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Natalia Busto, +*2° Gloria Vigueras, t Natalia Cutillas,® Begofia Garcia*? and José Ruiz*c

The antimicrobial activity of a new series of heteroleptic iridium(lll) complexes of the type [Ir(CAN),(NAN)][PF¢] (CAN =

deprotonated 2-phenylbenzimidazole-kN, kC; NAN = phen (Ir1), dpq (Ir2), dppz (Ir3), dppn (Ird), and dppz-idzo (Ir5)) was

studied towards two Gram positive (vancomycin-resistant Enterococcus faecium and a methicillin-resistant Staphylococcus

aureus) and two Gram negative (Acinetobacter baumanii and Pseudomonas aeruginosa) multidrug-resistant bacterial strains

of clinical interest. Although the complexes were inactive towards Gram negative bacteria, their effectivity against Gram

positive strains was remarkable, especially for Irl and Ir2, the most bactericidal complexes that were even more active (10

times) than the fluoroquinolone antibiotic norfloxacin and displayed no toxicity in human kidney cells (HEK293). Mechanistic

studies revealed that the cell wall and membrane of MRSA S. aureus remained intact by treatment with these compounds

and that DNA was not their main target. Important to note that the complexes were able to induce ROS generation, being

this feature key for their antimicrobial activity.

Introduction

Nowadays, antibiotic-resistant infections have become an
important cause of morbidity and mortality worldwide.
According to the World Health Organization (WHQO), each year
more than 2.8 million drug-resistant infections happen,
resulting in more than 35,000 deaths in the United States. In
Europe, antibiotic resistance is responsible for an estimated
33,000 deaths annually.! Multidrug-resistant bacteria
Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, baumanni, Pseudomonas
aeruginosa, and Enterobacter species have been identified as
the pathogens of most current concern.2 Particularly,
methicillin-resistant S. aureus (MRSA), vancomycin-resistant
Enterococcus (VRE) and fluoroquinolone-resistant P. aeruginosa
exhibit a quickly rising incidence of infection, with high
mortality.3 Given this serious threat, the discovery of new
antibiotics is essential to save modern medicine.
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In contrast to traditional organic antimicrobial drugs, which
possess a mono or two-dimensional structure, metal complexes
are promising in this regard as they provide alternative
stereochemical and electronic properties with a tremendous
variety of three-dimensional scaffolds available
through coordination chemistry.* These 3D fragments are an

structural

ideal starting point for the development of new antibiotics and
offer a ready “escape from flatland”.> In the last years,
transition metal complexes have been widely tested as
antimicrobial agents.®° These complexes have access to
different modes of action such as redox activation, DNA
damage, release or exchange of ligands, reactive oxygen species
(ROS) generation, etc.1t

Recent studies on Ir(lll) complexes demonstrated that they also
exhibit antibacterial properties.’> Most of the antibacterial
agents based on iridium are ‘half-sandwich’ type complexes.%13-
18 However, obtaining kinetically inert cyclometalated Ir(lll)
complexes with antimicrobial properties is less developed.1®-23
In these compounds, the delocalization of the m-electrons over
the rings of the chelate ligands was proposed to increase their
lipophilicity and promote their penetration into bacterial cell
membranes, thereby resulting in bacterial growth inhibition.?*
Previous studies on the antimicrobial properties of metal
complexes with ligands based on heteroaromatic derivatives of
phenanthrene, such as 1,10-phenanthroline (phen), indicated
that inclusion of metal-chelating N,N’-atoms in the
phenanthrene ring usually increased the antibacterial
activity.?*72¢ In addition, the antibacterial activity of phen can be
significantly modulated by modifying its structure.?’ Therefore,
the development of metal compounds with phen-based ligands
provides an opportunity to expand such structural diversity and
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offers the possibility to target different biochemical pathways
in bacteria.

Here we have synthetized a series of heteroleptic iridium(lll)
complexes of the type [Ir(CAN),(N~N)][PF¢] (Scheme 1), in which
the cyclometalating ligand 2-phenyl-1H-benzo[d]imidazole
remains as the CAN backbone and the phenanthroline-based
NAN ligand is varied {N~N = phen (Irl), dpq (Ir2), dppz (Ir3),
dppn (Ird), and dppz-idzo (Ir5); dpg= dipyrido[3,2-d:2’,3’-
flquinoxaline; dppz= dipyrido[3,2-a:2’,3’-c]phenazine; dppn=
benzo[ildipyrido][ 3,2-a:2’,3’-c]phenazine; dppz-idzo=
dipyrido[3,2-a:2’,3’-c]phenazine-10,11-imidazolone}. 1r3 has
been shown prevviously?® to exhibit interesting photoactivity
towards Hela cancer cells. Herein Ir3 and the new complexes
were investigated as antimicrobial agents against two Gram
negative (A. baumanii and P. aeruginosa) and two Gram positive
(E. faecium and S. aureus) bacteria of clinical interest. Their
toxicity against healthy human embryonic kidney cells was also
evaluated.

Results and Discussion
Synthesis and characterization

As metal complexes with phenanthroline-based ligands have
strong antibacterial potential, we aimed to develop novel
iridium complexes based on this type of NAN ligands. For this
purpose, a series of five substitutionally inert Ir(lll) complexes
of the type [Ir(CAN),(N~AN)][PF¢] (Scheme 1) were synthesized
and characterized. Complexes Irl-Ir5 were obtained in high
yields (55-84%) by the reaction of the cyclometalated dinuclear
Ir(111) complex with the different NAN ligands in a 1:2 molar ratio
in a similar manner to previously reported methods.282° Ir1-Ir5
were characterized by 'H and 3C NMR spectroscopy (Figures
S1-S5) and positive-ion ESI-HRMS (Figures S6-S9). All
compounds were shown to be at least 95% pure by both
elemental analysis and reverse-phase RP-HPLC in DMSO
(Figures S6-S9). The positive ion ESI mass spectra displayed the
[M-PFg]* signals with the expected isotopic distribution pattern.
The stability of the complexes in solution was studied by 'H
NMR spectroscopy and UV/Vis. No changes in the spectra were
detected after 24 h at room temperature in DMSO and water
solutions (Figures S10-S11).
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Scheme 1. Structures of the Ir(Ill) complexes investigated in this work.
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Photophysical properties

The UV/Vis absorption spectra of complexes (Figure 1 and S12)
were recorded in water (1% DMSO, 10 pM) and acetonitrile (10
uM). All complexes exhibit characteristic absorptions of the bis-
cyclometalated iridium complexes (Table S2).3931 Between 230
and 330 nm, it can be observed intense bands (molar extinction
coefficients of the order of 103 M-lcm™) assigned to the
permitted transitions centered on the ligands (mt-1t"). On the
other hand, the broad bands of lower energy between 330 and
440 nm and the rest of weak absorptions between 440-520 nm
could be assighed to MLCT,3MLCT (drt (Ir) > r") and 13LLCT
transitions.31:32 Upon excitation at the absorption wavelength
maxima, all complexes showed yellow to orange emissions in
acetonitrile (Figure S13), while in water, only Irl, Ir2 and Ir3
exhibited orange phosphorescent emissions (Figure 1), being Ir3
containing dppz, the complex with the weakest emission. This
characteristic is common for other Ir(lll) compounds with the
dppz ligand.?®2933 |n addition, the decrease of the emission
quantum yields and the quenching of the luminescence of Ir4
and Ir5 by the water could also be explained by the increase of
the non-radiative process due to the interaction of the solvent
with the two uncoordinated basic nitrogens of the ligands.343%
A
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Figure 1. A) UV/Vis spectra of new complexes in water and B) Emission
spectra of Ir1-Ir3 in aerated water solution at 10 uM. Aexc =370 nm.

The photophysical properties in water are further summarized
in Table 1. As observed, their luminescence lifetimes in water
(1% DMSO) are consistent with the triplet nature of the
emission state.3!

Table 1. Excitation (A.,), emission (A.,) wavelengths, emission lifetimes

(Tem), @and quantum yields (D) of Irl, Ir2 and Ir3 in deaerated water (1%
DMSO).

Compound = A, hM? | Agn, M| Ty, NSP o %"
Irl 370 573 54 (40%) 335 (60%) 5.1
Ir2 375 667 390 (100%) 1.0
Ir3 385 621 46 (4%) 308 (96%) <1

2 Aexc Maxima. °20 min under argon.

This journal is © The Royal Society of Chemistry 20xx
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Antimicrobial activity

The ability of these iridium(l1l) complexes to inhibit the growth
of two Gram positive (VR E. faecium and MRSA S. aureus) and
two Gram negative (A. baumanii 17978 and P. aeruginosa
PAO1) strains were studied using the broth microdilution
method. Their activities were expressed as minimal inhibitory
concentration (MIC) values, that is, the lowest concentration
of the compound that prevents bacterial growth. As observed
in Table 2, all complexes were active against the studied Gram
positive bacteria, whereas they were completely inactive
(with MICs over 100 uM) against the Gram negative bacteria.
With impressive values of MIC, complexes Irl and Ir2 were
even more effective than the broad-spectrum fluoroquinolone
antibiotic norfloxacin in both VR E. faecium and MRSA
S.aureus strains, showing Irl an inhibitory capacity 10 times
greater than this reference antibiotic in MRSA S.aureus. On
the other hand, Ir4 exhibited a remarkable activity only
against VR E. faecium and Ir3 displayed the Ilowest
antimicrobial activity of the family.

Table 2. MIC values (uUM) of the Ir complexes. Norfloxacin it is included as
positive control.
MIC, pM

Gram Positive Gram Negative

E. S. aureus A P.
faecium baumanii aeruginosa

Irl 3 0.6 > 100 > 100

Ir2 5 2.5 100 > 100

Ir3 40 40 > 100 > 100

Ir4 4 20 > 100 > 100

Ir5 20 10 100 > 100
Norfloxacin 6 6 20 3

In order to determine if the complexes can be classified as
bacteriostatic or bactericidal agents, the minimal bactericidal
concentrations (MBC) were determined (Table 3). According to
the ratio MBC/MIC, we can defined the antimicrobial agents
as bactericidal complexes if MBC/MIC < 4 or bacteriostatic
agents if the ratio MBC/MIC > 4.36 Therefore, complexes Irl,
Ir2, Ir3 and Ir5, were clearly bactericidal complexes whereas
Ir4 displayed a bacteriostatic effect.

Table 3. MBC values of the Ir complexes.

MBC, pM

Gram Positive Gram Negative

E. S. A. baumanii P.
faecium aureus aeruginosa
Irl 5 2 >100 >100
Ir2 5 2.5 >100 >100
Ir3 > 100 40 > 100 > 100
Ir4 >100 >100 > 100 > 100
Ir5 40 40 >100 > 100

This journal is © The Royal Society of Chemistry 20xx

Toxicity in human cells

To further evaluate the potential of these Ir(lll) polypyridyl
complexes as antimicrobial agents, studying their cytotoxicity
Therefore, the
antiproliferative activity of these compounds was evaluated

towards human cells is mandatory.
using standard MTT assay in human embryonic kidney cells,
HEK293 (Figure 2). All complexes except Ir3, could be
considered as not cytotoxic in human cells. Ir3 displayed
antiproliferative activity (1Cso = 27.0 uM % 1.5) being more toxic

to human cells than to bacteria.

1004 [ [
® | = Ir2
3 B I3
§ B Ird
S 504 = I
=
w
P

0- T
0.0 25 10.0 250 50.0 100.0
[Ir], pM

Figure 2. Dose-response plots of the Ir(lll) complexes in HEK293 cells
after 24 h of treatment.

Gram negative bacteria resistance

The low permeability barrier of Gram negative bacteria
renders the discovery of new antibiotics against these bacteria
a challenging issue.!337.:38 As these Ir(lll) compounds exerted no
antimicrobial activity against Gram negative bacteria (Table
2), we studied if the extra outer membrane of these bacteria
was hindering the uptake of the complexes. It is well-known
that EDTA induces outer membrane permeabilization,?® so we
tested if, upon permeabilization of the membrane with EDTA,
the complexes displayed some activity against P. aeruginosa
PAO1. MIC determination was performed in the presence of
0.5 mM of EDTA, and then, MBC was also evaluated (Table 4).
Although the complexes were completely inactive in the
absence of EDTA, in its presence, all the compounds displayed
some activity. Therefore, EDTA was able to sensitize P.
aeruginosa, increasing the sensitizing effect in the complexes
with the lower degree of the it conjugation of the phen-based
ligand.

Table 4. MIC and MBC values of the Ir complexes against P. aeruginosa in
the presence of 0.5 mM of EDTA. The shown MIC and MBC values in the
absence of EDTA were included again for clarity.

MIC (EDTA), M = MBC (EDTA), uM = MIC, pM | MBC, uM

Irl 12.5 100 > 100 > 100
Ir2 25 >100 > 100 >100
Ir3 50 >100 > 100 >100

J. Name., 2013, 00, 1-3 | 3
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> 100
> 100

> 100
>100

> 100
>100

Ir4 75
Ir5 75

The outer membrane permeabilization by EDTA and its
potential implication in the cellular uptake of the Ir(lll)
complexes was investigated by ICP-MS experiments. Cellular
accumulation with and without EDTA treatment revealed that
EDTA increased the uptake of the Ir(lll) complexes (Figure 3),
further supporting the results shown in Table 4.

1000

Il without EDTA

800 Il with EDTA

600

400+

ppb of Ir/ODggg nm

200+

0
Ir1 Ir2 Ir3 Ir4 Ir5

Figure 3. Ir accumulation in P. aeruginosa treated with and without 0.5 mM
of EDTA and 1 uM of the Ir(Ill) complexes.

Mechanism of action in gram positive strains

Kinetics of growth inhibition. The kinetics of growth inhibition by
the Ir(lll) complexes were studied in MRSA S. aureus and VR E.
faecium for 24 and 12 h, respectively at two concentrations:
below the determined MICs (0.5 x MIC) and the MICs values. As
observed in the MRSA S. aureus growth curves (Figure 4), Ir4
lead to a modest delay in reaching the logarithmic growth phase
in comparison to the control, reinforcing its bacteriostatic
effect. Ir5 induced a most evident delay (= 14 h) at MIC
concentration which confirmed its bactericidal effect. On the
other hand, Irl and Ir3 completely inhibited MRSA S. aureus
growth at their MIC concentration as well as Ir2, which inhibited
bacterial growth even at concentrations below the MIC.

] —wme Ir1 ] —wme Ir2
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£ s §06
g % £°
8 o4 2 o4
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Figure 4. Growth curves of MRSA S. aureus incubated with 0.5% DMSO
(Control) and at concentrations 0.5 MIC and MIC of the Ir(lll) complexes.
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Regarding to VR E. faecium growth curves (Figure 5), all
complexes except Ir4 exerted a bactericidal effect since the
bacterial growth was completely inhibited even at the lowest
concentration tested. By contrast, Ir4 showed a slight delay
(less than 6 h) to reach the logarithmic growth phase,
confirming its bacteriostatic behavior.

Cell wall permeabilization and lysis. The cell wall and cell
membrane of bacteria are two major targets in antibiotic
development. Therefore, we investigated if the new Ir
complexes were able to kill bacteria by cell leakage. Cell
permeabilization was studied by measuring propidium iodide
(PI) fluorescence. This dye cannot be internalized if the cell
membrane is not damaged, but once inside the cell, PI
intercalates into DNA base-pairs enhancing its fluorescence.
Thus, MRSA S. aureus was incubated for 2 h with the Ir(lll)
complexes at both the MBC and 4x MBC. Then, Pl was added
and the fluorescence was monitored for an hour. No changes
were observed (Figure S14A), so in principle, no leakage
occurred.

To better support these results, the ODgyonm Was monitored for
2 h with the iridium complexes and treatment did not lead to
any decrease in the ODgponm (data not shown). Moreover, upon
the 2 h of treatment, no leakage of the intracellular contents
was detected, since the OD,gonm Stayed unchanged (Figure
S14B). Thus, cell membrane remained intact upon treatment

0.20
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Figure 5. Growth curves VR E. faecium incubated with 0.5% DMSO (Control)
and at concentrations 0.5 MIC and MIC of the Ir(Ill) complexes.

with 4xMBC and the mechanism of action of these complexes
seems to be not related to cell wall permeabilization in contrast

This journal is © The Royal Society of Chemistry 20xx
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with the reported mechanism of action of other antimicrobial
ruthenium(I1)#° and Ir(lll) agents.?3

Oxidative stress. Bacteria death can occur due to oxidative
stress. Indeed, it has been described how bactericidal agents
are able to produce reactive oxygen species (ROS) as products
of the tricarboxylic acid cycle, due to NADH depletion,
hyperactivation of electron transport that increases superoxide
levels, destabilization of iron-sulfur clusters, and an increase of
the Fenton reaction.*! In the last years, ROS generation has
been reported as a mechanism of action of some antibacterial
Ir(lll) complexes.?34243 |n order to shed some light on the
mechanism of action of these complexes towards Gram positive
strains, we evaluated their activity in the presence of N-acetyl-
cysteine (NAC), a ROS inhibitor. As observed in Table 5, NAC
treatment slightly increased MIC values of Ir2 and Ir4, whereas
the rise was moderate for Irl and Ir5 and almost no effect of
NAC treatment was detected for Ir3. Although these complexes
may this
straightforwardly supported by these

mechanism is not

results with NAC
treatment. Thus, ROS generation was also studied by flow
MRSA  S. with  2,7'-
dichlorofluorescein diacetate (DCF-DA). As observed in Figure 6,

induce ROS generation,

cytometry in aureus treated
all complexes were able to increase ROS levels at both
concentrations (0.5 x MIC and MIC values). Therefore, ROS
generation seems to be key for the antimicrobial activity of the

new complexes.

Table 5. MIC values in MRSA S. aureus of the iridium complexes in bacteria
treated with 1 mM of NAC.

MIC (NAC), uM | MIC(NAC)/MIC ratio

Irl 2.5 4.2
Ir2 5 2
Ir3 40 1
Ir4 40 2
Ir5 40 4

Sa DCF

Sa OCF

100

Ir2

80 100

]

(1]

Count (%]
40

Count (%]

Count (%]
40

2

20

Sa DCF
Ir5
S

\

AT T 0S5 07 1T 103 100 1053
FITC-H FITC-H

Figure 6. ROS production detection using H,DCFDA after 2 h incubation of
MRSA S. aureus with the Ir complexes by flow cytometry. Vehicle (grey
profile), 0.5 MIC (green profile) and MIC (red profile).

Ir4

Count (%]
0w

n

Interaction with plasmid DNA. Targeting DNA replication is one
of the main strategies in the design of novel antibiotics able to
circumvent resistance.** Quinolones, for instance, are well-

This journal is © The Royal Society of Chemistry 20xx

known bactericidal antibiotics whose mechanism of action is
based on inhibiting DNA gyrase or Topoisomerase IV by binding
to the complex formed between these enzymes and DNA.%>
Therefore, DNA binding of the Ir(lll) complexes was investigated
by a gel mobility assay. The plasmid pUC18 (extracted from E.
coli DH5a) was incubated overnight at 37°C with different
concentrations of the Ir(lll) complexes. Since no differences in
the migration pattern of the plasmid were detected, covalent
binding and intercalation processes were discarded (Figure 7).

Irl Ir2 Ir3 Ird Ir5
A A A A A
Clr{IJM]= - "10 25 50”10 25 5010 25 50'10 25 50 ‘10 25 50
oc
SC

Figure 7. Electrophoresis of pUC18 alone (1% lane) and in the presence of
different concentrations of the Ir(lll) complexes.

On the other hand, it has been reported that the biological
reducing agent glutathione (GSH) can activate the catalytic DNA
cleavage activity of some Ru(ll) polypyridyl complexes in cell-
free media.*® GSH is not only found in eukaryotic cells, but can
also be found in gram negative bacteria. However, except for
some streptococcus and enterococcus species, it is not found in
gram positive bacteria, where other antioxidants thiols are
present. In fact, bacillithiol (BSH) is the main low molecular thiol
controlling redox homeostasis in staphylococcus.*”#¢ Therefore,
we wonder if the synthesized Ir(lll) complexes were able to
produce DNA cleavage in the presence of GSH as a model of an
antioxidant low molecular thiol. As shown in Figure 8, Irl and
Ir2 clearly cleaved DNA in a concentration-dependent manner,
increasing the open circular form (OC) and decreasing the
supercoiled form (SC). The linear form did not appear indicating
that single strands break (SSB) occurred. These cell-free data
suggest that a single-strand cleavage of DNA could occur inside
the bacteria due to a redox-cycling*® mediated by the
complexes containing phen and dpq ligands and a thiol
reductant, which could explain the greater antibacterial
capacity of Irl and Ir2.

Irl Ir2 Ir3 Ird Ir5
— A A A A A
Cr(uM)= - “10 25 5010 25 50'710 25 50'10 25 50 10 25 50
GSH + + + + + + + + + + + + + + o+ o+

ocC

SC

Figure 8. Agarose gel electrophoresis of the DNA cleavage products of puC18
after 4 h of incubation with 120 uM of GSH and different concentrations of
the Ir(Ill) complexes.

Conclusions

J. Name., 2013, 00, 1-3 | 5
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In summary, we report the synthesis, characterisation and
antimicrobial activity of a series of cationic inert bis-
cyclometalated Ir(Ill) complexes Ir1-Ir5 (CAN = deprotonated 2-
phenylbenzimidazole) and a phenanthroline-based N~N ligand
showing different degrees of the 1 conjugation. Quenching of
the luminescence by water was observed for complexes Ir4 and
Ir5, whereas Irl, Ir2, and Ir3 exhibited orange phosphorescent
emissions in this solvent. Although the investigated iridium
complexes were completely inactive against Gram negative
bacteria due to the extra outer membrane that hinders their
internalization, these compounds turned out to be promising
antimicrobial agents against Gram positive bacteria, except Ir4,
which was a bacteriostatic antimicrobial complex. Remarkably,
Irl and Ir2 were even more effective than the broad-spectrum
fluoroquinolone antibiotic norfloxacin in both VR E. faecium and
MRSA S. aureus strains, showing Irl an inhibitory capacity 10
times greater than this reference antibiotic in MRSA S. aureus.
Mechanistic studies revealed that the cell wall and membrane
of MRSA S. aureus remained intact by treatment with these
compounds. Furthermore, DNA was not the main target of
these iridium compounds. Important to note that their activity
seems to be related to oxidative stress induction since all of
them were able to stimulate ROS generation. Moreover, in the
presence of the biological reductant glutathione, the complexes
Irl and Ir2 clearly cleaved DNA in a concentration-dependent
manner, which could explain their greater antibacterial
capacity.

This study reveals that among this family of iridium compounds,
Irl and Ir2, with the lowest degree of the m-conjugation of the
organic N~N ligand (phen and dpq, respectively), are the most
promising candidates as Gram positive bactericidal antibiotics

to be further explored.

Experimental
Materials and instrumentation

Starting materials: IrCl;-H,0 was used as received (Johnson
Matthey). The pro-ligand 2-phenyl-1H-benzo [d]imidazole was
obtained from Merk (Madrid, Spain). Deuterated solvents
were purchased from Euriso-top. The C, H, and N analyses
were performed with a Carlo Erba model EA 1108
microanalyzer. The 'H and !3C spectra were recorded on a
Bruker AC 300E, Bruker AV 400, or Bruker AV 600 NMR
spectrometer and chemical shifts are cited relative to SiMe,
(*H and 3C, external). ESI mass (positive mode) analyses were
carried out on an HPLC/MS TOF 6220. In every case, the
isotopic distribution of the heaviest set of peaks matched very
closely with that calculated for the formulation of the complex
cation. The purity of all biologically evaluated molecules,
based on HPLC and elemental analysis, is >95%. Ir(lll)
complexes were always freshly prepared in DMSO before use.

Synthesis methods and characterization

The cyclometalating pro-ligand 2-phenyl-1H-benzo
[dlimidazole is commercial. The quinoxaline and phenazine

6 | J. Name., 2012, 00, 1-3
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ligands (dpq, dppz, dppn and dppz-idzo) were synthesized
through Schiff-base condensation of 1,10-phenantroline-5,6-
dione (phendio) with ethylenediamine, o-phenylenediamine,
2,3-diaminonaphthalene, and 5,6-diaminobenzimidazolone-2
as previously reported.*>°°

Preparation of monomeric Ir(lll) compounds. The method was
adapted from the previously described.>'>3 The experimental
details are shown in the Supporting Information.

Irl. Bright orange solid. Isolated yield: 55%. 'H-NMR (400 MHz,
[D]DMSO): & 14.28 (s, NH, 2H), 8.91 (dd, J = 8.0, 1.2 Hz, 2H), 8.49
(dd,J=4.9, 1.1 Hz, 2H), 8.35 (s, 2H), 8.10 (dd, J = 8.3, 5.2 Hz, 2H), 8.02
(d,)=7.7 Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 7.09 (m, 4H), 6.88 (t, ) = 7.3
Hz, 2H), 6.71 (t, J = 7.3 Hz, 2H), 6.36 (d, J = 7.5 Hz, 2H), 5.28 (d, J = 8.2
Hz, 2H). 13C- NMR (100 MHz, [Dg]DMSO): 6 164.68, 152.06, 150.14,
147.90, 139.64, 139.08, 134.83, 133.64, 133.25, 130.93, 130.85,
128.67, 127.35, 124.98, 123.76, 123.53, 122.59, 113.58, 112.84; ESI-
MS (pos. ion mode, DMSO): m/z = 759.1860 [M-PF¢]*. Anal. Calcd. for
CagHy6FslrNgP: C, 50.50; H, 2.90; N, 9.30. Found: C, 50.74; H, 2.91; N,
9.32 (%).

Ir2. Orange solid. Isolated yield: 79%. *H-NMR (600 MHz, [Dg]DMSO):
6 14.20 (s, NH, 2H), 9.67 (dd, J = 8.3, 1.2 Hz, 2H), 9.31 (s, 2H), 8.60
(dd, J = 4.8, 1.1 Hz, 2H), 8.25 (m, 2H), 8.00 (d, J = 7.6 Hz, 2H), 7.53 (d,
J=8.0 Hz, 2H), 7.08 (m, 4H), 6.89 (dt, ) = 7.6, 1.2 Hz, 2H), 6.73 (t, ] =
7.6 Hz, 2H), 6.32 (d, J = 7.6 Hz, 2H), 5.45 (d, J = 8.0 Hz, 2H). 3C-NMR
(150 MHz, [Dg]DMSO): 6 164.65, 154.38, 150.80, 150.46, 148.38,
140.68, 140.55, 136.26, 135.77, 134.64, 134.14, 131.94, 130.80,
129.61, 125.97, 124.93, 124.56, 123.73, 114.51, 114.26; ESI-MS (pos
ion mode, DMSO): m/z = 811.1919 [M-PFg]*. Anal. Calcd. for
CaoHa6FelrNgP: C, 50.26; H, 2.74; N, 11.72. Found: C, 50.45; H, 2.75;
N, 11.76 (%).

Ir3. Orangish brown solid. Isolated yield: 83%. Reported.?®

Ir4. Reddish solid. Isolated yield: 82%. *H-NMR (600 MHz, [Dg]DMSO):
514.14 (s, NH, 2H), 9.44 (d, J = 7.8, 2H), 8.73 (s, 2H), 8.53 (d, ) = 4.8,
2H), 8.13 (m, 2H), 8.04 (m, 2H), 8.00 (d, J = 7.2, 2H), 7.57 (d, J = 8.0
Hz, 2H), 7.57 (m, 2H), 7.12 (m, 4H), 6.91 (t, J = 7.5 Hz, 2H), 6.84 (t, ) =
8.1 Hz, 2H), 6.35 (d, J = 7.5 Hz, 2H), 5.71 (d, J = 8.4 Hz, 2H). 3C-NMR
(150 MHz, [Dg]DMSO): 6 165.71, 154.36, 152.18, 150.82, 141.68,
140.80, 139.07, 136.21, 135.72, 134.69, 134.16, 132.02, 131.64,
129.83, 129.76, 129.19, 129.05, 125.94, 125.11, 124.71, 123.82,
114.76, 114.55; ESI-MS (pos ion mode, DMSO): m/z = 911.2249 [M-
PFg]*. Anal. Calcd. for CsgH3oFgIrNgP: C, 54.59; H, 2.86; N, 10.61.
Found: C, 54.86; H, 2.88; N, 10.54 (%).

Ir5. Red solid. Isolated yield: 84%. 'H-NMR (400 MHz, [Dg]DMSO): &
14.06 (s, NH, 2H), 11.67 (s, 2H), 9.56 (d, J = 8.0 Hz, 2H), 8.54 (dd, J =
5.2, 1.2 Hz, 2H), 8.15 (m, 2H), 7.98 (d, J = 7.4, 2H), 7.55 (m, 4H), 7.11
(m, 4H), 6.92 (t, J = 7.6 Hz, 2H), 6.77 (t, ) = 7.6 Hz, 2H), 6.35 (d, } = 7.6
Hz, 2H), 5.56 (d, J = 8.4 Hz, 2H). 13C-NMR (100 MHz, [Dg]DMSO): &
164.69, 156.41, 152.62, 150.05, 149.69, 140.52, 139.75, 137.93,
136.68, 134.76, 133.67, 133.18, 130.97, 130.41, 128.37, 124.88,
123.99, 123.62, 122.73, 113.55, 113.38, 103.70; ESI-MS (pos ion
mode, DMSO): m/z = 917.2110 [M-PFg]*. Anal. Calcd. for
CygH,gFslrN1gOP: C, 50.90; H, 2.66; N, 13.19. Found: C, 50.98; H, 2.68;
N, 13.15 (%).

RP-HPLC purity and stability analyses

This journal is © The Royal Society of Chemistry 20xx
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The experimental details are described in the Supporting
Information.

Photophysical characterization

UV/Vis spectroscopy was carried out on a PerkinElmer Lambda
750 S spectrometer with operating software. Solutions of all
complexes were prepared in acetonitrile and water (1%
DMSO) at 10 uM. Emission spectra were obtained with a
Horiba Jobin Yvon Fluorolog 3-22 modular
spectrofluorometer with a 450 W xenon lamp. Measurements
were performed in a right angle configuration using 10 mm
quartz fluorescence cells for solutions at 298 K. Emission
lifetimes (t) were measured using an IBH FluoroHub TCSPC
controller and a NanoLED (372 nm) pulse diode excitation
source (Tt < 10us); the estimated uncertainty is £10% or better.
Emission quantum yields (®) were measured using a
Hamamatsu C11347 Absolute PL Quantum Yield
Spectrometer; the estimated uncertainty is +5% or better.
Solutions of all complexes were prepared in acetonitrile and
water (1% DMSO) at 10 M. For lifetimes and quantum yields
measurements the samples were previously degassed by
bubbling argon for 20 min.

Bacterial strains

E. faecium CECT 5253 (vancomycin resistant, Gram positive
bacteria) was maintained in Tryptic Soy (TS) broth or agar
while S. aureus CECT 5190 (methicillin resistant, Gram positive
bacteria), A. baumannii ATCC 17978 (Gram negative bacteria)
and P. aeruginosa PAO1l (Gram negative bacteria) were
maintained in Mueller-Hinton (MH) broth or agar at 37 2C.

Antibacterial activity: MIC and MBC determination

The antibacterial activity was evaluated by the broth
microdilution plate method according to CLSI criteria against

ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter cloacae)

pathogens.>* Briefly, serial dilutions of the compounds were
prepared in MHB (1:2 dilutions) in 96-well plates. Norfloxacin
was used as the positive control. An initial inoculum of every
strain was prepared at 0.5 McFarland in water and
immediately diluted in MHB (1:20). Then, plates were
inoculated with 5 pL of the bacterial dilution leading to a
concentration of 5 x 105 CFU/mL and incubated at 37 2C for 18-
20 h. The uninoculated broth was used as the sterility control
and the inoculated broth without drugs was used as the
growth control.

In the case of MIC determination upon EDTA (Disodium
ethylenediaminetetraacetate) permeabilization, 0.5 mM of
EDTA was added to each well, and control with only EDTA was
also included.

For MIC evaluation in the presence of the ROS inhibitor N-
acetyl-L-cysteine (NAC), MIC was determined as explained
above but in the presence of 1 mM of NAC per well. As with
EDTA, the effect of this concentration of NAC on bacterial
growth was tested.

This journal is © The Royal Society of Chemistry 20xx

The minimal bactericidal concentrations (MBC) were
determined by plating in MHA 10 pL of the sample solutions
from each well with no visible growth in MIC determination
plates. The agar plates were incubated for another 20 h and at
37°C. The concentration at which no colonies had been formed
correspond to the MBC values.

Kinetic growth curves

Overnight cultures of the two pathogenic Gram positive
strains (VR E. faecium and MRSA S. aureus) were then diluted
to 0.5 McFarland in fresh MHB. A bacterial suspension of 1.0 x
10° CFU/mL was prepared in 24 well-plates and treated with
the Ir(Ill) complexes at concentrations equal to 0.5 x MIC and
the MIC value. Wells with bacteria treated with the vehicle
(0.5 % DMSO) and not treated were included as vehicle and
negative controls. The growth rate was monitored by
recording the OD600 every 10 min for 24 h in a microplate
reader (Cytation 5 Cell Imaging Multi-Mode Reader (Biotek
Instruments, USA)). Each condition was tested in
quadruplicate.

Uptake by ICP-MS

Bacterial inocula in the log phase were adjusted to 0.5
McFarland and then diluted 1:100 in conical tubes with 5 mL
of fresh MHB, with and without 0.5 mM of EDTA and 1 puM of
the Ir(Ill) complexes. Samples were incubated overnight at
37°C and 120 rpm. Then, bacteria were centrifuged at 8000
rpm for 10 min. The pellet was washed twice with phosphate
buffer saline (PBS) and finally, resuspended in 1 mL of PBS. 20
ML were used to record the ODgy in @ microplate reader
(Cytation 5 Cell Imaging Multi-Mode Read-er (Biotek
Instruments, USA)). The samples were digested with 65%
HNO;3; at room temperature for 24 h. Lastly, solutions were
analyzed in an 8900 ICP-MS (Agilent Technologies). Data are
reported as the mean of two independent experiments with
two replicates for each condition assayed.

Cell wall permeabilization and lysis assay

Overnight cultures of MRSA S. aureus in MHB were
centrifuged at 8000 rpm for 10 min. The supernatant was
removed and the pellet resuspended and diluted in fresh MHB
to give 0.5 McFarland. 20 uL of the bacterial suspension were
added to an optical black-side 96-wells plate containing the
iridium complexes at concentrations equal to their MBC and 4
x MBC values when possible, being 200 uM the highest
concentration tested. A negative control (bacteria without
treatment) and vehicle control (0.8% DMSO) were included.
After 2 h of incubation at 37°C, 10 pL of propidium iodide 10
mg/mL were added to each well. The fluorescence at 617 nm
(Aexc = 535 nm) was monitored every 10 min for 1 h. Positive
control of bacteria treated for 30 min with ethanol 70% was
also included. Each condition was tested in triplicate.

Cellular leakage and lysis were also assayed by monitoring the
ODggo at the beginning and for 2 h of incubation with the Ir
complexes. The lysis assay®*> was performed by recording the
ODygonm Of filtrated (0.2 um) samples at t=0 and t=2 h in a black
side quartz 96-wells plate. The blank (containing only medium)
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was subtracted. Two samples of each tested condition were
included and the experiment was conducted twice.

ROS generation by flow cytometry

Overnight cultures of MRSA S. aureus in MHB were
centrifuged at 8000 rpm for 10 min. The pellet was
resuspended and a bacterial dilution adjusted to 0.5
McFarland was prepared. A final bacterial concentration of 1.5
x 10% cfu/mL in fresh MHB containing 25 uM of H2DCFDA (2'-
7'-dichlorofluorescein diacetate) was treated with the iridium
complexes at concentrations equal to 0.5xMIC and MIC values
for 2 h. Then, bacteria were centrifuged at 8000 rpm for 10
min. The pellets were washed twice with PBS. Finally, the
pellets were resuspended in 150 pL of PBS and analyzed using
the NovoCyte Flow cytometer (ACEA Biosciences, Inc., USA).

Agarose gel electrophoresis

Overnight cultures of the strain DH5a of Escherichia coli were
isolated with the Quiagen DNA purification kit. 20 uM (in base
pairs) of plasmid DNA (pUC18) was incubated with different
concentrations of the synthesized iridium complexes
overnight at 37°C for the DNA mobility assay. For the DNA
cleavage assay, 20 uM of pUC18 was incubated for 4 h at 37°C
with 120 uM of GSH and the same concentrations of the Ir
complexes employed in the mobility assay. Afterward, 2 pL of
loading buffer were added to 10 pL of the incubated samples
and loaded onto a 1% agarose gel. Electrophoresis was run at
5.5 V/cm for 2 h. The agarose gel was immersed in a solution
of ethidium bromide 1 ug/mL in TAE 1x for 30 minutes. Then,
the gel was destained with TAE 1x for 10 minutes and
visualized with a Gel Doc XR+ Imaging System (Bio-Rad).
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