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A B S T R A C T   

Despite their outstanding properties as potential photosensitizers for photodynamic therapy (PDT), Ir(III) bis
cyclometalated complexes need both further developments to overcome remaining limitations and in-depth 
investigations into their mechanisms of action to reach clinic application in the treatment of cancer. This 
work describes the synthesis of a family of Ir(III) complexes of general formula [Ir(C^N)2(N^N′)]Cl (N^N′ =

thiabendazole-based ligands; C^N = ppy (2-phenylpyridinate) (Series A), or dfppy (2-(2,4-difluorophenyl)pyr
idinate) (Series B)) and their evaluation as potential PDT agents. These complexes are partially soluble in water 
and exhibit cytotoxic activity in the absence of light irradiation versus several cancer cell lines. Furthermore, the 
cytotoxic activity of derivatives of Series A is enhanced upon irradiation, particularly for complexes [1a]Cl and 
[3a]Cl, which show phototoxicity indexes (PI) above 20. Endocytosis was established as the uptake mechanism 
for [1a]Cl and [3a]Cl in prostate cancer cells by flow cytometry. These derivatives mainly accumulate in the 
mitochondria as shown by colocalization confocal microscopy experiments. Presumably, [1a]Cl and [3a]Cl 
induce death on cancer cells under irradiation through apoptosis triggered by a multimodal mechanism of action, 
which likely involves damage over mitochondrial DNA and mitochondrial membrane depolarization. Both 
processes seem to be the result of photocatalytic oxidation processes.   

1. Introduction 

Photodynamic therapy (PDT) is a non-invasive chemotherapeutic 
protocol indicated for the treatment of non-oncological diseases and 
some cancer types. It is based on the administration of a photosensitive 
compound called photosensitizer (PS), whose excitation by irradiation 

with light specifically directed towards the malignant tissue triggers the 
photochemical generation of reactive oxygen species (ROS) from 
cellular O2, and subsequently causes death on cancer cells. It features 
some inherent advantages, such as reduced side-effects based on selec
tive photoactivation of the drug on cancer tissues (i.e.: improved 
selectivity), diminished acquired resistance of cancer cells stemming 
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from their multiple cellular targets and mechanisms of action (i.e.: 
enhanced efficiency), and a broad spectrum of treatable cancer types 
[1–4]. 

Ir(III) biscyclometalated complexes are under investigation as 
promising PDT agents for the treatment of different cancer types due to 
their remarkable photophysical properties [5–8]. In particular, their 
strong spin-orbit coupling constant favours the access to a triplet excited 
state that can interact with molecular oxygen in the cells to produce ROS 
through either an electron transfer pathway (superoxide radical anion, 
O2

•− ) or an energy transfer mechanism (singlet oxygen, 1O2). More 
importantly, these processes are photocatalytic in nature, which 
potentially leads to a very efficient therapeutic activity and allows 
decreasing the PS dosage [5,9–11]. Several additional features will 
condition the potential applicability of selected Ir-based PSs in specific 
clinical PDT protocols. Among these desired features it is worth 
mentioning the following: (1) reasonable aqueous solubility to facilitate 
administration, (2) straightforward synthetic procedures to reduce 
costs, (3) good photostability and phototoxicity indexes (PI = IC50,dark/ 
IC50,light) to ensure a selective photo-enhanced activity and (4) suitable 
absorption profiles in relation to the cancer type to be treated, that is, 
blue light-sensitive PSs can be used to treat superficial or cutaneous 
cancers but near infrared (NIR) or red light-sensitive PSs are needed to 
deal with tumours on internal tissues, due to the higher tissue pene
tration of this type of light stimulus [12–14]. Nonetheless, this deter
minant can be bypassed to some extent using two-photon excitation PDT 
[15] or employing endoscopic light delivery devices based on laser or 
light emitting diode (LED) optical fibers [16]. 

Recently, several researching groups have reported encouraging 
advances in the field of Ir(III) PSs for PDT. For instance, the group of 
Huang has described a tricationic Ir(III) PS with high phototoxicity in 
both in vitro cancer cell lines and in vivo mouse cancer models and high 
photocatalytic activity on the oxidation of the reduced form of nico
tinamide adenine dinucleotide (NADH), nicotinamide adenine dinucle
otide phosphate (NADPH) and amino acids [17]. Gou et al. have 
reported an Ir(III) complex containing a Donor-Acceptor-Donor ligand 
that can be directly promoted to the excited state by NIR radiation to 
produce ROS and heat, so that it exhibits a dual phototherapeutic action, 
i.e. photodynamic therapy plus photothermal therapy. In addition, this 
complex has been conjugated to polyethylene glycol (PEG) to generate 
highly soluble nanoparticles and display a significant tumour inhibition 
in vivo [18]. The group of He has prepared an Ir(III) complex that fea
tures high PI values in different cancer cell lines and multicellular 
spheroids under hypoxia through a synergistic effect between ferrop
tosis and apoptosis, induced by the generation of the radicals superoxide 
(O2

•− ) and hydroxyl (•OH) [19]. The group of Bryce has rationally 
designed two Ir-porphyrin conjugates that show synergistic PDT- 
photothermal activity under long-wavelength excitation (635 nm) [20]. 

Many of the PSs currently in clinical or pre-clinical studies localize in 
or have a major influence on mitochondria, promoting a PDT induced 
apoptotic cell death [21]. Mitochondria are considered as the power
houses of cells, in as much as they produce energy in the form of 
adenosine triphosphate (ATP) through different biochemical processes 
such as oxidative phosphorylation [22]. ATP drives fundamental 
biochemical reactions and cell functions through hydrolysis into aden
osine diphosphate (ADP) and phosphate anions at the sites where energy 
is required in cells. In fact, mitochondria have their own circular DNA 
(mtDNA), which encodes thirteen different protein subunits of enzyme 
complexes involved in the oxidative phosphorylation process. In addi
tion to their role as energy suppliers, mitochondria are the principal 
regulators of the apoptotic pathways. Mitochondria dysfunction as a 
result of damage on mtDNA or mitochondrial membrane depolarization 
induces an apoptotic response by releasing cytochrome c and other 
apoptosis-related proteins into the cytosol and activates the caspase 
pathway [23]. Therefore, a rational design of new Ir(III) biscyclometa
lated cationic complexes, based on a suitable combination of lipophilic 
and hydrophilic ligands and counteranions, can lead to mitochondria 

targeted anticancer agents [24,25] and in-depth mechanistic studies can 
contribute to elucidate their biological mechanism of action. 

Previously, we reported on the PDT activity of two Ir(III) complexes 
of general formula [Ir(C^N)2(N^N′)]Cl ([Ir1]Cl, N^N′ = thiabendazole 
(tbz); or [Ir2]Cl, N^N′ = N-benzyl-thiabendazole (Bn-tbz)) and found 
out that replacement of the reactive N–H group in [Ir1]Cl with the N- 
Bn group in [Ir2]Cl prevents deprotonation and leads to higher cellular 
uptake [26]. Following with our investigations in the field, more 
recently we have found that a second generation complex of the same 
type, [Ir3]Cl, with a thiabendazole-based N,N′-ligand bearing an 
alkylacetamide substituent (N-CH2CONH2) provides a better excited 
state lifetime than the analogue complex with the 2-pyridyl-benzimid
azole scaffold in the N,N′-ligand [27]. Moreover, it is well-known that 
the C^N ligands exert a great influence on the photophysical properties 
of these photosensitizers. In particular, electron-withdrawing groups on 
the C^N ligands stabilize the HOMO (Highest Occupied Molecular 
Orbital) provide higher HOMO-LUMO (Lowest Unoccupied Molecular 
Orbital) energy gaps and usually exhibit longer triplet excited state 
lifetimes [28,29], which favours the interaction with O2 to form either 
1O2 or O2

•− . As a matter of fact, Mao has reported a family of Ir(III) PSs, 
where the derivative with 2-(2,4-difluorophenyl)pyridinate as the C^N 
ligand exhibits the highest phototoxicity index (PI = 18.9) upon expo
sure to blue light [30]. 

With these premises in mind, we decided to synthesize two sets of 
new Ir(III) bis-cyclometalated complexes of formula [Ir(C^N)2(N^N′)]Cl, 
combining two C^N ligands (2-phenylpyridinate (ppy) and 2-(2,4- 
difluorophenyl)pyridinate (dfppy)) and four different thiabendazole- 
based N^N′ ligands with diverse alkyl substituents on the N atom (N- 
R). In particular, we have chosen several alkyl-ketone or alkyl-amide 
groups which could be used in future derivatizations of these metal
lodrugs. Hence, the rationale behind the design of these complexes is to 
achieve new photosensitizers as potential anticancer PDT agents 
endowed with pH stability, good cellular uptake and long triplet excited 
state lifetimes to produce ROS. Moreover, we intend to assess the in
fluence of two different structural features on the electrochemical, 
photophysical and biological properties of these complexes and partic
ularly on their PI: (1) the effect of the different alkyl substituents and (2) 
the effect of the two afore-mentioned C^N ligands. Besides, we have 
examined different aspects of their mechanism of biological action, 
including uptake pathway, organelle localization, cell death, ROS gen
eration, mtDNA damage, etc. As a result, we have established some 
structure-activity relationships and we have identified two metallodrugs 
as the most efficient PSs in the potential treatment of cancer. Last but not 
least, we have outlined the mechanism of biological action upon light 
excitation for these chemo-therapeutics. 

2. Material and methods 

2.1. General information 

All synthetic manipulations were carried out under an atmosphere of 
dry, oxygen-free nitrogen using standard Schlenk techniques. The sol
vents were dried and distilled under nitrogen atmosphere before use. 
Elemental analyses were performed with a Thermo Fisher Scientific EA 
Flash 2000 Elemental Microanalyzer. IR spectra were recorded on a 
Jasco FT/IR-4200 spectrophotometer (4000–400 cm− 1 range) with 
Single Reflection ATR Measuring Attachment. UV–Vis absorption was 
measured in an Evolution 300 UV–Vis double beam spectrophotometer 
(Thermo Scientific). Fluorescence steady-state and lifetime measure
ments were performed in a FLS980 (Edinburg Instruments) Fluorimeter 
with Xenon Arc Lamp 450 W and TCSPC laser, respectively. Quantum 
Yield was determined by using in a FLS980 (Edinburg Instruments) with 
Xenon Arc Lamp 450 W and Red PMT Sphere as detector. HR-ESI(+) 
Mass spectra (position of the peaks in Da) were recorded with an Agilent 
LC-MS system (1260 Infinity LC/6545 Q-TOF MS spectrometer) using 
dichloromethane (DCM) /dimethyl sulfoxide (DMSO) (4:1) as the 
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sample solvent and (0.1%) aqueous HCOOH/methanol as the mobile 
phase. The experimental m/z values are expressed in Da compared with 
the m/z values for monoisotopic fragments. NMR (nuclear magnetic 
resonance) samples were prepared by dissolving the suitable amount of 
compound in 0.5 mL of the respective deuterated solvent and the spectra 
were recorded at 298 K on a Varian Unity Inova-400 (399.94 MHz for 
1H; 376.29 MHz for 19F; 100.6 MHz for 13C). Typically, 1H NMR spectra 
were acquired with 32 scans into 32 k data points over a spectral width 
of 16 ppm. 1H and 13C{1H} chemical shifts were internally referenced to 
TMS via the residual 1H and 13C signals of DMSO‑d6 (δ = 2.50 ppm and δ 
= 39.52 ppm), according to the values reported by Fulmer et al. [31] 
Chemical shift values (δ) are reported in ppm and coupling constants (J) 
in Hertz. The splitting of proton resonances in the reported 1H NMR data 
is defined as s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, bs = broad singlet. In the 1H NMR resonances, the couplings 
are H–H, unless otherwise stated. 2D NMR spectra such as 1H–1H 
gCOSY, 1H–1H NOESY, 1H–13C gHSQC and 1H–13C gHMBC were 
recorded using standard pulse sequences. The probe temperature (±1 K) 
was controlled by a standard unit calibrated with methanol as a refer
ence. All NMR data processing was carried out using MestReNova 
version 10.0.2. 

Starting materials. IrCl3⋅xH2O was purchased from Johnson Matthey 
and used as received. The starting dimers ([Ir2Cl2(ppy)4]) and 
([Ir2Cl2(dfppy)4]) (dfppy = 2-(2,4-difluorophenyl)pyridinate)) were 
prepared according to the reported procedure [32]. The reagents 2-phe
nylpyridine, 2-(2,4-difluorophenyl)pyridine), (4-thiazolyl)benzimid
azole (thiabendazole), benzylamine, aniline and piperidine were 
purchased from Sigma-Aldrich; 2-bromoacetophenone and bromoacetyl 
bromide were purchased from Alfa Aesar. All of them were used without 
further purification. Deuterated solvents (DMSO‑d6) were obtained from 
Eurisotop. Conventional solvents such as diethyl ether (Fisher Scienti
fic), acetone (Fisher Scientific), 2-ethoxyethanol (Across Organics), 2- 
methoxyethanol (Across Organics), dimethyl sulfoxide (Scharlau), N, 
N-dimethylformamide (Scharlau), ethanol (Scharlau), methanol 
(Scharlau), dichloromethane (Scharlau), toluene (Across Organics), 
were degassed and in some cases distilled prior to use. Tetrabuty
lammonium hexafluorophosphate ([nBu4N][PF6]) was purchased from 
Acros and potassium carbonate from Scharlau. 

2.2. Determination of the ability of 1O2 generation 

The generation of singlet oxygen (1O2) was studied for selected Ir(III) 
compounds in acetonitrile according to a relative procedure adapted 
from the literature [33–35], which is based on monitoring by UV–Vis 
spectroscopy the oxidation of 1,3-diphenylisobenzofuran (DPBF, yel
low) to 1,2-dibenzoylbenzene (colorless) photosensitized by the Ir(III) 
derivatives. 

DPBF was selected as the 1O2 scavenger due to its fast reaction with 
1O2. Air-equilibrated acetonitrile solutions containing DPBF were pre
pared (~8⋅10− 5 M) in a cuvette and their absorbance adjusted to around 
1.0 at 410 nm. Then, the complex (10− 5 M, corresponding to absorbance 
around 0.2) was introduced in the cuvette. Low dye concentrations were 
used to minimize quenching of 1O2 by the dyes. The mixture was irra
diated with a blue LED strip (λir = 460 nm) at room temperature for 1 s 
irradiation intervals during a total exposure period of 8 s and absorption 
UV–Vis spectra were recorded after every irradiation interval. 

2.3. Cell lines 

Human prostate adenocarcinoma (PC-3) and melanoma (SK-MEL- 
28) cell lines and CCD-18Co normal fibroblast were purchased from the 
American Type Culture Collection (ATCC). Cells were maintained in 
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza) supplemented 
with 10% fetal bovine serum (FBS) (Gibco-BRL), 1% L-glutamine (Lonza) 
and 1% penicillin-streptomycin (Lonza) at 37 ◦C in a humidified atmo
sphere containing 5% CO2. Cells were maintained by successive 

trypsinization and seeding. Possible contamination with Mycoplasma 
was routinely checked using the VenorH GeM Mycoplasma Dection Kit 
(Minerva Biolabs). 

2.4. Photoactivation protocol 

For photodynamic studies, cells were preincubated with the com
pounds for 1 h or 6 h, to allow their cellular uptake. Then, cells were 
irradiated at 460 nm for 1 h with a LED system (LuxLight) capable of 
illuminating the whole culture plate with an effective power of 6.7 mW 
cm− 2, giving a dose of 24.1 J cm− 2. 

2.5. Cytotoxicity experiments 

To assess the cytotoxic activity of the compounds, PC-3, SK-MEL-28 
or CCD-Co18 cells were seeded onto flat-bottomed 96-well plates at a 
density of 4000, 2500 and 6000 cells per well respectively, 24 h prior to 
the treatments. Compounds were diluted in sterile milli-Q water and 
DMSO to prepare 1 mM stock solutions that were diluted in culture 
medium to obtain concentrations ranging from 0 to 50 μM. The final 
concentration of DMSO in these solutions did not exceed 1%. Cells were 
treated with the solutions in the dark or following the photoactivation 
protocol. After 48 h of treatment (including the preincubation and 
irradiation times) cell viability was determined by the 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as pre
viously described. Four replicates for each treatment were used and all 
treatments were tested in three independent experiments. The concen
tration that reduces the cell viability by 50% (IC50) was established for 
each compound using the Gen5 software (BioTek). Compounds with IC50 
values greater than 50 μM were considered to be inactive. The photo
toxicity index (PI = IC50,dark/IC50,light) of the compounds was 
determined. 

2.6. Hemolytic assay 

The hemolytic activity of the compounds at concentrations from 0 to 
50 μM was evaluated by determining hemoglobin release from eryth
rocyte suspensions of fresh porcine blood (5% vol/vol). Triton X-100 
0.2% in phosphate buffer saline (PBS) was used as positive control. 150 
μLof diluted erythrocytes were mixed with 150 μL of the compound 
solutions and incubated at 37 ◦C for 1 h in an orbital shaker. Samples 
were centrifuged to pellet intact erythrocytes and 80 μL of supernatant 
was transferred to a 96-well plate and diluted with 80 μL of H2O. The 
absorbance of each well was measure with a Synergy 4 plate reader 
(Biotek) at 540 nm. The percentage of hemolysis was obtained from the 
ratio between the absorbance of each sample and the absorbance of the 
positive control. Each concentration was assayed in triplicate. 

2.7. Colony formation assay 

PC-3 cells were seeded in 24-well plates. 24 h later, cells were pre
incubated for 6 h with [1a]Cl or [3a]Cl at the corresponding IC50,light 
and then kept in the dark or photoactivated for 1 h. Cells were exposed 
to cisplatin (50 μM) or vehicle alone as a control for the same period of 
time. Then, cells were washed with PBS, collected by trypsinization and 
plated at low density (3000 cells in a 35-mm cell culture dish). Cells 
were allowed to divide and form colonies for 10–14 days; after which, 
colonies were fixed and stained with 2% methylene blue in 50% ethanol. 
The number of colonies (of 50 cells or more) in each plate was deter
mined using the Alpha Innotech Imaging system (Alpha Innotech, San 
Leandro, CA) and the Fiji ImageJ software. 

2.8. Cell internalization experiments 

The uptake of the compounds in PC-3 cells was quantified by flow 
cytometry. For internalization kinetics studies, 100,000 cells were 
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seeded in 24-well plates. 24 h later, cells were incubated with the 
compounds at 5 μM or medium alone as a control for 1, 4, 6 and 16 h at 
37 ◦C. Then, cells were washed with cold PBS and harvested by trypsi
nization. Next, 10,000 cells were analysed with a Novocyte flow cy
tometer (Agilent Technologies) equipped with the NovoExpress® 
software. The fluorescence of [1a]Cl and [3a]Cl was detected in the 
FL-1 channel (excitation at 488 nm; emission at 530 nm). At the different 
time points, the percentage of cells with positive green fluorescence was 
determined relative to untreated control cells and the measured data 
were fitted to one-phase exponential association curves with GraphPad 
Prism software (GraphPad Software, Inc., USA) [36]. 

The cellular uptake mechanism was investigated by inhibition of 
different internalization pathways followed by the determination of the 
intracellular levels of the compounds. As positive control, cells were 
incubated with the compounds dissolved in DMEM (without FBS) at 5 
μM for 1 h at 37 ◦C. To inhibit pathways that require metabolic energy, 
cells were incubated at 4 ◦C for 1 h. To specifically inhibit endocytosis, 
cells were first incubated for 30 min at 37 ◦C with dynasore (Focus 
Biomolecules) dissolved at 100 μM in DMEM and then incubated at 
37 ◦C with the compound solutions for one additional hour. Next, cells 
were washed with PBS and detached with trypsin. The intracellular 
fluorescence of 10,000 cells was analysed by flow cytometry as 
described above. 

2.9. Confocal microscopy 

Cellular localization of the compounds was assessed by confocal 
fluorescence microscopy. SK-MEL-28 cells were selected for these ex
periments since they displayed a strong mitochondrial staining. 100,000 
cells were seeded on coverslips and allowed to attach overnight. Next, 
cells were treated with [1a]Cl or [3a]Cl diluted at 25 μM in DMEM 
without FBS or with medium alone as control. Colocalization with 
mitochondria was analysed with the mitochondria-specific dye Mito
Tracker™ Red CMXRos (Molecular Probes) at a 100 nM final concen
tration. Cells were incubated for 1 h at 37 ◦C. Medium was removed and 
cells were washed with cold PBS and fixed with 4% paraformaldehyde in 
PBS for 15 min at 4 ◦C. After washing twice with PBS, the coverslips 
were mounted using ProLong™ Antifade Mountant (Invitrogen). Images 
were taken on a Nikon A1R confocal microscope and analysed using the 
NIS-Elements AR (Nikon, Japan) and Fiji ImageJ software. The JACoP 
plugin was used to calculate the Pearson’s coefficient (to measure the 
linear relationship between the signal intensities) and Mander’s M1 and 
M2 overlap coefficients (to measure the colocalization coefficient be
tween the fluorophores) [37]. 

2.10. Electrophoretic mobility experiments 

The effect of the complexes on DNA was analysed using the pUC18 
plasmid DNA (ThermoScientific). Treatments were carried out mixing 
250 ng of pUC18 (stock solution at 0.5 μg/μL, final concentration at 
37.8 μM in nucleotides) and compounds solutions at up to 100 μM (final 
volume of 20 μL). The treatments were freshly prepared in saline-TE (50 
mM NaCl, 10 mM tris(hydroxymethyl) aminomethane− HCl, 0.1 mM 
ethylenediaminetetracetic acid (EDTA), pH 7.4) from a 1 mM solution of 
the complex in 20% DMSO, giving a final DMSO concentration in the 
treatments of less than 2% . Samples were incubated at room tempera
ture for 1 h, either protected from light or under irradiation (6.7 mW 
cm− 2, total dose of 24.1 J cm− 2). Reactions were quenched by adding a 
loading buffer solution (4 μL) consisting of bromo-phenol blue (0.25%), 
xylenecyanole (0.25%), and glycerol (30%). The samples were then 
subjected to electrophoresis on 0.8% agarose gel in 0.5× TBE buffer 
(0.045 M Tris, 0.045 M boric acid, and 1 mM EDTA) at 100 V for 1 h 40 
min. Finally, the DNA was dyed with an ethidium bromide solution (0.5 
μg/mL in 0.5× TBE buffer) for 30 min and the DNA bands were visu
alized on a capturing system (ProgRes CapturePro 2.7). Images were 
cropped and inverted to better appreciate plasmid bands using Adobe 

Photoshop. Densiometric analyses of the bands were carried out using 
the Fiji ImageJ Software. 

To detect ROS generation during the treatment, various ROS scav
engers were added to the reaction mixtures: 15% DMSO (hydroxyl 
radical scavenger), 0.4 M sodium azide (oxygen singlet scavenger) and 
10 mM tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid) (superoxide 
anion scavenger). Sodium azide and tiron 10 mM solutions were pre
pared in saline-TE buffer. A treatment with 1.75% H2O2 and 20 μM FeCl2 
was used a positive control of ROS generation and nuclease activity on 
DNA. Samples were then treated as explained above. Experiments were 
conducted in triplicates. 

2.11. RT-qPCR and gene expression analysis 

PC-3 cells were incubated with [1a]Cl or [3a]Cl at the corre
sponding IC50,light under photoactivated conditions (with 6 h of pre
incubation) or medium alone as a control. After 24 h, the cells were 
harvested by trypsinization and total RNA was extracted using TRIzol 
Reagent (Invitrogen) according to the manufacturer’s protocol. The 
concentration and quality of the extracted RNA was determined by a 
PowerWave XS2 Spectrophotomer (Bio-Tek Instruments), measuring the 
absorbance at 260 nm and calculating the ratio of absorbances at 260 
and 280 nm, respectively. RNA (2.5 μg) was converted into cDNA using 
M-MLV Reverse Transcriptase (Invitrogen) and a mixture of 250 ng of 
random hexamer primers (EURx) and 250 ng of oligo (dT)20 primers 
(EURx), according to the manufacturer’s manual. RT-qPCR was carried 
on a fluorometric thermal cycler iCycler IQTM Real-time Detection 
System (Bio-Rad). Specific primers (Table SI-1) were designed using 
NCBI tool Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/prim 
er-blast/). One qPCR reaction (25 μL) contained 1× SYBR-Green Mas
ter Mix (EURx), 480 nM of each primer and 5 μL of cDNA (ten-fold 
dilution). The PCR profile was: 3 min at 95 ◦C, followed by 40 cycles of 
30 s at 95 ◦C and 1 min at 59 ◦C (COX1 system) or 62 ◦C (ND3 and ACTB 
system). Four RT-qPCR analysis were conducted with each of two in
dependent biological replicates. 

Relative mRNA expression levels of the mitochondrial genes NADH 
dehydrogenase subunit 3 (ND3) and cytochrome c oxidase subunit I (COX1) 
were calculated by the ratio (Efficiency of target gen)ΔCq,target(control- 

sample)/ (Efficiency of reference gen)ΔCq,reference(control-sample) [38], with 
β-actin (ACTB) as a reference gene [39]. The PCR amplification effi
ciency was determined by running standard curves for each system in 
different template dilutions (Table SI-2). 

2.12. Evaluation of mitochondrial membrane potential 

The effect on the mitochondrial membrane potential was measured 
by the JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazo
lylcarbocyanine iodide) dye. 100,000 PC-3 cells were seeded in 24-well 
plates. 24 h later, cells were exposed for 6 h to [1a]Cl or [3a]Cl at the 
corresponding IC50,light followed by 1 h of photoactivation or incubation 
in dark conditions. Next, cells were washed with PBS and harvested by 
trypsinization. Mitochondrial membrane potential changes were 
measured with the JC-1 Mitochondrial Membrane Potential Detection 
Kit (Biotium), according to the manufacturer’s instructions. For positive 
control, cells were coincubated with carbonyl cyanide 3-chlorophenyl
hydrazone (CCCP) at 50 μM. Samples were immediately analysed by a 
Novocyte flow cytometer. Healthy mitochondria containing red JC-1 
aggregates were detected at an emission wavelength of 590 nm (FL2) 
and green JC-1 monomers in cells with depolarized mitochondria were 
monitored at 529 nm (FL1). 

2.13. Superoxide radical detection 

Superoxide radical levels in PC-3 cells were measured using the ROS- 
ID Superoxide detection kit (Enzo-Life Sciences) according to the sup
plier’s instructions. Briefly, 100,000 cells per well were seeded in a 24- 
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well plate and allowed to attach for 24 h. Cells were preincubated for 6 h 
with [1a]Cl and [3a]Cl at the corresponding IC50,light and then kept in 
the dark or photoactivated for 1 h. Cells exposed to the ROS inducer 
pyocyanin at 250 μM for 30 min were used as positive control. Untreated 
cells were used as negative control. Cells were harvested by trypsini
zation, washed and incubated in the dark for 30 min in buffer containing 
the fluorescent probe. Samples were immediately analysed by a Novo
cyte flow cytometer. Cells with increased production of superoxide were 
detected by higher orange fluorescence in the FL2 channel (Ex/Em: 550/ 
620 nm). 

2.14. Annexin V-FITC/propidium iodide apoptosis analysis 

Analysis of phosphatidylserine externalization in apoptotic cells was 
determined by a Vybrant® Apoptosis Assay Kit (Molecular Probes), ac
cording to the manufacturer’s instructions. 100,000 PC-3 cells per well 
were seeded in 24-well plates and incubated with cisplatin at 50 μM or 
with [1a]Cl or [3a]Cl at the corresponding IC50,light under photo
activation conditions (with 6 h of preincubation). 24 h later, cells were 
collected by trypsinization and resuspended in 100 μL of Annexin V- 
binding buffer with 5 μL of Annexin-V-FITC and 10 μL of propidium 
iodide. After 15 min of incubation at room temperature, the fluorescence 
of 10,000 cells was analysed by a NovoCyte flow cytometer using FL1 
channel for Annexin-V-FITC and FL2 channel for propidium iodide 
detection. 

2.15. Statistics 

The statistical analysis was performed with the GraphPad Prism 
software. Quantitative variables were expressed as mean or median and 
standard deviation (SD). Statistical differences were analysed by the 
Mann-Whitney non-parametric test. A value of p < 0.05 was considered 
significant. 

3. Results and discussion 

3.1. Synthesis of ligands and iridium(III) complexes 

A new library of Ir(III) biscyclometalated compounds of general 
formula rac-[Ir(C^N)2(N^N′)]Cl has been prepared aiming to study their 
anticancer properties as potential PDT agents. In particular, we have 
used two different C^N ligands and four different N^N′ ligands based on 
the 2-(4-thiazolyl)benzimidazole (thiabendazole) scaffold. Thiabenda
zole (L0) is an antifungal and antiparasitic agent commercially available 
and can be easily functionalized by mean of alkylation reactions on the 
reactive N–H group. Thus, the ligands (L1-L4) with different amido- 
alkyl and keto-alkyl groups were obtained through a procedure adapt
ed from the literature [40,41], which involves the reaction of L0 with 
the appropriate alkyl bromide at room temperature in the presence of 
K2CO3 and using dimethylformamide (DMF) as solvent (Scheme 1). Li
gands L1-L4 were designed to possess protecting hydrophilic motifs 
instead of the slightly acidic N–H on the imidazole ring, such as 
hydrogen bonding donor and acceptor groups, which can bestow a 
certain degree of hydrophilicity on the resulting complexes by contrast 
with the lipophilicity attributed to the [Ir(C^N)2]+ fragment. 

The corresponding Ir(III) derivatives [1a]Cl – [4a]Cl (series A) and 
[1b]Cl - [4b]Cl (series B) were synthesized by refluxing the appro
priate iridium dimer [Ir(μ-Cl)(C^N)2]2 (C^N = ppy (2-phenylpyridinate), 
or dfppy (2-(2,4-difluorophenylpyridinate)) in the presence of ligands 
L1-L4 in a mixture of dichloromethane-methanol (1:1.25; v/v) (Scheme 
1). The desired products were isolated as solid chloride salts in the form 
of racemic mixtures with bright yellow colours and display moderate 
solubility in aqueous media because of the presence of hydrophilic 
groups and the chloride counterion. 

Scheme 1. Synthesis and molecular structures of ligands L1 – L4 and complexes [1a]Cl - [4a]Cl and [1b]Cl - [4b]Cl.  
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3.2. Characterization of the Ir(III)-compounds 

The composition and molecular structure of the new Ir complexes 
was established by multinuclear NMR, mass spectrometry, elemental 
analysis and IR spectroscopy. In addition, the molecular structure of 

complexes [1b]þ, [2a]þ and [3a]þ was ascertained by X-ray 
diffraction. 

The 1H, 13C{1H} and 19F NMR spectra of [1a]Cl - [4a]Cl and [1b] 
Cl - [4b]Cl were recorded in DMSO‑d6 (Figure SI12-SI31) and show 
evident coordination-induced shifts relative to the free ligands and the 

[1b]+

[2a]+

[3a]+

Fig. 1. Molecular structures of (Λ)-[1b]PF6, (Λ)-[2a]PF6 and (Λ)-[3a]PF6 obtained by X-ray diffraction analysis. The Δ enantiomers, H atoms and PF6
− coun

terions have been omitted for the sake of clarity. 
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following distinguishing attributes: (1) two sets of signals for the non- 
equivalent C^N ligands (C1-symmetry); (2) two mutually coupled dou
blets, appearing as an AB quartet between 5.65 and 6.75 ppm for the 
diastereotopic protons of the –CH2 groups because of the helical 
chirality implicit in tris-chelate octahedral complexes. 

The 19F NMR spectra of complexes [1b]Cl - [4b]Cl display two 
multiplets around − 107 ppm (F9 and F9’) and two additional multiplets 
at about − 109 ppm (F11 and F11’), for the two non-equivalent dfppy 
(atom labelling shown in ESI). 

The HR ESI(+) mass spectra of [1a]Cl - [4a]Cl and [1b]Cl - [4b]Cl 
show an envelope of peaks with m/z values and isotopic distribution 
patterns fully compatible with those calculated for the monocationic 
species of formula [Ir(C^N)2(N^N′)]+, resulting from the loss of the 
chloride counterion in every case (ESI). 

3.3. Crystal structures by X-ray diffraction 

High quality single crystals were obtained for the PF6
− salts of 

[1b]þ, [2a]þ and [3a]þ by slow evaporation of solutions of either 
[1b]Cl and [3a]Cl in methanol or [2a]Cl in methanol/dichloro
methane, upon addition of some drops of saturated aqueous NH4PF6 in 
order to facilitate crystallization. The corresponding crystal structures of 
[1b]PF6, [2a]PF6 and [3a]PF6 were resolved by single crystal X-ray 
diffraction analysis. The complexes crystallize in the monoclinic P21/c, 
C2/c and C2/c space groups, respectively. The unit cells of these com
plexes contain two pairs ([1b]PF6) or four pairs ([2a]PF6 and [3a] 
PF6) of enantiomers (Δ,Λ) plus four or eight PF6

− counteranions. The 
molecular structures for the Λ enantiomers of complex cations [1b]þ, 
[2a]þ and [3a]þ are shown in Fig. 1. Selected bond distances and 
angles for the coordination environment are compiled in Table 1, and 
relevant crystallographic parameters are given in Table SI-3. 

The molecular structures of these complexes exhibit the expected 
pseudo-octahedral geometry around the Ir centre with two cyclo
metalating C^N ligands adopting a mutual trans-N,N plus cis-C,C 
arrangement. Besides, each N^N′ ligand assumes a trans disposition with 
regard to the C atoms of the C^N moieties (Fig. 1) [42]. As an evidence of 
deviation from the ideal octahedral geometry, all the bite angles for the 
bidentate ligands are lower than 90◦, i.e. around 80◦ for the C^N ligands, 
and about 76◦ for the N^N′ ligands (Table 1). In all the complexes, the 
Ir–N bond distances for the C^N ligands (2.039(5) to 2.047(5) Å) are 
shorter than for the N^N′ ligands (2.157(5) to 2.165(4) Å) due to the 
strong trans influence exerted by the coordinated phenyl rings [43]. The 
Ir–C bond distances are very close to 2 Å (2.003(6)-2.016(6) Å) and 

standard compared to those usually observed for similar complexes 
[44]. 

3.4. Photostability experiments 

Photostability under long irradiation is a key requirement for PDT 
photosensitizers, since it ensures more ROS-producing cycles for the PS 
and allows to reduce the PS dose [45]. In other words, a high photo
stability favours the PS efficiency. The photodegradation of the new Ir 
(III)-complexes was analysed by monitoring the changes in their 1H 
NMR spectra (1.4⋅10− 2 M, CD3CN) over a period of 24 h under air 
exposure and illumination with blue light, (λir = 460 nm, 24 W) at room 
temperature (Figure SI-33 to SI-40). All the complexes are fully stable 
upon 6 h of irradiation, since no photo-degradation was observed during 
this period. However, after 24 h of irradiation we detected an emerging 
set of signals for degradation products that integrated between 1% and 
5% (Table SI-4). These results confirm the sufficient photostability of 
our luminophores for PDT applications. 

3.5. Theoretical calculations 

Density functional theory (DFT) and time-dependent DFT (TD-DFT) 
calculations were carried out on the molecular and electronic structures 
of the cation complexes [1a]þ, [3a]þ, [1b]þ and [3b]þ at their 
ground state for a deeper comprehension of their photophysical and 
electrochemical properties. Calculations were performed at the B3LYP/ 
(6-31GDP + LANL2DZ) level including solvent effects (CH3CN) (see 
description in ESI and Tables SI-3, SI-4 and SI-5). The optimized mo
lecular structures calculated for [1a]þ, [3a]þ, [1b]þ and [3b]þ at 
their electronic ground state (S0) exhibit a near-octahedral geometry for 
the metal coordination environment in agreement with the crystal 
structures previously discussed. Table SI-5 shows the isovalue contour 
plots and the energies for the frontier molecular orbitals (MOs) of cat
ions [1a]þ, [3a]þ, [1b]þ and [3b]þ at the S0 state. The HOMOs of 
these complexes are spread over the Ir and the phenyl or difluorophenyl 
rings of the C^N ligands and are formed by an admixture of a t2g orbital 
from Ir(III) and π orbitals of the two phenyl rings. Consequently, the 
energies computed for the HOMOs of [1a]þ and [3a]þ are virtually 
identical (− 5.61 and − 5.62 eV), given that they have the same C^N 
ligands (ppy− ). Similarly, the energies obtained for the HOMOs of 
[1b]þ and [3b]þ are almost alike (− 5.94 and − 5.95 eV), since they 
share the same C^N ligands (dfppy− ). The stabilization of the HOMOs for 
[1b]þ and [3b]þ, relative to the HOMOs of [1a]þ and [3a]þ is due to 
the electron-withdrawing nature of the -F atoms in dfppy− , as reported 
previously (Fig. 2) [46,47]. 

The LUMOs are distributed over the N^N′ ligands in all the cases, 
although their precise topology depends slightly on the ligand. Indeed, 
the participation of the alkyl group of [1a]þ and [1b]þ (-CH2COPh) in 
the electron density of their LUMO is relevant, while the participation of 
the alkyl group of [3a]þ and [3b]þ (-CH2CONHCH2Ph) in their LUMO 
is non-existent. The LUMO of [3a]þ exhibits a small destabilization 
relative to that of [1a]þ and a similar effect was observed for [3b]þ

compared to [1b]þ. These predictions are in agreement with the elec
trochemical trends experimentally determined for the reduction poten
tials of these complexes (see below). Considering all the above, the 
resulting HOMO-LUMO gaps are higher for complexes of series B than 
for their congeners of series A. 

The nature of the lowest-energy singlet (Sn) and triplet (Tn) excited 
states and the respective energies were computed by mean of the TD- 
DFT method for the cations [1a]þ, [3a]þ, [1b]þ and [3b]þ. The re
sults are compiled in Tables SI-6 and SI-7 and are sketched in Fig. SI-41 
(a). The lowest triplet excited states (T1) of [1a]þ and [3a]þ exhibit 
energies of 2.75 eV, while the corresponding states of [1b]þ and [3b]þ

are destabilized to 2.85 eV. Hence, these estimations predict lower λem 
for [1b]þ and [3b]þ relative to [1a]þ and [3a]þ in agreement with 
the trends determined experimentally for the emission energies of these 

Table 1 
Selected bond lengths (Å) and angles (◦) for [1b]PF6, [2a]PF6 and [3a]PF6.  

[1b]PF6 [2a]PF6 [3a]PF6 

Ir(1)-N(1) 2.038 
(6) 

Ir(1)-N(1) 2.047 
(5) 

Ir(1)-N(1) 2.041(4) 

Ir(1)-N(2) 2.050 
(6) 

Ir(1)-N(2) 2.039 
(5) 

Ir(1)-N(2) 2.049(4) 

Ir(1)-N(3) 2.151 
(6) 

Ir(1)-N(3) 2.165 
(4) 

Ir(1)-N(3) 2.171(4) 

Ir(1)-N(5) 2.155 
(5) 

Ir(1)-N(5) 2.157 
(5) 

Ir(1)-N(5) 2.159(4) 

Ir(1)-C(11) 2.009 
(7) 

Ir(1)-C(11) 2.016 
(6) 

Ir(1)-C(11) 2.016(5) 

Ir(1)-C(22) 2.013 
(7) 

Ir(1)-C(22) 2.003 
(6) 

Ir(1)-C(22) 2.004(5) 

C(11)Ir(1)N 
(1) 

81.3(3) C(11)Ir(1)N 
(1) 

81.4(2) C(11)Ir(1)N 
(1) 

81.12 
(19) 

C(22)Ir(1)N 
(2) 

79.5(3) C(22)Ir(1)N 
(2) 

81.3(2) C(22)Ir(1)N 
(2) 

80.72 
(18) 

N(3)Ir(1)N 
(5) 

76.1(2) N(3)Ir(1)N 
(5) 

75.6(2) N(3)Ir(1)N 
(5) 

75.31 
(14) 

The 3-D crystal structures of these complexes are stabilized by hydrogen bonding 
interactions, involving C–H and N–H groups as donors and C––O groups as well 
as PF6

− anions as acceptors. 
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pairs (see below). 

3.6. Electrochemical properties 

The electrochemical behaviour of the ground and excited states of 
this type of complexes can play important roles in their biological ac
tivity both in the dark and upon photoactivation, respectively [48]. For 
that reason, the redox potentials of [1a]Cl - [4a]Cl and [1b]Cl - [4b] 
Cl were experimentally determined by cyclic voltammetry (CV) in 
deoxygenated acetonitrile solutions (5 × 10− 4 M) versus the 

ferrocenium/ferrocene (Fc+/Fc) couple. The cyclic voltammograms of 
[1a]Cl - [1b]Cl and [3a]Cl - [3b]Cl are shown in Fig. 3(A) as illus
trative examples of their respective series. Voltammograms for the other 
derivatives are very similar to those of [3a]Cl and [3b]Cl and are 
presented in the ESI (Figure SI-42-SI-44). 

The anodic region of the voltammograms features one irreversible 
peak for all the complexes between +0.56 and + 0.69 V (Eox1

1/2 in 
Table 2 and Fig. 3(A)) attributed to the oxidation of the Cl− counter- 
anion (2 Cl− → Cl2 + 2 e− ). This assignation was confirmed by 
recording the CV of [3a]PF6, where the afore-mentioned peak was 

Fig. 2. Schematic representation displaying the energies computed for the frontier orbitals and the HOMO-LUMO energy gaps of [1a]þ, [3a]þ, [1b]þ and [3b]þ.  

Fig. 3. (A) Cyclic voltammograms of complexes [1a]Cl - [1b]Cl and [3a]Cl - [3b]Cl in acetonitrile solution (5 × 10− 4 M), using 0.1 M [nBu4N][PF6] as supporting 
electrolyte and recorded with a scan rate of 0.10 V⋅s− 1. (B) Reduced and oxidized species formed for complexes of formula [IrIII(C^N− )2(N^N′)]+. 
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missing (Fig. SI-44). The small variations noticed in the position of this 
oxidation peak depending on the complex are likely due to weak in
teractions between chloride and the respective complex cation, which 
are responsible for the formation of ion pairs (see Molar conductivity 
measurements below). Moreover, a second reversible one-electron redox 
peak is observed at +0.85 V for [1a]Cl - [4a]Cl and at around +1.18 V 
for [1b]Cl - [4b]Cl. This wave is assigned to the reversible oxidation of 
the environment formed by the Ir(III) centre and both phenyl rings of the 
respective C^N ligands, in agreement with the topology calculated for 
the HOMO of [1a]þ, [3a]þ, [1b]þ and [3b]þ (see Table SI-6 and 
canonical forms in Fig. 3(B)) [49,50]. Thus, this peak is shifted to more 
anodic potentials (0.33 V, approximately) for complexes of series B, due 
to the presence of -F atoms on the phenyl rings. The electron- 
withdrawing effect of the -F atoms reduces the electron density at the 
Ir-Ph environment and stabilizes remarkably the HOMO (see calcula
tions), hindering the extraction of the first electron from [1b]Cl - [4b] 
Cl relative to [1a]Cl - [4a]Cl [51,52]. 

The cathodic region, on the other side, displays one irreversible wave 
peaking at around − 2 V for complexes of both series (Ered1

1/2 in 
Table 2). The extra electron accepted by these complexes is accommo
dated in the N^N′ ligand [54], in agreement with the topology of their 
LUMO (see Table SI-5), giving place to a reduced radical form, 
[IrIII(C^N− )2(N^N′•− )] (Fig. 3(B)). All the complexes with alkyl-amide 
groups, except [4b]Cl, that is [2a]Cl - [4a]Cl and [2b]Cl - [3b]Cl, 
present more negative reduction potentials Ered1

1/2 (in the range from 
− 2.03 to − 2.11 V) than the respective complexes with the alkyl-ketone 
group, namely, [1a]Cl and [1b]Cl (− 1.96 and − 1.92 V, respectively). 
This effect is likely due to the destabilization of the LUMO predicted 
theoretically for [3a]þ and [3b]þ relative to the LUMO of [1a]þ and 
[1b]þ, and it is attributed to both the positive mesomeric (electron 
donating) effect of the -CH2CONR2 groups and the negative mesomeric 
(electron withdrawing) effect of the -CH2COPh group. Moreover, cal
culations reported by us in a previous work for the reduced species of a 
similar complex [55], predict a high spin density localized on one of the 
C atoms of the thiazole ring when the N^N′ ligand is based on the thia
bendazole scaffold. Thus, the irreversible nature of the reduction process 
observed for our complexes could be rationalized due to the limited 
delocalization of the afore-mentioned unpaired electron. 

The electro-chemical band-gaps (ΔE1/2) have been determined as the 
difference between Eox2

½ and Ered1
½. The so-calculated values are in the 

range between 2.81 and 2.96 eV for members of family A and in the 
range between 3.07 and 3.23 for their congeners of family B, which is in 
accordance with the higher HOMO-LUMO band-gap calculated theo
retically for family B. Hence, the afore-mentioned stabilization of the 
HOMO in family B seems to be the main factor explaining the increase of 
ΔE1/2 for [1b]Cl - [4b]Cl relative to [1a]Cl - [4a]Cl. 

Interestingly, the excited states of this type of complexes usually 

exhibit an outstanding combination of reductive and oxidative char
acter. In particular, our photosensitizers show higher excited state 
oxidation powers than the archetypal photosensitizer [Ir(ppy)2(bpy)] 
PF6, [1]PF6, that is, E1/2(IrIII*/IrII) ranges from +0.47 to +0.83 V 
relative to +0.28 V for [1]PF6. At the same time, these photosensitizers 
show better excited state reduction power than [1]PF6, since E1/2(IrIV/ 
IrIII*) ranges from − 1.47 to − 1.75 V relative to − 1.19 V for [1]PF6 
(Fig. 4 and Table SI-8). These redox properties a priori render our 
complexes excellent photoredox catalysts, which in turn could enhance 
their ability to generate ROS and improve their biological performance 
as PDT agents. 

Molar conductivity measurements (ΛM) were performed for [3a]Cl 
and [3a]PF6 in acetonitrile solutions (10− 3 M) at room temperature. 
Interestingly, the value obtained for [3a]PF6 (ΛM = 178 S⋅cm2⋅mol− 1) is 
compatible with a 1:1 electrolyte, whereas the value determined for 
[3a]Cl (ΛM = 81 S⋅cm2⋅mol− 1) is remarkably lower revealing the for
mation of intimate ion pairs for [3a]Cl in this solvent. Thus, we hy
pothesize that the participation of the Cl− counteranion in ion pairing 
and the strength of the specific interactions involved in the formation of 
these entities could explain the small variations observed for Eox1

1/2. 

3.7. Photophysical properties 

The UV–Vis absorption and emission spectra of the new complexes 
were recorded in H2O-DMSO (94:6, v:v) (10− 5 M) at room temperature 
(Figs. 5(A) and SI32(A) and Table 3). All the derivatives exhibit strong 
bands with maxima around 250 nm (1LC, π → π* for C^N and N^N′ li
gands) and 300 nm (1MLCT and 1LLCT) and a weak but very broad tail 
above 350 nm (3MLCT and 3LC) [56–58]. This spin-forbidden band is 
enabled by the large spin-orbit coupling typical of the Ir(III) ion [47] and 
spreads well into the visible region for [1a]Cl - [4a]Cl, but faintly for 
[1b]Cl - [4b]Cl. The value of ε [M− 1 cm− 1] at the wavelength used in 
biological experiments (460 nm) is reflected in Table 3. Indeed, the 
absorption of derivatives of series A overlaps suitably with the emission 
band of our blue light source. However, a priori the analogues of series B 
with dfppy can hardly be excited with this light source, which could be a 
handicap for their use as PDT agents (see below). Blue and green light 
display a low tissue penetration depth (1–1.4 mm), which precludes the 
use of PSs sensitive to short-wavelength visible light for the treatment of 
deep-seated tumours. Nonetheless, this type of light stimulus combined 
with interstitial delivery of light is advantageous to avoid damage on 
healthy, underlying tissue. Indeed, the Ru(II) PS TLD-1433, with a light 
excitation wavelength of 520 nm, is in clinical trials for the treatment of 
bladder cancer [13,59]. On the other hand, excitation at higher energy 
wavelengths (UV) is impractical, due to its limited tissue penetration 
along with its light-induced cytotoxicity [60,61]. 

In general, the emission of complexes with general formula [Ir 
(C^N)2(N^N′)]+ takes place from the lowest lying triplet state (T1), which 
is formed by a combination of 3MLCT/3LLCT and 3LC states. The emis
sion spectra of our complexes exhibited a band with vibronic structure 
(two maxima), indicating a major 3LC (3π-π*) character for the transition 
to the ground state as corroborated by theoretical calculations (Figs. 5 
(B) and SI-32(B)) [55,62–64]. The higher energy maximum appears 
between 479 and 511 nm for complexes of series A and between 454 and 
468 nm for complexes of series B. Hence, the observed maximum 
wavelengths (λmax) for [1b]Cl - [4b]Cl are blue-shifted relative to 
those recorded for [1a]Cl – [4a]Cl, which reveals an increase of the S0 
← T1 energy attributed to the presence of the -F atoms on the C^N ligands 
as predicted by our calculations and reported in the literature [65–67]. 
Moreover, the presence of alkyl-amide groups on the N^N′ ligand results 
in a hypsochromic shift compared to the respective complex with an 
alkyl-ketone substituent in both series (32 nm in series A and 14 nm in 
series B). Triplet energy levels (ET) are directly calculated from the 
maximum emission peaks (Table 3) and are critical parameters for 
efficient energy transfer (ET) to 3O2 in the generation of 1O2. Indeed, 
molecular oxygen (O2) has two singlet excited states (1Σg and 1Δg) with 

Table 2 
Redox potentials recorded by cyclic voltammetry referenced to Fc+/Fc in 
acetonitrile solution.a,b  

Complex Eox1
1/2(V) Eox2

1/2(V) Ered1
1/2(V) Ered2

1/2(V) ΔE1/2(V) 

[1](PF6) – +0.87 (rev) − 1.78 (qr) – 2.65 
[1a]Cl +0.57 (ir) +0.85 (rev) − 1.96 (ir) − 2.29 (ir) 2.81 
[2a]Cl +0.67 (ir) +0.85 (rev) − 2.10 (ir) − 2.27 (ir) 2.95 
[3a]Cl +0.65 (ir) +0.85 (rev) − 2.11 (ir) − 2.26 (ir) 2.96 
[4a]Cl +0.69 (ir) +0.84 (rev) − 2.04 (ir) − 2.12 (ir) 2.88 
[1b]Cl +0.56 (ir) +1.18 (rev) − 1.92 (ir) − 2.26 (ir) 3.10 
[2b]Cl +0.67 (ir) +1.18 (rev) − 2.05 (ir) − 2.20 (ir) 3.23 
[3b]Cl +0.56 (ir) +1.18 (rev) − 2.03 (ir) − 2.19 (ir) 3.21 
[4b]Cl +0.56 (ir) +1.17 (rev) − 1.90 (ir) − 2.11 (ir) 3.07 
[3a]PF6 – +0.85 (rev) − 2.11 (ir) − 2.25 (ir) 2.96  

a Voltammograms recorded in acetonitrile solution (5 × 10− 4 M), using 0.1 M 
[nBu4N][PF6] as supporting electrolyte and recorded with scan rate of 0.10 
V⋅s− 1 and referenced to Fc+/Fc. 

b Redox potentials for the reference complex have been obtained from the 
literature [53]. 
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absorption energies of 762 nm (1.63 eV) and 1268 nm (0.98 eV), 
respectively, so that the triplet energy level of an efficient 1O2 photo
sensitizer has to be higher than these values. Concurrently, PSs with 
extremely high triplet energy values bring about inefficient ET owing to 
mismatch with the energy levels of 1O2 [68]. Therefore, we speculate 
that [1a]Cl, with the lowest triplet energy value (2.43 eV), could be the 
most appropriate 1O2 photosensitizer in this family of complexes. 

The emission quantum yields (PLQY, ΦPL) were experimentally 
determined in H2O-DMSO (94:6, v:v) and are low for [1a]Cl - [4a]Cl 
(3–9%) and very low for [1b]Cl - [4b]Cl (< 1%) (Table 3). On the other 
hand, the excited state lifetimes (τ) are only given for complexes of se
ries A in H2O-DMSO (94:6, v:v), due to the low ΦPL values obtained for 
derivatives of series B. The replacement of the -CH2COPh group in [1a] 
Cl with different -CH2CONR2 groups in [2a]Cl - [4a]Cl, results in 
longer τ values (Table 3), likely as a result of the energy-gap law 
[69–71]. 

3.8. Ability of 1O2 generation 

Singlet oxygen is considered as the main cytotoxic species in Type II 
PDT [72]. Moreover, DPBF is widely reckoned as a 1O2 capture agent 
[73]. Therefore, the ability to generate singlet oxygen (1O2) was 
demonstrated for [1a]Cl and [3a]Cl in acetonitrile by recording the 

Fig. 4. Latimer diagrams for [1a]Cl and [1b]Cl with redox potentials determined by CV and the emission energy calculated from the photoluminescence spectrum. 
The redox potentials for [1a]þ-[1b]þ and its excited states [1a*]+-[1b*]þ are given in V versus Fc+/Fc. E1/2(IrIV/IrIII*) = E1/2(IrIV/IrIII) - E1/2(IrIII*/IrIII) and E1/ 

2(IrIII*/IrII) = E1/2(IrIII/IrII) + E1/2(IrIII*/IrIII). All the potential values are given as reduction potentials regardless the sense of the arrows for the quenching cycles. 

(A) (B)

Fig. 5. (A) Overlaid UV–Vis absorption spectra of complexes [1a]Cl and [1b]Cl (10− 5 M) in H2O-DMSO (94:6, v:v) at 25 ◦C, together with the emission band 
recorded for the blue light source used in biological experiments (overlapping region in the inset). (B) Overlaid emission spectra of complexes [1a]Cl and [1b]Cl in 
H2O-DMSO (94:6, v:v) (10− 5 M) at 25 ◦C under a nitrogen atmosphere (λex = 405 nm). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Table 3 
Photophysical properties for complexes [1a]Cl - [4a]Cl to [1b]Cl - [4b]Cl 
determined in H2O-DMSO (94:6, v:v) (10− 5 M) at 25 ◦C under a nitrogen at
mosphere with λex = 405 nm.  

Complex λabs(nm) ε [M¡1 

cm¡1] 
ε [M¡1 

cm¡1] 
(at 460 
nm) 

λem(nm) 
[ET(eV)] 

Φ
PL 

(%) 
τ 
(ns) 

[1a]Cl 252, 295, 
382 

56,500, 
33,400, 5600 

900 511 [2.43 
eV] 

9 13 

[2a]Cl 242, 295, 
373 

56,400, 
31,500, 5400 

600 479 [2.59 
eV], 506 

8 265 

[3a]Cl 242, 295, 
381 

42,600, 
29,900, 4800 

300 479 [2.59 
eV], 505 

7 358 

[4a]Cl 241, 297, 
373 

38,800, 
26,400, 4300 

200 479 [2.59 
eV], 505 

3 356 

[1b]Cl 240, 300, 
357 

47,400, 
25,100, 4600 

100 468 [2.65 
eV] 

0.03 - 

[2b]Cl 240, 294, 
355 

41,700, 
22,000, 5100 

600 454 [2.73 
eV], 482 

0.13 - 

[3b]Cl 240, 300, 
357 

50,400, 
31,100,5800 

200 454 [2.73 
eV], 482 

0.52 - 

[4b]Cl 240, 300, 
365 

42,500, 
25,900, 4100 

100 454 [2.73 
eV], 482 

0.08 -  
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evolution of the respective UV–Vis spectra during the oxidation of DPBF 
(yellow) to 1,2-dibenzoylbenzene (colorless) in the presence of our 
photosensitizers under blue light irradiation (λir = 460 nm) at 1 s in
tervals for a total exposure period of 8 s (Fig. 6). Both kinetic experi
ments showed a decay in the intensity of DPBF consistent with the 
generation of 1O2. A control experiment for the photooxidation of DPBF 
in acetonitrile under blue light irradiation in the absence of PS was also 
performed. In line with the results obtained by Li et al. [74] in other 
solvents, we observed that DPBF undergoes a certain degree of photo
oxidation under these conditions, although the rate is remarkably lower 
than those recorded in the presence of [1a]Cl and [3a]Cl (Table SI-9). 

Considering the experimental results and the bibliographic back
ground [21], we postulate that our complexes can operate through a 
photochemical pathway consisting of several steps: (a) Photoexcitation 
of the Ir-PS from their ground state to the singlet excited state ([IrIII] → 
1[IrIII]*); (b) formation of the Ir long-lived triplet excited state via 
intersystem crossing (1[IrIII]* → 3[IrIII]*); generation of 1O2 by mean of 
an energy transfer step (3[IrIII]* + 3O2 → [IrIII] + 1O2). Alternatively, 
3[IrIII]* could generate the radical anion superoxide (O2

•− ) through an 
electron transfer pathway, since we have proved that superoxide levels 
are increased upon treatment with photoactivated complexes (vide 
infra). 

3.9. Phototoxic activity and cellular uptake 

In order to assess the potential of these compounds for cancer PDT, 
their cytotoxic activity against PC-3 prostate cancer cells was assessed in 
the dark or upon irradiation with a blue light (λir = 460 nm) for 1 h. The 
light dose applied (24.1 J cm− 2) was similar to that used to photo
activate other Ir-based PSs [45]. Compounds were tested at concentra
tions up to 50 μM and the concentration that inhibits the viability of cells 
by 50% (IC50) was determined after 48 h of treatment using an MTT 
assay. All compounds exhibited a cytotoxic effect against PC-3 cells in 
the absence of irradiation, with IC50 values between 12.76 μM and 2.75 
μM (Table 4). These values are in the range of cisplatin, a well- 
established anticancer agent, assayed under the same conditions 
(Table 4). Upon light irradiation, compounds [1a]Cl – [4a]Cl exhibited 
a marked increase in their cytotoxic activity, with IC50 values between 
0.32 μM and 2.36 μM. In particular, the highest phototoxicity index 
values (PI = IC50,dark/IC50,light) were obtained for [1a]Cl (PI: 8.6) and 
[3a]Cl (PI: 7.5) while [2a]Cl and [4a]Cl displayed lower PI values of 
4.5 and 4.2, respectively. In contrast, the activity of compounds [1b]Cl 
– [4b]Cl was essentially not enhanced by light irradiation. Only [4b]Cl 
showed higher activity upon irradiation, with a moderate PI of 2.3. As 
afore-suggested, the negligible or weak photoactivation of complexes 
[1b]Cl – [4b]Cl is likely related to their weaker absorption in the 
visible region of the spectrum and in particular in the blue light region. 

In addition, the excited state lifetime seems not to be the determining 
factor in the PI value for our complexes, as [1a]Cl exhibits the lowest 
value of all these photosensitizers. We postulate that the higher photo
toxicity of [1a]Cl compared to its congeners could be related to its good 
absorption profile in the blue light region, its appropriate ET value and 
its ability to generate 1O2 (vide supra). 

Based on these results, complexes [1a]Cl and [3a]Cl, which hold 
the highest potential for PDT, were chosen for further investigations on 
their biological action mechanism. 

An efficient accumulation of the PS into target cells is crucial to 
achieve an effective phototherapy. By contrast, low cellular uptake is 
widely regarded as one of the main causes of resistance to chemotherapy 
[6]. Taking advantage of the intrinsic fluorescence of [1a]Cl and [3a] 
Cl, their cellular internalization was characterized by flow cytometry. 
First, the uptake kinetics of the complexes were determined to assess the 
optimal incubation time to ensure their accumulation into the cells prior 
to photoactivation. To this end, PC-3 cells were exposed to [1a]Cl and 
[3a]Cl at 5 μM for 1, 4, 6 and 16 h and the percentage of cells with green 
fluorescence emission, corresponding to the uptake of the complexes, 
was determined relative to non-treated cells. Uptake kinetic curves were 
obtained by fitting the measured data points to one-phase exponential 
association curves with GraphPad Software (Fig. 7). The plateau values 
of the kinetic curves were similar for both complexes, indicating they 
have the same ability to internalize into cells. However, the estimated 
half-time to reach the plateau was lower for [1a]Cl (1.41 h) than for 
[3a]Cl (4.28 h), revealing that [1a]Cl has a faster internalization rate. 

Based on the uptake kinetics, the cytotoxic effect of [1a]Cl and [3a] 
Cl was further evaluated, extending the incubation time before irradi
ation up to 6 h. In addition, SK-MEL-28 melanoma cells and non- 
malignant CCD-18Co fibroblasts, as healthy control cells, were 

(A) (B)

Fig. 6. Photocatalytic oxidation of DPBF under blue light in the presence of [1a]Cl (A) and [3a]Cl (B) in acetonitrile.  

Table 4 
Cytotoxic activity against PC-3 cells.  

Compound IC50,dark(μM) IC50,light(μM) PIa 

[1a]Cl 2.75 ± 0.37 0.32 ± 0.10 8.6 
[2a]Cl 10.52 ± 1.17 2.36 ± 0.46 4.5 
[3a]Cl 12.76 ± 0.44 1.71 ± 0.75 7.5 
[4a]Cl 3.90 ± 1.13 0.92 ± 0.12 4.2 
[1b]Cl 4.52 ± 0.02 1.94 ± 0.52 2.3 
[2b]Cl 6.32 ± 0.73 6.01 ± 1.06 1.1 
[3b]Cl 6.32 ± 0.48 5.57 ± 0.32 1.1 
[4b]Cl 4.64 ± 1.21 4.75 ± 0.09 1.0 
Cisplatin 2.53 + 0.73 – – 

PC-3 cells were exposed to the compounds in the dark or with light irradiation 
(1 h, 6.7 mW cm− 2, λir = 460 nm). IC50 values were determined 48 h later by an 
MTT assay. Data represents the mean ± SD of at least two independent experi
ments, each performed in triplicate. a PI: phototoxicity index = IC50,dark/IC50, 

light. 
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included in the study (Table 5). The longer preincubation time resulted 
in a higher phototoxicity against PC-3 cells, with IC50,light values of 0.22 
± 0.03 for [1a]Cl and 0.88 ± 0.24 μM for [3a]Cl. These values are 1.4 
and 1.9 fold lower than those obtained for [1a]Cl and [3a]Cl after 1 h 
of preincubation (Table 4). Notably, [1a]Cl and [3a]Cl exhibited high 
cytotoxicity against SK-MEL-28 cells in the dark and, more importantly, 
after irradiation (Table 5), resulting in a PI of 23.4 for [1a]Cl and 21.4 
for [3a]Cl. The cytotoxic activity of the complexes in the dark or upon 
photoactivation against cancer cells is comparable to that of other 
families of Ir(III) complexes [11,19,57,75,76]. In contrast, their activity 
against non-tumoral CCD18-Co fibroblasts was moderate, with IC50,dark 
values of 5.87 ± 0.66 μM and 24.06 ± 2.92 μM and IC50,light values of 
0.54 ± 0.10 μM and 3.39 ± 1.31 μM, for [1a]Cl and [3a]Cl respec
tively, revealing a lower toxic effect against healthy cells. The Selective 
Phototoxicity Indexes (SPI) of these complexes were calculated by 
comparing the IC50,dark values in non-malignant cells to the IC50,light 
values in cancer cells (IC50,dark CCD-18Co/IC50,light cancer cells). It 
should be noted that in the case of SK-MEL-28 cells, an SPI value of 
117.4 was obtained for [1a]Cl and of 171.8 for [3a]Cl. These results 
indicate that in the clinical setting, the PS dose required for a melanoma 
PDT-based treatment would not be toxic to healthy cells since they are 
not exposed to irradiation. Moreover, it is worth mentioning that neither 
of the two compounds displayed hemolytic activity against red blood 
cells at the IC50,dark (Table 5) or even at concentrations up to 25 μM (data 
not shown). 

3.10. Clonogenic assay 

The long-term effectiveness of [1a]Cl and [3a]Cl was determined 
by measuring their capacity to inhibit the ability of single cells to survive 
and reproduce to form colonies. Cisplatin was used as positive control. 

PC-3 cells were incubated for 6 h with the complexes at their corre
sponding IC50,light and then kept in the dark or photoactivated for 1 h. 
Cells were immediately plated at low density and allowed to grow and 
form colonies for 10 days. Then, the colony number in each plate was 
determined. As shown in Fig. 8, a significant reduction of the number of 
colonies was observed in cells exposed to photoactivated [1a]Cl and 
[3a]Cl compared to control cells (90.0 ± 1.31% and 98.8 ± 0.20% of 
inhibition, respectively). These values are similar to those observed for 
cisplatin (89.8 ± 3.7%). In contrast, the clonogenicity of the cells was 
only inhibited by 18.2 ± 3.8% and by 21.4 ± 4.8% when the treatments 
with [1a]Cl and [3a]Cl, respectively, were performed in the dark. 

Fig. 7. Internalization kinetics of compounds [1a]Cl and [3a]Cl. PC-3 cells 
were incubated with the compounds at 5 μM for 1, 4, 6, and 16 h at 37 ◦C and 
the % of cells with positive fluorescence relative to control untreated cells was 
determined by flow cytometry. Data represents the mean ± SD of three inde
pendent experiments. 

Table 5 
Cytotoxic activity against PC-3 and SK-MEL-28 cancer cells and CCD-18Co fibroblasts.  

Compound: [1a]Cl  [3a]Cl   

IC50(μM) PIa SPIb IC50(μM) PIa SPIb 

Cell line: Dark Light Dark Light 

PC-3 2.75 ± 0.37 0.22 ± 0.03 12.5 26.7 12.76 ± 0.44 0.88 ± 0.24 14.5 27.3 
SK-MEL-28 1.17 ± 0.28 0.05 ± 0.01 23.4 117.4 2,99 ± 0.23 0.14 ± 0.02 21.4 171.8 
CCD-18Co 5.87 ± 0.66 0.54 ± 0.10 10.9  24.06 ± 2.92 3.39 ± 1.31 7.3  
Hemolysisc < 5%    < 5%    

Cells were preincubated with the compounds for 6 h to allow the cellular uptake and then irradiated with a blue light (6.7 mW cm− 2, λir = 460 nm) or incubated in the 
dark for 1 h. IC50 values were determined 48 h later by an MTT assay. Data represents the mean ± SD of at least two independent experiments, each performed in 
triplicate. a PI: phototoxicity index = IC50,dark/IC50,light. b SPI: Selective Phototoxicity Index = IC50,dark CCD-18Co/IC50,light cancer cells. c Percentage of hemolysis at the 
IC50,dark. 

Fig. 8. Clonogenic assay. (A) Colony formation of PC-3 cells after exposure to 
[1a]Cl or [3a]Cl at the IC50,light in the dark or under photoactivation. Control 
cells were treated with medium alone. Cisplatin was used as a positive control. 
(B) Bar charts represent the percentage of colonies relative to control untreated 
cells after each treatment (mean ± SD of 3 experiments. *p < 0.05 versus 
control cells). 

I. Echevarría et al.                                                                                                                                                                                                                              



Journal of Inorganic Biochemistry 231 (2022) 111790

13

These results point out that the photodynamic activity of these com
plexes can greatly reduce the number of cells with tumorigenic capacity. 

3.11. Internalization mechanism and intracellular localization 

To know the cellular uptake mechanism of a potential drug is 
important for its therapeutic or diagnostic applications. It may require 
energy, as for endocytosis and active transport mediated by proteins, or 
be energy-independent, as happens in passive diffusion through the 
membrane or diffusion facilitated by channels and carriers. For instance, 
different reports have shown that Ir(III) complexes can be internalized 
into the cells by energy independent pathways [77], non-endocytotic 
energy dependent pathways [78], or endocytosis [79]. 

To establish the internalization mechanism of [1a]Cl and [3a]Cl, 
PC-3 cells were incubated with the compounds at 5 μM for 1 h: i) at 

37 ◦C, to allow any possible cellular uptake mechanism; ii) at 4 ◦C, to 
inhibit processes that require metabolic energy, and iii) at 37 ◦C after 
pre-incubation with dynasore, an specific inhibitor of endocytosis. After 
1 h of incubation at 37 ◦C, the median fluorescence intensity (MFI) of the 
cells significantly increased (from 8,511 ± 706 in control cells to 20,425 
± 2,525 in cells exposed to [1a]Cl and to 13,330 ± 34 in cells incubated 
with [3a]Cl), demonstrating an efficient cellular uptake of the com
pounds. However, these fluorescence levels were reduced by 87.3% and 
92.2% respectively when cells were incubated at 4 ◦C (Fig. 9), indicating 
that the compounds are mainly internalized through an energy- 
dependent mechanism. In addition, pre-treatment with dynasore 
almost completely abolished the internalization of both compounds. 
Dynasore is a cell-permeable molecule that inhibits activity of dynamin, 
a protein involved in vesicle scission from plasma membrane during 
endocytosis [80]. Thus, it can be concluded that [1a]Cl and [3a]Cl 

Fig. 9. Cellular uptake mechanism study for 
[1a]Cl and [3a]Cl. PC-3 cells were incubated 
with the compounds at 5 μM or medium alone as 
a control for 1 h under different conditions: at 
37 ◦C, at 4 ◦C (metabolic inhibition), and at 37 ◦C 
after dynasore pre-incubation (endocytosis inhi
bition). The MFI of the cells, corresponding to the 
intracellular uptake of the peptides, was deter
mined by flow cytometry. (A) Representative 
flow cytometry histograms obtained for control 
cells and for cells incubated with [1a]Cl and 
[3a]Cl. (B) Percentage of intracellular fluores
cence at the different conditions in comparison to 
cells incubated at 37 ◦C. Each bar represents the 
mean fluorescence intensity of at least two inde
pendent experiments ± SD. *p < 0.05 vs cells 
treated at 37 ◦C.   
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enter the cells principally by endocytosis. Moreover, the experiments 
were performed in serum free culture medium and therefore, the 
endocytosis of the compounds is not assisted by serum lipids or proteins. 

The intracellular localization of a PS is an important factor for the 
outcome of PDT since ROS have a short half-life and act close to their site 
of generation [81]. Therefore, the cellular damage induced by the 
compounds is highly dependent on their localization inside the cells. To 
obtain more insight into the subcellular localization of [1a]Cl and [3a] 
Cl confocal microscopy experiments were performed after exposing SK- 
MEL-28 cells to the compounds for 1 h. Colocalization studies with 
mitochondria were conducted by co-staining the cells with the red- 
fluorescent dye MitoTracker™ Red CMXRos. 

As shown in Fig. 10(A), a punctuated green fluorescent staining was 
observed in cells exposed to [1a]Cl and [3a]Cl, indicating the accu
mulation of the compounds throughout the cytoplasm of the cells. In 
contrast, no fluorescence particles were detected inside the cell nucleus. 
Merged images of [1a]Cl or [3a]Cl and MitoTracker™ Red revealed a 
high degree of colocalization, which can be seen in yellow, with Pearson 
correlation coefficients of 0.908 and 0.809, respectively. The Mander’s 
overlap coefficient between [1a]Cl and MitoTracker™ Red was 0.861 
indicating that a high fraction of the complex colocalize with mito
chondria. However, a lower Mander’s coefficient was obtained for [3a] 

Cl (M: 0.55) revealing a lower degree of colocalization. In Fig. 10(B), a 
higher magnification image of [3a]Cl confirms that although the green 
particles are mainly located in the mitochondria, the complex is also 
detected in other subcellular locations, which point out that it can 
accumulate in other organelles, such as lysosomes or endoplasmic re
ticulum (ER) as described for other iridium complexes [7]. These find
ings were further confirmed by a multichannel plot, where the Y-axis 
represents the fluorescence intensity of the green and red channels in 
each pixel of the image selected by the white line and the X-axis shows 
the horizontal distance of the line (Fig. 10(B)). Changes in the intensity 
plots were synchronous for both channels along the line revealing a good 
colocalization except in the perinuclear area, where only green fluo
rescence was detected. Overall, these results showed that [1a]Cl and 
[3a]Cl mainly accumulate into the mitochondria in agreement with 
previous reports describing that positively charged cyclometalated Ir 
(III) complexes with moderate lipophilic character tend to accumulate 
within these organelles, even in the absence of specific targeting groups. 
This fact seems to be favoured by the negative potential of mitochon
drial membranes [24,26,82,83]. Thus, these PSs show excellent prop
erties for their potential application as probes in bioimaging of 
mitochondria, in particular [1a]Cl. 

Fig. 10. Confocal microscopic imaging of the subcellular 
localization of [1a]Cl and [3a]Cl. SK-MEL-28 cells were 
incubated with the compounds at 25 μM or with medium 
alone (control) for 1 h at 37 ◦C. Mitochondria were stained 
with MitoTrackerRed™. (A) The localization of the com
pounds is indicated by the green fluorescence (excitation 
wavelength: 400 nm; emission wavelength: 525 nm). 
Mitochondria staining is shown by the red fluorescence 
(excitation wavelength: 543 nm; emission wavelength: 
595 nm). Colocalization can be observed in yellow in the 
merged images. (B) High magnification image showing 
[3a]Cl and MitotrackerRed co-staining. The multi- 
channel plot (right) represents the green and red fluores
cence intensity in each pixel of the merged image indi
cated by the white line. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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3.12. Superoxide production 

The radical anion superoxide is considered the most important ROS 
in cells [84]. We analysed the ability of these complexes to generate this 
radical at the cellular level using a specific fluorescent probe. PC-3 cells 
were incubated with [1a]Cl and [3a]Cl for 6 h at the corresponding 
IC50,light and then kept in the dark or photoactivated. The formation of 
superoxide radicals was immediately measured by flow cytometry 
(Fig. 11). The MFI of the cells increased by 1.46 ± 0.61-fold and by 1.42 
± 0.54-fold compared to control cells when exposed to photoactivated 
[1a]Cl and [3a]Cl respectively, revealing an increase of the intracel
lular superoxide levels. In contrast, the MFI of the cells was not altered 
when treated with the complexes in the dark. Overall, these results 
confirm that the photodynamic activity of [1a]Cl and [3a]Cl generates 
ROS at cellular level, which is in agreement with the photochemical 
mechanism proposed above. 

3.13. Mitochondrial damage 

Mitochondrial membrane potential (MMP) is an indicator of mito
chondrial activity and is essential for ATP production, cellular meta
bolism, cell signalling and redox balance [85]. In order to assess whether 
the photodynamic activity of [1a]Cl and [3a]Cl interferes with the 
MMP, as reported for other Ir complexes [86,87], mitochondrial mem
brane depolarization was monitored by flow cytometry using the JC-1 
dye. In healthy cells, JC-1 exhibits an MMP-dependent accumulation 
in the mitochondria as aggregates that display a red fluorescence. 
However, when the mitochondrial membrane is depolarized, JC-1 re
mains in the cytosol as a monomer that emits green fluorescence. The 
ratio of this green/red fluorescence depends only on the MMP, as no 
fluorescence emission was detected in cells incubated with the com
plexes at the IC50,light without the JC-1 (Fig. SI-47). In control cells, a red 
emission from JC-1 aggregates was detected together with a green 
fluorescence corresponding to JC-1 monomers (Fig. 12). A similar 
fluorescence pattern was observed in PC-3 cells exposed to [1a]Cl and 
[3a]Cl in the dark, indicating that the MMP was preserved. However, 
the emission of JC-1 shifted from red to green upon irradiation of the 
cells in the presence of [1a]Cl and [3a]Cl revealing the depolarization 

of the mitochondrial membrane in more than 90% of the cells. Similar 
results were obtained after the treatment of the cells with CCCP, a 
classical mitochondrial uncoupler that increases the proton permeability 
across the mitochondrial inner membrane, dissipating the trans
membrane potential. These results reveal that the photodynamic activ
ity of both [1a]Cl and [3a]Cl causes a mitochondrial dysfunction that 
can lead to cell death. 

3.14. Photocatalytic oxidation of NADH 

NAD is a coenzyme that exists in both the oxidized (NAD+) and the 
reduced (NADH) forms and is involved in diverse biochemical redox 
processes. For instance, in the mitochondrial electron transport chain, 
complex I (NADH dehydrogenase) oxidizes NADH to NAD+ and the 
electrons are transported through a series of proteins and electron car
riers to O2 in a process that concurrently pumps protons across the 
mitochondrial inner membrane. This process generates a proton 
gradient between the matrix and the intermembrane space, which is 
mainly responsible for the MMP and drives the ATP synthesis in 
eukaryotic cells (oxidative phosphorylation) [88]. Thus, the alteration 
of the mitochondrial NADH/NAD+ ratio may disrupt the electron 
transport chain and trigger cell death [89]. In two recent reports, the 
groups of Huang [17] and Sadler [89] have proved the activity of Ir(III) 
complexes on the photooxidation of NADH. 

Thus, we studied the photocatalytic oxidation of NADH (100 μM) in 
methanol/H2O (1:1, v/v, 2500 μL) in the presence of [1a]Cl (5 μM) 
under air and blue light exposure (λir = 460 nm), by monitoring the 
evolution of the respective UV–Vis spectrum at room temperature dur
ing 24 h (Fig. 13). No symptoms of reaction were observed during the 
first 30 min. However, after 24 h the band centred at 339 nm (maximum 
of NADH) underwent a remarkable decrease, while the band at 259 nm 
(maximum of NAD+) experienced an increase, in agreement with the 
oxidation of NADH. The turnover number and turnover frequency 
values were 6.23 and 0.26 h− 1. The photocatalytic nature of this process 
was verified by mean of control experiments. Indeed, no oxidation was 
observed either in the absence of PS or in the dark after 24 h (Figure SI- 
45 and SI-46). As a result, we concluded that the photocatalytic ability of 
[1a]Cl could contribute to the afore-mentioned mitochondrial mem
brane depolarization. Therefore, we postulate that NADH might be one 
of the molecular targets in mitochondria and that the impairment of the 
redox homeostasis stemming from its oxidation could also trigger 
apoptosis. 

3.15. Reaction with DNA 

Cytotoxicity of traditional metal-based anticancer drugs is often 
associated with genomic DNA damage and cell cycle perturbation. By 
contrast, mitochondria have been found to be the major target of [1a]Cl 
and [3a]Cl. Thus, we explored whether the photodynamic activity of 
the complexes can affect mtDNA. In fact, circular mtDNA has been 
shown to be more susceptible to ROS damage than nuclear DNA [90]. 

The ability of [1a]Cl and [3a]Cl to interfere with DNA was first 
explored by electrophoretic mobility assays, which analyse the mobility 
shift of circular plasmid DNA due to an alteration of its conformation 
[91]. The plasmid used (pUC18) naturally has a supercoiled conforma
tion (SC) with a high electrophoretic mobility. Under the action of 
damaging agents, such as ROS, the plasmid can suffer a single strand 
break that generates an open circular conformation (OC) with reduced 
electrophoretic mobility, or a double strand break that leads to a linear 
form with an intermediate mobility. When the damage is severe, DNA 
can be greatly fractionated, and fractions are eluted from the gel 
undetected. 

The activity of [1a]Cl and [3a]Cl on DNA cleavage was assayed in 
the dark and under irradiation at concentrations ranging from 0 to 100 
μM, based on a previous study [92]. A treatment with 1.75% H2O2 and 
20 μM FeCl2 was used as positive control of ROS generation and nuclease 

Fig. 11. Superoxide generation by [1a]Cl and [3a]Cl in PC-3 cells. Cells were 
incubated with the complexes at the IC50,light for 6 h and then kept in the dark 
or photoactivated for 1 h. Pyocyanin was used as ROS inducer (positive con
trol). Non-treated cells were used as negative control. Superoxide generation 
was monitored with a commercial fluorescent probe. Representative flow 
cytometry histograms show the MFI of 10,000 cells in the FL2 channel. 
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activity. As shown in Fig. 14(A), neither of the compounds altered the 
electrophoretic mobility of the plasmid at 10 μM. At 25 μM and 50 μM of 
either [1a]Cl or [3a]Cl, the ratio between OC and SC forms of plasmid 
was slightly higher in the irradiated samples than in samples incubated 
in the absence of light. Moreover, the total amount of DNA decreased at 
treatments from 50 μM, being completely degraded at 75 μM under 
irradiation and at 100 μM in the dark, indicating a strong nuclease ac
tivity under these conditions. 

In order to analyse whether ROS are involved in the nuclease activity 
of the complexes, treatments at 70 μM were performed in the presence of 
ROS scavengers (sodium azide as a scavenger of singlet oxygen, DMSO 
as a scavenger of hydroxyl radical, and Tiron as a scavenger of the su
peroxide radical anion) [93]. As shown in Fig. 14(B), DNA degradation 
caused by [1a]Cl was completely reverted by sodium azide and DMSO, 
and almost completely reverted by tiron both in the dark and under 
irradiation. The damage cause by [3a]Cl was completely reverted by 
the three ROS scavengers in both conditions, although DMSO was 
slightly less efficient in the dark. Overall, the oxidative activity of the 

compounds under irradiation appears to be modestly higher since some 
OC conformations are present, indicating that scavengers could not 
completely reverse the effect of the ROS. These results point out to an 
oxidative damage mechanism for Ir(III) complexes involving different 
ROS that could affect mtDNA among other target molecules in the 
mitochondria. 

The interaction of the complexes with mtDNA was further evaluated 
at the cellular level. In particular, the impact of [1a]Cl and [3a]Cl on 
the transcription levels of genes ND3 and COX1, which are located in the 
mitochondrial genome, was quantitatively assessed by RT-qPCR. ND3 
encodes the NADH dehydrogenase subunit 3 of the respiratory chain 
complex I and COX1 (or CO1) encodes the cytochrome c oxidase subunit 
I of the complex IV. Changes in the expression of these genes were 
normalized using the housekeeping gene β-actin (ACTB) as a reference. 
The quantification cycle (Cq) values for ACTB in control cells (18.98 ±
0.49) and cells treated with [1a]Cl (18.64 ± 0.81) or [3a]Cl (18.80 ±
0.33) showed no statistical differences. As shown in Fig. 15, PC-3 cells 
exposed to [1a]Cl or [3a]Cl with photoactivation showed a significa
tive reduction in the expression of both mitochondrial genes in com
parison to control cells, which is a consequence of mtDNA damage. In 
particular, the expression of ND3 was reduced by 31 ± 6% and 35 ± 3% 
after [1a]Cl and [3a]Cl treatments, respectively, while the expression 
of COX1 was reduced by 44 ± 4% in cells exposed to [1a]Cl, reaching a 
72 ± 2% reduction in cells exposed to [3a]Cl. 

Thus, these results confirm that [1a]Cl and [3a]Cl can damage 
mtDNA at cellular level and hence affect mitochondrial functions [76]. 

We also observed that photoactivated [1a]Cl and [3a]Cl induced a 
minimal effect on cell cycle progression, as assessed by propidium iodide 
staining and flow cytometry analysis after 24 h of treatment (Fig. SI-48). 
In contrast, cisplatin, whose mode of action is mediated by the inter
action with nuclear DNA, generated a marked cell cycle arrest at the S 
and G2/M phases [94,95]. These results support that the nuclease ac
tivity of the complexes is most likely restricted to mtDNA, in agreement 
with their subcellular distribution. 

3.16. Cell death mechanism 

Finally, we studied the cell death mechanism induced by photo
activated [1a]Cl and [3a]Cl by flow cytometry using the annexin V/ 
propidium iodide dual staining protocol. Annexin V identifies apoptotic 
cells by its ability to bind to phosphatidylserine, a marker of apoptosis 

Fig. 12. Flow cytometry analysis of the mitochondrial 
membrane potential (MMP) after treatment with [1a]Cl 
and [3a]Cl using the JC-1 dye. PC-3 cells were incubated 
with medium alone as a control or with the compounds at 
the corresponding IC50,light in the dark or with light irra
diation. CCCP, a mitochondrial uncoupler, was used as a 
control drug to induce a membrane depolarization. Plots 
represent fluorescence intensities of green JC-1 monomers 
(FL1) and red JC-1 aggregates (FL2) in the cells. The % 
population of positive cells is given in the respective 
quadrants. Reduced red fluorescence indicates decreased 
MMP. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version 
of this article.)   

Fig. 13. Evolution of the UV–Vis spectrum of NADH (100 μM) in MeOH/H2O 
(1:1, v/v, 2.5 mL) in the presence of [1a]Cl (5 μM) under air and blue light 
exposure (λir = 460 nm) at room temperature. during 24 h. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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when it is on the outer side of the plasma membrane. Propidium iodide 
label the cellular DNA in necrotic cells or late apoptotic cells when the 
integrity of the membranes has been lost. After 24 h of treatment with 
photoactivated [1a]Cl and [3a]Cl at their respective IC50,light, 26.9% 
and 22.6% of the cells were positive for both annexin V and propidium 
iodide staining, whereas only 3.96% of control cells and 12.11% of cells 
exposed to cisplatin showed a dual staining (Fig. 16). Double stained 
cells are frequently considered in late apoptosis, but necrosis is also 
possible. Since [1a]Cl and [3a]Cl generate mitochondrial membrane 
depolarization, they can induce an apoptotic response by leakage of 
cytochrome c into the cytosol in response to the depolarization, with 
subsequent caspase activation [81]. However, increasing oxidative 

damage may finally lead to the plasma membrane permeabilization and 
a secondary necrosis [96]. Thus, the complexes could induce a dual cell 
apoptotic/necrotic death response upon light irradiation. 

4. Conclusions 

In conclusion, with the objective of developing new potential PDT 
photosensitizers, we have prepared and fully characterized two series of 
new Ir(III) complexes of general formula [Ir(C^N)2(N^N′)]Cl, using two 
different C^N ligands (ppy and dfppy) and four different N^N′ ligands, 
which share the thiabendazole scaffold but show diverse N-alkyl groups. 
The complexes are partially soluble in aqueous media and keep their 

Fig. 14. Electrophoretic mobility assay. The specific treatments are indicated under each lane. pUC18 lane shows the electrophoretic pattern of the untreated 
plasmid. (A) Effect of irradiation on the activity on DNA of [1a]Cl and [3a]Cl. states for the incubation in dark conditions and states for the incubation under 
irradiation. Graphs represent the densitometric analysis of the bands corresponding to the (open circular conformation (OC) and supercoiled conformation (SC) of the 
plasmid and the ratio between both conformations. (B) Analysis of ROS involved in the mechanism of action of compounds [1a]Cl and [3a]Cl, at 70 μM, incubated 
in the dark or after 1 h of irradiation. indicates that no scavenger was used in that specific treatment. (SC): supercoiled plasmid conformation. (OC): open circular 
conformation. 
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integrity under irradiation with blue light for 6 h. Moreover, we have 
analysed the electrochemical and photophysical properties of the Ir(III) 
dyes and interpreted the observed trends with the help of theoretical 
calculations. More specifically, the new PSs feature suitable S0 ← T1 
energy values to generate 1O2, as well as appropriate excited state redox 
potentials to produce O2

•− . We have also evaluated the cytotoxic ac
tivity of the new derivatives in the dark and under blue light illumina
tion. As a result, we have established a correlation between the lack of 
photocytotoxicity found for derivatives of series B and their absorption 
profile, which is strongly determined by the presence of -F atoms on the 
C^N ligands. By contrast, complexes of series A with more suited ab
sorption profiles in the visible region, display high PI values, as for 
instance, PI = 23.4 for [1a]Cl and PI = 21.4 for [3a]Cl in SK-MEL-28 
melanoma cells, at concentrations in the nanomolar range. Furthermore, 
the activity of the lead complexes [1a]Cl and [3a]Cl against non- 
tumoral CCD18-Co fibroblasts was moderate, disclosing a high degree 
of selectivity, as expressed by the Selective Phototoxicity Index (SPI) 
(IC50,dark CCD-18Co/IC50,light cancer cells) calculated for [1a]Cl (SPI =
117.4) and [3a]Cl (SPI = 171.8) in SK-MEL-28 with regard to CCD- 
18Co cells. 

Regarding the biological mechanism of action, we have unveiled that 
[1a]Cl and [3a]Cl are internalized by energy-dependent endocytosis 
and that after 6 h of incubation they have been taken up by most of the 

Fig. 15. Relative gene expression of the mitochondrial genes ND3 and COX1 in 
control untreated cells PC-3 and cells incubated with [1a]Cl or [3a]Cl at the 
corresponding IC50,light under photoactivated conditions. β-actin (ACTB) was 
used as a reference gene. Four RT-qPCR analysis were conducted in two inde
pendent biological replicates. Error bars represent SD for the eight assays. *p <
0.05 vs cells control. 

Fig. 16. Cell death mechanism. PC-3 cells were treated with medium alone as a control, cisplatin at 25 μM or with [1a]Cl and [3a]Cl at the IC50,light and pho
toactivated. After 24 h, cells were double stained with propidium iodide and Annexin V-FITC and analysed by flow cytometry. The x-axis shows annexin V-FITC 
staining and the y-axis shows propidium iodide staining. The percentage of cells in each quadrant is indicated. 
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cells. In addition, they are accumulated primarily within mitochondria. 
Indeed, we presume that specially [1a]Cl offers potential as probe for 
bioimaging these organelles. More importantly, both PSs trigger a multi- 
targeted cytotoxic effect through a photocatalytic mechanism that in
duces the formation of ROS. We have proved that upon irradiation of 
both PS, the mitochondrial membrane undergoes depolarization, though 
the MMP is preserved in the dark. We believe that the ability of [1a]Cl 
to photo-catalyse the oxidation of NADH to NAD+ might contribute to 
the membrane depolarization. Moreover, [1a]Cl and [3a]Cl are able to 
cause severe cleavage on mtDNA, resulting in the inhibition of the 
expression of mitochondrial genes, so that we postulate that mtDNA is 
another of their cellular targets. We have revealed that [1a]Cl and [3a] 
Cl induce a minimal effect on cell cycle progression, in agreement with 
their inability to target nuclear DNA. As a result of the multimodal 
damage to mitochondria, we have found that [1a]Cl and [3a]Cl elicit a 
dual cell death response involving both apoptosis and necrosis. In 
addition, the long-term effect of our PSs was substantiated by per
forming clonogenic assays, which revealed the great capacity of the 
drugs to reduce the number of cells capable of reproducing and generate 
new colonies. 

To sum up, we believe that the mitochondrial-targeted phototoxicity 
displayed by [1a]Cl and [3a]Cl represents a promising approach in the 
development of new metal-based PDT agents to treat cancers refractory 
to conventional chemotherapy. 
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