +£ 0.001 >3571 >50 0.006 £ 0.001 >8333 >50 >50 -4
4 >25 0.069 + 0.02 >362 >25 0.005 £ 0.001 >5000 >25 >25 -4

“ Could not be determined with accuracy.
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HeLa cells at 4 °C, which also reduced the uptake efficiency of
complex 2.

Cell death mechanism

Cell death mechanisms are often characterised by morpholog-

View Article Online

Chemical Science
membrane potential (MMP).***¢ Caspases 3 and 7 are a family
of inactive proteases that initiate a cascade of downstream
signals at the onset of apoptosis. CellEvent™ Caspase-3/7 Red
contains a peptide sequence (DEVD) specific to caspase 3/7
conjugated to a fluorogenic nucleus-specific dye and was used

to monitor caspase 3/7 activation (Fig. 4b). Untreated and
complex 2-only treated HeLa cells showed no fluorescence,
indicating that apoptosis was absent. However, treatment of
HeLa cells with complex 2 and light irradiation led to strong
fluorescence in the nuclei, demonstrating that caspase 3/7 was
activated and the cells underwent apoptotic cell death. The
nuclear morphology of HeLa cells upon treatment with complex
2, with or without light irradiation, was assessed using the
nuclei-specific dye Hoechst 33342 (Fig. 4c). Under dark condi-
tions, treatment of HeLa cells with complex 2 showed a similar
nuclear morphology to that of untreated HeLa cells. In contrast,
the combined treatment of complex 2 and light irradiation
induced nuclear condensation and fragmentation, a common
hallmark of apoptosis.

ical changes that occur during cell death and can aid or inhibit
anti-tumour responses. Complex 2 was used as a model to
assess the photoinduced cell death pathway by flow cytometric
analysis of HeLa cells stained with Annexin V and propidium
iodide. As illustrated in Fig. 4a, HeLa cells underwent apoptotic
cell death in a dose-dependent manner when treated with
complex 2 and light irradiation. Notably, this effect was
observed at nanomolar concentrations of complex 2, with
apoptotic cells significantly increasing up to 56.2% at [Ir] =
4.5 nM. In the absence of light, complex 2 showed a negligible
cell mortality rate (<3.4%), further highlighting the potent
photocytotoxic activity and low dark cytotoxicity of the complex.

Apoptotic cell death is characterised by activation of cas-
pases, changes in cell morphology and loss of mitochondrial

a) b) Cell Only Dark-2 (ICg, x 3)  Light-2 (ICg, x 3)
Dark-control Cisplatin Dark-2 (ICgq % 3)
10°4o1 @ | 10°qo1 o | 10’der a2
10840 0 1084210 311 1084028 142
1071 1071 74
1054 CE 6]
105‘ 105‘1 ° B "
10*4 104 * 2 2
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—
Fig. 4 (a) Dot plots of Annexin V-FITC/propidium iodide assay on Hela cells treated with complex 2 (1.5, 3.0 and 4.5 nM) in the dark and upon

light irradiation. The percentage of cell populations in the respective quadrants is shown as follows: upper left (Q1): necrotic cells, upper right
(Q2): late apoptotic cells, bottom right (Q3): early apoptotic cells, and bottom left (Q4): live cells. For the dark control, the Hela cells were left
untreated. In the positive control, Hela cells were treated with cisplatin (20 uM) for 24 h. (b) Caspase 3/7 activity of HeLa cells with no treatment
or treatment with complex 2 (4.5 nM, 24 h) followed by incubation in the dark for 24 h, or treatment with complex 2 (4.5 nM, 24 h), followed by
light irradiation, and further incubation for 24 h. All the samples were stained with CellEvent™ Caspase-3/7 Red (20 pL, 1:100, 1 h, Aex =590 nm;
Aem = 610-630 nm). (c) Nuclear morphology of Hela cells with no treatment, treatment with cisplatin (20 pM, 24 h), treatment with complex 2
(4.5 nM, 24 h) followed by incubation in the dark for 24 h, and treatment with complex 2 (4.5 nM, 24 h), followed by light irradiation, and further
incubation for 24 h. All the samples were stained with Hoechst 33342 (0.5 pg mL~?, 15 min, Jex =405 NM; Aem = 410-430 nm). (d) Mitochondrial
membrane potential of Hela cells with no treatment, treatment with CCCP (50 puM, 15 min) only, or treatment with complex 2 (4.5 nM, 24 h)
followed by incubation in the dark for 24 h, or treatment with complex 2 (4.5 nM, 24 h), followed by light irradiation, and further incubation for
24 h. All the samples were stained with JC-1 (2 pg mL™%, 20 min, Ay = 488 nm; Aemmonomer = 510=530 NM; Aem j-aggregate = 590-610 nm). In all
the experiments, light irradiation = 450 nm, 15.5 mW cm™2, 15 min.
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In apoptotic cell death, the loss of MMP triggers the release
of signalling proteins that activate apoptotic markers (caspases,
cytochrome ¢ and apoptosis-inducing factors). The MMP of
HeLa cells in response to complex 2 was monitored with JC-1,
a mitochondria-specific dye exhibiting green (monomeric) and
red (J-aggregate) emission at low and high MMP, respectively
(Fig. 4d). HeLa cells that were left untreated or incubated with
complex 2 only showed similar green and red emission inten-
sities, whereas treatment with carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, an MMP disruptor) reduced the intensity of
the red channel. Similarly, the treatment of HeLa cells with
complex 2 and light irradiation significantly disrupted the
emission intensity of the J-aggregates, illustrating that the
complex can induce loss of MMP upon excitation. Altogether,
the nuclear condensation and fragmentation, caspase 3/7 acti-
vation and loss of MMP results highlight that the cell death
mechanism is based on photoinduced apoptosis.

Induction of immunogenic cell death

The excellent ER-localisation ability and efficient ROS genera-
tion of complex 2 can be utilised to develop new type II ICD
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inducers. Type II inducers are considered more potent since the
generated ROS can directly induce ER stress, a central hub
necessary for activating damage-associated molecular patterns
(DAMPs) and the ICD response. After photoinduced apoptosis
by complex 2, ICD hallmarks like ER stress, exposure of calre-
ticulin on the membrane surface, and extracellular release of
high mobility group box-1 (HMGB1) and ATP were evaluated in
HelLa cells. One function of the ER is calcium homeostasis, and
impairment of this role by ROS can induce ER stress that ulti-
mately triggers an inflammatory response.®”””® The calcium
release from the ER into the cytoplasm after irradiation was
determined using Fluo-4 AM, a fluorogenic dye responsive to
the spatial dynamics of calcium signalling (Fig. 5a). Incubation
of complex 2 with light irradiation resulted in a significant
elevation of cytoplasmic calcium concentration compared to
the dark condition, suggesting that the ROS generated by
complex 2 during photoirradiation can induce ER stress.
Calreticulin, a major DAMP marker, resides in the ER but
translocates during ER stress and early apoptotic phases to the
surface of the plasma membrane as an “eat me signal” for
recognition by dendritic cells, leading to anti-tumoural
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(a) Intracellular calcium content of Hela cells treated with complex 2 (1 uM, 24 h) without or with light irradiation, and further incubated

with Fluo-4 AM (1 uM, 30 min, Aex = 488 Nnm, Aem = 510-530 nm). (b) and (c) LSCM images of calreticulin or HMGB1 of Hela cells with no
treatment or treated with complex 2 (1 uM, 24 h), without or with light irradiation. All the samples were incubated with the anti-CALR polyclonal
antibody (1:200) or anti-HMGBL1 polyclonal antibody (1:200) overnight, Alexa Fluor 488-labeled goat anti-rabbit IgG (H + L) (1:500,
Aex =488 nm, A, = 510-530 nm) for 1 h, and Hoechst 33342 (0.5 pg mL™%, 15 min, Aex = 405 NM, Aerm = 410—430 nm) for 15 min with PBS wash
(2 mL x 3) before each subsequent treatment. (d) Extracellular ATP levels of Hela cells treated without or with complex 2 (1 uM, 24 h) in the dark
(black) or with light irradiation (red). In all the experiments, light irradiation = 450 nm, 15.5 mW cm™2, 15 min.
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immunity responses.®”””* Inmunofluorescence imaging showed
that no surface expression of calreticulin could be detected in
untreated HeLa cells under dark or light conditions, and
a similar result was observed for HeLa cells only treated with
complex 2 in the dark (Fig. 5b). Upon incubation with complex 2
and subsequent irradiation, green immunofluorescence was
detected, revealing that surface calreticulin expression could
only be induced by the phototherapeutic activity of complex 2.

Cancer cells undergoing ICD release HMGB1 from the
nucleus to the extracellular space due to the permeabilisation of
the nuclear lamina and plasma membrane.”””* These extracel-
lular HMGB1 molecules act as DAMPs to regulate inflammation
and immune response. As shown in Fig. 5c, strong immuno-
fluorescence staining in the nucleus was detected in untreated
HeLa cells with or without irradiation as well as in HeLa cells
treated with complex 2 in the dark. These results illustrate that
complex 2 alone cannot translocate HMGB1 to the extracellular
space. However, combining complex 2 and light irradiation
reduced the emission intensity in the nucleus significantly,
indicating that the photoinduced apoptotic effect of complex 2
can enable the release of HMGB1 to the extracellular space.

The secretion of ATP into the extracellular space was deter-
mined using a bioluminescence assay. During ICD, the extra-
cellular release of ATP functions as a “find me” signal to
enhance tumour recognition by immune cells.®®”*”> Notably,
only HeLa cells treated with complex 2 and light irradiation
induced the extracellular release of ATP. After photoirradiation,
a sharp increase in luminescence was observed (Fig. 5d), cor-
responding to the extracellular release of ATP. Summing up,
from the ER stress, exposure of calreticulin on the membrane
surface and extracellular release of HMGB1 and ATP experi-
ments, complex 2 can be identified as a new PDT-based type II
ICD inducer.

Conclusion

We have explored an unusual and rare class of mesoionic N*S
biscyclometallated iridium(m) complexes and their surprising
potency as photosensitisers and photoactivated type II ICD
inducers. Using X-ray crystallography and DFT studies, we
demonstrate the retention and elucidation of the “mesoionic”
character of the complexes after coordination with the p-Httqt
ligand. All the complexes are remarkably effective photo-
sensitisers with no cytotoxicity in the dark up to micromolar
concentrations (ICsg gark > 25 #tM in cancer A549 and HeLa cells
and normal MRC9 cells), and exhibited extremely high photo-
cytotoxic activity against cancer cells at nanomolar concentra-
tions (ICs jight = 0.0019-0.069 and 0.0015-0.006 UM in A549
and HeLa cells, respectively) with some of the largest PI values
(PI = 362-26316 and 3333-33333 in A549 and HeLa cells,
respectively) reported to date for biscyclometallated iridium(m)
complexes, along with selective photocytotoxicity towards
cancer cells. Furthermore, the good ER localisation and 'O,
generation capabilities of all the iridium(m) complexes enable
their use as PDT-activated type II ICD inducers. Complex 2 di-
splayed the highest photocytotoxic activity and was used as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a model to illustrate the uptake pathway, cell death mechanism
and the activation of DAMPs during ICD.
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