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ABSTRACT: Photodynamic Therapy (PDT) is a powerful technique, as the oxidative stress generated by light 

irradiation induces cell death through apoptosis and necrosis. In type II PDT, iridium(III) complexes exhibiting 

high singlet oxygen quantum yields are potent photosensitizers (PS). Their emission properties under aerated 

conditions also make them valuable theranostic agents for imaging-guided PDT against cancer. We report a series 

of four cationic Ir(III) complexes featuring a 2-pyridylbenzimidazole ancillary ligand substituted at the 5' position 

of the pyridinyl ring with a halogen atom (F, Cl, or Br), along with a halogen-free reference compound. The 

absorption and emission spectra are efficiently tuned by the electron-withdrawing ability of the halogen atoms, 

allowing the emission energy of one complex to reach the tissue transparency window. Two-photon absorption 

(TPA) spectra have been measured, and all complexes display a TPA maximum around 700 nm. All compounds 

efficiently generate both singlet oxygen (1O2) and superoxide anion (O2
●⁻). Cellular studies have shown that the 

complexes are rapidly internalized into mitochondria, produce reactive oxygen species (1O2 and O2
●⁻), and exhibit 

high phototoxicity, with IC₅₀ values as low as 59.9 nM under low light fluence (1.2 J·cm⁻²). These results are 

supported by Time-Dependent Density Functional Theory (TD-DFT) simulations performed in both ground and 

excited states.
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Introduction

Since the early 2000s, phosphorescent iridium(III) complexes have occupied a place of choice in modern 

photochemistry for a large number of applications, such as emissive materials in optoelectronics, 1–4  sensors, and 

luminescent biological probes for confocal microscopy.5–8 Their high photoluminescence quantum efficiency, good 

electrochemical stability and reversibility, as well as synthesis by reliable and robust methods, have made these 

complexes accessible and effective. In addition, the tunability of the emission color, which spans from blue to near-

infrared, is easily achieved by judicious modification of the ligands. 9–18 Finally, the triplet nature of their excited 

states has made them suitable and efficient photosensitizers (PS) for type I and type II photodynamic therapy (PDT), 

as well as for photocatalysis.19,20 The majority of the cationic iridium(III) complexes reported to date derive from 

the archetypical complex: 2,2’-dipyridyl-bis[2’,4’-phenylpyridine]iridium(III) ([(ppy)2Irbpy]⁺, with ppy = 2’,4’-

phenylpyridine and bpy = 2,2’-dipyridine, referred to as [(ppy)2Irbpy] hereafter). 21–23 The highest occupied 

molecular orbital (HOMO) for [(ppy)₂Irbpy] typically receives contributions from both an Ir(III) d-orbital and from 

the π-system of the aryl rings of the cyclometallating ligands, while the lowest unoccupied molecular orbital 

(LUMO) has primarily π*-character localized on the ancillary ligand. The lowest-lying excited state of this family 

of complexes is usually described as a triplet metal-to-ligand charge transfer (3MLCT*) admixed with ligand-to-

ligand charge transfer (ancillary-based, 3L’LCT*, L = bpy or ancillary ligands and L’ = cyclometallated ligand) 

excited state, resulting in a broad emission profile. 9,21,24,25

The luminescence properties of Ir(III) complexes, combined with good-to-high singlet oxygen generation in type 

II PDT, have made these compounds potential candidates as theranostic agents for image-guided surgery and anti-

cancer PDT.26–29 Indeed, most of these complexes display phosphorescence quantum yields of around 2–10% in the 

presence of oxygen, which is intrinsically easy to distinguish from fluorescence due to their longer lifetimes 

(hundreds of ns vs a few ns). 9 Using Ir(III) complexes as theranostic agents implies the ability to selectively target 

tumours. To achieve selectivity towards cancer cells, we aim to exploit their slightly more negative membrane 

potentials, which makes them more prone to accumulate lipophilic cations compared to healthy cells. This enhances 
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the preferential uptake of cyclometallated Ir(III) complexes into cancer cells.30 In addition, tumour cell targeting 

can also be achieved using nanoparticles obtained by self-assembly of Ir(III) complexes or by doping organic 

nanoparticles with an Ir(III) complex.31–36 The main limitation of Ir(III) complexes in PDT lies in the wavelength 

required for their excitation, which generally falls outside the therapeutic window (600–1300 nm). Two-photon 

absorption (TPA) active molecules typically consist of a donor (D) and an acceptor (A) and are structured as dipolar 

or quadrupolar compounds, the latter being recognized as the most efficient.37 Metal complexes exhibiting a charge-

transfer (CT) transition from the metal to an electron-accepting ligand, such as cationic Ir(III), are suitable for TPA 

without requiring special molecular engineering.20 

In the context of PDT, we designed a series of four cationic cyclometallated iridium(III) complexes, Ir–X with X 

= H, F, Cl, and Br, featuring a 2-pyridylbenzimidazole ancillary ligand bearing the halogen atom at the 5’ position 

of the pyridyl ring, in order to tune the photophysical properties, the LUMO of these complexes being mainly 

localized on the diimine ligand.38 These complexes were fully characterized using nuclear magnetic resonance 

(NMR) spectroscopy, high-resolution mass spectrometry, luminescence spectroscopy, two-photon absorption, and 

studied by density functional theory (DFT) computations. Their cellular uptake and localization, as well as their 

ability to generate cellular reactive oxygen species (ROS) and act as photosensitizers (PS) for PDT, were then 

evaluated.

Results and discussion
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Synthesis

The synthesis of the 2-(5’-halogenatedpyridinyl)benzimidazole ligands followed our previously reported two-step 

synthesis procedure on 2-phenylbenzimidazole (Figure 1).39,40 First, a nucleophilic aromatic substitution took place 

between 4-fluoro-3-nitrotoluene and n-butylamine in DMSO at 60 °C. After extraction, the desired product 1 was 

obtained in high yield (97%) without further purification. Ligands 2a–d were obtained by a condensation reaction 

between compound 1 and the appropriate formylpyridine in a methoxyethanol/water mixture, with an excess of the 

reductant sodium metabisulfite, and the mixture was refluxed overnight. The reaction was quenched by addition of 

water, followed by extraction, and the pure compounds 2a–d were obtained after flash chromatography on silica 

gel, except for 2a, which was obtained pure after extraction and solvent evaporation. The complexes were 

synthesized by reacting the desired ligand with di-μ-chloridotetrakis[2-pyridinylphenyl]diiridium(III) in a 

MeOH/CH2Cl2 mixture heated under reflux overnight. At room temperature (r.t.), the reaction mixture was 

concentrated, and a solution of KPF6 was added, leading to precipitation of the complexes. The crude complexes 

were recovered by filtration and purified by simple recrystallization, preceded by filtration over Celite®. Complexes 

and ligands were fully characterized by high-resolution mass spectrometry and 1H, 13C, and 19F NMR when 

appropriate. The spectra are displayed in the supplementary material (Figures S1-S13).

Figure 1: Synthesis of ligand 2a-d and complexes Ir-H, F, Cl, Br. i) DMSO, 60°C overnight; ii) Na2S2O5, 
H2O/MeOEtOH reflux overnight; iii) CH2Cl2/MeOH reflux overnight then KPF6(sat)
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Structural characterizations

X-ray diffraction quality crystals were obtained by slow vapor diffusion of diisopropyl ether into a concentrated 

solution of a complex (Ir–H or Ir–Cl) in acetonitrile. The X-ray crystal structures are presented in Figure 2, and the 

crystal data and structure refinement are given in Table S1. Both Ir–H and Ir–Cl crystallized in a monoclinic Bravais 

lattice with space group P 2₁/c, and the asymmetric units display a single complex with the counterion and a 

molecule of acetonitrile. In addition, both Δ and Λ isomers are present in the lattice, as they are formed in a 1:1 

ratio during the cyclometallation step.41,42 Both complexes exhibit an octahedral geometry around the metal center, 

with slight distortion, as illustrated by the N1–Ir–N2 angle of approximately 172° (Table 1). The bond lengths 

observed in the two complexes around the metal core are similar, along with the corresponding angles: Ir–N1/2 

~2.045 Å, Ir–C1/2 ~2.012 Å, and Ir–N3/4 ~2.151 Å. It is worth noting that the latter bond lengths are longer than 

Ir–N1/2 due to the trans effect, which results from the strong σ-donating ability of the cyclometallating carbon 

atoms.24 Additionally, both Ir–H and Ir–Cl exhibit a weak distortion angle between the pyridyl and benzimidazole 

mean planes, measured at 3.38° and 2.85°, respectively.

Figure 2: X-ray crystalline structures of the complexes Ir-Cl  (left) and Ir-H (right). 
Hydrogen atoms have been omitted for clarity.
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Table 1: Selected experimental and simulated (between square brackets) bond lengths and angles at the ground state of Ir-
H and Ir-Cl.

Parameter Ir-H Ir-Cl

Ir-N1 (Å) 2.044(3) [2.062] 2.051(4)[2.064]

Ir-N2 (Å) 2.045(3) [2.062] 2.040(4)[2.058]

Ir-N3 (Å) 2.170(3) [2.208] 2.164(4)[2.219]

Ir-N4 (Å) 2.130(3) [2.184] 2.142(3)[2.186]

Ir-C1 (Å) 2.011(4) [2.011] 2.007(4)[2.009]

Ir-C2 (Å) 2.014(4) [2.011] 2.017(4)[2.011]

N1^Ir^N2 (°) 171.6(1) [173.9] 172.0(2)[173.6]

C1^Ir^N1(°) 80.8(1)[80.1] 80.4(2)[80.1]

C2^Ir^N2 (°) 80.5(1)[80.1] 80.7(2)[80.2]

N3^Ir^N4 (°) 75.2(1)[75.2] 75.4(1)[75.0]

Ancillary ligand distortion * (°) 3.38[3.41] 2.85[2.25]

* The distortion is measured between the mean plan of the two heterocycles pyridyl and benzimidazole.

Absorption and emission spectroscopy

The absorption properties of the four complexes were investigated in a dilute solution of CH2Cl2 under air at 298 K. 

The data are gathered in 
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Table 2, the spectra in Error! Reference source not found., and individual absorption and emission spectra are 

displayed in Figure S14. Compared with similar complexes already reported,22,43–45 the absorption spectra of the 

compounds can be divided into three main spectral regions. In the UV region (250–340 nm), intense absorption 

bands are observed, corresponding to spin-allowed π–π* ligand-centered transitions (1LC), which can be attributed 

to both the cyclometallating and the chelating ligands. In the second region, ranging from 320 to 480 nm, moderate 

to low absorption bands are assigned to spin-allowed metal-to-ligand charge transfer (1MLCT) transitions (L = 

ancillary ligand), admixed with ligand-to-ligand charge transfer (1L’LCT, with L’ = cyclometallated ligand) 

transitions from the cyclometallating ligand to the π* orbital of the ancillary ligand. The third region, above 490 

nm, shows a very weak absorption tail, which can be attributed to direct absorption from the ground state to the 

3MLCT/3L’LCT excited states. This transition is partially allowed due to the high spin–orbit coupling constant of 

the iridium core (ζ = 3909 cm⁻¹).9 The absorption spectra of the four complexes are similar and only slightly 

influenced by the nature of the substituent at the 5’ position of the pyridine ring. For example, the absorption band 

around 345 nm, corresponding to MLCT or L’LCT transitions, is gradually red-shifted (bathochromic shift) from 

340 nm for Ir–H to 355 nm for Ir–Br, following the electron-withdrawing effect of the halogen atom. It is possible 

to correlate the absorption and/or emission energy (see below) with the Hammett parameter,39,46,47 although it has 

more commonly been applied to oxidation potentials.43,48,49 Assuming that the substituent mainly affects the LUMO 

localized on the pyridylbenzimidazole ligand, the absorption energy shows a linear correlation with the Hammett 

parameter σpara (Figure S15).
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Figure 3: A Absorption and normalized emission spectra in CH2Cl2 at r.t.. B EPR spectra of Ir-X (0.1 mM) in presence 
of DMPO (60 mM) in MeOH before illumination and after 5 min blue light illumination (420 nm). C HOMO, LUMO and 
bandgap energies of the simulated complexes in the ground state. D Simulated spectra of Ir-H, Ir-F, Ir-Cl, Ir-Br and 
hypothetical Ir-I. E Correlation between experimental and theoretical maxima. F Two-photon absorption cross-
section spectra of the Ir-X complexes measured in aerated dichloromethane solutions at room temperature.
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The emission properties of the complexes were investigated in dilute CH2Cl2 solutions under air-equilibrated and 

deaerated conditions at 298 K, as well as in a rigid butyronitrile matrix at 77 K (Figure 3A, Figure S14, and Figure 

S16). All the complexes displayed broad emission in the orange-red region of the spectrum, with good to high 

quantum yields ranging from 0.23 to 0.87. The emission is highly sensitive to oxygen (k[O₂] = 0.9–3.4 × 10⁹ 

L·mol⁻¹·s⁻¹), with long emission lifetimes (τ = 623–1320 ns in deaerated solutions), confirming that the complexes 

are phosphorescent, as expected. The emission energies of the series show a linear dependence on the Hammett 

parameter σpara of the halogen atom at the 5’ position of the ancillary ligand, indicating that the substituent 

influences the energy of the lowest unoccupied molecular orbitals (i.e., the LUMO). All four complexes exhibit 

strong rigidochromism at 77 K (Figure S16), indicating that the emission arises from the radiative deactivation of 

a MLCT/L’LCT triplet excited state to the singlet ground state. This behaviour is typical of this family of cationic 

Ir(III) complexes, where the frontier orbitals are generally localized on the metal and the cyclometallating ring for 

the HOMO, and on the neutral ancillary ligand for the LUMO,9,21 as confirmed by theoretical investigations (see 

below). The ability of the four complexes to generate singlet oxygen via energy transfer was investigated by direct 

observation of 1O2 phosphorescence at 1275 nm in chloroform solution, using phenalenone as a standard. The 

complexes exhibit good to high quantum yields of singlet oxygen generation, ranging from 57% to 87%. 

Interestingly, the complexes, with the exception of Ir-Br, display Φ∆ that match their phosphorescence quantum 

yield in deaerated solutions, indicating highly efficient energy transfer between the complexes and 3O2. Φ∆ is 

correlated with the efficiency of intersystem crossing (ISC), which is considered to be unity in Ir(III) complexes. 

Ir–Br appears to behave differently, as its Φ∆ (66%) is higher than its phosphorescence quantum yield (23%). This 

can be rationalized by its particular sensitivity to O₂, since its k[O2] is of the same order of magnitude as that of 

Ir–H and Ir–F, which display the highest Φ∆ values. Furthermore, it is known that polar solvents can enhance singlet 

electron transfer to 3O2, leading to the formation of superoxide radical anion O2
●⁻.50 To investigate this, the 

complexes were dissolved in methanol with 5,5-dimethyl-1-pyrroline N-oxide (DMPO), a spin trap known to form 

an adduct with O2
●⁻. Electron paramagnetic resonance (EPR) signals were recorded before and after illumination 

at 420 nm (Figure 3B). All Ir–X complexes clearly generate O2
●⁻ in polar media, as evidenced by the characteristic 

DMPO–O2
●⁻ adduct signal (Figure S17).
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Table 2: Spectroscopic data in CH2Cl2 at 298 K.

[a] Ru[bpy]3(PF6)2 in CH3CN was used as reference, [b] deaerated, [c] estimated from 𝜏0

𝜏
= 1 + 𝑘𝑞𝜏[𝑄] with Q = [O2] = 2.2 mmol.L-1 in 

CH2Cl2, [d] singlet oxygen generation quantum yield obtained in CHCl3 from Stern-Volmer plot using phenalenone as standard with 

ΦΔ = 0.98 in CHCl3.

Theoretical investigation

As presented in Table 1, the calculated bond lengths and angles for Ir-H and Ir-Cl complexes are in excellent 

agreement with the experimental data. Notably, the simulations accurately capture the shortening of Ir-N2 and the 

lengthening of Ir-N1 as one transition from Ir-H to Ir-Cl. These findings on ground-state structures give confidence 

in the assessment of the electronic structure of the complexes. Given the similarity of electronic structures across 

all complexes, this part will focus on the specific characteristics of Ir-H (see Figure S18). The Highest Occupied 

Molecular Orbitals (HOMOs) are predominantly localized on the metallic center, with a noteworthy contribution 

from the phenylpyridine moieties. The Lowest Unoccupied Molecular Orbital (LUMO) is strictly localized on the 

ancillary ligand, while LUMO+1 and LUMO+2 primarily reside on the phenylpyridine moiety. It is worth noting 

that for Ir-X (X = halogens), LUMO+2 includes a non-negligible ancillary contribution. Figure 3C-D explicitly 

illustrates that as one progresses from Ir-H and Ir-F to larger terminal halides (X= Cl, Br, and hypothetical I), the 

bandgap diminishes the LUMO stabilization.

To attribute absorption bands with wavelengths exceeding 400 nm, Time-Dependent Density Functional Theory 

(TD-DFT) computations were performed, and bands assignment and oscillator strength is displayed in Table S2. 

The simulated spectra align well with experimental results, showcasing numerous transitions in the 250-420 nm 

range. In all instances, the highest transition, occurring around 480-500 nm depending on the complex, features a 

very small oscillator strength (f ≈ 0.0005) and corresponds to a charge transfer from the metal and phenylpyridine 

moieties to the ancillary ligand. Subsequently, a combination of two transitions is consistently computed with a 

Complex Absorption
(x104 L.mol-1.cm-1) λem /nm Φ [a], [b] [air] τ[b]/ns 

[air] kr 105 / s-1 Σknr 105 /s-1 k[O2] 109 /L.mol-
1.s-1 [c]

ΦΔ
[c]

Ir-H
254 (4.5), 290 (2.8), 315 (2.5), 
244 (2.8), 340 (2.8), 390 (0.9), 

427 (0.3), 475 (0.1)
586 0.76

[0.08]
1260
[262] 6.0 1.9 1.4 0.78

Ir-F
254 (4.6), 300 (2.9), 341 (2.7), 
346 (2.7), 368 (1.3), 378 (1.1), 

467 (0.1)
589 0.87

[0.08]
1320
[213] 6.6 1.0 1.8 0.87

Ir-Cl
256 (5.3), 284 (2.7), 301 (2.3), 
324 (2.4), 350 (2.9), 384 (1.4), 

472 (0.1)
607 0.56

[0.09]
623
[290] 9.0 7.1 0.8 0.57

Ir-Br
257 (4.7), 302 (2.6), 340 (2.6), 
355 (2.7), 388 (1.1), 416 (0.5), 

470 (0.1),
610 0.23 

[0.08]
918
[228] 2.5 8.4 1.5 0.66
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larger oscillator strength (ranging from 0.04 to 0.10). These transitions involve shifts from HOMO, HOMO-1, and 

HOMO-2 to LUMO, LUMO+1, and LUMO+2, representing a mixture of ML’CT, LL’CT, and LLCT.

We now focus the discussion on the first triplet excited states (T0) using the classical ΔSCF procedure (unrestricted), 

since it has been proven to be an accurate and efficient method for such transition metal complexes.39,51,52 First, the 

simulation successfully reproduces the trend in the spectra between Ir-H and Ir-F versus Ir-Cl and Ir-Br (Figure 

3C). Moreover, the overall shape of the simulated spectra closely aligns with the experimental results. However, 

surprisingly, a systematic ~0.20 eV electronic error exists between the theoretical and experimental maxima, as 

illustrated in Figure 3E.

Given the correct overall trend, the consistent electronic error, and the overall well-simulated global band shape, 

our confidence in the reliability of our simulations remains unchanged. We can now examine the localization of 

the electronic density in the excited state (see Figure S19). As observed, the spin densities for all complexes are 

similar, with a concentrated density in the metal, the ancillary ligand, and the phenyl portion of the phenylpyridine 

moieties. This suggests the population of the LUMO, with a significant density transfer from the metal and 

phenylpyridine to the ancillary ligand.

Two-photon absorption

The two-photon absorption spectra and absolute two-photon absorption coefficients of the halogenated Ir-X 

compounds were measured by the two-photon excited fluorescence (TPEF) technique as described earlier.53–55 

The two-photon absorption spectra of the Ir-X complexes along with their linear absorption spectra are shown in 

Figure 3F and individual two-photon absorption spectra are displayed in Figure S 20. As can be seen, the two-

photon absorption spectra show good overall overlap with their one-photon counterparts, the maxima of the two-

photon absorption spectra peaking around 690 nm for all the four compounds with cross section value of about 17 

GM for Ir-H, Ir-Cl and Ir-Br. The maximum two-photon absorption cross section is slightly lower for Ir-F (15 GM), 

but this difference is at the limit of the experimental accuracy of the TPEF method, which also depends on 

concentration accuracy and fluorescence quantum yield values. It is interesting to note that the 3MLCT/3L’LCT 

transition gives a very small, but significant contribution above 900 nm. This low energy absorption band is also 

observed in one-photon absorption (Figure 3F).

Cellular uptake
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We evaluated the four cationic cyclometallated Ir(III) complexes in vitro. Cellular uptake of the complexes was 

first assessed in two different human cancer cell lines and showed that all complexes were rapidly internalized into 

the cytoplasm of A549 and HeLa cells (Figure 4A, Figure S21). These results were confirmed by flow cytometry 

analyses: the peaks and mean fluorescence intensities were similar for all four complexes after 4h, whereas they 

were strongly inhibited when incubated at 4°C (Figure 4B), suggesting that the complexes entered the cells via 

active internalization processes. Ir-F and Ir-H showed a slightly higher uptake than Ir-Cl and Ir-Br. Colocalization 

experiments with organelle-specific fluorescent dyes showed that the red fluorescent signal of all four complexes 

strongly overlapped with the mitochondria markers (Figure 5, Figure S22), as previously observed with most Ir(III) 

complexes.56 Mean Pearson’s correlation coefficients were calculated to assess mitochondrial and lysosomal 

localization. For mitochondrial localization, values ranged from 0.607 to 0.728 in A549 cells and from 0.680 to 

0.712 in HeLa cells (Figure 5C). In contrast, lysosomal localization showed lower correlations, with values of r = 

0.084–0.413 in A549 cells and r = 0.104–0.166 in HeLa cells (Figure 5B). Finally, Ir-Br and Ir-Cl showed a slightly 

higher mitochondrial localization than Ir-H and Ir-F in A549 cells.
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Figure 4: Ir(III) complexes are efficiently internalized in human cancer cells.  Cells were incubated with 1 µmol.L-1 Ir-Br, Ir-F, 
Ir-H, and Ir-Cl. A: Representatives confocal microscopy images of A549 cells after 4h incubation. The compounds fluorescence 
is observed in red. Scale bars = 10 µm. B: Flow cytometry analysis and corresponding quantitative results of the cellular uptake 
of compounds after 4h at 4°C or 37°C. Data are expressed as mean ± SEM (n = 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
Two-way ANOVA with Tukey’s multiple comparisons test.
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Figure 5 : Ir(III) complexes accumulate in mitochondria. A: Confocal images showing the colocalization between the Ir 
complexes Ir-Br, Ir-F, Ir-H, or Ir-Cl incubated at 1 µmol.L-1, and organelle-specific probes (LysoTracker and MitoTracker) in 
A549 cells. Compounds fluorescence (red), MitoTracker orange (yellow), LysoTracker blue (cyan). Scale bars = 10 µm. B: 
Pearson’s correlation coefficients calculated from compounds and lysoTracker signal in A549 and HeLa cells. C: Pearson’s 
correlation coefficients calculated from compounds and mitoTracker signal. Data were obtained from individual cell 
quantification, with 16 to 74 cells analyzed per condition. *, p < 0.05; **, p < 0.01; ***, p < 0.001; Kruskal-Wallis test with 
Dunn’s multiple comparison test.
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Phototoxicity

We investigated the phototoxicity of Ir(III) complexes in cells. We have previously shown that illumination at 

420 nm, in the absence of the compounds, induced only a moderate level of phototoxicity.56 A549 and HeLa cancer 

cells were subjected to increasing concentrations of Ir-Br, Ir-H, Ir-F, or Ir-Cl, and either maintained in the dark or 

exposed to light 4 h after incubation (Figure S23). Cyclometallated Ir(III) complexes showed slightly higher dark 

toxicity in A549 cells compared to HeLa cells, with IC50 in the range of 104-168 nM and 156-230 nM respectively 

(Table 3, Figure 6). Ir-H and Ir-Cl were less toxic than Ir-Br and Ir-F in A549 cells in the dark, while Ir-H was the 

least toxic complex in HeLa cells (Table 3 and Figure 6). It is worth noting that a similar complex with a 2-

(pyridinyl)-1-H-benzimidazole ancillary ligand instead of 1-butyl-5-methyl-2-(pyridinyl)-1-H-benzimidazole used 

for Ir-H, displays lower dark toxicity on A549, and HeLa cells.57 

 

Table 3: Sensitivity of cancer cells to Ir(III) complexes

Ir-Br Ir-H Ir-F Ir-Cl
Cell lines Light

IC50 (nmol.L-1)
Dark 104.3 ± 6.8 158.0 ± 10.2 126.5 ± 9.1 167.8 ± 12.4

1.2 J cm-2 70.5 ± 5.5 62.7 ± 3.8 59.9 ± 5.0 88.7 ± 6.2A549
10 J cm-2 17.2 ± 0.9 12.2 ± 0.7 12.0 ± 0.8 16.9 ± 1.3

Dark 156.3 ± 8.6 230.1 ± 12.6 178.6 ± 12.1 163.3 ± 10.3
1.2 J cm-2 75.9 ± 2.2 72.5 ± 1.7 65.1 ± 2.1 74.7 ± 4.2HeLa
10 J cm-2 9.2 ± 0.4 8.4 ± 0.3 5.5 ± 0.2 11.1 ± 0.3

Concentrations of cyclometallated Ir(III) complexes required to inhibit cell growth by 50% (IC50) after 4 h incubation in A549 
or HeLa cells in dark or after light exposure (420 nm; 1.2 and 10 J.cm-2). Data are expressed as the mean ± SEM of 4 
independent experiments performed in triplicate.
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Figure 6: Concentrations of Ir(III) complexes required to inhibit cell growth by 50% (IC50) after 4 h incubation in A549 or HeLa 
cells in dark or after light exposure (420 nm; 1.2 and 10 J.cm-2). Data represent the mean ± SEM of 4 independent experiments, 
each performed in triplicate. ** p < 0.01; *** p < 0.001; Two-way ANOVA with Tukey’s posthoc tests.

All four Ir-X complexes exhibited significant phototoxicity, reducing cell viability in both A549 and HeLa cancer 

cells, compared to their effects in the dark (Figure S23, Table 3, and Figure 6). Interestingly, all four complexes 

induced similar dose-dependent phototoxicity, with IC50 in the same range (60-80 nmol.L-1) (Table 3, and Figure 

6). It is worth noting that a complex similar to Ir-H, with 2-(2-pyridyl)benzimidazole ancillary ligand,  displayed a 

phototoxicity of 1.39 ± 0.05 µmol.L-1 and 0.95 ± 0.04 nmol.L-1 for HeLa and A549 respectively under almost 

identical irradiation fluence at 425 nm (LED light array with 1.2 J cm−2, 4 mW cm−2, 300 s).57 The complex was 

localized in the lysosomes while the current Ir-X series is localized in the mitochondria, with higher phototoxicity.  

This could be explained by our ligand design which increases the lipophilicity of the cations with the presence of 
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both the alkyl chain and the halogen atom. Indeed, lipophilic cations are prone to target mitochondria and halogen 

atoms are also lipophilic substituents.58  Finaly, it should be noted that Ir-Cl appeared to be slightly less potent in 

reducing the viability of A549 cells than the other complexes at low fluence (1.2 J.cm-2), which could be correlated 

with its ΦΔ, being the lowest of the series of four complexes. 

A minimum concentration of 50 nmol.L-1 was required for all four complexes to induce significant phototoxicity 

in HeLa cells at low fluence (1.2 J.cm-2) (Figure 7). However, at this same concentration, only Ir-H and Ir-F induced 

significant phototoxicity in A549 cells. At higher fluence (10 J.cm-2), significant phototoxicity was induced dose-

dependently from 5 nmol.L-1 Ir-Br, Ir-H, or Ir-F, and from 10 nmol.L-1 Ir-Cl in HeLa cells. Similarly, significant 

phototoxicity was induced from 10 nmol.L-1 Ir-H, or Ir-F, and from 25 nmol.L-1 Ir-Br, or Ir-Cl in A549 cells. These 

data suggest that Ir-H and Ir-F are slightly more effective at inducing phototoxicity than Ir-Br and Ir-Cl, which is 

consistent with their ability to generate singlet oxygen more efficiently and to be better up-taken in cells. Indeed, 

Ir-H and Ir-F display the highest ΦΔ of the series, which is in favor of type II mechanism for the PDT rather than 

type I.

We next assessed the generation of intracellular reactive oxygen species (ROS) by the four Ir-X complexes in A549 

and HeLa cells using the widely adopted nonspecific ROS probe, 2',7'-dichlorodihydrofluorescein diacetate 

(DCFH-DA). As shown in Figure 8A, following incubation with all four complexes, HeLa cells displayed green 

fluorescence signal when exposed to light (420 nm), whereas only weak green fluorescence signal was observed in 

the control cells. The cellular fluorescence signal of DCFH-DA is strongly enhanced after illumination in HeLa 

and A549 cells, in a dose-dependent manner (Figure 8B, and Figure S24). Small variations in the level of ROS 

production were observed between compounds and cells, and as a function of the fluence used. In particular, Ir-Br 

and Ir-Cl appeared to produce slightly more ROS than Ir-F and Ir-H after 5 J.cm-2 light exposure in HeLa cells. 

Similarly, Ir-Br produced slightly more ROS than Ir-F after exposure in A549 cells that received 5 J.cm-2.

Page 18 of 37Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
6/

20
25

 4
:5

3:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00964B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00964b


19

Figure 7: Cyclometallated Ir(III) complexes induced phototoxicity in A549 and HeLa cells, in a concentration and light-dose 
dependence manner. A549 and HeLa cells were treated with increasing concentrations of Ir-H, Ir-F, Ir-Br or Ir-Cl for 4 h before 
light exposure at 420 nm (1.2 J.cm-2 in yellow, and 10 J.cm-2 in red). Control groups that were not illuminated (shown in black) 
were kept in the dark. Cell viability was assessed 72 h following light exposure. Data are expressed as the mean ± SEM of 3 
independent experiments in triplicate. * p < 0.05; ** p < 0.01; *** p < 0.001; ANOVA with Tukey’s posthoc tests.
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Figure 8: Cyclometallated Ir(III) complexes generate cellular ROS in A549 and HeLa cells after light exposure. HeLa and A549 
cells were incubated with 100 nmol.L-1 Ir-H, Ir-F, Ir-Br or Ir-Cl for 4 h before light exposure at 420 nm (fluency 1.2 and 5 J.cm-
2) and intracellular ROS detection by DCFH-DA. A: Confocal images of HeLa cells. Ir-H, Ir-F, Ir-Br or Ir-Cl (in red), intracellular 
ROS detection by DCFH-DA (in green). Nuclei are stained with Hoechst 33342 (in blue). Scale bar = 10 μm. Images are 
representative of 2 independent experiments. B: Quantification of ROS production in HeLa and A549 cells. Each dot 
represents the mean emission intensity of the DCFH-DA dye in a single cell. Bars: mean ± SD (n = 2 independent experiments, 
performed in duplicates). 100 µmol.L-1 hydrogen peroxide is used as positive control.
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Conclusions

A series of four cationic cyclometallated iridium(III) complexes bearing a halogen-substituted 2-

pyridylbenzimidazole ancillary ligand (Ir–X, X = H, F, Cl, Br), has been designed to enhance photophysical 

properties for photodynamic therapy (PDT). The incorporation of halogen atoms at the 5' position of the pyridyl 

ring effectively modulates the electronic structure, particularly stabilizing the LUMO and narrowing the bandgap, 

as confirmed by TD-DFT simulations. All complexes exhibit absorption in the visible region, efficient two-photon 

absorption around 700 nm, and high singlet oxygen quantum yields (up to 87%), with Ir–F and Ir–H outperforming 

others. Cellular studies in A549 and HeLa cancer cell lines revealed mitochondrial localization, active 

internalization, and significant light-induced cytotoxicity at nanomolar concentrations (IC₅₀ as low as 59.9 nM 

under 1.2 J·cm⁻²). The complexes also generate both singlet oxygen and superoxide radical upon irradiation, 

supporting a dual ROS-mediated mechanism. These findings highlight the potential of halogen tuning in optimizing 

iridium-based photosensitizers for PDT. Among the studied complexes, Ir–F and Ir–H show promising 

photophysical and biological properties, suggesting their suitability as theranostic agents for image-guided PDT.

EXPERIMENTAL SECTION

Experimental

Commercially available reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, TCI Chemical, 

Merck, Strem or Fluorochem and used as received unless otherwise specified. Solvents were obtained from the 

same commercial sources and used without further purification. For moisture sensitive reactions, glassware was 

oven-dried prior to use. 1H NMR spectra were recorded on a Brucker advance III 400 MHz spectrometer equipped 

with a BBO probe and on a Brucker advance III 500 MHz spectrometer equipped with a CryoProbe Prodigy in 

deuterated solvent (CDCl3, DMSO-d6 or CD2Cl2) and data are reported as follows: chemical shift in ppm from 

tetramethylsilane with the solvent as an internal indicator (CDCl3 7.26 ppm, dmso-d6 2.50 ppm, CD2Cl2 5.32 ppm), 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet or overlap of non-equivalent 

resonances), integration. 13C{1H} NMR spectra were recorded either at 101 MHz or at 126 MHz in suitable 

deuterated solvent and data are reported as follows: chemical shift in ppm from tetramethylsilane with the solvent 

as an internal indicator (CDCl3 77.16 ppm, DMSO-d6 39.52 ppm, CD2Cl2 53.84 ppm). 19F NMR spectra were 

recorded at 376 MHz and at 470 MHz in the suitable deuterated solvent. The synthesis of compounds 2d and Ir-Br 

have been described elsewhere.59

 Compound 1 N-butyl-3-aminobenzidine 
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In a round-bottom flask, DMSO was added to a mixture of 4-fluoro-3-nitrotoluene (2 g, 12.9 mmol) and n-

butylamine (3.4 mL, 34.8 mmol). The flask was sealed with a rubber stopper, and the mixture was heated at 60 °C 

overnight. The colour of the mixture rapidly changed from yellow to orange. At room temperature, 30 mL of 

ethylacetate was added to the orange solution, and the organic phase was extracted three times with water and 

washed with brine. The organic layer was dried over MgSO4, and the product was isolated as a light orange 

translucent solid (2.2 g, 88%). The product was used without further purification.

1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 8.8 Hz, 2H), 6.61 (d, J = 1.8 Hz, 2H), 6.43 (dd, J = 8.8, 1.9 Hz, 2H), 

3.28 (t, J = 7.1 Hz, 2H), 2.33 (s, 3H), 1.71 (p, J = 7.3 Hz, 2H), 1.48 (h, J = 14.6 Hz, 2H), 0.98 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 147.8, 145.8, 130.0, 126.9, 117.0, 113.5, 42.8, 31.1, 22.3, 20.4, 13.9. Elemental 

analysis for [C11H16N2O2(H2O)0.2], calcd., C, 62.36%; H, 7.80%; N, 13.22%; found C, 62.64%; H, 7.52%; N, 13.23%

General procedure for the pyridylbenzimidazole derivatives

In a round bottom flask, a mixture of methoxyethanol/water or DMF/water (5:2) was added on compound 1 (1 eq.) 

and suitable 2-pyridinecarboxaldehyde (1 eq). When solids were dissolved, Na2S2O4 (9.2 eq.) was added, and the 

solution was heated at 100 °C overnight. At r.t., water (30 mL) was added, followed by 30 mL of ethylacetate. The 

phases were separated, and the organic layer was washed 3 x with water, once with brine, and finally dried over 

Na2SO4. The pure compound was obtained after removing the solvents under vacuum. In some case, further 

purification was needed and consisted in a flash chromatography (SiO2).

Compound 2a 1-n-butyl-5-methyl-2-(pyridin-2-yl)-1-benzimidazole: 1 (400 mg, 1.92 mmol) and 2-

pyridinecarboxaldehyde (200 mg, 1.92 mmol) and Na2S2O4 (3.36 g, 17.7 mmol) in DMF/water (14 mL). After 

solvent evaporation, the compound was obtained as a light beige solid (475 mg, 89%) and used without further 

purification. 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 4.9 Hz, 1H), 8.44 (d, J = 8.0 Hz, 1H), 7.84 (dd, J = 7.8 Hz 

, J = 1.8 Hz, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.33 (ddd, J = 7.6 Hz, J = 4.8 Hz, J = 1.2 Hz, 1H), 7.24 (s, 1H), 7.15 (dd, 

J = 8.2 Hz, J = 1.6 Hz, 1H), 4.82 (t, J = 7.3 Hz, 2H), 2.54 (s, 3H), 1.92 – 1.80 (m, 2H), 1.45 – 1.31 (m, 2H), 0.93 (t, 

J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 148.7, 136.9, 124.9, 124.6, 123.8, 119.5, 110.2, 45.4, 32.3, 27.1, 

20.2, 13.9. HRMS calcd for [M+H] 266.1657, found 266.16499

Compound 2b 1-n-butyl-5-methyl-2-(5-fluoropyridin-2-yl)-1-benzimidazole: 1 (400 mg, 1.92 mmol) and suitable 

5-fluoro-2-pyridinecarboxaldehyde (240 mg, 1.92 mmol) and Na2S2O4 (3.36 g, 17.7 mmol). After solvent 

evaporation, the crude compound was purified by flash chromatography column (SiO2, cyclohexane/ethylacetate, 
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4/1). 2b was obtained as a light beige solid (108 mg, 20%). 1H NMR (400 MHz, CDCl3) δ 8.53 (d, J = 2.9 Hz, 1H), 

8.44 (ddd, J = 8.9, 4.5, 0.6 Hz, 1H), 7.65 (d, J = 8.2 Hz, 1H), 7.55 (ddd, J = 8.6, 8.6, 3.0 Hz, 1H), 7.26 (s, 1H), 7.13 

(dd, J = 8.3, 1.6 Hz, 1H), 4.74 (t, J = 7.7 Hz, 2H), 2.54 (s, 3H), 1.91 – 1.79 (m, 2H), 1.47 – 1.33 (m, 3H), 0.96 (t, J 

= 7.4 Hz, 3H). 19F NMR (376 MHz, CD2Cl2) δ -126.99. 13C NMR (101 MHz, CDCl3) 13C NMR (101 MHz, CDCl3) 

δ 148.8, 147.4, 140.9, 137.0, 136.9, 136.7, 133.5, 126.2, 126.1, 124.5, 124.0, 123.8, 119.7, 110.2, 45.3, 32.3, 22.2, 

20.3, 13.9. HRMS calcd for [M+H] 284.1563, found 284.15536

Compound 2c 1-n-butyl-5-methyl-2-(5-chloropyridin-2-yl)-1-benzimidazole: 1 (400 mg, 1.92 mmol) and 5-chloro-

2-pyridinecarboxaldehyde (240 mg, 1.92 mmol) and Na2S2O4 (3.36 g, 17.7 mmol). After solvent evaporation, the 

crude compound was purified by flash chromatography column (SiO2, cyclohexane/ethylacetate, 3/2). 2c was 

obtained as a light beige solid (267 mg, 47%). 1H NMR (400 MHz, CDCl3) 8.63 (d, J = 2.2 Hz, 1H), 8.46 (d, J = 

8.5 Hz, 1H), 7.82 (dd, J = 8.6, 2.5 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.23 (s, 1H), 7.16 (d, J = 8.3 Hz, 1H), 4.78 (t, 

J = 7.6 Hz, 2H), 2.54 (s, 3H), 1.91 – 1.79 (m, 2H), 1.46 – 1.31 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 147.7, 136.9, 125.8, 215.1, 110.3, 45.6, 32.3, 22.2, 20.2, 13.9. HRMS calcd for [M+H] 300.1268, 

found 300.12568

General procedure for the Ir-X complexes

In a round bottom flask, a mixture of CH2Cl2/MeOH (1:1) was added on compound 2 (2 eq.) and di-μ-

chloridotetrakis[2-pyridylphenyl]diiridium(III) ([((N^C)2Ir)2Cl2], 1 eq) and the solution was refluxed overnight. At 

r.t., the solution was concentrated to the 2/3 and a saturated solution of aqueous NaPF6 was added dropwise until 

the apparition of a persistent precipitate. The suspension was filtrated with a Millipore® and washed with small 

portion of water, ice-cold methanol and diethylether. The resulting solid was dissolved in CH2Cl2, filtrated on 

Célite® and recrystallized by slow vapour diffusion of pentane. The supernatant was removed (Millipore®) and 

the solid was dried under vacuum. 

Ir-H: 2a (70 mg, 0.26 mmol), [((N^C)2Ir)2Cl2] 140 mg (0.13 mmol) and solvents (20 mL). The compound was 

obtained as a yellow solid (146 mg, 56%). 1H NMR (500 MHz, CD2Cl2) δ 8.34 (d, J = 8.2 Hz, 1H), 8.20 (td, J = 

8.0 Hz, J =  1.7 Hz, 1H), 8.10 (ddd, J = 5.5 Hz, J = 1.7 Hz, J = 0.7 Hz, 1H), 7.99 – 7.93 (m, 1H), 7.89 (d, J = 8.1 

Hz, 1H), 7.81 – 7.69 (m, 4H), 7.63 (ddd, J = 5.8 Hz, J = 1.6 Hz, J = 0.8 Hz, 1H), 7.48 (ddd, J = 5.8 Hz, J = 1.5 Hz, 

J = 0.8 Hz, 1H), 7.44 (ddd, J = 7.7 Hz, J = 5.4 Hz, J = 1.1 Hz, 1H), 7.36 (s, 1H), 7.10 (dtd, J = 14.0 Hz, J = 7.5 Hz, 

J = 1.2 Hz, 2H), 7.01 – 6.86 (m, 5H), 6.41 (dd, J = 7.6 Hz, J = 1.2 Hz, 1H), 6.34 (dd, J = 7.6 Hz, J = 1.2 Hz, 1H), 
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6.24 (d, J = 8.5 Hz, 1H), 4.81 – 4.68 (m, 2H), 2.45 (s, 3H), 2.07 – 1.93 (m, 2H), 1.50 (q, J = 7.6 Hz, 2H), 1.01 (t, J 

= 7.3 Hz, 3H). 13C NMR (126 MHz, CD2Cl2) δ 168.3, 168.2, 152.7, 151.6, 151.3, 149.7, 148.9, 147.6, 147.6, 144.6, 

144.4, 140.1, 138.4, 138.2, 138.1, 137.7, 137.2, 132.7, 131.9, 131.1, 130.4, 128.2, 127.7, 125.3, 125.0, 124.9, 123.6, 

123.5, 123.0, 122.8, 120.1, 119.8, 118.3, 111.3, 46.3, 32.2, 22.1, 20.4, 13.9. HRMS calcd for [M+] 766.2516, found 

766.25131

Ir-F: 2b (60 mg, 0.21 mmol), [((N^C)2Ir)2Cl2] (100 mg, 0.09 mmol) and solvents (20 mL). The compound was 

obtained as a bright yellow solid (175 mg, 90%). 1H NMR (500 MHz, CD2Cl2) δ 8.42 (dd, J = 9.1, 4.5 Hz, 1H), 

8.06 – 7.95 (m, 2H), 7.92 (t, J = 2.3 Hz, 1H), 7.89 (d, J = 8.1 Hz, 1H), 7.84 – 7.70 (m, 4H), 7.64 (ddd, J = 5.9, 1.6, 

0.8 Hz, 1H), 7.51 (ddd, J = 5.8, 1.6, 0.8 Hz, 1H), 7.35 (s, 1H), 7.11 (qd, J = 7.5, 1.2 Hz, 2H), 7.01 (ddd, J = 7.3, 

5.8, 1.4 Hz, 1H), 7.00 – 6.90 (m, 3H), 6.88 (dd, J = 8.6, 1.5 Hz, 1H), 6.39 (dd, J = 7.6, 1.2 Hz, 1H), 6.33 (dd, J = 

7.6, 1.2 Hz, 1H), 6.23 (d, J = 8.5 Hz, 1H), 4.81 – 4.67 (m, 2H), 2.45 (s, 3H), 2.05 – 1.91 (m, 2H), 1.54 – 1.43 (m, 

2H), 1.00 (t, J = 7.3 Hz, 3H). 3C{H} NMR (126 MHz, CD2Cl2) δ 167.7, 162.0, 159.9, 150.6, 150.2, 149.4, 148.6, 

146.3, 144.1, 144.0, 141.4, 141.1, 138.1, 137.9, 137.6, 137.2, 136.7, 132.1, 131.6, 130.9, 130.0, 127.3, 126.9, 126.8, 

126.2, 125.0, 124.6, 123.4, 123.2, 122.9, 122.5, 119.8, 119.4, 117.8, 111.0, 45.8, 31.8, 21.7, 20.0, 13.5. 19F NMR 

(470 MHz, CD2Cl2) δ -72.36, -73.87, -116.82. HRMS calcd for [M+] 784.2427, found 784.24110.

Ir-Cl: 2c (100 mg, 0.34 mmol), [((N^C)2Ir)2Cl2] (180 mg, 0.17 mmol) and solvents (20 mL). The compound was 

obtained as a yellow solid (172 mg, 51%). 1H NMR (500 MHz, CD2Cl2) δ 8.35 (d, J = 8.8 Hz, 1H), 8.20 (dd, J = 

8.8 Hz, J = 2.4 Hz, 1H), 8.01 – 7.95 (m, 2H), 7.89 (dd, J = 8.2 Hz, J = 1.1 Hz, 1H), 7.84 – 7.75 (m, 2H), 7.75 – 7.71 

(m, 2H), 7.63 (dt, J = 5.7 Hz, J = 1.3 Hz, 1H), 7.53 (dt, J = 5.8 Hz, J = 1.0 Hz, 1H), 7.36 (s, 1H), 7.11 (tdd, J = 7.3 

Hz, J =5.7 Hz, J = 1.2 Hz, 2H), 7.02 (ddd, J = 7.4 Hz, J = 5.8 Hz, J = 1.5 Hz, 1H), 6.99 – 6.92 (m, 3H), 6.89 (dd, J 

= 8.6 Hz, J = 1.6 Hz, 1H), 6.38 (dd, J = 7.6 Hz, J = 1.2 Hz, 1H), 6.33 (dd, J = 7.5 Hz, J = 1.2 Hz, 1H), 6.24 (d, J = 

8.5 Hz, 1H), 4.82 – 4.68 (m, 2H), 2.45 (s, 3H), 1.98 (h, J = 7.4 Hz, 2H), 1.47 (h, J = 7.7 Hz, 2H), 0.99 (t, J = 7.3 

Hz, 3H). 13C NMR (126 MHz, CD2Cl2) δ 168.2, 168.1, 151.3, 151.0, 150.6, 149.8, 149.1, 146.8, 146.0, 144.5, 

144.4, 139.9, 138.6, 138.3, 138.1, 137.9, 137.3, 136.3, 132.5, 132.0, 131.3, 130.5, 127.9, 125.5, 125.0, 123.8, 123.7, 

123.3, 123.0, 120.3, 119.8, 118.3, 111.4, 46.3, 32.2, 22.1, 20.4, 13.9. HRMS calcd for [M+] 800.2126, found 

800.21146.

EPR experiments
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The EPR spectra have been recorded on a Bruker EMS Plus spectrometer equipped with a X-band cavity (9.4 GHz) 

with irradiation window from 100 K to 370 K. Both Ir-X and DMPO were solubilized together in MeOH avoiding 

light exposure, with concentration of 0.1 mM and 60 mM respectively. A first spectrum was recorded at r.t. in dark. 

Then, a second spectrum was recorded after 5 min illumination with a blue diode (415 nm).

Cell Lines and culture

The human lung adenocarcinoma A549 and cervical cancer HeLa cell lines were obtained from LGC standard 

(Molsheim, France). All cells were routinely tested for the presence of mycoplasma (Mycoalert® Mycoplasma 

Detection Kit, Lonza, Rockland, ME, USA) and used within three months after thawing. Cells were maintained in 

culture at 37 °C in medium with 10% FBS in a 5% CO2 humidified atmosphere. The cell morphology was routinely 

checked.

Cellular uptake and subcellular localization

Cells were treated with 1 µmol.L-1 Ir-Br, Ir-H, Ir-F, or Ir-Cl for 4 h at 37 °C or 4 °C, before flow cytometry study 

(Attune NxT, Thermo Fisher Scientific, New York city, NY, US). Flow cytometry analysis was performed using 

FCS Express 7 software (De Novo Software, Dotmatics, Pasadena, CA, US).

After 4h treatment with complexes, the cells were stained with 25 nmol.L-1 MitoTracker Orange and 120 nmol.L-1 

LysoTracker blue (Invitrogen, ThermoFisher Scientific) for 30 min at 37°C. The cells were then washed with PBS 

to eliminate any excess dye and examined using a Stellaris confocal microscope equipped with a white laser (Leica 

Microsystems) and with a 63x objective (HC PL APO CS2, 1.2 water). The fluorescence images from dyes were 

collected in the range em = 410-455 nm (ex = 405 nm) for LysoTracker, and in the range em = 556-642 nm (ex = 

551 nm) for MitoTracker. All four complexes were imaged in the range em = 670-800 nm (ex = 405 nm). Analysis 

of complexes colocalization with lysosomes and mitochondria was performed using the BIOP_JaCoB plugin in 

FIJI (Image J version 1.54f, National Institutes of Health, Bethesda, MD, USA). Pearson’s correlation coefficient 

was calculated to assess colocalization.

In vitro cytotoxicity assays

Cell proliferation assays were conducted in 96-well culture plates. Cells were cultured for 24 h prior to treatment 

with increasing concentration of Ir-Br, Ir-H, Ir-F, or Ir-Cl in complete medium. Illumination at 420 nm with power 

output at 78 mW.cm−2 (15 s, fluency 1.2 J.cm−2 and 128 s, fluency 10 J.cm−2) (Lumidox® II 96-position LED Array, 

Analytical Sales and Services, Flanders, US) was performed 4 h after treatment. The cell viability was quantified 

72 h after light exposure with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT 
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assay). Cell viability was normalized to control cells (no drug and no illumination). The drug concentrations 

required to inhibit cell growth by 50% (IC50) were determined by interpolation from the dose to response curves.

ROS generation in cells

A549 and HeLa cells were incubated with 100 nmol.L-1 Ir-Br, Ir-H, Ir-F, or Ir-Cl for 4 h. Twenty-five µmol.L-1 

2′,7′-dichlorodihydrofluorescein diacetate (H2DCFH-DA, Sigma-Aldrich, France) were then incubated for 30 min. 

Hoechst (5 µmol.L-1) was used to counterstain the cell nuclei. The fluorescence images before and after 420 nm 

irradiation (fluency 1.2 J.cm−2 or 5 J.cm−2) were acquired using a Stellaris 8 confocal microscope. A 10x objective 

(HC PL APO, NA = 0.40) was used to collect the light. The emission from the Hoechst dye was collected in the 

range em = 412-464 nm (HyD detector), upon excitation with the 405 nm laser diode. The four complexes were 

imaged using the same excitation diode (ex = 405 nm) and the emission was collected within the range em = 670-

800 nm (HyD detector). The emission of the H2DCFH-DA dye was measured upon excitation at ex = 491 nm and 

the light was collected in the range em = 500-547 nm (HyD detector). Image analysis was conducted using the 

“Analysis” module within the LasX software of the Stellaris microscope. Each cell was individually identified, and 

the mean intensity of emission of the DHF dye was quantified per cell.

Statistical analyses 

All analyses were performed using the GraphPad Prism software (GraphPad Software, San Diego, CA). Two-sided 

p-values < 0.05 were considered significant. 

Absorption and emission spectroscopies

Absorption spectra were recorded on a Cary 300 UV−visible spectrophotometer (Varian) and emission spectra (in 

solution and at 77 K) were recorded on a Fluoromax 4® (Horiba) or on a FLS-1000® (Edinburgh Instruments) 

equipped with automatic filters to remove the harmonic bands. Quartz cuvettes with 1 cm optical path were used. 

Lifetimes were measured using LP900 spectrometer with a Flashlamp pumped Q-switched Nd:Yag laser operating 

at 355 nm and with photomulitplier (PMT) detector, or with a picosecond laser diode operating at 405 nm and using 

a time-correlated single photon counting detection (TCSPC, PicoHarp 300). 

Computational details

Density Functional Theory (DFT) simulations have been performed using the Gaussian16 package.60 Based on 

previous theoretical investigations conducted by some of us,61–64 we considered the B3PW91 functional65–67 in 

addition to the Def2TZVP basis set, which includes a pseudopotential to describe core electrons for large atoms 

together with polarization functions. The Polarizable Continuum Model (PCM)68,69 was used to take into account 
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solvent effects (CH2Cl2).  To save on computation, the Me fragments were replaced by hydrogen after careful check 

of the substitution impact. Geometry relaxations of the singlet (ground state) and triplet (excited state) states were 

performed and carefully checked by the calculation of the vibrational frequencies. The general Adiabatic Hessian 

approach (AH)70 was considered for estimating vibrational contributions into the computation of emission spectra. 

Post-treatments were done using the Gaussview, in-house python programs and the VMS packages.71–73 

Supplementary data is available on request from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, quoting 

the deposition number CCDC-2091730, -2091731 and -2091732 for X, Y, and Z respectively. These data can be 

obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or fax: +44-1223/336-033; E-mail: 

deposit@ccdc.cam.ac.uk].
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