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In this work we disclose a new family of biscyclometallated Ir() complexes of the general formula [Ir
(CAN)2(NAN)ICL (IrL1—1rLS), where HCAN is 1-phenyl-p-carboline and NAN ligands (L1-L5) are different
diimine ligands that differ from each other in the number of aromatic rings fused to the bipyridine
scaffold. The photophysical properties of IrL1—-IrL5 were thoroughly studied, and theoretical calculations
were performed for a deeper comprehension of the respective variations along the series. All complexes
exhibited high photostability under blue light irradiation. An increase in the number of aromatic rings led
to a reduction in the HOMO-LUMO band gap causing a red-shift in the absorbance bands. Although all
the complexes generated singlet oxygen (*O,) in aerated agueous solutions through a photocatalytic
process, IrL5 was by far the most efficient photosensitizer. Consequently, IrL5 was highly active in the
photocatalytic oxidation of NADH. The formation of aggregates in DMSO at a high concentration (25 mM)
was confirmed using different techniques, but was proved to be negligible in the concentration range of bio-
logical experiments. Moreover, ICP-MS studies proved that the cellular uptake of IrL2 and IrL3 is much better
relative to that of IrL1, IrL4 and IrL5. The antiproliferative activity of IrL1-IrL5 was investigated in the dark and
under blue light irradiation against different cancer cell lines. Complexes IrL1-IrL4 were found to be cytotoxic
under dark conditions, while IrL5 turned out to be weakly cytotoxic. Despite the low cellular uptake of IrL5,
this derivative exhibited a high increase of cytotoxicity upon blue light irradiation resulting in photocytotoxicity
indexes (P1) up to 38. IrL1-IrL4 showed lower photocytotoxicity indexes ranging from 1.3 to 17.0. Haemolytic
experiments corroborated the compatibility of our complexes with red blood cells. Confocal microscopy
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studies proved their accumulation in mitochondria, leading to mitochondrial membrane depolarization, and
ruled out their localization in lysosomes. Overall, the mitochondria-targeted activity of IrL5, which inhibits
considerably the viability of cancer cells upon blue light irradiation, allows us to outline this PS as a new

rsc.li/dalton alternative to traditional chemotherapeutic agents.

photosensitizer (PS). Next, the PS is locally activated by light
irradiation to make it react with tissue O, and produce cyto-

1. Introduction

Photodynamic Therapy (PDT) is a clinically approved modality
of oncologic therapy, based on the administration of an ideally
non-toxic or weakly toxic photoactivatable drug, called the
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toxic reactive oxygen species (ROS) that can destroy cancer
cells. In addition, PDT can cause damage to microvasculature
in the tumour region, which deprives cancer cells of nutrients,
and can induce an active immune response.' Moreover, it is
generally accepted that upon light irradiation, the resulting
excited state of the PS (PS*) can generate ROS through two
different photocatalytic mechanisms of action (MoA): (1) MoA
of Type I, wherein the PS* produces ROS, such as the radical
anion superoxide (O, 7), the radicals hydroxyl (OH") and hydro-
peroxyl (HO,") or hydrogen peroxide (H,0,), through electron
or hydrogen transfer processes; (2) MoA of Type II, wherein the
PS* transfers its excess energy to ground state cellular O, to
produce singlet oxygen ('0,), regarded as the main cytotoxic
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mediator.*” Ultimately, these ROS can react with essential bio-
molecules (DNA, proteins, and lipids) and inhibit vital bio-
chemical pathways, leading to cancer cell death. An alternative
photoredox catalytic MoA has been recently proposed, wherein
NADH is oxidized directly by the PS*, which disrupts the mito-
chondrial electron transport chain.®

Thus, the main feature of PDT is that it exhibits a mini-
mally invasive nature and offers precise spatiotemporal control
over the cytotoxic activity of the activated PS and hence
benefits from reduced side effects. Conceptually, this strategy
is considerably effective, extremely selective, quick-acting,
exceptionally versatile and can be applied repeatedly without
the weakening and dose-limiting side effects of chemotherapy
and radiotherapy.*

From a critical standpoint, despite its advantageous fea-
tures, PDT has not reached full implementation due to some
intrinsic drawbacks, and also because of some limitations of
approved PDT PSs, such as tedious synthetic and purification
procedures, low water solubility, tendency to undergo photo-
bleaching, low capability for selective accumulation in the
malignant versus healthy tissues and moderate quantum yields
in the generation of ROS."”™'? Therefore, it is clear that novel
PSs are needed to the aforementioned
disadvantages.

Ir(m) biscyclometallated complexes are being studied as
potential PDT agents or PSs'*™* due to a number of salient
chemical and photophysical properties, including the follow-
ing: (1) modular synthesis that allows easy preparation and
modification;'® (2) a large electron spin-orbit coupling (SOC)
constant for Ir that favours high intersystem crossing (ISC)
efficiency and the access to triplet excited states;'®'” (3) long-
lived triplet excited states that can be quenched by O, to gene-
rate 'O, or alternative ROS;'® (4) appropriate hydrophilic/lipo-
philic balance along with excellent cellular uptake and tar-
geted intracellular distribution properties that can be modu-
lated through ligand substitution; (5) emission properties
through phosphorescence, involving large Stokes shifts that
prevent self-quenching issues at high local concentrations and
allow the development of bioimaging-guided protocols and
theragnostic applications;'**° and (6) remarkable photostabil-
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ity, which enables repeated excitation terms for the application
of multiple therapeutic cycles.

Moreover, different reports have shown that Ru(u) polypyri-
dyl complexes with m-expansive ligands such as dppn exhibit
either excellent phototoxicities toward cancer cells,”*! DNA
photocleavage properties,*” or antimicrobial PDT activity®*?*
as a result of their long excited-state lifetimes mainly contribu-
ted by °IL and the resulting enhanced ability to produce 'O,.
Some groups have also described Ir(u) bis-cyclometalated com-
plexes with dppz and dppn (see the structures in Scheme 1).
For instance, the group of Kam-Wing Lo has shown that the
non-emissive complexes [Ir(ppy).(N"N)]PFs (N*N = dppz or
dppn) bind to double-stranded DNA through intercalation, dis-
playing emission enhancement.>® Mao et al. reported the anti-
cancer activity of a series of Ir(m) derivatives of the type [Ir
(C"N)o(N"N)]PFs; (C"N = dfppy, N°N = dppz or dppn) that
target mitochondria and intercalate into mtDNA to induce
mtDNA damage.*® In a different context, Ruiz et al. proved the
antimicrobial activity versus multidrug-resistant bacterial
strains of a family of Ir(m) analogues with different NN
ligands, such as phen, dpq, dppz and dppn.?” More recently,
Ruiz and Brabec groups uncovered that Ir(m) PSs bearing dppz
display potent selective toxicity against cancer cells upon
irradiation with blue light, through lysosomal damage and
oncosis.”® However, a systematic study of the potential appli-
cation in PDT of Ir(m) bis-cyclometalated complexes with
different n-extended di-imine ligands, including dppn, has not
been performed so far.

Herein, we report the synthesis of a new family of Ir(u) bis-
cyclometallated complexes with the general formula [Ir
(C"N)p(N”N)]Cl, wherein HC"N = 1-phenyl-f-carboline and
N”N = bpy, phen, dpq, dppz, and dppn, with the objective of
screening their ability to produce ROS efficiently, and analyse
their potential use as PDT photosensitizers in cancer treat-
ment. Besides, our contribution describes the underlying
mechanism of action of these PSs. This effort allows us to gain
a fundamental understanding of how the rational modification
of the molecular structure of metal-based PSs can modulate
their photophysical properties and therefore may impact their
photoactivation behaviour and biological performance.

Chart of Ligands N*N

IrL1-IrL5 N

~ La=dppz

Scheme 1 Synthesis and molecular structures of the new complexes IrL1-IrL5.
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2. Results and discussion

2.1. Synthesis of ligands and complexes

The new Ir(m) biscyclometalated complexes of the general
formula rac-[Ir(C*"N),(N*N)]Cl (HC"N = 1-phenyl-p-carboline
and N*N = L1-L5) were prepared in a sequential manner as
follows. Ligands L1 and L2 are commercially available, while
L3-L5 were synthesized according to procedures adapted from
the literature (Scheme 1).>° The pro-ligand HC”N was prepared
through a two-step one-pot methodology (see Scheme S1f).
First, a Pictet-Spengler protocol was applied by reacting trypta-
mine with benzaldehyde to obtain 1-phenyl-1,2,3,4-tetrahydro-
p-carboline, which was then oxidized in the presence of Pd/C
to obtain 1-phenyl-p-carboline.>**' On the other hand, the Ir
(m) dimeric precursor of formula [Ir(u-Cl)(C*N),], was syn-
thesized by reacting two equivalents of 1-phenyl-p-carboline
(HC”N) with one equivalent of IrCl;-3H,0 according to the
classical procedure.?>

The target cationic Ir(m) heteroleptic complexes of formula
rac-[Ir(C*"N),(N*N)]Cl (IrL1-IrL5) were obtained by refluxing
the Ir(um) dimer [Ir(p-Cl)(C*N),], along with two equivalents of
the respective NN ligand, L1-L5, using a mixture of dichloro-
methane-methanol (2:1; v:v) as the solvent system
(Scheme 1).>* The products were isolated as chloride salts of
the monocationic complexes containing equimolar mixtures of
A and A enantiomers (racemate). All complexes were produced
with good purities according to analytical and spectroscopic
data and are air- and moisture-stable in the solid state. The
solubility of IrL1-IrL5 in polar organic solvents, such as
MeOH, DMSO and DMF, is reasonably good, but very low in
ACN.

2.2. Characterization of complexes

The composition and structure of IrL1-IrL5 were established
by multinuclear NMR, high-resolution mass spectrometry
(HR-MS) and elemental analysis. The 'H and *C{'"H} NMR
spectra of IrL1-IrL5 were recorded in DMSO-ds. For each
complex, the spectra displayed coordination-attributed shifts
for some peaks compared to those of the free N*N ligands and
a number of distinctive features (see the ESIT), such as: (a) one
set of resonances for the two equivalent C*N ligands in agree-
ment with the C,-symmetry of these complexes; (b) one set of
signals for the corresponding N”N ligand where every signal
integrates as 2 H (C,-symmetry); (c) one sharp singlet (2 H)
around 12.1 ppm for the two equivalent N-H groups of both
C”N ligands (6 11.5 ppm for the free proligand, Fig. $17).*
High-resolution mass spectrometry (HR-MS) showed mass/
charge ratios and isotopic distributions fully compatible with
the molecular structures proposed in Scheme 1 for monocatio-
nic complexes (see spectra in the ESI{).

2.3. Crystal structure of [IrL2]Cl

The crystal structure of [IrL2]Cl was resolved by single-crystal
X-ray diffraction. A single crystal suitable for crystallographic
resolution was obtained by slow evaporation of a solution of
IrL2 in a ternary mixture of MeOH/CH,Cl,/acetonitrile. The

This journal is © The Royal Society of Chemistry 2024
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complex crystallizes in the monoclinic C2/c space group. The
unit cell contains four pairs of enantiomers (A,A) due to
helical chirality. The ORTEP diagram for the molecular struc-
ture of A-[IrL2]" is depicted in Fig. 1. Selected angles and bond
distances together with standard deviations are compiled in
Table S11 and important crystallographic parameters are gath-
ered in Table S2.7 The molecular structure of A-[IrL2]" exhibits
the expected pseudo-octahedral geometry with the classical
trans-N,N and cis-C,C disposition for the two C”N ligands.
Besides, it displays C,-symmetry with one two-fold axis going
through the Ir center and bisecting the N*N ligand.*® The Ir-N
bond distances for the N*N ligand (2.165(5) and 2.167(5) A)
are longer than those determined for the C*N ligands (2.053
(5) and 2.096(6) A), due to the strong trans influence attributed
to metal-bonded phenyl rings.’” Both Ir-C bond lengths are
identical (2.015(6)) and within the expected range for this kind
of complexes.”>*® The bite angles of the chelate rings are also
standard, that is 76.9(2)° for the phen ligand and 80.4(2)° and
80.9(2)° for the C*N ligands. The torsion angles of the N*N
ligand (—2.18°) and the C*N ligands (9.94° and 6.03°) suggest
a higher degree of coplanarity for phen, in comparison with
the C*"N metallacycles, which is attributed to the higher flexi-
bility and relative steric hindrance in the latter.

The 3D lattice of the respective crystal structure is stabilized
by multiple hydrogen bonding interactions (Table S37), where
the CI” counterion acts as an acceptor and N-H and C-H
groups play the role of donors. Double r,n-stacking contacts
between benzene and pyrrole rings from adjacent $-carboline
scaffolds have also been found (Fig. S23 and Table S47).

2.4. Theoretical calculations

With the aim of understanding the photophysical properties of
these compounds and rationalizing the observed trends within
this family, the cation complexes [IrL1]*-[IrL5]" were studied
using density functional theory (DFT). Calculations were exe-
cuted at the B3LYP/(6-31GDP+LANL2DZ) level including
solvent effects (water). The results obtained predicted a
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Fig. 1 ORTEP diagram for the molecular structure of A-[IrL2]* obtained
by single crystal X-ray diffraction. Thermal ellipsoids are shown at the
30% probability level. The respective A enantiomer, H atoms (except
those of N—H groups) and the Cl~ counterion have been omitted for the
sake of clarity.
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pseudo-octahedral geometry for [IrL1] —[IrL5]"

ive ground electronic state (Sp) upon full optimization. The
topology and energy of the MOs were also calculated for the
ground electronic state (S,) and are shown in Scheme 2 and
Table S6.f In good agreement with the literature,”’° the
HOMOs are composed of a mixture of orbitals from the
iridium centre (d,) and from the two phenyl rings of the C"N
all of them exhibit a

ligands (n orbitals). Moreover,
n-antibonding nature at the Ir-Cppeny interface
five Ir(m) complexes bear the same C*N liga

calculated for the HOMO of all these derivatives are virtually

identical (—5.32 to —5. 34 eV).

Also as expected, the LUMOs are distributed over the corres-
ponding N”N ligand.** As shown in Scheme 2, the energy
values calculated for the LUMO of [IrL1]" and [IrL2]" are nearly

the same. However, the LUMO energies are sta

from [IrL2]" (—2.04 eV) to [IrL5]" (—2.89 eV) as the number of

n-conjugated rings in the N”N ligand is gra

from [IrL2]" to [IrL5]". Inexorably, this stabilization of the

LUMO leads to a reduction in the HOMO-LU
from around 3.28 eV for [IrL1]" and [IrL2]"
[IrL5]". Moreover, the contribution of the two
the respective LUMO is

[trL5]".

The nature of the emitting excited state was investigated
using the time-dependent DFT (TD-DFT) approach. The three
lowest-energy triplet excited states (Ty, T, and Tj) were calcu-
lated (see Table S71). For complexes [IrL1]*-[IrL3]", the three
lowest lying triplet excited states predicted for each complex

are very similar in energy ([IrL1]": 2.51 eV, 2.

decreased progressively
n-conjugation is increased in the N*N ligands from [IrL1]" to
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in their respect-  €V; [IrL2]™: 2.52 €V, 2.54 €V, and 2.60 eV; [IrL3]": 2.50 eV, 2.53
eV, and 2.54 €V). On its part, [IrL4]" shows two triplet states
close in energy (T, and T,) but T; is at higher energies (2.27
eV, 2.29 eV and 2.51 eV). In contrast, triplet states calculated
for [IrL5]" are well separated in terms of energy (1.43 eV, 2.05
eV, 2.42 eV), since T; and T, are significantly stabilized.
Moreover, we investigated the nature of the absorption band
with maxima around 410 nm using TD-DFT results (see
Table S7t). For complexes IrL1-IrL3, this absorption band is
attributed to 'MLCT and 'LC transitions between HOMO —
LUMO+2 (S, for IrL1 and S; for IrL2) and HOMO — LUMO+3
(S4 for IrL3) with a calculated oscillator strength of 0.1495,
0.1554 and 0.1474, respectively. For IrL4, this absorption band
is assigned to the singlet excite states S¢ and S,. Both excited
states correspond to HOMO — LUMO+1 ("MLCT and 'LLCT)
and HOMO — LUMO+2 ("MLCT and 'LC) transitions, although
S, has also a significant HOMO—4 — LUMO contribution. The
calculated oscillator strengths for S¢ and S, were 0.0754 and
0.0795, respectively. IrL5 displayed a singlet excited state Sg
that corresponds to HOMO — LUMO+3 transitions (*"MLCT
and 'LLCT) with a calculated oscillator strength of 0.1463.
Compared to IrL1-IrL4, IrL5 displayed a singlet excited state
(S,) that corresponds to HOMO—2 — LUMO transitions (*LC)
with a calculated oscillator strength of 0.0186, which is respon-
sible for the long absorption tail observed for IrL5 in the
experimental absorption spectrum. In addition, IrL5 displayed
one strong absorption band around 330 nm that corresponds
to 'LC transitions between different MOs centred at the dppn
ligand.
For a deeper comprehension of the nature of the lowest-
energy triplet state, the geometry of this state was optimized
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Scheme 2 Schematic representation showing the isovalue contour plots calculated for HOMOs and LUMOs of [IrL1]*—[IrL5]*.
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using DFT calculations. Thus, the unpaired-electron spin-
density was calculated for the fully relaxed triplet state in every
case, showing that this state corresponds mainly to the HOMO
— LUMO monoexcitations obtained in the TD-DFT calcu-
lations for [IrL1]"[IrL4]" (that is, [IrL1]": Ty; [IrL2]": Ts; [IrL3]":
Ty; and [IrL4]": T,). This indicates that the excitation implies
the promotion of one electron from the Ir-phenyls environ-
ment to the ancillary N*N ligand (*MLCT/’LLCT) as illustrated
in Fig. 2A. However, the unpaired-electron spin-density calcu-
lated for [IrL5]" is defined by the HOMO—2 — LUMO monoex-
citation corresponding to the first triplet state predicted using
TD-DFT calculations. Hence, the fully relaxed triplet state for
[1rL5]" stems from the promotion of one electron located in a =
orbital of dppn to a m-antibonding orbital of dppn, which
involves a *LC transition (Fig. 2B).

The phosphorescence emission energies (E.ms) were esti-
mated as the vertical energy difference between T; and S,
both for the fully relaxed triplet state geometry. Notably, the
trend observed in the calculated values for IrL1-IrL4 is in good
agreement with the tendency displayed by the experimental
values obtained from the emission spectra (see Tables 1 and
2). Nonetheless, IrL5 lacks emissive properties and therefore,
its experimental E.,, value has not been determined.

2.5. UV-vis absorbance spectra

The UV-vis absorption spectra of complexes IrL1-IrL5 were
recorded in aqueous solutions (H,O:DMSO, 99:1, v:v, 107
M, pH = 6.8) at room temperature (Fig. 3). All the complexes

Fig. 2 Unpaired-electron spin-density contours (0.002 au) calculated
for the fully relaxed triplet state of complexes IrL1 (A) and IrL5 (B).

Table 1 Adiabatic energy difference (AE) between Sp and T, states for
IrL1-IrL5 and emission energy (Een) estimated as the energy difference
between T, and Sg for the fully relaxed triplet state geometry of IrL1-IrL5S

HOMO-LUMO
Compound AE (eV; nm) Eem (eV; nm) energy gap (eV)
IrL1 2.39; 519 2.13; 582 3.27
IrL2 2.35; 527 2.12; 584 3.28
IrL3 2.25; 551 2.01; 616 3.13
IrL4 1.98; 626 1.79; 693 2.70
IrL5 1.38; 898 1.10; 1127 2.44

This journal is © The Royal Society of Chemistry 2024
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Table 2 Photophysical properties of complexes in H,O: DMSO (99:1,
v :v) at room temperature under a nitrogen atmosphere

Complex  Ae (nm) Ay, (nm) 7 [contribution] (ns) Dpy, (%)
IrL1 405 600 26 [21] 3.0
95 [79]
IrL2 405 601 23 [31] 3.4
81 [69]
IrL3 405 568 2[19] 3.8
15 [81]
6097 23 [100]*
IrL4 405 568 2[100] 0.69
620°
IrL5 405 — — —

“Determined for a 5 x 10°® M solution in H,0:DMSO, 99:1, v:v,
instead of 10 M solution. ? Determined for a x10°® M solution in
DMSO.

Absorbance

0.0 . . .
300 400 500 600

Wavelength (nm)

Fig. 3 Overlaid absorbance spectra of IrL1-IrL5 (10> M) in

H,O: DMSO (99:1, v:v) at room temperature.

display strong absorption bands with maxima around 250 nm
that are attributed to spin-permitted ligand centred transitions
('LC, = - =*, C"N and N”N ligands).® IrL5 displayed one
intense absorption band at around 330 nm that corresponds
to ligand centred transitions in the dppn ligand ('LC, mgppn —
T*appn) (see Table S71). Additional absorption bands were
observed around 350 nm and are ascribed to '"MLCT and
'LLCT transitions. In the visible region, all complexes exhibit
one absorption band with maxima or shoulders around
410 nm, showing a tail that spreads up to 525 nm (for IrL1-
IrL3), 550 nm (for IrL4) and 600 nm (for IrL5). This settles that
an increase in the number of aromatic rings in the respective
N”N ligand causes the lengthening of this low energy absorp-
tion tail improving the capacity of the corresponding com-
plexes to absorb light in the visible region. This band is attrib-
uted to a mixture of spin-allowed "MLCT, 'LLCT and "LC tran-
sitions and spin-forbidden *MLCT and ’LC transitions (see
Table S77).”°

2.6. Emission and photophysical properties

The emission spectra of IrL1-IrL4 were recorded for deoxyge-
nated solutions (10> M) in H,0:DMSO (99:1, v:v) at 25 °C

Dalton Trans., 2024, 53, 11393-11409 | 11397
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Fig. 4 Overlaid emission spectra of IrL1-IrL4 in deoxygenated
H,0:DMSO (99:1, v:v) (10~ M) at 25 °C under irradiation with 1 =
405 nm.

under irradiation at A, = 405 nm (Fig. 4 and Fig. S387 for the
normalized emission spectra). All the spectra showed broad
emission bands with maxima centred between 568 nm and
620 nm (Table 2). The intensity of these bands is reduced
gradually from IrL1 to IrL4, as the n-conjugation of the respect-
ive N~N ligand is extended from L1 (bpy) to L4 (dppz). In con-
trast, complex IrL5 did not show any emission process in
aqueous solution under 405 nm excitation as previously seen
for a similar derivative with dppn,*” showing the non-emissive
nature of its excited states. The effect of concentration on the
emission spectra has been analysed for IrL3 and IrL4. In par-
ticular, the spectrum of IrL3 in H,O: DMSO (99:1, v:v) at 5 x
107° M shows a broad band with A, = 609 nm with a shoulder
at lower wavelengths. Moreover, the intensity of the emission
band was drastically decreased at higher concentrations
(Fig. S28f). IrL4 exhibits a similar behaviour in DMSO
(Fig. S297). These findings revealed a self-quenching effect for
the lower energy emission of IrL3-IrL4.*'™*3

The excited state lifetimes (z) and photoluminescence
quantum yields (®p;) were experimentally determined only for
complexes IrL1-IrL4 (Table 2). The excited state lifetimes
range from 2 ns for IrL4 to 95 ns for IrL1l. The photo-
luminescence quantum yields (@py) of these iridium com-
plexes are very low with values of around 3% for IrL1-IrL3 and
0.69% for complex IrL4, all of them near or below the limit of
experimental error. The weak emission of similar complexes
with dppz and dppn is a well-established feature.””***>

2.7. Photostability

The photostability of IrL1-IrL5 was evaluated by monitoring
the evolution with time of their UV-vis spectra recorded for
10~> M solutions in H,0 : DMSO (99 : 1) under irradiation with
blue light (LED, A, = 460 nm, 24 W) and under air atmosphere
at room temperature (Fig. 5 and Fig. S24}). A gradual decrease
in the intensity of the spectra was observed, accompanied by
the formation of one isosbestic point around 420-470 nm.
Consequently, we concluded that after 6 hours under
irradiation, these iridium complexes displayed moderate to
high photostability with values of photodegradation between
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Fig. 5 Overlaid UV-vis absorbance spectra of IrL5 (107> M) in
H,O:DMSO (99:1, v:v, pH = 6.8) at different times under blue light
irradiation (0 h, 1 h, 2 h, 4 h, and 6 h) at room temperature.

11% and 20% (IrL3). We speculate that these observations
could be consistent with the partial photodissociation of the
CN ligand due to the thermal population of *MC excited
states, although other possibilities cannot be ruled out.*°

2.8. Self-aggregation studies

It is well known that the presence of m-extended ligands in
metal complexes promotes the formation of aggregates in solu-
tion through =,m-stacking interactions.””*® Ligands such as
L3-L5 are prone to establish this type of interaction which can
modify both the photophysical properties and the cellular
uptake of their respective complexes.

First, the self-aggregation trends of IrL4 and IrL5 were
studied by "H-NMR spectroscopy. The "H NMR spectra of IrL4
and IrL5 were recorded in DMSO-d¢ at two different concen-
trations (2.5 mM and 25 mM). As shown in Fig. 6 and
Fig. S307 for IrL5 and IrL4, respectively, the chemical shifts
attributed to the protons of the respective N*N ligand (L5 and
L4) are dependent on the concentration. More specifically,
these peaks are shifted upfield in the high concentration
spectra (25 mM) compared to those recorded in the diluted
spectra (2.5 mM). This effect is ascribed to the shielding
caused by =,n-stacking interactions between the N”N ligands
of different Ir molecules.>>*°>! In contrast, the resonances of
the aromatic protons of the C”N ligands are either, not
shifted, or only slightly shifted downfield. Therefore, these
results confirm the tendency of IrL4 and IrL5 to form self-
aggregates mediated by x,n-stacking interactions when the con-
centration is increased. This observation was corroborated
through DOSY experiments which provided different diffusion
coefficients for the two studied concentrations (2.5 mM and
25 mM) in the case of IrL5 (Fig. S317).

Then, with the aim of analysing the impact of self-aggrega-
tion in the photophysical and biological properties of these
PSs, we search for possible deviations from the Lambert-Beer
law through UV-vis spectroscopy for a H,O : DMSO (99: 1) solu-
tion of IrL5 in the concentration range between 1 and 30 pM.
Thus, when plotting absorbance at two different wavelengths

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) *H NMR spectra of IrL5 in DMSO-ds at 25 °C at either 2.5 mM
(above) or 25 mM (below). (B) Atom labelling used in proton assignment.

(323 and 405 nm) versus concentration we obtained good
linear fits in both cases (Fig. S327). This result demonstrates
that for the concentration range used in the determination of
the photophysical properties and the biological studies self-
aggregation is negligible.

2.9. Transient absorption spectroscopy

We implemented nanosecond transient absorption spec-
troscopy (TAS) measurements aiming to determine the excited
state lifetime of the non-emissive complex IrL5 and also to
reveal its quenching behaviour in the presence of O,. For com-
parison purposes we included complex IrL1 in the study as a
representative of the emissive complexes (IrL1-IrL4), with the
purpose of exploring further the divergent biological behaviour
of IrL5 compared to IrL1-IrL4 (vide infra). The TAS spectra of
both complexes were recorded in DMSO: H,O (1:1, v:v) upon
laser excitation at 355 nm. The TAS spectrum of IrL5 featured
three different regions (Fig. 7B): one bleaching range due to
the ground state depletion, where the optical density change is
negative (300-370 nm), and two excited state absorptions, i.e.:
370-410 nm and 410-600 nm, respectively. IrL1 displays a
different TAS profile with the following ranges (Fig. 7A): (a) two
regions of negative optical density registered at 290 and
410 nm that correspond to ground state depletions; (b) one
region between 310 and 400 nm, where IrL1 presents strong
excited state absorption, overlapping the ground state absorp-
tion bands; (c) an excited state absorption band between 440
and 520 nm (ground state absorption is minimal at these wave-
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View Article Online

Paper
A
58 ns
0.01+ =08 ns
=138 ns
=198 ns
=298 ns
=498 ns
O 0.001
-0.01-
300 400 500 600
Wavelength (nm)
B
0.02
0.00 +
[m]
(@) —0.58 s
< ——098 s
-0.021 —14ps
2us
— 3 1S
— 5 1S
-0.04— T T |
300 400 500 600
Wavelength (nm)
Fig. 7 Transient absorption spectra of IrL1 (A) and IrL5 (B) in

DMSO:H,O (1:1, v:v). Ground state absorption was matched at the
laser excitation wavelength for both compounds (Fig. S337).

lengths); (d) at wavelengths higher than 515 nm, the negative
transients are due to the emission from IrL1.

Then, we conducted kinetic studies for both the recovery of
the negative transients at 290 and 320 nm and the decay of the
positive transients at 490 and 540 nm for IrL1 and IrL5,
respectively (Fig. S34}). Thus, we concluded that the acquired
transients (excited states) at negative and positive optical
density values yielded the same lifetimes which confirms that
both features correspond to the relaxation of the same excited
state. To determine the possible influence of O, on the lifetime of
the respective transients, we carried out similar kinetic experi-
ments upon bubbling argon. Thus, we observed that the lifetime
for IrL1 is only slightly affected by the presence of O, (102 ns vs.
118 ns in the absence of O,, Table S81) and compares well with
that obtained from emission experiments (95 ns), evidencing that
all the experimental observations are attributable to the same
excited state. However, for IrL5 the situation is entirely different,
since the lifetime is substantially increased in the absence of O,
(1770 ns vs. 4130 ns, respectively, Table S8t). Furthermore, the
observed negative (bleaching) and positive (transient absorption)
optical density variations, decay to zero, indicating that no other
species is being formed throughout the experiments. As a conse-
quence the observed quenching by oxygen (decrease in the life-
time in the presence of O,), is consistent with an energy transfer
process to oxygen.

All in all, for IrL1, the experimental results are consistent
with the formation of an emissive short-lived transient, which
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we cannot exclude to be a triplet, T;, presenting very small
quenching by O,. In contrast, IrL5 exhibits a non-emissive
long-lived transient, with a clear triplet behaviour, which is
strongly quenched by O, through an energy transfer process,
meaning that singlet oxygen ('O,) is the main species formed
in the process.>> Scheme 3 shows a complete picture of excited
states for IrL1 and IrL5.

2.10. Singlet oxygen generation

The capacity of IrL1-IrL5 to generate singlet oxygen (*0,) was
experimentally determined in H,O:DMSO (1:1) using 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA, 8 x 107
M) as a very specific probe. This compound reacts in situ with
one molecule of singlet oxygen generated photocatalytically
from the interaction of *0, with the photosensitizer (10~ M)
to form an endoperoxide (Scheme $21).°*** The reaction was
monitored by UV-vis and the gradual decrease of the
maximum at 379 nm was used to quantify the ability of our
complexes to generate singlet oxygen (Fig. 8, 9 and Fig. S357).
Thus, the singlet oxygen quantum yields (©,) of IrL1-IrL5
under blue light irradiation (4;,; = 460 nm) were determined
using Rose Bengal (@, = 0.75) as the reference® and are gath-
ered in Table 3 and Table S9.1 Consistent with the TAS studies
and the ®LC nature of its excited state, IrL5 features an out-
standing @, around 1, whereas IrL1-IrL4 show moderate per-
formance in this regard, with @, values between 0.10 and
0.29, suggesting a rough correlation between 'O, production
and excited-state lifetimes as reported for other Ir PSs.'®
Moreover, a control experiment was performed in the absence
of a photosensitizer to corroborate the remarkable photostabil-
ity of ABDA upon blue light irradiation (see Fig. S357).

2.11. Photocatalytic oxidation of NADH

NADH is a cofactor that plays a major role as an electron
donor in the mitochondrial electron transport chain (ECT) and
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Fig. 8 Photobleaching of ABDA (8 x 107> M) in the presence of IrL5
(107° M) in H,O : DMSO (1: 1) under blue light irradiation (460 nm, 24 W)
for 70 min at room temperature.
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Illustration of the lowest-lying triplet excited states of complexes IrL1 and IrL5.
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Table 3 Singlet oxygen quantum yields of complexes IrL1-IrL5 (10>
M) using RB as a reference

Complex LN Excited state lifetime (ns)
RB 0.75

IrL1 0.11 95

IrL2 0.29 81

IrL3 0.10 23

IrL4 0.17 2

IrL5 1.02 4130

its photocatalytic depletion can be directly related to the
depolarization of mitochondria as has been shown recently by
different groups.”®” Consequently, this type of photoactivated
oxidative stress can trigger mitochondrial oxidation-induced
cell death in cancer cells. In an effort to determine a potential
molecular target for our complexes, we monitored the photo-
catalytic oxidation of an aerated solution of NADH (0.1 mM) in
H,0:DMSO (99:1) in the presence of IrL5 (5 uM) by UV-vis
spectroscopy under blue light irradiation (4;; = 460 nm) for a
period of 15 min. Thus, under photoirradiation we observed a
gradual and fast decrease of the absorbance band at 338 nm
(Fig. 10), attributed to NADH, which is consistent with the for-
mation of the respective oxidized form of this cofactor, NAD".
Two control experiments in the absence of either IrL5
(Fig. S367) or light irradiation (Fig. S371) allowed us to reveal
the photocatalytic nature of this oxidation process.

2.12. Cell internalization

The biological characterization of the complexes began by
determining their internalization kinetics into cells, which is a
crucial process for the subsequent antitumor activity. This
study was carried out with complexes IrL1-IrL3 since the phos-
phorescence of IrL4 and IrL5 was markedly attenuated under
the cell culture conditions. A549 cells were incubated with the
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Fig. 10 UV-vis spectra for the photocatalytic oxidation of NADH
(100 pM) in the presence of IrL5 (5 pM) in H,O : DMSO (99 : 1) under an
air atmosphere and blue light irradiation (460 nm, 24 W) at room
temperature.
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complexes at a concentration of 5 puM for different periods
ranging from 10 minutes to 6 hours, and the fluorescence
emission from the cells, which corresponds to the internaliz-
ation of the complexes, was determined by flow cytometry.
After only 10 minutes of treatment, cellular fluorescence was
already detected, revealing very rapid internalization of the
complexes. Over the next 4 hours, cellular fluorescence pro-
gressively increased, indicating a continuous uptake rate.
However, after 4 hours, a minimal increase in the fluorescence
intensity was observed for the three complexes (Fig. 11A and
B). Based on these results, it was established an incubation
period of 4 hours before irradiation for subsequent studies in
order to achieve optimal cellular accumulation of the com-
plexes and, consequently, enhance their phototoxic efficiency.

To compare the cellular internalization of the different
complexes, A549 cells were exposed to IrL1-IrL5 at an equi-
molar concentration of 5 uM for 4 h and the amount of
iridium inside the cells (ng Ir per 10° cells) was quantified by
ICP-MS. As shown in Fig. 11C, the presence of one or two aro-
matic rings fused to the bipyridine scaffold in complexes IrL2
and IrL3, respectively, significantly increased their internaliz-
ation efficiency by more than three times compared to IrL1,
with values of 98.9 + 2.4 ng Ir per 10° cells and 100.9 + 25.8 ng
Ir per 10° cells, respectively, relative to 33.1 + 12.3 ng Ir per 10°
cells for IrL1. This suggests that the lipophilicity of the com-
plexes plays a role in their cellular accumulation to some
degree. However, the amount of iridium inside the cells was
lower in the case of IrL4 and IrL5 (6.7 + 2.2 ng Ir per 10° cells
and 7.1 + 1.4 ng Ir per 10° cells, respectively).*®
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Fig. 11 Cellular internalization of complexes. A549 cells were incu-
bated with complexes IrL1-IrL3 at 5 uM. (A) The internalization kinetics
were determined by measuring the median fluorescence intensity (at a 1
value of 675 nm) of 10 000 cells at the indicated time intervals using
flow cytometry. (B) Representative flow cytometry histograms of IrL1
internalization at each time interval. (C) The amount of iridium per
million cells after 4 hours of treatment was determined by ICP-MS. Each
bar in the graph represents the mean + SD of three independent experi-
ments *p < 0.05; **p < 0.01; and ***p < 0.001 vs. IrL1.
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2.13. Photocytotoxicity

The antiproliferative activity of IrL1-IrL5 was evaluated in
A549, HeLa and PC3 cancer cells as well as MRC-5 fibroblasts
both under dark conditions and after blue light irradiation. In
the dark, complexes IrL1-IrL4 showed superior antitumor
activity than the chemotherapeutic drug cisplatin in both A549
and PC-3 cell lines, with ICs g4ark values ranging from 0.28 to
3.9 uM (Table 4). In HeLa cells and MRC-5 fibroblasts, slightly
higher ICsg gar values of 0.81 to 9.4 pM and 0.65 to 7.6 uM,
respectively, were obtained. It should be noted that IrL3 exhibi-
ted the lowest IC5 gark Values in all cell lines, which were in
the nanomolar range. This is in accordance with the high
intracellular internalization level of this complex. Conversely,
IrL5 demonstrated the lowest dark cytotoxicity, which is also
consistent with its low level of cellular uptake.

The cytotoxic activity of all the complexes was enhanced by
blue light irradiation, resulting in nanomolar ICsq igne values
for complexes IrL1-IrL3 in all cell lines, and for IrL5 in A549
and PC-3 cells (Table 4). Based on these values, the phototoxic
indexes (PIs) were determined to identify the most effective
complex for PDT. The highest PI values, ranging from 15 to 38,
were obtained for IrL5. This result was positively correlated with
the long excited state lifetime and remarkable ability to generate
'0, (vide supra) of IrL5 and resembles the behaviour of related Ru
() complexes with dppn.” Thus, the low cellular uptake of this
complex is widely offset by its high ®,, compared to the rest of
the iridium complexes in the family. IrL2, which exhibited the
second higher capacity to generate singlet oxygen and a good cel-
lular uptake, also increased considerably its cytotoxicity after
irradiation resulting in PI from 6.8 to 19.7. IrL1 and IrL3 showed
lower PIs, ranging from 3.04 to 9.8 and from 1.8 to 7.6, respect-
ively. In contrast, IrL4 which displayed a lower capacity to gene-
rate singlet oxygen, barely increased its cytotoxicity under blue
light irradiation (PI ranging from 0.82 to 1.9). The results also
indicated that, in general, these iridium complexes do not exhibit
selective photodynamic activity against tumour cells compared to
non-malignant fibroblasts.

In addition, the toxicity of complexes IrL1-IrL5 against red
blood cells (RBCs) was evaluated by haemolysis experiments.
To this end, porcine RBCs were incubated with the complexes
at their ICs igh: values, both in the dark and under blue light

Table 4 Phototoxic activity of complexes IrL1-IrL5 expressed as ICsq (M)
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irradiation. The results revealed that the haemolytic activity of
the complexes was less than 1% under either of these con-
ditions. This finding underscores the blood compatibility of
our PSs at their ICsg jign: values, which is a crucial determinant
of their practical utility in biomedical applications.

2.14. Colony formation

To further assess the antitumor effect of the complexes, clono-
genic assays were carried out. These assays evaluate the ability
of single cells to survive upon treatment and reproduce to
form colonies. HeLa cells were selected for these experiments
as they showed the best ability to grow as colonies. The cells
were incubated with complexes IrL1-IrL5 at the corresponding
ICso,1ight for 4 hours and then irradiated with blue light or kept
in the dark for 1 hour. The cells were immediately harvested,
seeded at a low density, and allowed to grow to form colonies.
Following treatments in the absence of irradiation, the
number of colonies was similar to that of control untreated
cells, except for complex IrL4, which significantly decreased
the number of colonies to 51.5 + 2% (Fig. 12). This result was
expected, since the ICsq jigne and ICso gark Values of IrL4 were
very close. Upon light irradiation, the number of colonies
decreased to 51.5 + 4% for IrL1, 39.1 + 2% for IrL2, 39.6 + 4%
for IrL3, 46.7 + 3% for IrL4 and 45.7 + 2% for IrL5 compared
to control cells. These results validated the anticancer efficacy
of these complexes. Furthermore, they disclosed that cellular
damage is produced during photoactivation, given that the
complexes were promptly removed following irradiation.

2.15. Intracellular localization by confocal microscopy

The distribution of the complexes inside the cells was studied by
confocal microscopy. IrL1 was selected for these experiments
since it exhibited the highest emission intensity (Fig. 4). A549
cells were incubated with IrL1 in the presence of the commercial
dyes MitoView™ Green and LysoTracker™ Green DND-26 for
mitochondria and lysosome localization, respectively. After one
hour of incubation, confocal microscopy images of the cells
showed a dotted red fluorescence corresponding to IrL1 through-
out the cytosol of the cells (Fig. 13). The overlap between the red
fluorescence and the green fluorescence of MitoView™ Green,
shown in yellow in the merged image, revealed that IrL1 princi-

A549 HeLa PC3 MRC-5
Cell line

1Cs0,dark 1Cso,light PI ICs0,dark ICso,light PI  ICsodark ICso,light PI  ICs¢dark 1Cso,light PI
IrL1 1.9+0.2 0.31£0.1 6.0 9.4+1 0.96 £0.09 9.8 3.9+0.2 1.3 £0.04 3.0 7.6+0.2 0.92 £ 0.1 8.3
IrL2 0.48 £ 0.07 0.046 + 0.01 10.3 5.6 +£0.9 0.33 £ 0.09 17 1.7+0.3 0.25 £ 0.03 6.8 7.6 £0.9 0.39 £ 0.04 19.7
IrL3 0.28 £ 0.01 0.037 £ 0.01 7.6 0.81 £ 0.1 0.16 £0.04 5.0 0.51+0.1 0.16 £0.04 3.1 0.65 £ 0.1 0.37£0.08 1.8
IrL4 2.5+0.3 1.3+£0.1 1.9 3.6 £0.7 2.4 £0.05 1.5 2.9+0.1 2.2 +0.08 1.3 1.9+0.2 2.4+0.2 0.8
IrL5 18+2 0.97 £ 0.04 19 15+3 1.01 £ 0.05 15 28 +£2 0.74 £0.06 38 22 +1 1.0+ 0.1 22
Cisplatin 59+1.2 — — 1.5+0.3 — — 56+1 — — 5.3+04 — —

Cells were incubated with the compounds for 4 h at 37 °C and then kept in the dark or exposed to blue light (460 nm) for 1 h (24.1 J em™2). Cell
viability was assessed after 48 h of treatment by MTT assays. Data represent the mean + SD of at least three independent experiments, each per-

formed in triplicate. PI = ICs gark/ICs0,light.
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pally accumulates in mitochondria, with a high Pearson co-local-
ization coefficient (PCC) of 0.75. In contrast, the low degree of
overlap between the green vesicular fluorescence of LysoTracker™
Green and IrL-1, with a PCC of 0.35, indicates that the distri-
bution of the complex into lysosomes is minimal.

The mitochondrial targeting ability of IrL1, and presumably
its congeners, is probably due to the combination of cationic
and lipophilic features in its molecular structure. These fea-
tures are a cationic iridium core together with an environment
of aromatic organic ligands, respectively. Indeed, it is well-
established that lipophilic cations show high affinity for mito-
chondria and tend to accumulate in the mitochondrial matrix.
The driving force for this inward mitochondrial transport is
provided by the high mitochondrial transmembrane potential
(MMP) in functional mitochondria, which is generated by
proton pumping into the intermembrane space during the
ECT.>>®® Indeed, many Ir(m) biscyclometalated complexes
exhibit similar intracellular localization patterns.>®®'-%*

2.16. Effects on mitochondria

The MMP is essential for a suitable mitochondrial function,
and consequently, for the generation of energy in the form of
ATP, the transport of molecules across the mitochondrial
membrane, the redox reaction balance, and the regulation of

Merge

Fig. 13 Confocal microscopy imaging of the subcellular distribution of IrL1. A549 cells were incubated with IrL1 (e 400 Nnm; Aem: 595 nm) at
25 uM for 1 h at 37 °C. The commercial dyes MitoView™ Green (lex: 490 NM; dem: 523 nm) and LysoTracker™ Green DND-26 (lex: 504 nm; dem:
511 nm) were used to localize the cellular distribution. Merged images show the fluorescence overlap in yellow. Scale bar: 20 um.

This journal is © The Royal Society of Chemistry 2024
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B)

Control

Fig. 14 Effect on mitochondria. A549 cells were incubated with IrL5 at ICsq igh: (1 M) for 4 h at 37 °C and then kept in the dark or exposed to blue
light for 1 h. (A) The cell nuclei were localized in blue with Hoescht (lex: 350 NM; Aem: 461 Nm), and healthy mitochondria were labelled with
MitoTracker™ Red CMXROS (lex: 579 NM; Aem: 599 Nm). Microscopy images show that photoactivation of IrL5 severely affects the red fluorescence
emission, indicating mitochondrial membrane depolarization. (B) Light irradiation caused membrane blebbing, which is a typical feature of apoptosis.

The insets show a 3x magnification of the cells. Scale bar: 20 um.

different signalling pathways including apoptosis.”® Hence,
depolarization of the mitochondrial membrane is a major
indicator of mitochondrial damage and can significantly
impact cell viability. Previous experiments (Fig. 10) demon-
strated that coenzyme NADH can be photo-catalytically oxi-
dized by IrL5, which can severely impair the mitochondrial
ECT and dissipate the MMP. To explore the effect of IrL5 at the
mitochondrial level, A549 cells were incubated with IrL5 at
ICs0,1ight (1 pM) for 4 h at 37 °C and then kept in the dark or
irradiated with blue light for 1 h. Mitochondria were labelled
with the red-fluorescent dye MitoTracker™ Red CMXRos.
Importantly, the accumulation of this dye depends on the
MMP of healthy mitochondria.®® Cell nuclei were localized
with Hoescht. The microscopy images presented in Fig. 14
showed intense red fluorescence emission from healthy mito-
chondria in both untreated control cells and cells treated with
IrL1 under dark conditions. However, upon light irradiation,
there was a significant reduction of the red fluorescence, indi-
cating depolarization of the mitochondrial membrane. This
suggests that the photocatalytic oxidative activity of the com-
plexes, together with their high affinity for mitochondria,
leads to severe mitochondrial toxicity, which may be the
primary mechanism of cell death. In fact, microscopy images
also revealed that in response to photoactivated complexes,
membrane blebbing was rapidly generated. This characteristic
feature of apoptosis indicates that the photodynamic activity
of the complex can rapidly trigger programmed cell death.®®

3. Experimental
3.1 General information

All synthetic manipulations for Ir(m) complexes were carried
out under an atmosphere of dry, oxygen-free nitrogen using

1404 | Dalton Trans., 2024, 53, 1393-11409

standard Schlenk techniques. The solvents were dried and dis-
tilled under a nitrogen atmosphere before use. Elemental ana-
lyses were performed with a Thermo Fisher Scientific EA Flash
2000 elemental microanalyzer. UV-vis absorption was
measured using a Jasco V-750 UV-visible spectrophotometer.
Fluorescence steady state and lifetime measurements were per-
formed in an FLS980 (Edinburgh Instruments) fluorimeter
with a 450 W Xenon Arc Lamp and TCSPC laser, respectively.
The quantum yield was determined using an FLS980
(Edinburgh Instruments) with a 450 W Xenon Arc Lamp and a
red PMT sphere as the detector. HR-ESI(+) mass spectra were
recorded with an Agilent LC-MS system (1260 Infinity LC/6545
Q-TOF MS spectrometer) using DCM as the sample solvent
and H,0 (0.1% formic acid)/MeOH (0.1% formic acid) in a
ratio of 30:70 as the mobile phase. The experimental m/z
values are expressed in Da compared with the m/z values for
monoisotopic fragments. NMR spectra were recorded at 298 K
using a Bruker Avance III (300.130 MHz for 'H; 75.468 MHz for
3C) or Bruker Avance Neo 4500 (500.130 MHz for 'H;
125.758 MHz for *C). "H NMR spectra were recorded with 32
scans into 32 k data points over a spectral width of 16 ppm. 'H
and "C{"H} chemical shifts were internally referenced to TMS
via the residual 'H and "*C signals of DMSO-ds (6 = 2.50 ppm
and § = 39.52 ppm), according to the values reported by
Fulmer et al.*” Chemical shift values (5) are reported in ppm
and coupling constants (J) in Hertz. The splitting of proton
resonances in the reported "H NMR data is defined as s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and
bs = broad singlet. 2D NMR spectra were recorded using stan-
dard pulse sequences. All NMR data processing was carried
out using MestReNova version 10.0.2.

3.1.1 Starting materials. The synthesis of Ir(m) precursor
and ligands is well described in the ESL{ IrCl;-xH,O was pur-
chased from Johnson Matthey and used as received. The

This journal is © The Royal Society of Chemistry 2024
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reagents tryptamine, 2,2"-bipyridyl, palladium (10%) on carbon
powder, and benzaldehyde were purchased from Sigma-
Aldrich; 1,10-phenantroline monohydrate, ethylenediamine,
1,2-phenylenediamine, and 2,3-diaminonaphthalene were pur-
chased from TCI Chemicals. All of them were used without
further purification. Deuterated solvents (DMSO-de) were
obtained from Eurisotop. Conventional solvents such as
diethyl ether (Fisher Scientific), 2-ethoxyethanol (Acros
Organics), ethanol (Scharlau), methanol (Scharlau), dichloro-
methane (Scharlau), and anisole (Acros Organics) were
degassed and in some cases distilled prior to use.

3.2 Cell culture

The A549 lung carcinoma, HeLa cervical carcinoma, and PC-3
prostate adenocarcinoma cell lines were used to assess the
antitumor activity of the complexes. MRC-5 lung fibroblasts
were used as a non-cancer cell model. All cell lines were
obtained from the American Type Culture Collection (ATCC).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Corning) supplemented with 10% foetal bovine
serum (FBS) (Gibco-BRL) and 1% r-glutamine-penicillin-strep-
tomycin (Cultek) at 37 °C in a Heracell 150 incubator (Thermo
Fisher Scientific) with a humidified atmosphere containing
5% CO,. Mycoplasma contamination was regularly controlled
with a Mycoplasma Gel Detection Kit (Biotools). Commercial
pig blood was obtained from Norfrisa.

3.3 Cellular internalization

Cellular uptake of the complexes was evaluated using A549 cells.
The cells were seeded in 6-well plates (Sarstedt) at a density of
2 million cells per well and allowed to attach overnight. The cells
were treated for 4 hours with IrL1-IrL5 complexes diluted in
culture medium at 5 pM or with medium alone as a control. After
treatment, the cells were washed with a phosphate buffered
saline (PBS) solution and harvested by trypsinization. The
samples were centrifuged and washed three more times with
PBS. The amount of iridium in each sample was determined by
inductively coupled plasma mass spectrometry (ICP-MS) analysis.
Previously, cell pellets were dissolved in 400 pL of 69% v : v nitric
acid (PanReac Applichem) and heated at 100 °C for 18 hours.
After cooling, the samples were diluted with Milli-Q water to a
final volume of 10 mL. The iridium content was measured using
an ICP-MS Agilent 7500c instrument at the Serveis Técnics de
Recerca, Universitat de Girona. The iridium standards were
freshly prepared in Milli-Q water with 2% HNO; before each
experiment. The concentrations used for the calibration curve
were 0, 1, 2, 5, 10 and 20 ppb. The isotope detected was '**Ir.
Readings were done in triplicate. Rhodium was added as an
internal standard at a concentration of 10 ppb to all samples. At
least, three independent replicates were performed for each
complex. The amount of iridium was expressed in relation to the
number of cells in each sample.

3.4 Internalization kinetics

To evaluate the internalization kinetics of the complexes, A549
cells were seeded in 12-well plates at a density of 100 000 cells

This journal is © The Royal Society of Chemistry 2024
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per well. After 24 h, the cells were treated with IrL1-IrL3 at
5 uM for 6 h, 4 h, 2 h, 1 h, 30 min and 10 min. Non-treated
cells were used as a control. Subsequently, the cells were
washed with PBS, trypsinized, centrifuged, and washed again
with PBS. The fluorescence emission of the cells at a wave-
length of 675 nm was measured using a Novocyte flow cyt-
ometer (Agilent Technologies) equipped with a blue laser. For
each sample, the median fluorescence intensity of 10 000 cells
was determined. Internalization kinetics were determined by
fitting the measured data to one-phase exponential association
curves using GraphPad Prism software. Three independent
experiments were carried out.

3.5 Cytotoxic activity

The effects of IrL1-IrL5 on cell viability were evaluated in all
four cell lines. The cells were seeded in 96 well plates at
varying densities: 2500 cells per well for A549, 2000 cells per
well for HeLa, 3500 cells per well for PC-3, and 5500 cells per
well for MRC-5, and allowed to attach for 24 hours. Cells were
incubated for 4 h with the complexes diluted in cell culture
medium at concentrations ranging from 50 to 0.01 pM, to
allow their internalization. The plates were then subjected to
photoactivation with blue light (460 nm) for 1 h (light dose:
24.1 ] em™?) or maintained without light irradiation as dark
controls. Subsequently, the cells were incubated in the dark
for an additional 43 h. The cellular viability was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide MTT assay (Sigma). Briefly, plates were washed with
PBS and an MTT solution at 0.5 mg mL™" in cell culture
medium was added to each well. Two hours later, the MTT
solution was removed, and the purple formazan crystals were
dissolved in DMSO (100 pL per well). The absorbance of each
well was measured using a Multiscan Plate Reader (Synergy 4,
Biotek, Winooski, USA) at a wavelength of 570 nm. The con-
centration that reduced cell viability by 50% (ICs,) was estab-
lished for each complex using Gen5 software (BioTek). Three
replicates were analysed for each condition, and at least three
independent experiments were performed for each complex.
Mean values are reported using two significant digits.

3.6 Haemolysis assay

The activity of the complexes against red blood cells (RBCs)
was investigated by haemolysis assays. Commercial pig blood
preserved with sodium polyphosphate as an anticoagulant was
used for this study. The blood was diluted to a concentration
of 5% with PBS and washed three times with PBS by centrifu-
gation at 1000 rcf for 10 minutes. Subsequently, 150 pL of
diluted blood was mixed with 150 puL of each complex diluted
at the corresponding ICs igne value obtained in A549 cells.
The samples were then either irradiated with blue light or kept
in the dark for one hour in an orbital shaker. Subsequently,
they were centrifuged at 3500 rcf for 10 minutes. 80 pL of the
supernatant were transferred to a 96-well plate and diluted
with the same volume of water. The negative control was pre-
pared using PBS instead of complex dilution, and the positive
control was prepared using PBS with 0.2% Tween. The absor-
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bance of each well was measured at 540 nm using a Synergy 4
plate reader (Biotek). The percentage of haemolysis (H (%))
was calculated using the following formula:

(Ax — An)

H% =100 x ———~
(Ap — An)

where A, is the absorption of the sample, 4, is the absorption
of the negative control, and A, is the absorption of the positive
control.

3.7 Clonogeny assay

HelLa cells were seeded at a density of 100 000 cells per well in
12 well plates. After 24 h, the cells were incubated with IrL1-
IrL5 at the corresponding ICsqigne for 4 h, and then either
photoactivated with blue light (light dose: 24.1 J cm™?) or kept
in the dark for one hour. Treatment with cisplatin (Accord
Healthcare) at the ICs, (1.5 pM) was used as a positive control.
Untreated cells were used as a negative control. The cells were
immediately harvested by trypsinization and counted using a
Novocyte flow cytometer. Immediately, one thousand cells
were seeded in 5 cm diameter cell culture dishes (Sarstedt)
and incubated for 7 days to allow colony formation. The colo-
nies were fixed and stained with 1% methylene blue in 70%
ethanol and counted using an Alpha Innotech Imaging System
(Alpha Innotech) and Fiji Image]J software. Each compound
was analysed in triplicate.

3.8 Confocal microscopy

The cellular localization of the complexes was assessed by con-
focal fluorescence microscopy. A549 cells were seeded onto
glass-bottomed 8-well chamber slides (Ibidi) at a density of
50 000 cells per well. After 24 h, the cells were treated with IrL1
diluted at 25 pM in DMEM or with DMEM alone as a negative
control. The specific dyes MitoView™ Green (Biotium) and
LysoTracker™ Green DND-26 (Thermo Fisher Scientific) at 100
nM were used to analyse co-localization with mitochondria
and lysosomes, respectively. The cells were incubated for 1 h at
37 °C. Subsequently, the medium was removed, and the cells
were washed with cold PBS. Confocal fluorescence microscopy
images were immediately taken using a Nikon A1R microscope
and analysed with an NIS-Elements AR (Nikon, Japan) and Fiji
Image] software. The JACoP plugin was used to calculate the
Pearson’s co-localization coefficient.®®

3.9 Mitochondrial damage

The effect on the mitochondrial function was assessed by con-
focal microscopy using the MitoTracker™ Red CMXRos dye
(ThermoFisher Scientific). A549 cells were seeded on glass-
bottom slide chambers at a density of 50 000 cells per well,
treated with IrL5 at the corresponding ICsqign: for 4 h and
then irradiated with blue light for one hour or kept in the
dark. Untreated cells were used as the negative control.
Subsequently, the cells were washed 3 times with PBS and
incubated with MitoTracker™ Red CMXRos (Molecular
Probes) at 200 nM in DMEM for 30 minutes at 37 °C. Cell
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nuclei were counterstained in blue with Hoechst 33342
(Invitrogen) diluted at 1:4000 in DMEM without phenol red.
Mitochondrial staining was evaluated by confocal microscopy
using a Nikon A1R confocal microscope.

3.10 Statistics

Statistical analysis was performed using GraphPad Prism
(GraphPad Software). Quantitative variables were expressed as
mean or median and standard deviation (SD). Statistical differ-
ences were analysed by the Mann-Whitney non-parametric
test. A p-value < 0.05 was considered statistically significant.

Conclusions

A new family of five Ir(m) complexes bearing two units of a
common C”N ligand derived from 1-phenyl-f-carboline and
one unit of a bipyridine based N*N ligand have been prepared
and studied to evaluate their potential use as anticancer PDT
agents. Thus, increasing the number of aromatic rings in the
ancillary ligand has been shown to broaden the absorption
band in the visible region, especially for IrL4 and IrL5.
Besides, it was observed that the intensity of the emission
band is reduced, and A, is slightly shifted when the aromati-
city is increased. The presence of L4 and L5 in the PSs leads to
the formation of self-aggregates at high concentrations, but
these processes are negligible at low concentrations.

Regarding their biological properties, all our complexes
feature cytotoxic activity against different cancer cells with ICs,
values in the low micromolar range in the absence of light
irradiation, reaching sub-micromolar values upon photoirradia-
tion with blue light in many cases. This leads to moderate PIs for
IrL1-IrL4 and remarkable PIs for IrL5 in the different cancer cells
(PI = 15-38). Besides, it has been shown that all our complexes
can internalize within cancer cells, though they display very
different cellular uptake values. Notably, IrL2 and IrL3 exhibited
significantly higher intracellular accumulation relative to IrL1,
and particularly when compared to IrL4 and IrL5. Moreover,
these PSs accumulate preferentially within mitochondria as seen
by confocal microscopy for the emissive complex IrL1.

On the other hand, the prominent photodynamic behavior
of IrL5 can be rationalized as a result of its prolonged excited
state lifetime (4130 ns), its excellent ability to generate 'O, (@4
~ 1) and its outstanding capacity to photo-catalyse the oxi-
dation of the mitochondrial co-factor NADH, which correlates
well with its ability to cause mitochondrial membrane depolar-
ization. The results of this work could be used for the design
of future photosensitizers. Moreover, conjugation to carrier
proteins and encapsulation studies are planned in our labora-
tories to improve the cellular uptake of IrL5.
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