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Abstract: A series of five kinetically inert bis-cyclometalated
IrIII complexes of general formula [Ir(C^N)2(N^N)][PF6] [C^N =

2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazol-

kN,C ; N^N = 1,10-phenanthroline (phen, 1), dipyrido[3,2-
d :2’,3’-f]quinoxaline (dpq, 2), dipyrido[3,2-a :2’,3’-c]phenazine

(dppz, 3), benzo[i]dipyrido[3,2-a :2’,3’-c]phenazine (dppn, 4),
and dipyrido[3,2-a :2’,3’-c]phenazine-10,11-imidazolone
(dppz-izdo, 5)] were designed and synthesized to explore
the effect of the degree of p conjugation of the polypyridyl
ligand on their toxicity in cancer cells. We show that less-lip-

ophilic complexes 1 and 2 exhibit the highest toxicity [sub-
micromolar inhibitory concentration (IC50) values] in A2780,
HeLa, and MCF-7 cancer cells, and they are markedly more
efficient than clinically used platinum drugs. It is noteworthy

that the investigated Ir agents display the capability to over-
come acquired and inherent resistance to conventional cis-

platin (in A2780cisR and MCF-7 cells, respectively). We dem-
onstrate that the Ir complexes, unlike clinically used plati-
num antitumor drugs, do not kill cells through DNA-damage

response. Rather, they kill cells by inhibiting protein transla-
tion by targeting preferentially the endoplasmic reticulum.

Our findings also reveal that the toxic effect of the Ir com-
plexes can be significantly potentiated by irradiation with
visible light (by more than two orders of magnitude). The
photopotentiation of the investigated Ir complexes can be
attributed to a marked increase (&10–30-fold) in intracellu-

lar reactive oxygen species. Collectively, these data highlight
the functional diversity of antitumor metal-based drugs and
the usefulness of a mechanism-based rationale for selecting
candidate agents that are effective against chemoresistant

tumors for further preclinical testing.

Introduction

Chemotherapy is used in most treatment regimens for cancer,
and nearly 50 % of patients are treated with a platinum-based
drug. In spite of their clinical success, traditional PtII-based
drugs for cancer therapy present major drawbacks, such as ac-
quired or intrinsic resistance, limited spectrum of action, and

severe side effects in the patient.[1] As an alternative to FDA-ap-
proved PtII complexes, some antitumor organometallic com-

pounds containing a transition metal other than platinum

(e.g. , ruthenium, iridium, or osmium) were recently identified
as promising antitumor agents.[2] Furthermore, it is now gener-

ally accepted that simple modifications of organometallic scaf-
folds dictate target preferences of the drug. Thus, interesting
examples of the use of octahedral iridium(III) cyclometalated
complexes were recently reported to act as modulators in pro-
tein–protein interactions,[3] membrane disruptors,[4] mitochon-

dria-targeted agents,[5] DNA binders,[6] and receptor-targeted
compounds.[7] Moreover, cyclometalated IrIII complexes have at-

tracted increasing attention in bioimaging and biosensing ap-
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plications[8] because of their rich photophysical properties,
which include high quantum yields, large Stokes shifts, long-

lived luminescence, good photostability, and cell permeability.
On the other hand, photodynamic therapy (PDT) is a nonin-

vasive medical technique that relies on the use of light to con-
trol drug activity along an adaptable time span at a specific

space. It is based on the generation of toxic singlet oxygen
(1O2) and/or reactive oxygen species (ROS) through the combi-
nation of a nontoxic molecule called a photosensitizer (PS),

light, and molecular oxygen (3O2). 1O2 has a lifetime of approxi-
mately 40 ns and then only induces damage in very close prox-
imity to the irradiation site, a key factor in the reduction of the
side effects observed for patients subjected to PDT.[9] To date,

FDA-approved dye sensitizers for PDT treatment are mainly
porphyrinoid compounds.[10] However, their clinical use is limit-

ed by the short lifetime of their excited state and the low

quantum yield of singlet oxygen production.[11] The vast major-
ity of the metal complexes screened as PSs are octahedral pol-

ypyridine RuII complexes,[12] and the RuII complex TLD-1433 (a
RuII dyad derived from a-terthienyl appended to imidazo[4,5-f]

[1,10]phenanthroline) has been approved to enter phase Ib
clinical trials in Canada (ClinicalTrials.gov Identifier

NCT03053 635) for the treatment of nonmuscle-invasive blad-

der cancer.[13] IrIII complexes have risen as potential alternatives
to isoelectronic RuII-based PSs. Unlike most promising RuII PDT

agents, IrIII-based PSs usually contain cyclometalated ligands.[14]

The latest examples enable broader tuning of the intrinsic pho-

tophysical properties,[15] increased ligand-field stabilization
energy, and pronounced decoupling of the triplet metal-to-

ligand charge-transfer (3MLCT) excited states with respect to

those that are metal centered.[16] Thus, these complexes pos-
sess multiple advantages, among which their longer lifetimes

(&microseconds) and ROS generation capabilities under hy-
poxic conditions stand out.[17]

Herein, we describe a series of luminescent organometallic
iridium(III) complexes of the type [Ir(C^N)2(N^N)][PF6]

(Scheme 1), in which the cyclometalating ligand 2-phenyl-1-[4-

(trifluoromethyl)benzyl]-1H-benzo[d]imidazol remains as the
C^N backbone and the diimine ligand is varied {N^N = phen
(1), dpq (2), dppz (3), dppn (4), and dppz-ido (5) ; phen = 1,10-
phenanthroline; dpq = dipyrido[3,2-d :2’,3’-f]quinoxaline;

dppz = dipyrido[3,2-a :2’,3’-c]phenazine; dppn = benzo[i]dipyri-
do[3,2-a :2’,3’-c]phenazine; dppz-izdo = dipyrido[3,2-a :2’,3’-
c]phenazine-10,11-imidazolone} with the aim to fine-tune the
cytotoxic properties of these types of promising drugs.

Notably, benzimidazole is a widely used pharmacophore,[18]

and we previously reported that benzimidazole metal com-
pounds were able to act either as antiangiogenic and/or anti-

tumor agents[7a, 19] or amyloid-b aggregation inhibitors.[20] The
choice of the trifluoromethylbenzyl group on the nitrogen

atom of the benzimidazole supports a higher lipophilic nature

of the ligand. The in vitro antiproliferative activities of 1–5
were investigated against several human cancer-cell lines both

under dark and irradiation conditions. The mechanism of
action of 1 and 5 in the dark, which included reactive oxygen

species (ROS) elevation and the induction of apoptosis, was
additionally estimated by real-time cell electronic sensing in

cancer cells. In addition, their activity could be increased by

more than two orders of magnitude upon irradiating at l=

420 nm with a markedly (&10–30-fold) increased intracellular

ROS level under irradiation.

Results and Discussion

Synthesis and characterization of the iridium complexes

A series of five luminescent and substitutionally inert iridiu-

m(III) complexes of the type [Ir(C^N)2(N^N)][PF6] (Scheme 1)

[C^N = 2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imi-
dazol-kN,C ; N^N = phen (1), dpq (2), dppz (3), dppn (4), and

dppz-izdo (5)] were designed and synthesized to investigate
the effect of the nature of the polypyridyl ligands on their anti-

tumor activity. Complexes 1–5 were obtained in high yields
(65–86 %) as their PF6

@ salts by the reaction of the cyclometa-
lated IrIII dimer with the corresponding N^N ligand in a 1:2
molar ratio. All complexes were characterized by 1H NMR and
13C NMR spectroscopy, positive-ion ESI-HRMS, and UV/Vis spec-
troscopy. All compounds were shown to be at least 96 % pure
by both reverse-phase (RP) HPLC in DMSO (Figure S7 in the

Supporting Information) and elemental analysis. The positive-
ion ESI mass spectra displayed the [M@PF6]+ signals with the

expected isotopic distribution pattern. The stability of the com-
plexes in DMSO was studied by 1H NMR spectroscopy, and no

free ligands were detected after 24 h at room temperature

(see Figure S6 for 5). The stability of the complexes was also
confirmed after 24 h in Roswell Park Memorial Institute (RPMI)

culture medium by HPLC upon dissolving the compounds in
5 % DMSO (see Figure S8 for 1–5). The photostability in H2O/

DMSO solution was ascertained for 3 by UV/Vis spectroscopy
after irradiation at l= 420 nm for 15 min, and no changes in

Scheme 1. Structures of new iridium(III) complexes 1–5 for structure–activity
relationship studies.
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the spectra before and after light exposure (Figure S15) were

observed.
Single crystals suitable for X-ray diffraction analysis were ob-

tained by slow diffusion of hexane into saturated solutions of
2 and 3 in CH2Cl2 and 1,2-dichloroethane, respectively. Their

structures and part of the hydrogen-bonding schemes are

shown in Figure 1. Crystallographic data are given in Ta-
bles S3–S8, and selected bond lengths and angles are listed in

Table S9. The Ir atoms have a pseudo-octahedral coordination
geometry, and the largest deviation is represented by the bite

angle (from 77.6 to 77.988) of the polypyridine ancillary ligand.
The two Ir@C bonds are in a mutual cis arrangement, and their

high trans influence results in Ir@N bond lengths that are

slightly shorter in the C^N ligands than in the N^N ligands.
These findings are commonly observed for related cyclometa-

lated IrIII complexes.[5a] The singly positive complex cation of 2
crystallized with one PF6 anion and approximately 1.75 methyl-

ene chloride solvent molecules. The complex cation of 3 crys-
tallized with one PF6 anion and approximately 2.375 1,2-di-
chloroethane and one hexane solvent molecules per formula

unit, exhibiting disorder of the solvent molecules within the
solvent-occupied voids between the complex molecules. Be-
sides the important cation–anion Coulomb interactions, the
packing in the structures of 2 and 3 is organized (according to

analysis by PLATON[21]) by intermolecular C@H···F[22] (Tables S10
and S13), C@H···Cl contacts (only for 3), C@H···p interactions[23]

(Tables S11 and S14, Figures S17 and S20), and p–p interac-
tions[24] (only one for 2 and a few for 3 ; Schemes S2 and S8, Ta-
bles S12 and S15). The p–p interactions between the dipyrido-

phenazine ligands of 3 lead to pairwise arrangement of two
symmetry-related molecules (see Figure S21).

The UV/Vis absorption spectra were recorded for complexes
1–5 in Tris buffer (Tris·HCl/DMSO = 99:1), CH3CN, and H2O/

DMSO (99:1) solutions at room temperature. They are charac-

terized by multiple bands (Figure 2 A for 1–5 in H2O/DMSO,
and Figures S9 and S10), and the most significant absorption

data are collected in Table S2. All complexes show high-intensi-
ty, high-energy bands at l<350 nm that can be attributed to

spin-allowed ligand-centered (1LC) p–p* transitions for the cy-
clometalated (C^N) and ancillary (N^N) ligands. The relatively

low-energy bands (l>350 nm) can be assigned to mixed sin-

glet and triplet metal-to-ligand charge-transfer (spin-allowed
singlet-to-singlet 1MLCT and spin-forbidden singlet-to-triplet
3MLCT) and ligand-to-ligand charge-transfer (LLCT) transi-
tions.[25] Upon excitation at l= 380 nm (for 1–4) or l= 405 nm

(for 5), the new iridium complexes exhibit long-lived yellow-to-

orange phosphorescence (Figures 2 B and S11), and the emis-
sion is slightly sensitive to the nature of the solvent (Table S2).

The emission lifetimes of 1–5 in H2O/DMSO in the 140–
279 ns range (Table 1) are consistent with excited states of trip-

let parentage.[26] A decrease in the emission intensity (Fig-
ure 2 B) is observed upon increasing the length of the poly-

pyridyl N^N ligand so that the quantum yields of 1–5 in H2O/
DMSO range from <1 (for 4) to 22.3 % (for 1). As no change in
emission intensity is observed between aerated and deaerated

solutions (Figure 2 C), the emission intensity decrease is as-
cribed to the luminescence aggregation-caused quenching

(ACQ) effect.[27] 1H NMR spectroscopy was used to probe the
extent of aggregation for the complexes. An upfield shift in

some aromatic resonances of the N^N ligand is observed in

the spectrum of 4 upon increasing the concentration (Figur-
es S12B and at different compositions of mixtures of [D6]DMSO

and D2O (Figure S13 for 4 and 5). This effect can be attributed
to favorable p–p stacking, which is well known to lead to the

formation of dimers in solution or even higher order aggre-
gates.[28] In fact, an increase in the water content up to 70 %

Figure 1. Molecular structures with hydrogen-bonding schemes for: A) 2, showing the iridium complex cation and three surrounding PF6 anions in the crystal
structure (CH2Cl2 solvent molecules of crystallization are omitted for clarity), and B) 3, showing the iridium complex cation and two surrounding PF6 anions, a
trifluoromethylphenyl fragment from an adjacent cation, and a C2H4Cl2 solvent molecule in the crystal structure. Details of hydrogen bonds including the sym-
metry transformations are given in Table S8.

Table 1. Excitation wavelengths (lex), emission wavelengths (lem), emis-
sion lifetimes (tem), and quantum yields (Fem) of 1–5 in H2O/DMSO (99:1).

Compd lex
[a] [nm] lem [nm] tem

[b] [ns] Fem
[c] [%]

1 381 557 269 22.3
2 381 582 279 10.5
3 380 595 140 1.5
4 380 566 270 <1
5 405 580 148 <1

[a] lex maxima. [b] Emission lifetime measured in aerated solutions.
[c] Emission quantum yields measured in deaerated H2O/DMSO solution.
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gives broad signals that lead to the virtual disappearance of
the resonances in the 1H NMR spectra of 4 and 5 (Figure S13).

This behavior is not observed for complex 1, for which the
degree of p conjugation of the polypyridyl ligand is lower (Fig-

ure S12 A). The aggregation of 4 and 5 was verified by trans-

mission electron microscopy (TEM), which revealed (Figures 2 D
and S14) spherical and elongated aggregates in H2O/DMSO

(10 mm), respectively.

Cytotoxicity towards human cancer cells

The cytotoxic effects of the Ir compounds against four human
tumor cell lines (ovarian A2780, cisplatin-resistant ovarian

A2780cisR, cervix HeLa, and breast MCF-7 cells) were evaluated

by using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. For comparative purposes,

the cytotoxicity of the clinically used metallodrug cisplatin was
also evaluated under the same experimental conditions. As in-

dicated in Table 2 and Figure S30, the investigated Ir com-
plexes were toxic in all cancer cell lines tested.

The cytotoxic potency of the new iridium complexes de-
creased in the order 1&2>3>5>4, that is, roughly with an

increase in both the largeness of the polypyridyl ligand and

the lipophilicity of the complex (roughly determined by the re-
tention times in RP-HPLC analyses; Figure S7, Table 3, and see

below). Interestingly, all investigated Ir complexes were able to
overcome acquired resistance to cisplatin and were at least as

cytotoxic in cisplatin-resistant A2780cisR cells as in the wild-
type A2780 line. The resistance factor, defined as the ratio of

the inhibitory concentration (IC50) values in resistant

(A2780cisR) and cisplatin-sensitive parent cells (A2780), was in
the range of 0.34 to 1.02 for the Ir complexes, whereas it was
markedly higher for cisplatin (2.89). Moreover, the investigated
Ir complexes (except 4) were also more toxic than cisplatin in

breast MCF-7 cells, which are naturally resistant towards cispla-
tin. These results suggest that the mechanism underlying the

biological action of the Ir complexes should be different from

Figure 2. a) UV/Vis absorption spectra, and b) emission spectra of complexes 1–5 in H2O/DMSO (99:1) at room temperature. The excitation wavelength was
405 nm. c) Emission spectra of 4 in aerated and deaerated H2O/DMSO solution; lexc = 405 nm. d) TEM image of the aggregates prepared from 4 in H2O/DMSO.

Table 2. Cytotoxicity obtained for complexes 1–5 and cisplatin (cisPt).[a]

Compd IC50 [mm] RF IC50 [mm] SI
A2780 A2780cisR HeLa MCF-7 MCF-10A

cisPt 5.4:0.4 15.5:0.4 2.9 14.0:0.9 16.6:0.7 20:2 1.2
1 0.63:0.03 0.38:0.09 0.6 1.8:0.1 0.7:0.1 2.6:0.3 3.7
2 1.1:0.1 0.37:0.09 0.3 0.9:0.2 0.5:0.1 3.2:0.2 6.4
3 2.9:0.6 2.80:0.01 0.9 6.1:0.3 6.3:0.8 9.9:0.8 1.6
4 20:3 20:2 1.0 >25 23:2 40:4 1.7
5 4.7:0.6 3.4:0.5 0.7 23:3 11:3 41:3 3.7

[a] The results are expressed as mean:SD of three independent experiments, each of them made in quadruplicate. Resistance factor (RF) is defined as
IC50(resistant cells)/IC50(sensitive cells). Selectivity index (SI) is defined as IC50(nonmalignant MCF-10A cells)/IC50(cancer MCF-7 cells).
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that of clinically used cisplatin and its direct derivatives, which

allows the Ir complexes to overcome the resistance mecha-
nisms operating in the case of conventional platinum anticanc-

er drugs. Last, but not least, the results shown in Table 2 show
that the investigated iridium complexes are less cytotoxic in

noncancerous breast cells, MCF-10A, and exhibit higher selec-
tivity for breast cancer cells, MCF-7, than the conventional plat-

inum anticancer drug cisplatin.

DNA interactions in cell-free media

A number of antitumor metal-based drugs (e.g. , several plati-

num[29] and ruthenium[30] complexes) have demonstrated a
high ability to interact and damage nuclear DNA, which is con-

sidered their important pharmacological target. In addition,
some cyclometalated iridium(III) complexes containing extend-

ed conjugated aromatic ligands capable of DNA intercalation
have shown nuclear or perinuclear accumulation.[31] In this con-

text, we expected that the new Ir complexes investigated in

this study might be directed, after their accumulation in cells,
to the cell nucleus, at which they would interact with nuclear

DNA.
Therefore, we performed experiments to demonstrate that

the new investigated Ir complexes were able to interact with
DNA. We investigated reactions of complexes 1–5 with naked
mammalian DNA in cell-free media to elucidate whether the
presence of DNA intercalating ligands in the investigated Ir

complexes promoted their interaction with DNA. For this pur-
pose, we employed several biochemical and biophysical meth-
ods. The individual experiments and the results obtained are
described in the Supporting Information (Figures S22–S29 and
Tables S16 and S17). In summary, the results of these experi-

ments reveal that 1 and 2 do not interact with double-helical
DNA in cell-free media, whereas 4 and 5 (and also 3 to a mark-

edly lower extent) do interact with DNA. However, their DNA
binding mode comprised a groove binding rather than the ex-
pected intercalation. Collectively, these data show that the

DNA binding affinity of the investigated Ir complexes increases
with the largeness of their phenanthroline-based ligands.

Hence, the DNA binding affinity of the investigated Ir com-
plexes inversely correlates with their cytotoxicity, so that DNA

binding does not seem to play a decisive role in the mecha-
nism of biological action of these compounds.

Cellular accumulation

The biological action of metal-based drugs is strongly depen-

dent on their abilities to cross cellular membranes and enter
the cells. Despite the fact that in cell-free media the compound

binds and influences its target(s), the resulting cytotoxicity can
be reduced significantly by a low accumulation in cells. There-

fore, the intracellular content of Ir from the investigated Ir

complexes was determined in human HeLa cancer cells treated
with equimolar (10 mm) concentrations of complexes 1–5 for 5

and 24 h. The iridium (or platinum in the case of cisplatin) con-
tents in the samples were determined by inductively coupled

plasma (ICP) MS. It was verified that no marked increase in
dead cells was observed in comparison with the control, un-

treated cells. The viability of these cells was approximately 85–

97 %. Both live and dead cells were harvested and included in
the experiment. Thus, the viability of the cells in the cellular ac-

cumulation experiments was reduced only negligibly so that it
could not considerably affect the amount of iridium which ac-

cumulated in cells under the conditions of the experiments
summarized in Table 3.

As indicated in Table 3, the amount of iridium that accumu-

lated in cells after 5 or 24 h of treatment increased in the
order 1<2<3&4&5. Although most lipophilic complexes 3
and 4 showed the highest accumulation, the correlation does
not work for 5. The effect of the N,N-chelate on drug lipophi-

licity was studied by comparing their RP-HPLC retention times
(tR) on a C18 column (Table 3 and Figure S7; this is considered

a reliable method to estimate the relative hydrophobicities, as

the RP-HPLC behavior of a compound depends on its hydro-
phobic interactions with the nonpolar stationary phase: more

lipophilic complexes should have larger retention times[19b, 32]).
This correlation suggests a role of passive diffusion in the cellu-

lar uptake of these compounds (except for 5). Interestingly,
most active 1 showed the lowest accumulation in cells, where-

as much less active 4 and 5 showed an accumulation almost

one order of magnitude higher. Thus, the cytotoxicities of the
investigated Ir compounds do not simply reflect their ability to

accumulate in cells.

Real-time cell electronic sensing

Impedance-based time-dependent cell-response profiling was
used as the predictive method for the mechanism of biological

action of the investigated Ir compounds. It was previously
shown that profiles of time-dependent cell-response curves
could be used to partially identify the mechanism of action of

small molecules.[33] The time-dependent cell-response profiles
(TCRPs) of 1 and 5 are characterized by an initial increase in

the cell index (CI) above the level of the CI for the control, fol-
lowed by a peak with a width that is inversely proportional to

the concentration of the investigated compound applied to
the cells (shown in Figure 3 for HeLa and A2780 cells treated

Table 3. Retention times (tR) by RP-HPLC and cellular accumulation of cis-
platin and the investigated Ir complexes in HeLa cells.[a]

Compd tR [min] Uptake[a] [pmol per 106 cells]
5 h 24 h

cisplatin – 22.7:0.7 110:10
1 17.1 34:4 61.0:0.9
2 17.4 105:11 219:9
3 18.5 305:5 536:12
4 19.1 275:11 461:55
5 17.2 246.0:13 406:12

[a] Cellular uptake of the investigated metal compounds (10 mm) into
HeLa cells after 5 or 24 h. The results are expressed as the mean:SD of
three independent experiments.
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with 1). The slope of the CI decline is directly proportional to

the treated concentration.
The obtained profiles (Figure 3) were compared to those of

a library of compounds that were clustered into groups on the

basis of the similarities of their mechanism of action.
The TCRPs of 1 and 5 were the same as those of the group

of compounds affecting protein synthesis; moreover, complete
match with anisomycin was found.[33a] This model compound
inhibits peptidyl transferase, which is an integral part of the
large subunit of ribosomes, and catalyzes peptide-bond forma-

tion in the elongation step of translation during protein bio-
synthesis.[34] Altogether, the TCRPs obtained for the investigat-
ed Ir complexes (Figure 3) are consistent with the view and

support the hypothesis that a possible mechanism of action of
the Ir complexes involves inhibition of protein translation.

To support further the thesis that a possible mechanism of
action of the investigated Ir complexes involved inhibition of

protein translation, the incorporation of [35S]methionine ([35S]-

Met) was detected as a measure of translation activity of the
cells in the presence of the investigated Ir complexes. In these

experiments, we intentionally used low concentrations of 1 or
5 and a short incubation time (1 h) to secure cell viability so as

to detect mainly the upstream effects of the Ir complexes.
HeLa cells were further incubated with [35S]-Met for 2 h to

allow their incorporation into the newly synthesized proteins.

The Ir complexes significantly decreased protein synthesis
(shown for 1 in Figure 4).

Cellular localization by fluorescence confocal microscopy

Fluorescence cell microscopy was used to ascertain the cellular
distribution of the investigated Ir compounds. For this study,

we selected two representative compounds of the five investi-

gated Ir complexes, namely, 1, which does not interact with
DNA (and that exhibits a high quantum yield value in cell-free

media), and 5, which binds DNA in vitro with the highest affini-
ty. It is noteworthy that 5 showed a luminescence switch-on

effect within cancer cells, despite having a luminescence ag-
gregation-caused quenching effect in H2O/DMSO solvent.

As indicated in Figure 5 A, no significant difference in the lo-

calization of the luminescence from either compound in HeLa
cells was observed. The luminescence from both complexes

was localized preferentially out of the cell nucleus, and the ma-
jority of the luminescence was associated with the cytoplasm.

Hence, these results further support the thesis that DNA inter-
action is not a major factor contributing to the biological ef-

fects of the investigated Ir complexes.
On the basis of the results of real-time cell electronic sensing

(Figure 3) and the fact that DNA is a very unlikely target for
the investigated Ir compounds, we also performed a co-locali-
zation study, which may suggest the intracellular target organ-
elle. Moreover, to study whether the presence of DNA interact-
ing ligands in the investigated Ir compounds could affect their

localization in living cells, the fluorescence properties of these
complexes were utilized.

The fluorescence signal coming from the investigated Ir
compounds almost completely matched the fluorescence
coming from endoplasmic reticulum (ER)-Tracker marked or-

ganelles (Figure 5). Co-localization of 1 and 5 with the ER was
also analyzed by using the Pearson’s correlation coefficient

(PCC).[35] The PCCs above the threshold were 0.43:0.03 and
0.60:0.02 for 1 and 5, respectively. The calculated PCCs con-

Figure 3. TCRPs of: a) A2780, and b) HeLa cells treated with increasing con-
centrations of 1. Curves: untreated control (black line) and 1 at concentra-
tions of 1 mm (light green), 3 mm (dark green), 10 mm (blue), and 20 mm (red).
Data were normalized to the time of the treatment and are expressed as the
normalized cell index. Curve profiles of 5 were found to be the same as
those of 1 at a concentration approximately 5 times higher. Thus, only the
results for 1 are shown.

Figure 4. Effect of 1 on translation in HeLa cells as a measure of the incorpo-
ration of [35S]methionone. The radioactivity of the control, untreated cells
was taken as 100 %. Cells were treated with 1 at the indicated concentra-
tions for 1 h. Bars represent mean:SD from two independent measure-
ments.
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firmed a high level of co-localization with the ER for both com-

pounds. These results underscore the ability of the investigat-
ed Ir complexes to target the ER preferentially.

Cell-death detection

Cytotoxicity testing (Table 2) revealed that complexes 1–5
were able to induce cell death. Many metal-based compounds

capable of killing cancer cells act by triggering cellular process-
es leading to apoptosis.[1a, 36] However, cytotoxic compounds

may also kill cells through nonapoptotic cell-death pathways
such as necrosis.[37] To distinguish whether the cells treated

with the investigated Ir complexes underwent apoptosis or ne-

crosis, DNA fragmentation induced by various concentrations
of 1 and 5 was quantified by a specific ELISA colorimetric kit.

This analysis allows relative amounts of cytoplasmic histone-as-
sociated DNA fragments (mono- and oligonucleosomes) to be

measured after they are produced during the apoptotic pro-
cess or if these fragments are released from necrotic cells.

Figure 6 shows DNA fragmentation induced by equitoxic con-

centrations of both 1 and 5 in HeLa cells as a result of cell-
death processes. These results demonstrate that treatment of

cancer cells with both Ir complexes led primarily to apoptotic
events.

A number of cytotoxic metal-based agents including clinical-
ly used platinum drugs induce apoptosis in cancer cells primar-

ily through targeting and damaging nuclear DNA.[1a] Even

though DNA interaction is not very likely an important factor
contributing to the biological effects of the investigated Ir

complexes (see above), in vitro mechanistic studies confirmed
that these Ir complexes also displayed an apoptotic mecha-

nism of action (rather than necrosis) (Figure 6). Hence, the in-
vestigated Ir complexes appear to induce apoptosis in a

manner different from that of conventional antitumor metal-

based drugs.

Photopotentiation by visible light

Some iridium-based complexes have been shown[2a, 38] to be
sensitive to light irradiation. Thus, the effect of visible light on

the cytotoxic properties of the investigated Ir complexes was

also tested. HeLa cells were treated with the Ir complexes in
Earle’s balanced salt solution (EBSS) for 1 h in the dark to give

the compounds time to enter the cells, and subsequently, the
cells were irradiated with blue light (lmax = 420 nm) for 1 h.

After irradiation, the cells were washed and incubated in com-

plete Dulbecco’s modified Eagle medium (DMEM) (without Ir
complex) for another 70 h (recovery time). Then, the viability

of the cells was assessed by the MTT test, as described in the
Experimental Section.

As indicated in Table 4, the toxic effects of all the investigat-
ed Ir complexes in HeLa cells were significantly potentiated by

irradiation with visible light. The phototoxicities of all the com-

pounds were elevated by more than two orders of magnitude
compared to the sham-irradiated samples.

Determination of intracellular reactive oxygen species (ROS)

It was already shown[14a, 38, 39] that upon irradiation iridium com-
plexes could significantly increase intracellular ROS levels.

Figure 5. Co-localization studies of 1 and 5 in HeLa cells. HeLa cells were
treated with 5 mm of 1 (1) and 5 (2) for 2 h and were co-stained with ER-
Tracker. Channels: a) fluorescence signal from the tested compounds, b) ER-
Tracker fluorescence, c) bright field, d) overlay of the fluorescence channels.
Samples were sequentially scanned with a confocal laser scanning micro-
scope, and the scale bars are 25 mm.

Figure 6. Detection of apoptosis and necrosis in HeLa cells treated with
equitoxic (IC20, IC50, and IC80) concentrations of 1 and 5 for 24 h. Data show
mean:SD from two independent experiments, each of them made in dupli-
cate.

Table 4. Phototoxicity of the investigated Ir complexes in HeLa cells.[a]

Compd IC50 [mm]
SHAM 420 nm

1 11.5:0.2 0.044:0.006
2 10.36:0.06 0.103:0.005
3 >100 0.866:0.009
4 >50 0.58:0.01
5 >50 0.35:001

[a] Results are expressed as mean:SD of three independent experi-
ments, each of them made in quadruplicate.
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Therefore, intracellular ROS were quantified to determine the
oxidative stress in cells after treatment with 1 or 5 in the dark

and under l= 420 nm light irradiation. A method developed
by Robinson et al.[40] was used. This method was designed to

provide a highly sensitive, quantifiable, real-time assessment of
ROS production.[33b] To evaluate ROS formation, HeLa cells un-

treated or treated with 1 or 5 in the dark or under irradiation
conditions (lmax = 420 nm) were incubated with 10 mm 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA) for 30 min in

the dark. DCFH-DA, after cleavage by cellular esterases, is oxi-
dized by ROS to yield a fluorescent product, the fluorescence
of which was measured. The data demonstrating the genera-
tion of ROS in HeLa cells induced by various concentrations of
1 or 5 are plotted in Figure 7.

Treatment of HeLa cells with 1 in the dark resulted in a con-

centration-dependent increase in fluorescence (Figure 7 A,
black bars), which indicated the production of ROS. Important-

ly, the fluorescence was markedly (11–14-fold) increased if the

treated cells were irradiated before ROS were detected (Fig-
ure 7 A, white bars). This implies that the level of intracellular

ROS induced by 1 could be markedly elevated by irradiation
with visible (blue) light. Complex 5 showed effects that were

qualitatively similar (i.e. , 18–28-fold increase in intracellular
ROS level upon irradiation, Figure 7B), but altogether, it was

less effective in inducing ROS than 1, which likely reflects its

lower cytotoxicity under both dark and irradiation conditions.

Conclusions

Herein, we reported the synthesis and characterization of a
series of IrIII complexes of type [Ir(C^N)2(N^N)][PF6] with 2-

phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazole cy-

clometalating ligands and various polypyridyl ancillary ligands.
The aim was to develop new, preclinically interesting chemo-

therapeutic agents with a novel mechanism of action.
First, we discovered that the complexes exhibited different

photophysical properties depending on the length and degree
of p-conjugation of the N^N ligand; the largest exhibited a lu-

minescence aggregation-caused quenching effect in cell-free
media. Their cytotoxicity was studied in several cancer cell

lines. Less lipophilic complexes 1 and 2 (which displayed the
lowest level of cellular accumulation) exhibited the highest

toxicities (sub-micromolar IC50 values) in A2780, HeLa, and
MCF-7 cancer cells, and they were markedly more efficient

than clinically used platinum drugs. In contrast, the cytotoxici-
ties of more lipophilic 4 and 5 were considerably diminished
(IC50 values were &4–55-fold higher). It is noteworthy that the

investigated Ir agents displayed the capability to overcome ac-
quired and inherent resistance to conventional cisplatin (in
A2780cisR and MCF-7 cells, respectively) and were more selec-
tive for breast cancer cells than healthy breast cells. In our
quest to investigate the mechanism of cytotoxicity of the in-
vestigated Ir complexes, we first examined whether these Ir

compounds were capable of interacting and damaging DNA.

These investigations were substantiated by the fact that some
cyclometalated iridium(III) complexes containing extended

conjugated aromatic ligands capable of DNA intercalation ac-
cumulated in the cell nucleus and interacted with nuclear

DNA. We demonstrated by using several biochemical and bio-
physical methods that DNA binding affinity of the investigated

Ir complexes inversely correlated with their cytotoxicity so that

DNA binding did not seem to play a key role in the mechanism
of biological action of these compounds. In addition, we also

demonstrated that the cytotoxicity of the Ir complexes did not
reflect their cellular accumulation and that they preferentially

targeted the endoplasmic reticulum. The time-dependent cell-
response profiles and estimations of the incorporation of

[35S]methionine as a measure of translation activity of the cells

in the presence of the investigated Ir complexes suggested
that a possible mechanism of action involved inhibition of pro-

tein translation. Thus, we found that the investigated Ir com-
plexes induced apoptosis similarly to other antitumor metal-

based drugs but in a different manner. With this in mind, it is
noteworthy to mention that very recently a study was pub-

lished[41] in which it was demonstrated that unexpectedly the

antitumor platinum complex oxaliplatin killed cells by inducing
ribosome biogenesis stress and not by eliciting a DNA-damage
response, as believed up to recently. Similarly, we demonstrat-
ed in our recent work[19d] that novel kinetically inert C,N-cyclo-
metalated RuII complexes also interfered with protein synthesis
with a markedly higher potency than conventional inhibitors

of DNA translation. Interestingly, the latter mechanism has not
hitherto been described for other cytotoxic Ru compounds.

Our examinations also indicated that the toxic effect of all
investigated Ir complexes in HeLa cells was significantly elevat-
ed (by more than two orders of magnitude) by irradiation with

visible light (l= 420 nm). This photopotentiation of the investi-
gated Ir complexes was attributed to a marked increase (&10–

30-fold) in intracellular reactive oxygen species. To the best of
our knowledge, the Ir complexes investigated in this study rep-
resent the first iridium complexes to induce cancer-cell death

by inhibition of translation targeting the endoplasmic reticu-
lum, the activity of which could be markedly photopotentiat-

ed. Thus, this class of iridium complexes is preclinically appeal-
ing, as they offer the potential for non-cross-resistance with ex-

Figure 7. Generation of ROS in HeLa cells induced by various concentrations
of 1 (panel a) or 5 (panel b). The values shown in this figure represent the
fluorescence intensity in arbitrary units (AU) obtained for various concentra-
tions of the investigated Ir complexes, from which the fluorescence intensity
obtained for the untreated control cells was subtracted. The fluorescence in-
tensities yielded by the untreated cells in the dark or under irradiation con-
ditions were (333:57) or (438:57) AU, respectively. Data represent
mean:SD from three independent measurements.
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isting chemotherapies by benefiting from the unique mecha-
nism of action and the use of light to control their activity at a

desired time and place by visible light.

Experimental Section

General methods and materials

The C, H, and N analyses were performed with a Carlo Erba model
EA 1108 microanalyzer. 1H NMR and 13C NMR spectra were recorded
with a Bruker AC 300E, Bruker AV 400, or Bruker AV 600 NMR spec-
trometer. Chemical shifts are cited relative to SiMe4 (1H and 13C, ex-
ternal). ESI mass (positive mode) analyses were performed with an
HPLC/MS TOF 6220. The isotopic distribution of the heaviest set of
signals matched very closely to that calculated for the formulation
of the complex cation in every case. All synthetic manipulations
were performed under a nitrogen atmosphere by using standard
Schlenk techniques. Solvents were dried by the usual methods.
1,10-Phenanthroline was obtained from Sigma–Aldrich (Madrid,
Spain), and iridium chloride was obtained from Johnson Matthey.
Deuterated solvents were obtained from Euriso-top. The purity of
all biologically evaluated molecules, based on elemental analysis
and HPLC, was >96 %. Cisplatin (purity +99.9 % based on elemen-
tal and ICP trace analysis) was from Sigma (Prague, Czech Repub-
lic). Ir complexes were always freshly prepared in DMSO before
use. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was from Calbiochem (Darmstadt, Germany). RPMI 1640
medium, DMEM, fetal bovine serum (FBS), and trypsin/ethylenedia-
minetetraacetic acid (EDTA) were from PAA (Pasching, Austria).
Gentamycin was from Serva (Heidelberg, Germany).

Synthesis

Ligands : The quinoxaline and phenazine ligands (dpq, dppz,
dppn,[42] and dppz-izdo[43]) were synthesized through Schiff-base
condensation of 1,10-phenantroline-5,6-dione with ethylenedia-
mine, o-phenylenediamine, 2,3-diaminonaphthalene, and 5,6-diami-
nobenzimidazolone-2 as previously reported. The cyclometalating
proligand 2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imida-
zole was synthesized as previously reported.[19c]

Dimer complex [(C6N)2Ir(m-Cl)]2 :[19c] 2-Phenyl-1-[4-(trifluorome-
thyl)benzyl]-1H-benzo[d]imidazole (2.2 mmol) and iridium(III) chlo-
ride (1 mmol) were dissolved in 2-ethoxyethanol/deionized H2O
(3:1) in a round-bottomed flask. The mixture was stirred at 110 8C
for 24 h under a nitrogen atmosphere. The mixture was cooled to
room temperature, and the resultant solid was collected by filtra-
tion. The solid was washed with water and ethanol.
Complexes 1–5 : The cyclometalated iridium(III) chloro-bridged
dimer (1.0 mmol) and the respective N^N ligand (2.1 mmol) were
dissolved in dichloromethane/methanol (2:3, v/v) in a round-bot-
tomed flask. The mixture was stirred at 58 8C for 24 h under a nitro-
gen atmosphere. After cooling the solution to room temperature,
an excess amount of KPF6 (2.5 mmol) was added, and the mixture
was stirred for 30 min. The solvent was removed under reduced
pressure, and the product was washed with water. The product
was recrystallized from dichloromethane and ether.
Compound 1: Yellow solid (65 %); 1H NMR (400 MHz, [D6]DMSO):
d= 8.95 (dd, J = 8.4, 1.2 Hz, 2 H), 8.43 (dd, J = 5.2, 1.2 Hz, 2 H), 8.37
(s, 1 H), 7.72 (m, 8 H), 7.29 (d, J = 8.0 Hz, 4 H), 7.17 (t, J = 8.4 Hz, 2 H),
6.95 (m, 2 H), 6.90 (m, 2 H), 6.78 (t, J = 7.6 Hz, 2 H), 6.40 (dd, J = 7.6,
1.2 Hz, 2 H), 6.29 (br s, NCH2Ar, 4 H), 5.31 ppm (d, J = 8.4 Hz, 2 H);
13C NMR (50 MHz, [D6]DMSO): d= 164.18, 153.10, 152.72, 148.60,
142.19, 140.31, 139.63, 136.54, 134.82, 134.38, 131.91, 129.86,

129.63, 129.35, 128.03, 127.31, 127.08, 125.70, 125.11, 123.75,
114.14, 113.30, 48.26 ppm; MS (ESI + , CH2Cl2): m/z 1051.2519
[M@PF6]+ ; elemental analysis calcd (%) for C54H36F12IrN6P: C 53.16,
H 2.97, N 6.89; found: C 53.04, H 2.91, N 6.81.
Compound 2 : Bright-orange solid (83 %); 1H NMR (300 MHz,
CD3CN): d= 9.70 (dd, J = 8.4, 1.5 Hz, 2 H), 9.21 (s, 2 H), 8.60 (dd, J =
5.1, 3.6 Hz, 2 H), 8.07 (dd, J = 8.1, 5.1 Hz, 2 H), 7.72 (d, J = 7.2 Hz,
2 H), 7.67 (d, J = 8.1 Hz, 4 H), 7.50 (d, J = 8.4 Hz, 2 H), 7.31 (d, J =
8.1 Hz, 4 H), 7.18 (td, J = 7.2, 0.9 Hz, 2 H), 6.98 (td, J = 7.5, 1.5 Hz,
2 H), 6.90 (td, J = 7.5, 1.2 Hz, 2 H), 6.79 (td, J = 8.4, 1.2 Hz, 2 H), 6.53
(dd, J = 7.5, 0.9 Hz, 2 H), 6.10 (br s, NCH2Ar, 4 H), 5.62 ppm (d, J =
8.1 Hz, 2 H); 13C NMR (75.4 MHz, CD3CN): d= 164.35, 154.21, 152.38,
150.32, 147.74, 141.23, 140.67, 139.82, 136.42, 136.04, 134.86,
134.48, 131.55, 131.01, 128.78, 127.73, 126.94, 126.69, 125.52,
124.90, 123.62, 114.96, 112.04, 48.49 ppm; MS (ESI + , CH3CN): m/z
1127.2638 [M@PF6]+ ; elemental analysis calcd (%) for
C56H36F12IrN8P: C 52.87, H 2.85, N 8.81; found: C 52.65, H 2.65, N
8.47.
Compound 3 : Orange-ish-brown solid (79 %); 1H NMR (400 MHz,
CD3CN): d= 9.81 (dd, J = 8.4, 1.2 Hz, 2 H), 8.60 (dd, J = 5.2, 1.6 Hz,
2 H), 8.46 (dd, J = 6.8, 3.6 Hz, 2 H), 8.12 (dd, J = 6.8, 3.6 Hz, 2 H), 8.07
(dd, J = 8.0, 2.8 Hz, 2 H), 7.73 (d, J = 7.6 Hz, 2 H), 7.68 (d, J = 8.0 Hz,
4 H), 7.51 (d, J = 8.0 Hz, 2 H), 7.33 (d, J = 8.4 Hz, 4 H), 7.18 (t, J = 8 Hz,
2 H), 6.99 (t, J = 6.8 Hz, 2 H), 6.91 (t, J = 7.2 Hz, 2 H), 6.82 (t, J = 8 Hz,
2 H), 6.53 (d, J = 7.2 Hz, 2 H), 6.12 (br s, NCH2Ar, 4 H), 5.73 ppm (d,
J = 8.0 Hz, 2 H); 13C NMR (100 MHz, CD3CN): d= 164.28, 154.16,
152.27, 151.36, 143.60, 141.12, 140.79, 139.76, 136.36, 136.07,
134.75, 134.35, 133.34, 131.48, 130.45, 129.01, 127.64, 126.83,
126.61, 125.48, 124.83, 123.55, 114.97, 111.97, 48.41 ppm. MS (ESI +
, CH3CN): m/z 1177.2761 [M@PF6]+ ; elemental analysis calcd (%) for
C60H38F12IrN8P: C, 54.50; H, 2.90; N, 8.47. Found: C, 54.19; H, 2.84;
N, 8.23 (%).
Compound 4 : Reddish solid (86 %); 1H NMR (400 MHz, CD3CN): d=
9.70 (dd, J = 8.0, 1.2 Hz, 2 H), 8.97 (s, 2 H), 8.58 (dd, J = 5.2, 1.2 Hz,
2 H), 8.25–8.22 (m, 2 H), 8.03 (dd, J = 8, 5.2 Hz, 2 H), 7.75 (d, J =
8.0 Hz, 2 H), 7.69 (d, J = 8.0 Hz, 4 H), 7.64–7.62 (m, 2 H), 7.53 (d, J =
8.0 Hz, 2 H), 7.34 (d, J = 8.0 Hz, 4 H), 7.20 (t, J = 7.6 Hz, 2 H), 7.01 (t,
J = 6.8 Hz, 2 H), 6.92–6.88 (m, 4 H), 6.54 (d, J = 7.6, 2 H), 6.14 (br s,
NCH2Ar, 4 H), 5.83 ppm (d, J = 8.0 Hz, 2 H); 13C NMR (75.4 MHz,
CD3CN): d= 164.42, 154.32, 152.36, 151.94, 141.50, 141.24, 139.91,
139.31, 136.50, 136.15, 135.92, 134.82, 134.46, 131.86, 131.63,
130.70, 129.41, 129.26, 129.02, 127.77, 126.96, 126.76, 125.68,
125.01, 123.69, 115.18, 112.14, 48.53 ppm; MS (ESI + , CH3CN): m/z
1227.2871 [M@PF6]+ ; elemental analysis calcd (%) for
C64H40F12IrN8P: C 56.02, H 2.94, N 8.17; found: C 55.86, H 2.93, N
7.91.
Compound 5 : Orange solid (83 %); 1H NMR (400 MHz, CD3CN): d=
9.75 (d, J = 8.4 Hz, 2 H), 8.54 (dd, J = 4.8, 1.2 Hz, 2 H), 8.04 (dd, J =
8.24, 5.16 Hz, 2 H), 7.75 (s, 2 H), 7.73 (d, J = 8.0 Hz, 2 H), 7.67 (d, J =
8.0 Hz, 4 H), 7.53 (d, J = 8 Hz, 2 H), 7.31 (d, J = 8.0 Hz, 4 H), 7.17 (t,
J = 8.0 Hz, 2 H), 6.98 (t, J = 7.6 Hz, 2 H), 6.89 (t, J = 7.6 Hz, 2 H), 6.80
(t, J = 8.0 Hz, 2 H), 6.51 (d, J = 7.6 Hz, 2 H), 6.13 (br s, NCH2Ar, 4 H),
5.70 ppm (d, J = 8.4 Hz, 2 H); 13C NMR (75.4 MHz, CD3CN): d=
164.44, 156.11, 153.48, 152.62, 150.63, 141.60, 141.23, 139.90,
137.96, 136.47, 135.49, 134.46, 131.58, 128.66, 127.768, 127.768,
127.63, 126.93, 125.57, 125.57, 124.95, 115.06, 112.10, 105.09,
48.53 ppm. MS (ESI + , CH3CN): m/z 1233.2779 [M@PF6]+ ; elemental
analysis calcd (%) for C61H38F12IrN10OP: C 53.16, H 2.78, N 10.16;
found: C 52.98, H 2.73, N 9.90.

X-ray crystal-structure analysis

Single crystals suitable for X-ray diffraction analysis were obtained
for complex 2 from CH2Cl2/hexane and for complex 3 from 1,2-

Chem. Eur. J. 2018, 24, 4607 – 4619 www.chemeurj.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4615

Full Paper

http://www.chemeurj.org


C2H4Cl2/hexane. A summary of the crystal data collection and re-
finement parameters for all compounds are given in Tables S3–S8.
Crystals were mounted on glass fibers and transferred to the cold
gas stream of a Bruker Smart APEX diffractometer. Data were re-
corded with MoKa radiation (l= 0.71073 a) in w scan mode. Ab-
sorption correction for the compound was based on multiscans.
Both structures were solved by direct methods (SHELXS-97[44]) ; re-
finement was done by full-matrix least squares on F2 by using the
SHELXL-97 program suite;[44] empirical (multiscan) absorption cor-
rection with SADABS (Bruker).[45] All non-hydrogen positions were
refined with anisotropic temperature factors. Hydrogen atoms for
aromatic CH and aliphatic CH2 and CH3 groups were positioned
geometrically (C@H 0.95 a for aromatic CH, C@H 0.99 a for CH2, C@
H 0.98 a for CH3) and were refined by using a riding model
(AFIX 43 for aromatic CH, AFIX 23 for CH2, AFIX 137 for CH3), with
Uiso(H) = 1.2 Ueq(CH, CH2) and Uiso(H) = 1.5 Ueq(CH3). Graphics were
drawn with DIAMOND (version 4) [DIAMOND 4 for Windows; Crys-
tal Impact Gbr, B, 2016, Germany, http://www.crystalimpact.com/di-
amond]. The structural data was deposited with the Cambridge
Crystallographic Data Center.[46]

Special features for 2 : The R values were good, and the structure
of the iridium cation could be unequivocally defined together with
the hexafluorophosphate anions. The iridium cation crystallized
with one PF6 anion and about 1.75 methylene chloride solvent
molecules. The largest seven residual electron density peaks from
2.84 to 1.71 e a@3 were within 1.75 a from the chlorine atoms of
the CH2Cl2 solvent molecules. This is indicative of a disorder of the
solvent molecules within the solvent-occupied voids between the
complex molecules. The expected rotational disorder in the tri-
fluoromethyl groups and the orientation disorder in the solvent
molecules were not refined further.
Special features for 3 : The largest residual electron density peak
of 3.23 e a@3 was within 0.88 a from the iridium atom. The next
four residual electron density peaks from 2.20 to 1.34 e a@3 were
within 1.26 to 0.50 a from the chlorine atoms of the C2H4Cl2 sol-
vent molecules. This indicated a disorder of the solvent molecules
within the solvent-occupied voids between the complex mole-
cules. The presumable hexane solvent molecule was quite strongly
disordered and could not be refined to a reasonable structure.
Therefore, the electron density of the hexane solvent was treated
with the SQUEEZE option in PLATON.[21] PLATON calculated/
squeezed a void electron count of 46 electrons in each of the two
void volumes of 141 and 145 a3 per unit cell volume of 3277 a3.
The electron count of a hexane molecule is 48. With Z = 2 there
was then one hexane molecule per crystal formula unit. The R
values were good, and the structure of the iridium cation could be
unequivocally defined together with the hexafluorophosphate
anion and the 2.375 1,2-dichloroethane solvent molecules. The ex-
pected rotational disorder in the trifluoromethyl groups and the
orientation disorder in the solvent molecules were not refined fur-
ther.

Photophysical measurements

UV/Vis spectroscopy was performed with a PerkinElmer Lambda
750 S spectrometer with operating software. Emission spectra were
obtained with a Horiba Jobin Yvon Fluorolog 3–22 modular spec-
trofluorometer with a 450 W xenon lamp. Measurements were per-
formed in a right-angle configuration by using 10 mm quartz fluo-
rescence cells for solutions at 298 K. Emission lifetimes (t) were
measured by using an IBH FluoroHub TCSPC controller and a
NanoLED pulse diode excitation source (t<10 ms) ; the estimated
uncertainty was :10 % or better. Emission quantum yields (F)
were measured by using a Hamamatsu C11347 Absolute PL Quan-

tum Yield Spectrometer; the estimated uncertainty was :5 % or
better. H2O/DMSO solutions of the samples were previously de-
gassed by bubbling argon for 30 min.

RP-HPLC purity and stability analyses

The purity of the IrIII complexes was analyzed by using a RP-HPLC/
MS TOF 6220 equipped with a double binary pump (model
G1312A), degasser, autosampler (model G1329A), diode array de-
tector (model G1315D), and mass detector in series (Agilent Tech-
nologies 1200). Chromatographic analyses were performed with a
Brisa C18 column (150 mm V 4.6 mm, 5 mm particle size) ; Teknokro-
ma, Macclesfield, UK. The mobile phase was a mixture of (A) H2O/
HCOOH 0.1 % and (B) acetonitrile/HCOOH 0.1 %. The flow rate was
0.6 mL min@1 in a linear gradient (see Table S1 for the gradient
used). Chromatograms were recorded at l= 280 nm. The HPLC
system was controlled by a ChemStation software (MASS HUNTER).
The mass detector was an ion-trap spectrometer equipped with a
dual-source electrospray APCI. Mass spectrometry data were ac-
quired in the positive ionization mode. The ionization conditions
were adjusted at 350 8C and 3 kV for capillary temperature and
voltage, respectively. The nebulizer pressure and flow rate of nitro-
gen were 60 psi and 12 L min@1, respectively. The full scan mass
covered the range of m/z 100 to 1000. Samples were dissolved in
DMSO (50 mm final concentration).

Photostability

A H2O/DMSO solution of 3 was prepared, and its UV/Vis spectra
were recorded. The sample in the cuvette was irradiated at l=
420 nm for 15 min with a 450 W xenon lamp. After this time, the
UV/Vis spectrum was collected again.

Transmission electron microscopy

TEM experiments were performed with a PHILIPS TECNAI 12 trans-
mission electron microscope and JEOL 1011 transmission electron
microscope. The samples were prepared by dropping a few drops
of H2O/DMSO (99:1) solution onto a carbon-coated nickel grid.
Slow evaporation of solvents in the air for 10 min was allowed
before placing the samples into the sample chamber of the instru-
ment.

Cell lines

The human ovarian carcinoma cell lines A2780 (cisplatin sensitive)
and A2780cisR (a cisplatin-resistant variant of A2780) as well as
human breast cancer MCF-7 cells were kindly supplied by Professor
B. Keppler, University of Vienna (Austria). Human cervix adenocarci-
noma HeLa cells were obtained from ECACC. MCF-10 (nonmalig-
nant mammary gland cells) were obtained from ATCC. The A2780
and A2780cisR cells were grown in RPMI 1640 medium supple-
mented with gentamycin (50 mg mL@1) and 10 % heat-inactivated
fetal bovine serum. The acquired resistance of A2780cisR cells was
maintained by supplementing the medium with 1 mm cisplatin
every second passage. The MCF-7, HeLa, and MCF-10A cells were
grown in DMEM (high glucose, 4.5 g L@1) supplemented with gen-
tamycin (50 mg mL@1) and 10 % heat-inactivated fetal bovine serum.
The medium for MCF-10A cells was supplemented with
100 ng mL@1 cholera toxin. The cells were cultured in a humidified
incubator at 37 8C under a 5 % CO2 atmosphere and were subcul-
tured 2–3 times a week with an appropriate plating density.
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In vitro growth inhibition assay

The cytotoxic activity of the investigated Ir complexes and cisplatin
was determined against the human ovarian carcinoma cell lines
A2780 and A2780cisR, human cervix adenocarcinoma (HeLa), and
human breast adenocarcinoma (MCF7) cell line. Cells were seeded
on 96-well tissue culture plates at a density of 104 cells per well for
A2780 and A2780R cells and 5 V 103 cells per well for HeLa and
MCF7 cells in growth medium (100 mL) and were incubated at
37 8C in a humidified 5 % CO2 atmosphere for 16 h. After the incu-
bation period, the cells were treated with the compounds and
kept in the incubator for an additional 72 h. The stock solutions of
the metal-based compounds were always freshly prepared in
DMSO before use. The final concentration of DMSO in the cell-cul-
ture medium did not exceed 0.1 % (v/v), which was shown not to
affect cell growth. The final concentrations of the tested com-
pounds were in the range of 0 to 50 mm in a volume of 200 mL per
well. Subsequently, MTT solution (5 mg mL@1, 10 mL) was added to
each well, and plates were incubated for 4 h. At the end of the in-
cubation time, the medium was removed, and the formazan prod-
uct was dissolved in DMSO (100 mL per well). Cell viability was eval-
uated by measuring the absorbance at l= 570 nm (reference
wavelength at 630 nm) by using an absorbance reader Synergy Mx
(Biotek, USA). IC50 values were calculated from curves constructed
by plotting cell survival [%] versus drug concentration [mm] . The
reading values were converted into the percentage of control [%
cell survival] . Cytotoxic effects were expressed as IC50. All experi-
ments were done in triplicate.

DNA interactions in cell-free media

Interactions of the investigated Ir complexes with naked DNA were
studied by various biophysical and biochemical methods, de-
scribed in the Supporting Information in detail.

Cellular accumulation

Cellular accumulation of Ir compounds and cisplatin was deter-
mined in HeLa cells. The cells were seeded on 100 mm tissue cul-
ture dishes (1.5 V 106 cells per dish in 8 mL of growth medium).
After 48 h of incubation, the cells were treated with tested com-
pounds at equimolar concentrations (10 mm) for 5 or 24 h. The at-
tached cells were harvested by trypsinization, and the cell pellets
were washed with cold PBS (phosphate-buffered saline) twice. The
pellets were digested by using a microwave acid (HCl, 11 m) diges-
tion system (MARS5, CEM) to give a fully homogenized solution.
Final iridium and platinum contents in the samples were deter-
mined by ICP-MS.

Localization of Ir complexes in cells by confocal microscopy

HeLa cells were seeded on 35 mm glass-bottomed confocal culture
dishes (Mattek Co., MA, USA) at a density of 2 V 105 cells per dish
and were incubated overnight. The next day, cells were treated
with tested compounds (1 mm) for 24 h and were then analyzed
with a confocal laser-scanning microscope Leica TCS SP8 SMD
(Leica microsystems GmbH, Wetzlar, Germany). Samples were excit-
ed at l= 405 nm, and the detection window was set from l= 520
to 610 nm.

Detection of apoptosis and necrosis

The cell-death detection ELISA plus kit (Roche Molecular Biochemi-
cals, Mannheim, Germany) was used to determine the extent of
apoptosis and necrosis in cancer cells treated with the investigated

Ir complexes. In this assay, internucleosomal DNA fragmentation
was quantitatively assayed by antibody-mediated capture and de-
tection of cytoplasmic mononucleosome- and oligonucleosome-as-
sociated histone–DNA complexes. HeLa cells were treated with
equitoxic concentrations of Ir complexes corresponding to their
IC20, IC50, and IC80 values determined after 72 h in these cells (0.36,
1.76, and 4.68 mm for 1; 7.6, 23, and 36 mm for 5). Then, the cells
were centrifuged (300 g, 10 min), and the experiment was per-
formed as already described[47] according to the manufacturer’s
protocol. Following incubation with peroxidase substrate for
20 min, absorbance was determined at l= 405 nm (reference
wavelength 492 nm) with a microplate reader (absorbance reader
Sunrise Tecan Schoeller). Signals from wells containing the sub-
strate only were subtracted as background. Other details of this
assay and data analysis were performed according to the manufac-
turer’s instructions.

Real-time cell electronic sensing

The real-time cell analyzer (RTCA) equipment (xCELLigence RTCA
SP instrument, Roche) was calibrated for the background impe-
dance with fresh RPMI 1640 medium (100 mL). A2780 cells and
HeLa cells were added at a density of 8000 and 4000 cells per well,
respectively, and were incubated for 24 h at 37 8C under a humidi-
fied 5 % CO2 atmosphere. Subsequently, the cells were treated with
tested compounds. Cell-sensor impedance called the cell index is
defined as [Eq. (1)]:

Cell index ¼ ðRt@RbÞ
15

ð1Þ

in which Rt is the impedance of the cells at defined time points,
and Rb is the background impedance of the culture medium. Impe-
dance was monitored for 5 min sweeps for the duration of the ex-
periment. Cell index was normalized at the time of treatment
(24 h). Each sample was plated on the E-plate as quadruplicate.
The concentrations of treated compounds in the media used for
treatment were verified by flameless atomic absorption spectrosco-
py (FAAS).

Effect on protein and RNA synthesis in cells

HeLa cells were seeded in 6-well plates (5 V 103 cells per well) and
were grown for 24 h. The medium was replaced with fresh
medium with the absence and/or presence of iridium compounds,
and the cells were incubated for 1 h. The medium was removed,
and the cells were washed with PBS (2 V) and were incubated in
medium containing [35S]-Met (5 mCi per sample) for 2 h. The nega-
tive control sample was incubated without [35S]-Met. The medium
was removed, and the cells were washed with PBS (3 V), trypsi-
nized, counted, and pelleted. Cell pellets were lysed in ice-cold
radio immunoprecipitation assay (RIPA) buffer (1 mL/30 min). The
lysates were cleared by centrifugation (15 000 g/15 min). Individual
lysates (40 mL) were transferred onto a 0.22 mm filter and were
washed with 5 % trifluoroacetic acid (TFA) thrice. The samples were
analyzed by using a Scintillation analyzer (Tri-Carb 2800TR, Perki-
nElmer).

Co-localization of Ir complexes in cells by confocal microsco-
py

HeLa cells were seeded on 35 mm glass-bottomed confocal culture
dishes (Mattek Co., MA, USA) at a density of 2 V 105 cells per dish
and were incubated overnight. The next day, the cells were treated
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with the test compounds (5 mm). After 2 h of incubation, cells were
co-stained with ER-Tracker (red, BODIPY TR glibenclamide; Thermo-
Fisher Scientific, Waltham, MA, USA) at a concentration of 1 mm
and were then analyzed with a confocal laser-scanning microscope
Leica TCS SP8 SMD (Leica microsystems GmbH, Wetzlar, Germany).
The investigated Ir complexes were excited at l= 405 nm, and ER-
Tracker was excited at l= 587 nm. Samples were scanned sequen-
tially, and the emission parameters were carefully set to omit possi-
ble fluorescence overlaps. Co-localization analysis was performed
as described previously[35] by the use of the Coloc2 plugin in
ImageJ software. Briefly, the Pearson coefficient of correlation
(PCC) was measured for entire images by default, and the Costes
regression method for estimation of the threshold was used.
Values of PCC are expressed as the mean:SD above the calculat-
ed threshold.

Phototoxicity testing

The phototoxic activity of the investigated Ir complexes was deter-
mined against HeLa cells. Cells were seeded on 96-well tissue-cul-
ture plates at a density of 5 V 103 cells per well in growth medium
(100 mL) and were left to adhere at 37 8C under a humidified 5 %
CO2 atmosphere for 24 h. After washing cells with PBS, the tested
compounds were added in EBSS and were incubated for 1 h under
cultivation conditions. After the incubation period, cells were irradi-
ated by visible light for 1 h (lmax = 420 nm) in the presence of the
tested compounds. Subsequently, EBSS with the compound was
removed, and cells were washed with PBS and then returned to
the incubator in complete DMEM. Nonirradiated controls were
tested as well. The stock solutions of compounds were always
freshly prepared in DMSO before use. The final concentration of
DMSO in cell-culture medium did not exceed 0.1 % (v/v), which
was shown not to affect cell growth. The final concentrations of
the tested compounds were in the range of 0 to 100 mm in a
volume of 200 mL per well. The phototoxicity was determined 70 h
after irradiation by using the standard MTT assay. Briefly, MTT solu-
tion (5 mg mL@1, 10 mL) was added to each well, and plates were in-
cubated for 4 h. At the end of the incubation time, the medium
was removed, and the formazan product was dissolved in DMSO
(100 mL per well). Cell viability was evaluated by measuring the ab-
sorbance at l= 570 nm (reference wavelength at 630 nm) by using
an absorbance reader Synergy Mx (Biotek, USA).The IC50 values
were calculated from curves constructed by plotting cell surviv-
al [%] versus drug concentration [mm] . All experiments were done
in triplicate. The reading values were converted into the percent-
age of control [% cell survival] . Phototoxic effects were expressed
as IC50.

Determination of intracellular reactive oxygen species (ROS)

To determine the oxidative stress induced by the investigated Ir
complexes, intracellular ROS were quantified in HeLa cells. Cells
were seeded on 96-well black plates at a density of 1 V 104 cells per
well and were incubated at 37 8C under a humidified 5 % CO2 at-
mosphere for 16 h. Subsequently, the cells were treated with
tested compounds in EBSS at equimolar concentrations (1, 5, 10,
and 20 mm) and were held under cultivation conditions for 1 h.
Then, cells were irradiated with blue light (lmax = 420 nm) for 1 h
or, alternatively, were kept in the dark for this period. Afterwards,
intracellular ROS were quantified by using a method developed
earlier.[33b, 40] Briefly, 10 mm 2’,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) was added to the cells, and samples were incubated for
30 min at 37 8C. The fluorescence intensity was evaluated by meas-
uring the fluorescence (excitation/emission wavelengths: 504/

529 nm) by using a fluorescence reader Synergy Mx (Biotek, USA).
Three independent experiments were performed.
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