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Hypoxia active cyclometalated Ir(in) Nile red triplet
photosensitisers
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Cyclometalated Ir() compounds have gained increasing attention as promising photosensitisers for
photodynamic therapy (PDT). Most photosensitisers exert their therapeutic effect by generating singlet
oxygen through a light-activated reaction with molecular oxygen, which makes them less effective in
treating hypoxic tumors. In this work, we report the synthesis, characterisation, photophysics, and biologi-
cal studies of two novel, octahedral Ir(i) bis-cyclometalated photosensitisers, [Ir-2ENR]* and [Ir-3ENR]*,
featuring an extended Nile red (NR) chromophore. The absorption and emission spectra of the complexes
and their excited states are largely governed by the NR chromophore and lie within the biological window
(650-800 nm) for excitation and application in PDT. Overall, [Ir-3ENRI* displays more attractive photo-
physical properties, which is reflected in its higher photodynamic activity in SKBR-3 cells compared to its
2ENR, and previously reported Ru(i), analogues. Further in vitro studies as reported here, using a MCF-7
cell line, examined the PDT effect under both normoxic and hypoxic conditions. The results revealed the
excellent phototoxic activity of [Ir-3ENRICL (phototoxicity index = 179). This fluorescent mitochondria-
accumulating complex, exerts its activity by combining type-I and type-Il mechanisms and, more impor-
tantly, retains its cyto- and phototoxic activity under decreased oxygen concentrations. The data highlight
how rational design can help overcome hypoxia limitation in conventional PDT and offer a promising
approach to combat hypoxic solid tumors.

lenges arising from cancer cell resistance and unwanted side
effects.”

Photodynamic therapy (PDT) is a targeted, non-invasive
approach to treat microbial infections, skin diseases and some
types of cancer.” It often relies on the presence of oxygen and
involves a non-toxic therapeutic agent or photosensitiser (PS),
that is activated by light at a specific energy to produce 'O, or
other reactive oxygen species (ROS), for the destruction of the
target cells. Overall PDT seeks to accomplish the direct, con-
trolled and localised damage of diseased or cancerous tissue
via light activation. It offers the potential to achieve more
specific cancer treatments and to address the multiple chal-
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The generation of ROS through light-activation of PS can
occur via two different routes, type-I and type-II, that were orig-
inally distinguished by Gollnick® and Schenk® and further
refined by Christopher Foote.” In type-I, the excited photosen-
sitiser reacts with the solvent or substrate leading to radicals
or radical ions and in type-II, the PS reacts with triplet oxygen
to produce singlet oxygen.® Type-I is favourable over type-II in
oxygen depleted tissues such as those found in bacterial infec-
tion sites or in cancer tumour environments.*” Type-I PDT
occurs via an electron transfer process involving O, and H,O
substrates. It results in the formation of ROS such as super-
oxide anion, O*'7, hydroxy radical, ‘OH, and hydrogen per-
oxide, H,0,.> ROS are normally generated in cells and the
oxidant-antioxidant balance is usually maintained by cellular
mechanisms.® PDT-generated oxidative phototoxicity leads to
the over-production of ROS and cell death by either apoptosis
or necrosis. It can also trigger inflammation-mediated
immune responses and vascular damage.'® A recent addition
to PDT is the type-III mechanism. This and photocatalytic
therapy (PACT) are independent of oxygen and work by directly
targeting biomolecules.'* ™3
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Ir(m) bis-cyclometalated compounds are excellent photosensi-
tisers that have the ability to target crucial cellular proteins,
lysosomes,'*"* endoplasmic reticulum'®'” and due to their
charge and their high lipophilicity they often accumulate in the
mitochondria and lead to mitochondrial dysfunction,'®*>'7-22
and can oxidise NADH.?**! Furthermore, cancer cells are more
abundant in lipophilic charged molecules increasing the uptake
of similar compounds into diseased cells.”®

Two-photon activated Ir(m) photosensitisers have achieved
remarkable 'O, quantum yields (92%);>* large phototherapeu-
tic effects (phototherapeutic index PI >885 and >1234 against
malignant melanoma and non-small-cell lung cancer, respect-
ively) and in vivo tumour growth inhibition (85%);'® and an
endoperoxide Ir(u) prodrug was able to synergistically release
a highly cytotoxic Ir(m) complex, singlet oxygen, and an alkoxy
radical upon two-photon excitation.?

In recent years the focus has shifted to designing Ir(ur) com-
pounds to enhance type I activity that is less reliant on the
intracellular oxygen concentration and thereby avoid reduced
photoactivity under hypoxic conditions.'>">?12673% The strat-
egies in complex design generally involve donor-acceptor
ligands;** binuclear compounds and a chromophore/fluoro-
phore approach.'®*%* Despite significant developments many
of the tested complexes have short comings, such as a low
phototoxicity index'*'>'®?° that decreases under hypoxic
conditions,>?°*' require activation in the visible region
(500 nm),'>"7,20,22:26728,39,40 545055 low solubility or need
encapsulation (@PEG).>**?

Our group previously reported efficient Ru(u) and Ir(ur) PSs
functionalised with pyrene, BODIPY, carbazole, coumarin-6,
Nile red, mono- and dinuclear complexes and multinuclear
compounds with porphyrins.****%'*¢ Recently, we reported
two heteroleptic Ru(u) bipyridyl transition metal (TM) based
PSs, [Ru-2ENR]Cl, and [Ru-3ENR]ClL,, incorporating an
appended Nile red lysochrome in a bid to aid lipophilicity and
efficacy for application in PDT (Scheme 1a).*”*® These com-
plexes had two weakly emissive states originating from an
intraligand charge transfer, 'ILCT* (557/565 nm), and a metal
to ligand charge transfer, >MLCT* (450 nm) transition. In
addition, the more active [Ru-3ENR](PF¢), had a long lived,
ILCT based, non-emissive triplet excited state (1) of 234.7 ps
(Aex 550 nm) that facilitates excellent 'O, generation (e
610 nm, @, 90.4%). Both complexes had significant dark cyto-
toxicity (against human breast cancer SKBR-3 cell line) and the
chloride salt of [Ru-3ENR]** reduced viability of 60% of the
SKBR-3 cells at 10 nM concentrations after 630 nm excitation.
Encouraged by the excellent photophysical properties and the
promising biological behaviour of the ENR chromophore we
set out to generate the Ir(m) analogues, with the aim of improv-
ing the photodynamic activity and cellular uptake. Following a
fluorophore attachment design approach an ethynyl linker is
found to tune the excited state properties: red-shift the absorp-
tion and promote ILCT and intraligand fluorescence.??**

Herein we report the synthesis, characterisation and biological
studies of two novel Ir(m) Nile red photosensitisers (Scheme 1b
and c). The photodynamic activity of the compounds was tested

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

\/
[Ru-3ENR]?*

0

\ 7 "~ N7

o 3ENR-bpy

—~ =~

= =0
SNLY

(iv) 30 %

(V)lBENR

[Ir-2ENR])*

(v) 36 % [Ir-3ENR]*

Scheme 1 (a) Ruthenium(i) analogues [Ru-2ENR]?* and [Ru-3ENRI]?*;
(b) "Off-the-complex” synthesis of [Ir-3ENR]PF¢ (i) 3ENR and 5-Br-2,2'-
bipyridyl (1.5 equiv.), Pd(PPhs),4 (10 mol%), MeCN/EtsN, 80 °C, 20 h, 17%;
(i) Ir0, 3ENR-bpy (2.0 equiv.) CHCls, 60 °C, 4 h, counterion metathesis
with KPFg, 58%. (c) “On-the-complex” synthesis of [Ir-2ENR]PFg and [Ir-
3ENRIPFg (iii) Ir0, 5-Br-2,2'-bipyridyl (2.0 equiv.), CH,Cl,, 40 °C, 18 h,
counterion metathesis with KPFs, 73%; (iv) Irl, 2ENR (2.5 equiv.), Pd
(PPh3)4 (10 mol%), MeCN, EtzN, 80 °C, 24 h, 30%; (v) Irl, 3ENR (2.0
equiv.) CHClz, 60 °C, 4 h, 36%.

on human breast cancer epithelial cells (SKBR-3) through dark
and light-activated toxicity measurements. Detailed studies to
explore the mechanism of cyto- and phototoxicity under nor-
moxic and hypoxic conditions were performed on MCF-7 cells
using the more effective [Ir-3ENR]CL

Impressively, this mitochondria-accumulating Ir complex
showed excellent cyto-and phototoxic activity (on activation by
630 nm and 520 nm light) and its activity was enhanced under
hypoxic conditions making it unusual in comparison to
known type I PDT agents.

Results and discussion
Synthesis

Two synthetic pathways: ‘off-the-complex’ and ‘on-the-
complex’ were employed for the preparation of the heteroleptic
Ir(m) phenylpyridine (ppy) complexes, incorporating NR-
appended bipyridyl (bpy) ligands, [Ir-2ENR]PFs and [Ir-3ENR]
PFs;, (where 2ENR = 2-ethynyl-9-(diethylamino)-5H-benzo[a]
phenoxazin-5-one; 3ENR = 3-ethynyl-9-(diethylamino)-5H-
benzo[a]phenoxazin-5-one) (Scheme 1). In the ‘off-the-
complex’ approach the extended ligand 3ENR-bpy was pre-
pared by Sonogashira®® cross coupling of the 3ENR moiety

This journal is © the Partner Organisations 2026
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with 5-Br-bpy and subsequently reacted, with the p-chlorido-
bridged Ir(m) dimer®*~? (Ir0) (Scheme 1b). The low yield (17%)
and poor solubility of the 3ENR-bpy ligand made this route
challenging so both complexes were prepared using an “on-
the-complex” method, where the 2ENR and 3ENR chromo-
phores were cross coupled to the yellow octahedral complex
Ir1 > to yield [Ir-2ENR]JPF, and [Ir-3ENR]PF, as dark purple
solids (30% and 36% yields respectively) (Scheme 1c). The suc-
cessful formation and purification of 3ENR-bpy, [Ir-2ENR]PF,
and [Ir-3ENR]PF, were confirmed via HRMS and nuclear mag-
netic resonance (NMR) spectroscopy (Table S1 and Fig. S1-S5).
The two complexes have unsymmetrical structures resulting in
individual signals for all the protons in the aromatic region
and complicating the 'H and "*C NMR spectra. Analysis of the
chemical shifts and assignments can be found in the SI.

For the biological studies the complexes were converted to
their chloride salts as these are more soluble in aqueous
media. Anion exchange was achieved via silica column chrom-
atography using a KCl eluent (CH3;CN, H,O, KCl(aq),
100:10:1 v/v/v). Purity and complete anion exchange were
confirmed via *>Cl and '°F NMR spectra (Fig. S6-S9).

Steady-state UV-vis absorption and emission studies

The UV-visible absorption spectra of [Ir-2ENR]PF4/Cl and [Ir-
3ENR]PF,/Cl recorded in acetonitrile (MeCN) exhibit bands
that are characteristic of cationic heteroleptic iridium(u) com-
plexes. The high energy, intense bands are attributed to spin-
allowed ligand centred ('LC) n-n* transitions of ppy and bpy
ligands (Fig. 1a and b). The bands and shoulders between
300-440 nm were ascribed to spin-allowed charge transfer (CT)
bands, a combination of metal-to-ligand charge transfer
(*MLCT) and ligand-to-ligand charge transfer (‘LLCT) tran-
sitions.>* The bands between 440 nm and 700 nm for the com-
plexes were assigned to NR-centred 'ILCT, with [Ir-3ENR]PF
exhibiting the highest molar extinction coefficient (&) in MeCN
only and with the Cl counter ion red-shifting this transition
(MeCN). The absorption of 3ENR complexes were red shifted
compared to their 2ENR analogues in MeCN, due to increased
conjugation and the 'MLCT presented as a shoulder
(Table S4). Assignments were made based on comparison to
the spectra of the Ru(u) analogues, [Ru-2ENR](PFg),, [Ru-
3ENR](PFs),, and the free 3ENR-bpy ligand (Fig. S13a, b and
Table 1).*” The assignments for the new complexes also align
with a detailed analyses of their electrochemical properties
(see SI, Fig. S10-S12 and Table S2).

Solvent polarity had a significant influence on the NR-
centred 'ILCT transitions (Fig. 1c). These exhibited positive
solvatochromism, blue-shifting the A;.x in the non-polar
toluene (553 nm) compared to the polar methanol (581 nm),
showing similar behaviour to the free 3ENR-bpy ligand
(Fig. S13, S14 and Tables S3, S4). As expected, the 'MLCT
absorption bands at circa 340 nm are less affected by solvent
polarity (Table S5). The 'ILCT absorption is more sensitive to
the solvent environment in the ClI salts, where overall, we see
more red-shifted absorption and higher extinction coefficients
when in the same solvent (Fig. $11 and Table S5).*”>°
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Fig. 1 (a) UV-Visible absorption (solid) and emission (dashed) spectra of
(a) [Ir-2ENR]PF¢/Cl and (b) I[Ir-3ENR]PF¢/Cl in MeCN, 298 K. (c)
Excitation (solid) and emission (dashed) solvatochromism studies of [Ir-
3ENRICLl in MeCN, MeOH, and Toluene.

When exciting into the 'CT absorption band (1. 560 nm,
MeCN) of 3ENR-bpy, a featureless emission band centred at
635 nm is observed (Fig. S13b), which is assigned to a 'CT*
emission supported by the blue-shifted emission at low temp-
erature measurements (Fig. S13c). The emission profile under
inert atmosphere showed minimal changes confirming the
fluorescent nature of the excited state and its singlet state
origin (Fig. S13d). The short emission lifetime (zem, 4.04 ns),
and the high quantum yield (®c,, 71.1%) further support this
assignment.

For the Ir(m) complexes, excitation into either the "MLCT
(ex Circa 340 nm) or into the 'ILCT absorption bands, leads to
emissions centred at around 630 nm in MeCN (Fig. 1a and b
and Fig. S15). The profile of the emission spectra recorded

Inorg. Chem. Front.
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Table 1 Photophysical data of the generated complexes [Ir-2ENR]PFg/Cl, [Ir-3ENR]PF¢/Cl, [Ru-2ENR](PF¢), and [Ru-3ENR](PFg),, and the ligand
3ENR-bpy

Compound Aabs ‘ (nm) b (104 M71 Cmil) j'ex (nm) ﬂem ¢ (nrn) (pem (OA)) Tem f(ns) T (pS) ¢A (0/0)
[Ir-2ENR]PF, 260 4.10 550 630 2.47 4.40% 97.3/ 4.3"
338 2.74 101.6F 4.0°
553 1.78 ,
[Ir-3ENR]PF, 265 5.28 560 635 4.87 3.76° 125.4/ 6.4"
331 3.16 88.1* 9.7°
562 3.48
[Ir-2ENR]CI 262 5.25 557 630 — — — —
339 3.59
567 2.83
[Ir-3ENR]CI 268 3.95 568 633 — —
578 2.82
[Ru-2ENR](PF), 450 1.19 450 640 2.4/0.6 726.42" 123.4! 42.3"
460 3.35 560 635 —/0.6¢ _ 140.2™ 77.2°
[Ru-3ENR](PFy), 450 1.26 450 650 2.3/0.6° 1785.42/ 206.0' 51.0"
565 4.73 565 635 —/0.47 234.7™ 90.4°
3ENR-bpy 275 4.00 560 635 71.1¢ — — —
313 4.20
357 1.90
557 6.19

“In MeCN [10~° M], 298 K. ” Molar extinction coefﬁaent at the absorption maxlma, MeCN [107° M], 298 K. “ Emission maximum in degassed
MeCN, excited at the correspondlng Jex value. ?Fluorescence quantum yield in Ar with Nile red as a standard (®; 76% in MeCN).*’

Phosphorescent quantum yield in Ar with [Ru(bpy);](PFs), as a standard (&, 9.5% in MeCN) 57/ Emission lifetime (A 458 nm). € Fitted monoex-
ponentially. ” Fitted with a biexponential equatlon (268.97 x 43.31% + 1075.90 x 56.69%). ' Fitted with a biexponential equatlon (784.80 x 57.50%
+ 3139.19 x 42.50%). JTrlplet state lifetime, in deaerated MeCN excited at 355 nm [10™° M], 298 K Triplet-state lifetime, in deaerated MeCN
excited at 550 nm [10~° M], 298 K. Trlplet state lifetime, in deaerated MeCN excited at 450 nm [10~° M], 298 K. " Triplet-state lifetime, in deaer-
ated MeCN excited at 565 nm [10™> M], 298 K. ”Smglet oxygen quantum yield (dex 534 nm) with diiodobodipy as the standard (@, 83% in

CH,Cl,).*® ? Singlet oxygen quantum yield with methylene blue as the standard (@, = 57% in CH,Cl,) in MeCN, A, = 610 nm.

under inert atmosphere closely match that of 3ENR-bpy and
the 'ILCT* emission bands for the previously reported Ru(i)
analogues, [Ru-2ENR](PF¢), and [Ru-3ENR](PF),, therefore
these are assigned as 'ILCT-based emission.?” Positive solvato-
chromism was observed in the emission spectra for the Ir(u)
complexes, following the trend observed for Nile red and its
derivatives (Fig. 1c and Fig. S13, S15).>® Independent excitation
into the "MLCT or the 'ILCT bands leads to the same emission
wavelengths for the two Ir(m) complexes in different solvents
(Fig. S15e and f).

The emission spectra of [Ir-2ENR]PFs and [Ir-3ENR]PF, in
aerated solutions showed (small 17 and 5% respectively)
oxygen response when excited into the '"MLCT (1o 340 nm)
and negligible response when the 'ILCT (1o 550/560 nm) was
excited, again indicating the primarily singlet character of the
excited state (Fig. S16a and b).

Hypsochromic shifts are observed upon cooling to 77 K,
confirming the charge transfer nature of the observed emis-
sions (Fig. S16c-f). Short emission lifetimes (zenm), 4.40 ns
(630 nm) for [Ir-2ENR]PFs and 3.76 ns (635 nm) for [Ir-3ENR]
PFg, after 458 nm excitation, confirm fluorescence originating
from the 'ILCT transition.

The quantum yield of emission (®.,,) was calculated using
NR as a reference (@, 76% in MeCN) and found to be 2.4%
and 4.8% for [Ir-2ENR]PFs and [Ir-3ENR]PFs respectively
(Table 1).

As for the Ru(u) analogues, the emission quantum yield
indicates strongly quenched singlet fluorescence, due to

Inorg. Chem. Front.

incomplete S; — T; ISC. This has been previously reported for
Ir(m) complexes containing highly emissive chromophores like
pyrene and rhodamine that are distant from the transition
metal centre.”**°

Time-resolved spectroscopy

The time-resolved emission spectra after 510 nm laser exci-
tation show a peak centred at 626 nm for [Ir-2ENR]PF, and
633 nm for [Ir-3ENR]PF, that decays within 4 ns indicative of
singlet excited states and in support of the steady-state
measurements (Fig. 2a and b).

Nanosecond time-resolved difference spectra reveal signifi-
cant bleaching at circa 560 nm nm for [Ir-2ENR]PF¢ and [Ir-
3ENR]PF, after exciting the 'MLCT (355 nm) and the 'ILCT
bands (550 nm), due to the depletion of the ground state in
the Nile red moiety (Fig. 2c and d and Fig. S17). The triplet
excited state lifetimes (zr) at the bleaching peaks were 97.3/
101.6 ps for [Ir-2ENR]PF¢, and 125.4/88.1 ps for [Ir-3ENR]PF,
(Table 1 and Fig. S18).

The long-lived triplet state lifetimes indicate a non-emissive
*IL* or *ILCT* states as for the Ru(n) analogues previously sup-
ported by computational studies.”” The diminished contri-
bution from the metal centre results in very weak spin-orbit
coupling to enable the triplet state to relax back to the ground
state via ISC, and as the T; — S, transition is strongly spin-for-
bidden it results in long-lived triplet state lifetimes.®® The
photophysical processes are depicted in a simplified Jablonski
diagram (Scheme S1).

This journal is © the Partner Organisations 2026
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Fig. 2 Time-resolved emission spectra of (a) [Ir-2ENR]PFg and (b) [Ir-
3ENRIPFg, 1ex 510 nm, MeCN and of [10~° M], 298 K. Nanosecond transi-
ent absorption spectra of (c) [Ir-2ENR]PFg and (d) [Ir-3ENRI]PFg excited
with nanosecond pulsed laser at 550 nm in deaerated MeCN and of
[107° M], 298 K.

Singlet oxygen quantum yield

0, is a highly reactive, cytotoxic agent and has a central role
in PDT, therefore it was important to determine the 'O,
quantum yields (@,) of the complexes. This was carried out via
the relative spectroscopic method using 1,3-diphenylisobenzo-
furan (DPBF) as an 'O, scavenger, with diiodobodipy as the
reference (83% in CH,Cl,) (Fig. S19 and S20).%® [Ir-2ENR]PFg
and [Ir-3ENR]PFg have low @,, 4.3 and 6.4% respectively, com-
pared to the two Ru(un) analogues which had &, values of
42.3% and 51.0% (dex 550 nm, MeCN). Liu et al. previously
reported TM complexes having non-emissive rhodamine-based
*IL states, which had @, values inversely proportional to their
related ®c,,.°° The Ru(u) and Ir(m) NR complexes show a paral-
lel trend, where [Ir-3ENR]PFs had a &, value over 10 times
greater than its Ru(u) analogue (®e, 4.8% versus 0.4%), while
its @, was circa 10 times lower than [Ru-3ENR](PFg), (6.4%
versus 51.0%). Following the rhodamine family’s example and
explanation, the more efficient ISC led to lower residual fluo-
rescence and lower @, and simultaneously greater population
of the NR-based ‘dark’ long-lived T;* state that can generate
'0,, resulting in higher ®,.

The ®, was remeasured using a longer excitation wave-
length, A.x 610 nm, closer to the optimum therapeutic window
for PDT (650-850 nm), using methylene blue as the standard
(@A 57% in CH,Cl,) (Fig. S20). There was a significant increase
in @, for [Ir-3ENR]PF¢ (9.7%) while for [Ir-2ENR]PFg (4.0%)
the @, remained the same. The data supports the fact that
lower energy excitation is suitable to activate these compounds
when considering them for PDT applications.
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View Article Online

Research Article

Biological studies with SKBR-3 cell line

The dark and phototoxicity of [Ir-2ENR]CI and [Ir-3ENR]CI
were evaluated using the SKBR-3 cell line (a human breast
cancer cell line) for comparison with the previously reported
Ru(n) analogues. The two PSs were added at varying concen-
trations to determine the concentration at which at least 80%
of the cells survive (Fig. 3a, b and Fig. S21). The PSs were incu-
bated with the cells for 24 h, after which time, the cell viability
was then tested with the Alamar Blue assay (24 h) followed by
another 48 hours of incubation and cell viability testing (72 h)
(Fig. 3a, b and Fig. S22). At 10 nM concentrations the cell viabi-
lity was sufficient for the phototoxicity studies (Fig. 3a and b).

Phototoxicity of the complexes was determined by irradiat-
ing cells, incubated with the PSs for 4 h, with 630 nm (33 J
ecm~?) light for 15 min. After irradiation, cell viability was
tested immediately (4 h, Fig. 3c). The cells were then incubated
in the dark for 48 h, after which time cell viability was tested
again (52 h) (Fig. 3d). After 4 h, a 20% cell viability decrease
was observed when incubated with [Ir-2ENR]CI or [Ir-3ENR]|CI,
however after a further 48 h incubation [Ir-3ENR]CI killed circa
80% of the cells, surpassing the toxicity of the previously
reported Ru(u) analogue that killed 60% of the cells at the
same concentration. The two 3ENR-bearing complexes showed
increased @, compared to their 2ENR analogues, which
explains the enhanced photodynamic action seen for [Ru-
3ENR]|C], and [Ir-3ENR]CL. [Ir-3ENR]CI exhibited the highest
potency 48 h after irradiation which was surprising as the Ru
analogue had higher @,.

(a) 24h (b.) 72h

== Control
) [Ir-2ENRICI
[Ir-3ENR]CI

]
3

Cell viability (%)
a
3

Cell viability (%)

A R R N T
Concentration (uM) Concentration (M)
d.) = Control
(c) 150, 150

2 [Ir-2ENR]CI 0.01 uM
@ [Ir-3ENR]CI 0.01 uM

Cell viability (%)

Fig. 3 Dark toxicity (a and b). Cell viability of SKBR-3 cells incubated in
dark conditions with different concentrations of [Ir-2ENRICL, [Ir-3ENR]
Cl, (0.01, 0.05, 0.1, 0.5 and 1 yM), and control (0 pM) at (a) 24 h and (b)
72 h. Photodynamic treatment effects after 15 min irradiation (c and d).
Cell viability of SKBR-3 cells incubated without (control) or with 0.01 uM
of [Ir-2ENRICIL and [Ir-3ENR]CI for 4 h followed by cell wash. Cell viabi-
lity was determined immediately after incubation (c) (4 h) either in dark
conditions (not irradiated) or after 15 min irradiation at 1, 620—630 nm
(irradiated) and (d) after further 48 h in standard culture conditions
(52 h). Experiments were carried out in triplicate. Asterisks indicate stat-
istically significant differences in the cell viability between not irradiated
control and product at each time-point and condition (*p < 0.05).
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Product internalisation experiments performed via confocal
imaging at a concentration of 10 pM showed that both Ir(u)
complexes were internalised successfully (Fig. 4). The uniform
distribution of the product within the cells confirmed that the
PSs probably entered the cells via diffusion. If the product was
taken up by the cells via endocytosis, the product would have
been trapped in vesicles and would be seen as discrete dots
and not diffused.

Phototoxicity studies showed that while having a lower @,
(Aex 610 nm, D, 9.7%, PF salt) [Ir-3ENR]CI is more potent at
killing cells after irradiation than [Ru-3ENR]|Cl, @,
(Aex 610 nm, @, 90.4%, PF, salt). One of the factors contribut-
ing to this is that the Ir(ur) complex is taken up by the cells
much more efficiently, resulting in a higher concentration
within the cells. It was also conceivable that the complex’s tox-
icity stems from an oxygen-independent pathway (type-I and
type III). Due to its improved cellular uptake and PDT behav-
iour, [Ir-3ENR]CI was identified as the lead compound and
further studies were carried out to investigate its mode of
action.

Biological studies with MCF-7 cell line

The cyto- and photocytotoxicity of [Ir-3ENR]CI were evaluated
on the MCF-7 human breast adenocarcinoma cell line. The

Plasma
membrane

Orthogonal

Photosensitiser projection

he ¥

[Ir-2ENR]CI

[Ir-3ENR]CI

Fig. 4 Product internalisation. Live SKBR-3 cells incubated with 10 yM
of [Ir-2ENR]CL and [Ir-3ENRICL, for 4 h and observed under confocal
microscope. To analyse the localisation of the product, fluorescence
mode was used. Product fluorescence emission was detected in the
range of lem 580-699 nm by exciting the cells using a Aex 488 nm laser
(15% of laser power). Wheat germ agglutinin (WGA) fluorescence emis-
sion (membrane) was detected in the range of Ae,, 500-530 nm (green)
by exciting the cells using a l.x 488 nm laser (12% of laser power).
Maximum projection and orthogonal projection of z-stacks. Scale bar
20 pm.
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complex showed significant ‘dark’ cytotoxicity, presenting ICs,
values in the low micromolar range after 24 h, and 72 h incu-
bation, under normoxic conditions (O, 21%) (Table 2).
Prolongation of the incubation time from 24 h to 72 h only
slightly increased the toxicity of the complex, demonstrating
its efficient and quite fast accumulation. High levels of cellular
uptake of the Ir(m) complex were confirmed by inductively
coupled plasma mass spectrometry (ICP-MS), with accumu-
lation in the MCF-7 cells exceeding 300-fold, compared to the
cell medium. The cytotoxicity of the complex was retained
under hypoxic (O, 1%) conditions and had similar values to
the normoxic at 24 h and 72 h. For the phototoxicity measure-
ments, non-toxic concentrations of the Ir(m) complex were
used to determine the PDT activity of the compounds on the
MCF-7 cell line. The Nile red complex exhibited a significant
increase in toxicity after 520 nm monochromatic light acti-
vation (5 min, 82 mJ cm™?, 273.2 uW cm™?) under normoxia,
reducing the ICs, value to nanomolar levels (Table 2). Light
activation amplified the toxicity, shown by the high photother-
apeutic index (PI = 179), that was calculated as the ratio of
‘dark’ and irradiated ICs, values (IC5,%™/IC5,™). The photo-
toxicity under hypoxia®* (1%) was further increased by 5-fold,
making the Ir(m) complex an excellent PDT agent, suitable to
be used under decreased oxygen concentration (HCR™ hv
IC50™P/IC5,"°™ = 0.176).

To explore where ROS are involved with the cytotoxicity and
photocytotoxicity of the complex, in vitro ROS generation
studies were carried out using different fluorescent probes.®
After the incubation of MCF-7 cells with non-toxic concen-
trations of [Ir-3ENR]CI (ICs0/4 and IC5/2) in the dark, the fluo-
rescent intensity of singlet oxygen sensor green (SOSG, sensi-
tive towards singlet oxygen), hydroxyphenyl fluorescein (HPF,
sensitive towards hydroxyl radical), 2',7"-dichlorodihydrofluor-
escein diacetate (DCFDA, often used as total ROS indicator,
but most sensitive towards H,0,), and hydroethidine (HE,
used as O,"~ probe) were measured (Fig. 5a). All used probes
showed increased fluorescence intensity compared to the
control, indicating high '0,, H,0,, "OH, and O,"~ generation
in a concentration-dependent manner. Mitochondrial super-
oxide production was also detected using MitoSox probe,
which showed increased fluorescence after incubation with
[Ir3ENR]CI (Fig. 5a). A liposoluble peroxidation sensor, C11-
BODIPY**"*?' was used to assess cell membrane damage.
Lipid peroxyl radicals (ROO") oxidise the probe and alter its
fluorescence properties, switching its emission from red to
green. Incubation of MCF-7 cells with [Ir-3ENR]CI caused for-

Table 2 Dark- and light-activated cytotoxicity values (ICso) against the MCF-7 line under normoxic (21% O,) and hypoxic (1% O,) conditions, cellu-
lar uptake (measured by ICP-MS as the ratio of the Ir accumulated in cells vs. Ir added to the medium), and calculated phototherapeutic index (Pl =
IC50%™/IC50™) and hypoxic cytotoxicity ratio (HCR = ICs50™P/IC50™°"™) values for [Ir-3ENR]CL determined against MCF-7 cell line

[Ircell]
MCF-7 cell line Time ICs, [uM] normoxia ICs, [uM] hypoxia HCR ICs,"™ [nM] normoxia ICs," [nM] hypoxia PI™ HCR™  [IFmedium]
[Ir-3ENR]CI 24h 7.50+3.35 6.83 + 3.76 0.91 42.50 £12.58 7.47 £1.85 179 0.176 344
72h  1.07 £ 0.40 1.40 +0.33 1.31 — —
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Fig. 5 The level of ROS measured by selective fluorescent probes
induced in MCF-7 cells after 24 h treatment with [Ir-3ENR]CL. (a) ROS
production under normoxic conditions and without irradiation, (b) ROS
production (H,O,, "OH, 'O, and O,™") under normoxia after irradiation
and (c) ROS production under hypoxia and irradiation [DCF — 2',7'-
dichlorodihydrofluorescein diacetate (H,O,); HPF — hydroxyphenyl flu-
orescein (‘OH, ONOO"); SOSG - Singlet Oxygen Sensor Green (*O,); HE
— hydroethidine (O,7); MitoSox™ (O,"~ in mitochondria) and lipid per-
oxidation sensor C11-BODIPY %8/5°! (ROO)].

(b) hv/Normoxia (c)
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g

mation of lipid peroxyl radicals, indicating cell membrane
damage (Fig. 5a).

ROS generation under normoxic conditions after irradiation
(5 min, le 520 nm, 82 mJ cm™?, 273.2 pW cm?) was also
explored using non-toxic concentrations of the compound
(IC50™/4 and IC5™/2, 10.63 and 21.25 nM, respectively).

Irradiation amplified the ROS generation ability of the com-
pound and revealed mainly elevated levels of H,0,, as well as a
small increase in "OH, and O, production (Fig. 5b). Under
hypoxic conditions at non-toxic low nanomolar concentration
(hypoxic IC5,™/4, 1.86 nM and ICs,"/2, 3.74 nM) the com-
pound still maintained its ability to increase ROS production
following photoexcitation (Fig. 5c).

To verify the role of ROS in [Ir-3ENR]CI triggered cyto-
toxicity, several ROS scavengers were employed. Cells were co-
treated with a low concentration of N-acetylcysteine (NAC), a
thiol-containing, broad-spectrum antioxidant and glutathione
precursor;®* sodium azide (NaNj), a classical singlet oxygen sca-
venger;>® or p-mannitol, a specific hydroxyl radical scavenger;*®
together with [Ir-3ENR]CIL. Co-treatment with these ROS scaven-
gers inhibited the intracellular ROS generation induced by the
complex (Fig. 6a and c) and, as expected, led to a reduction in
the cytotoxic activity of [Ir-3ENR]CI (Fig. 6b and d), as assessed by
resazurin assay. Both mannitol and NaNj; influenced ROS gene-
ration and [Ir-3ENR]CI cytotoxicity, confirming engagement of
ROS, type-I and II in the mechanism of cell death.

Co-treatment of cells with ROS scavengers reduced the ROS-
generation ability of [Ir-3ENR]CI even after irradiation (Fig. 7a
and b), confirming that the phototoxicity activity of the Ir com-
pound is based on both type I/II mechanisms. Although co-
treatment with ROS scavengers significantly reduced intra-
cellular ROS levels, cell viability following irradiation was not
restored (Fig. S23). This indicates that ROS formation contrib-
utes to, but is not solely responsible for, the photocytotoxic

This journal is © the Partner Organisations 2026
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Fig. 6 ROS levels (a and c) and the viability (b and d) of MCF-7 cells
after 24 h treatment with [Ir-3ENR]CI (2 uM) without or with the antioxi-
dants NAC (5 mM), NaN3z (2 mM), or b-mannitol (50 mM) under normoxic
(a and b) or hypoxic (c and d) conditions.
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Fig. 7 ROS levels of MCF-7 cells after 24 h treatment with [Ir-3ENR]CL
(0.021 pM) without or with the antioxidants NAC (5 mM), NaNz (2 mM),
or p-mannitol (50 mM) under normoxic (a) or hypoxic (b) conditions
after irradiation (5 min, Aex 520 nm, 82 mJ cm™2, 273.2 yW cm™2).

effect of the Ir complex. Most likely, the observed cytotoxicity
arises from additional ROS-independent photochemical
mechanisms, including direct photoinduced electron transfer
and organelle-localized photodamage, which are not efficiently
mitigated by the antioxidant scavengers. This behaviour can
be observed in mitochondria-localized Ir and Ru photosensiti-
zers, where phototoxicity arises from rapid, localized mito-
chondrial damage and disruption of bioenergetic and redox
homeostasis. Once mitochondrial integrity or respiratory func-
tion is compromised, downstream cell death pathways proceed
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(a.) Mitotracker (b.) [Ir-3ENR][CL]

(c.) Overlaping

Fig. 8 Fluorescence images of MCF-7 cells showing subcellular localiz-
ation of [Ir-3ENRICL (1 pM, incubation 24 h). (a) MitoTracker Green was
used to image mitochondria, green colour arises from the organelle-
specific dye, (b) red colour comes from [Ir-3ENRICl complex emission,
(c) yellow colour represents overlap of the red luminescence of the
complex and green emission from the dye indicating co-localization.
Scale bars 20 pm.
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Fig. 9 ICP-MS analysis of the distinct cellular compartments of MCF-7
cells after 24 h treatment with 2 uM [Ir-3ENRICL.

irreversibly and cannot be suppressed by diffusible antioxidant
scavengers.®>%°

The subcellular localisation of [Ir-3ENR]CI was assessed
after exposure of the cells to the compound for 24 hours. For
co-localization studies, cells were co-stained with the green-
fluorescent dye MitoTracker™ (Thermofisher Scientific) and
revealed that [Ir-3ENR]CI accumulated in the mitochondria
(Pearson correlation coefficient PCC = 0.852) (Fig. 8).

To further confirm the subcellular localization of [Ir-3ENR]
Cl, subcellular fractionation was performed to isolate distinct
cellular compartments. ICP-MS analysis of the resulting frac-
tions confirmed that the [Ir-3ENR]CI complex accumulated pri-
marily in the fraction containing the plasma membrane, mito-
chondria, and ER/golgi structures (Fig. 9).

Conclusions

In summary, two novel Nile red containing Ir(iu) bis-cyclometa-
lated complexes were synthesised and fully characterised.
Their spectroscopic and photophysical properties were investi-
gated by steady-state and time-resolved absorption and emis-
sion spectroscopy. The results indicate the presence of a low
energy non-emissive *ILCT state located on the NR moiety,
that is beneficial for the potential PDT activity.

Despite the lower singlet oxygen quantum yield of [Ir-3ENR]
Cl, biological studies conducted with SKBR-3 cells revealed

Inorg. Chem. Front.
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that this Ir(m) compound possesses excellent phototoxic
activity. This has been observed recently in bipyridyl Ru(u) and
Ir(m) complexes containing coumarin which similarly have
relatively low singlet oxygen yields, yet perform well under nor-
moxic and hypoxic conditions as type I/Il PDT agents.®”*® As
in the former case, we propose that under hypoxia the electron
transfer pathway takes over with superoxide behaving as an
electron donor.®®

The cyclometalated Ir(m) frame led to excellent cellular
uptake in both SKBR-3 and MCF-7 cell lines due to the
increased lipophilicity.

The photodynamic activity of [Ir-3ENR]CI was further inves-
tigated on MCF-7 cells, including normoxic and hypoxic photo-
toxicity, scavenger assay, accumulation, localisation and
in vitro ROS generation studies. The results show that the Ir(u)
Nile red complex demonstrated hypoxia-tolerant type I and II
photodynamic behaviour, efficiently generating H,0,, OH’,
'0, and O, even at extremely low concentrations (3.74 nM)
under decreased oxygen concentration. The complex localised
in mitochondria and disturbed their function as evidenced by
increased mitochondrial superoxide production. [Ir-3ENR]CI
appeared to be an extremely efficient photosensitizer and has
a high phototoxicity index (PI = 179). Furthermore, its photo-
toxicity increased five-fold under hypoxia, making it an excel-
lent fluorescent PDT agent, with light activation beneficially in
the green/red region with promising applications in diagnos-
tics and the PDT treatment of hypoxic tumours. Increase of
the photodynamic effect under decreased oxygen concen-
tration suggests that [Ir-3ENR]CI exerts its phototoxicity via
both oxygen-independent and oxygen-dependent mechanisms.
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