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A B S T R A C T

Staphylococcus aureus and methicillin-resistant S. aureus (MRSA) frequently cause chronic skin and soft tissue
infections and device-related infections. These bacteria colonize human skin and can survive for long periods
within biofilms, on indwelling medical devices, high touch surfaces and equipment in the healthcare setting,
which are reservoirs for further transmission to patients. Photodynamic therapy may offer an alternative to
antibiotics in the management of infections or photodynamic disinfection may limit transmission of specific
pathogens in the healthcare setting. Two novel cyclometalated iridium (III) complexes [Ir(ppy)2L](PF6) (ppy:
phenyl pyridine, L = 6-((2,6-diisopropylphenyl)amino)-5,6-dihydro-1,10-phenanthrolin-5-ol (Ir1) and L = N-
(2,6-diisopropylphenyl)-1,10-phenanthrolin-5-amine (Ir2)) were synthesized and evaluated for their antimi-
crobial properties when activated by light (370 nm). Iridium complexes (Ir1 and Ir2) led to potent inactivation of
planktonic Staphylococcus aureus at 5 µM (almost 5 log10 reduction in colony forming units (CFU)/mL) after light
exposure (p ≤ 0.01 for dark vs light). Dark toxicity was < 1 log10. Under the same conditions, Escherichia coli
killing was < 1 log10. Anti-staphylococcal activity was concentration-dependant over the range 0.1 µM − 5 µM (p
≤ 0.001, Ir1, p ≤ 0.01 Ir2). Anti-biofilm activity was observed against mature (72 h) biofilms of S. aureus
including methicillin-resistant S. aureus (MRSA) biofilms but higher concentrations (50 μM) were required.
Treatment with Ir1 or Ir2 resulted in removal of 20 – 32 % of biofilm biomass as measured by crystal violet
staining and 24 – 73 % reduction in the metabolic activity of cells within the biofilm, using resazurin reduction
assays. Cytotoxicity to cultured human keratinocytes was minimal at antimicrobial concentrations but increased
with higher concentrations, for Ir1 but not Ir2 (Ir1 p ≤ 0.01, 5 Vs 50 μM). The quantum yield for singlet oxygen
(1O2) emission was measured as 0.16 and 0.30 for Ir1 and Ir2 respectively. Ground and excited state UV–Vis
absorption, steady-state and time-resolved studies together with cyclic voltammetry are also presented. In
summary, the potent and rapid antimicrobial activity of these cyclometalated iridium (III) complexes against
S. aureus and MRSA, which included biofilm eradication, highlight their potential in the management or pre-
vention of device-associated infections or healthcare transmission involving these pathogens.

1. Introduction

Antibiotics have revolutionised modern medicine. Since the intro-
duction of the first antibiotic, penicillin in 1942, global life expectancy

has increased and deaths due to infection have decreased [1]. However,
the significant health gains in reducing mortality and morbidity are
threatened by the rise of antimicrobial resistance (AMR). AMR has now
emerged as a chronic public health problem globally, with the forecast
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of 10 million deaths per year globally by 2050 [2] as well as an addi-
tional economic impact of $1.5 billion to healthcare systems [3]. In-
fections caused by antibiotic resistant bacteria can lead to longer
hospital stays, more severe infections, greater risk of death and an
economic burden on healthcare systems [4,5]. The built hospital envi-
ronment also provides recalcitrant niches in which pathogens can sur-
vive for long periods within biofilms. High touch surfaces in particular
are reservoirs frequently contaminated with bacteria from human skin,
e.g., Staphylococcus aureus including methicillin resistant S. aureus
(MRSA) which can be transmitted onwards to vulnerable patients.

Biofilms are communities or aggregates of heterogeneous microbial
cells, coated in a protective matrix of extracellular polymeric substances
(EPS) that colonize and infect indwelling medical devices or wounds, as
well as surfaces and water systems in the built hospital environment [6].
Biofilms are recalcitrant to antibiotics and liquid disinfectants due to
impeded penetration [7,8], and reduced antibiotic susceptibility or high
disinfectant tolerance of bacteria in biofilm growth mode, due to altered
physiology, slower metabolic activity and high organic loads [9]. Bio-
films can persist in chronic infections despite longer courses and higher
antibiotic concentrations of antimicrobial therapy. In addition, they can
persist in the built healthcare environment despite regular disinfection,
which contributes further to the potential for AMR development and risk
of patient acquisition.

There is an unmet clinical need for novel antimicrobial agents, with
new mechanisms of action capable of killing AMR pathogens while also
specifically targeting biofilms. Photodynamic therapy (PDT) is a mo-
dality of therapy used for the treatment of cancer and various skin dis-
eases in patients. PDT is also used increasingly in dentistry, in the
treatment of oral cancer, bacterial and fungal infections [10]. Antimi-
crobial photodynamic therapy (aPDT) has much potential for clinical
applications that involve AMR and biofilms, such as novel treatment of
device-associated infections. Furthermore, photodynamic disinfection
can provide highly controlled and targeted disinfection of high-risk
healthcare surfaces and equipment, such as those frequently touched
by human hands. Briefly, aPDT involves the use of a photosensitizer
(PS), which, when irradiated, can generate reactive oxygen species
(ROS), including singlet oxygen. Singlet oxygen (1O2) is a potent anti-
microbial agent [11]. It can damage microbial cellular components
including proteins, lipids, membranes and nucleic acids [12]. Lipid
peroxidation by singlet oxygen leads to membrane leakage and loss of
cell integrity [12]. Singlet oxygen can also induce the production of
secondary ROS, such as hydrogen peroxide in aqueous environments,
which also have antimicrobial properties [13,14].

Recently, transition metal complexes have been extensively assessed
as antimicrobial agents [15–19]. Ir(III) complexes have long been
investigated as photosensitising agents due to their long-lived triplet
excited state and a tolerance to photo-bleaching [20]. Many iridium
complexes that have been assessed for antibacterial activity are based on
‘half-sandwich’ type complexes [21–27]. The kinetically inert

cyclometalated iridium (III) species however, are less studied for anti-
microbial applications, despite their desirable characteristics [28–31].
In cyclometalated iridium compounds delocalization of the π-electrons
over the rings of the chelated ligands increases lipophilicity and pene-
tration of the bacterial cell membranes, thus leading to bacterial growth
inhibition. Therefore, cyclometalated Ir(III) complexes have been used
for both anticancer and antimicrobial activities and also as photosensi-
tizers in antimicrobial photodynamic therapy [32,33].

Here we show that singlet oxygen generation following irradiation of
two novel cyclometalated Ir(III) complexes Ir1 and Ir2 (Scheme 1) re-
sults in potent antimicrobial activity against S. aureus but limited cyto-
toxicity to human keratinocytes in culture. The anti-biofilm properties of
the complexes included significant biofilm-eradication activity
including loss of biofilm viability under irradiation. We also report the
time-resolved studies of the iridium complexes Ir1 and Ir2 using tran-
sient absorption and time-resolved emission spectroscopy to investigate
the photodynamics of both complexes. The electrochemical properties of
the complexes offered insights into the redox chemistry and nature of
the frontier molecular orbitals.

2. Experimental section

All chemicals and solvents were supplied by Aldrich Chemicals Co.
and anhydrous solvents containing sure/seal were used under a flow of
nitrogen. All manipulations were performed with rigorous exclusion of
air using standard Schlenk-tube techniques. The starting material [Ir
(μ-Cl)(ppy)2]2 (ppy: phenyl pyridine) was prepared according to
methods reported in the literature. The NMR spectra were recorded on a
Bruker 600 MHz spectrometer and referenced to the deuterated solvent
peak as an internal reference. C, H, and N analyses were carried out in a
PerkinElmer 2400 CHNS/O analyser. Mass spectroscopy was measured
on an Esquire 3000 + with an IonTrap detector interfaced to an Agilent
1100 series HPLC system. All UV–Vis and emission spectra were recor-
ded using a Horiba Duetta Fluorescence and Absorbance spectrometer.
Emission and excitation spectra were taken with an absorbance of 0.2 at
375 nm in standard 1 cm quartz fluorescence cuvette. Time-resolved
photoluminescence measurements and transient absorption maps were
recorded using an Edinburgh Instrument LP980 Transient absorption
spectrometer, coupled to a Quantel Q-Smart 450 laser, tuned to the third
harmonic. Spectra were obtained with an excitation wavelength of 355
nm with a laser pulse energy of 2 mJ. The samples were prepared to an
optical density of 0.2 at 355 nm, in spectroscopic grade solvent (Sigma-
Aldrich, purity > 99.9 %). Prior to the measurement, the samples were
put under a nitrogen environment by means of three freeze pump-thaw
cycles. The optical density of the sample was recorded and compared,
before and after the experiment to check for photo-degradation. The
results of the experiments were processed using Edinburgh instruments,
L900® software.

Electrochemical measurements were performed at room temperature

Scheme 1. The structures of the iridium complexes Ir1 and Ir2.
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using a CHI 750C Electrochemical Workstation for cyclic voltammetry
or a BioLogic VSP potentiostat for differential pulse voltammetry. The
electrolytes were 1 mM solutions of the complexes in dry acetonitrile/
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6). A standard
3-electrode cell setup was employed with a glassy carbon disk working
electrode and a platinum wire counter electrode. The reference elec-
trode was of the Ag+ non-aqueous type, comprising of a silver wire
immersed in a 0.01 M AgNO3/0.1 M TBAPF6/acetonitrile solution and
separated from the rest of the cell by a porous frit. The electrolyte so-
lutions were purged with a stream of dry nitrogen gas for 20 min prior to
measurement, and a blanket of nitrogen was maintained above the so-
lution during measurement. The reference electrode was calibrated
against ferrocene (a 1 mM solution in 0.1 M TBAPF6/acetonitrile) after
each measurement, and all potentials are reported relative to the fer-
rocenium/ferrocene (Fc+/Fc) couple.

2.1. Synthesis

2.1.1. Synthesis of ligand 6-((2,6-diisopropylphenyl)amino)-5,6-dihydro-
1,10-phenanthrolin-5-ol (L1)

A mixture of 1,10-Phenanthroline 5,6-Epoxide (3.0 g, 15.3 mmol),
2,6-diisopropylaniline (5.7 g, 32.4 mmol), p-Toluene sulfonic acid (0.12
g) in MeOH (70 mL) was brought to reflux temperature for 5 days.
Subsequently it was cooled to room temperature, filtered and the solvent
removed to obtain an oily residue. This was then washed with hexane
(10 mL × 2) and put in vacuo to remove the solvent. Chloroform (100
mL) was added to the flask and filtered. The chloroform was removed,
and acetone (25 mL) was added. The flask was placed in the fridge
overnight which resulted in precipitation of white solid, which was
collected by filtration. Yield: 2.73 g, 47.8 %. 1H NMR (600 MHz, CDCl3,
298 K): δ = 8.71 (dd, 1H), 8.68 (dd, 1H), 7.77 (dd, 1H), 7.38 (dd, 1H),
7.21 (dd, 4.8 Hz, 1H), 7.08 (dd, 1H), 6.97 (s, 3H), 4.98 (d, 1H), 4.30 (d,
1H), 3.95–2.94 (br, 2H), 2.70 (sept, 2H), 1.00 (d, 6H, CH(CH3)2), 0.89
(d, 6H, CH(CH3).

2.1.2. Synthesis of Ir(III) complex Ir1
A mixture of [Ir(μ-Cl)(ppy)2]2 (0.4 g, 0.373 mmol), ligand (0.278 g,

0.746 mmol), NH4PF6 (0.243 g, 1.49 mmol) in CH2Cl2 (30 mL) was
brought to reflux temperature for two days. It was subsequently cooled
to room temperature and filtered and the solvent removed to obtain an
oily residue. The crude product was purified by column chromatography
using 1:1:1 (DCM: Ether: Hexanes) mixture. Ir1 was recrystallised from
acetone by the addition of hexane yielding a bright yellow solid which
was collected by filtration. Yield: 0.355 g, 46.7 %. 1H NMR (600 MHz,
CDCl3, 298 K): δ = 8.42 (d, 1H), 8.12 (d, 1H), 7.88–7.93 (m, 3H),
7.74–7.80 (m, 4H), 7.66–7.69 (m, 3H), 7.42–7.40 (m, 2H), 7.39 – 7.37
(m, 2H), 7.17–7.06 (m, 5H), 6.91–7.04 (m, 2H), 6.37 (d, 1H), 6.32 (dd,
1H), 5.75 (d, 1H), 4.73 (dd, 1H), 3.22 (sept, 2H), 1.25 (d, 6H, CH
(CH3)2), 1.22 (d, 6H, CH(CH3). 13C NMR (CDCl3): δ = 167.9 (CHAr),
166.9 (CHAr), 151.7 (CHAr), 151.6 (CHAr), 150.1 (CHAr), 149.8 (CHAr),
148.8 (CHAr), 148.7 (CHAr), 143.8 (CHAr), 143.7 (CHAr), 143.3 (CHAr),
141.3 (CHAr), 138.1 (CHAr), 138.0 (CHAr), 137.9 (CHAr), 137.7 (CHAr),
137.3 (CHAr), 132.0 (CHAr), 131.6 (Cqr), 130.9 (CHAr), 130.4 (CHAr],
128.2 (CHAr), 128.0 (CHAr), 124.5 (CHAr), 124.2 (CHAr), 123.2 (CHAr),
122.6 (CHAr), 122.5 (CHAr), 119.42 (CHAr), 119.1 (CHAr), 74.2 (CH),
63.8(CH), 27.9 (CH(CH3), 24.1 (CH(CH3), 24.0 (CH(CH3). 31P NMR
(CDCl3): δ = − 144.7 (sept, PF6). CHN cald: C54.22; H4.25; N6.87,
Found: C54.27; H4.23; N6.84. TOF-MS: m/z 874.30 (M-PF6).

2.1.3. Synthesis of the Ir(III) complex Ir2
Amixture of the Ir1 (0.216 g, 0.212 mmol) and K2CO3 (0.180 g, 1.27

mmol) in acetonitrile (20mL) was heated at 50 ◦C for 2 days. All solvents
were removed and re-dissolved in dichloromethane and filtered over
Celite. Concentration of the solution and the addition of hexane led to
precipitation of a yellow solid. Yield: 0.185 g, 87.3 %. 1H NMR (600
MHz, CDCl3): δ = 9.32 (d, 1H), 8.28 (d, 1H), 7.87–7.97 (m, 4H),

7.71–7.76 (m, 4H), 7.48–7.49 (m, 1H), 7.40–7.46 (m, 3H), 7.30–7.34
(m, 2H), 6.92–7.11 (m, 7H), 6.38–6.42 (m, 3H), 3.25 (sept, 2H), 1.23
(m, 6H, CH(CH3)2), 1.09 (m, 6H, CH(CH3). 13C NMR (CDCl3): δ = 168.2
(CHAr), 167.7 (CHAr), 150.9 (CHAr), 150.3 (CHAr), 149.9 (CHAr), 149.0
(CHAr), 148.3 (CHAr), 147.7 (CHAr), 147.4 (CHAr), 147.2 (CHAr), 145.1
(CHAr), 143.7 (CHAr), 143.4 (CHAr), 141.4 (CHAr), 138.0 (CHAr), 137.9
(CHAr), 135.0 (CHAr), 134.0 (CHAr), 133.3 (CHAr), 132.9 (CHAr), 131.9
(CHAr], 131.7 (CHAr), 131.0 (CHAr), 130.6 (CHAr), 128.4 (CHAr), 126.4
(CHAr), 125.9 (CHAr), 124.8 (CHAr), 124.6 (CHAr), 124.4 (CHAr), 124.2
(CHAr), 123.5 (CHAr), 122.9 (CHAr), 122.7 (CHAr), 122.5 (CHAr), 119.6
(CHAr), 119.3 (CHAr), 100.9 (CHAr), 28.3 (CH(CH3), 24.6 (CH(CH3),
23.6 (CH(CH3). 31P NMR (CDCl3): δ = -144.7 (sept, PF6). CHN cald:
C55.19; H4.13; N7.00, Found: C55.16; H4.12; N6.98. TOF-MS: m/z
856.29 (M-PF6).

2.2. Singlet oxygen measurements

The singlet oxygen quantum yields were measured based on the near
infrared (NIR) emission band at 1270 nm. Singlet oxygen generation
experiments were recorded using an Andor InGaAs detector coupled
with a Shamrock 163 Spectrograph. The excitation source was a 385 nm
diode laser supplied by Thorlabs. All UV spectra were recorded both
before and after singlet oxygen measurements with the sample optical
density (OD) below 0.3 absorbance units at the excitation wavelength of
excitation. Ru(bpy)3 (ΦΔ = 0.53) [34], was used as a reference. All
samples were investigated in aerated solvent at room temperature. The
singlet oxygen quantum yields were calculated using the following
formula:

Φsample = ϕref(Areasample⋅Absref)/(Arearef⋅Abssample) where ϕref is the
singlet oxygen quantum yield of the standard (in the same solvent),
Areasample and Arearef are the integrated area between 1200 – 1360 nm of
the phosphorescence of singlet oxygen respectively, Absref and Abssample
are the absorption of both solutions at 385 nm.

2.3. Bacterial strains and growth conditions

Four bacterial reference strains were used in this study: E. coli ATCC
25922, methicillin-sensitive S. aureus (MSSA) strains ATCC 25923 and
SH1000, methicillin-resistant S. aureus (MRSA) strain ATCC 43300. All
strains were routinely grown on purity plates of Mueller-Hinton (MH)
agar to isolate single colonies.

2.4. Planktonic bactericidal assay

Bacterial suspensions were prepared from isolated colonies to the
density of a 0.5 McFarland standard (bioMérieux, Ireland) and were
further diluted 1/100 in sterile phosphate buffered saline (PBS), pH 7.4
to a final concentration of approximately 1 × 105 colony forming units
(CFU)/ml. Stock concentrations of Ir1 and Ir2 were prepared in sterile
50 % dimethyl sulfoxide (DMSO) (v/v in PBS) and stored for up to one
week at 5 ◦C, in glass containers, protected from light.

For assays, 180 μL of bacterial suspension (1 × 105 CFU/mL) was
added to wells of two sterile, 96-well plates (Nunc, Denmark). Ir-
complex stock at 10X the assay concentration was added to wells to a
final volume of 200 μL. Negative controls contained, either 20 μL of 50%
sterile DMSO or sterile PBS instead of Ir-complex and were included in
assays conducted both in the absence of light and when irradiated. As-
says of each condition were performed in triplicate and repeated three
times. One 96-well plate was exposed for 15 min at room temperature to
an LED light source emitting at370 nm (see Fig. S13 in the Supple-
mentary Information (SI) for the emission spectrum of the 370 nm light
source) at a distance of 30 mm approximately (Dose = 153 mJ cm− 2).
The diameter of the beam from the light source at the samples under
irradiation was approximately 5 mm. The second 96-well plate was
incubated in the dark for 15 min at room temperature. After incubation,
samples were pipette mixed to ensure homogeneity and bacterial
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viability was assessed using the Miles and Misra method as previously
described [35] briefly, serial dilutions of samples were prepared in
sterile PBS. Three 20 μL aliquots of each dilution were plated on Mueller
Hinton (MH) agar and incubated overnight at 37 ◦C in a static incubator.
Following incubation, colonies were counted, and bactericidal activity
for each condition, was determined based on log10 reduction in CFU/mL
compared to an untreated negative control.

2.5. Biofilm growth and treatment

Overnight cultures of S. aureus were grown in MH broth at 37 ◦C,
150 rpm and diluted to approximately 1 x 106 CFU/mL in MH broth.
Aliquots of 200 μL of diluted bacterial culture was added to wells of two
sterile 96-well plates (Nunc, Denmark) and incubated statically over-
night at 37 ◦C. Growth media was removed after each 24 h period and
replaced with fresh, sterile media. After 72 h, unattached cells were
removed by gentle washing with sterile PBS, twice. Excess liquid was
removed by drying the surface in a laminar airflow cabinet for 30 min.
For testing, 50 % DMSO or PBS (untreated, negative controls) or 100 μL
of 50 μM Ir-complex solution, was added to the mature biofilms. The 96-
well plate was exposed to an LED light of 370 nm, as described above, for
15 min. After treatment, liquid was removed, and biofilms were gently
washed with PBS to remove non-adherent cells and any residual Ir-
complex. Biofilms were dried in a laminar airflow cabinet for 30 min.

2.6. Resazurin assay for metabolic activity

Following treatments, biofilm viability was analysed using the non-
fluorescent redox dye resazurin (Sigma Aldrich, Ireland) as described
previously [36]. Briefly, 200 µl of resazurin solution (88 µM in MH) was
added to dried biofilms. The plate was covered with aluminium foil and
incubated at 37 ◦C for 1 h. Fluorescence, which is produced when
resazurin is reduced to resorufin by metabolically active cells was
measured at 544 nm excitation and 590 nm emission using a Fluorimeter
(Victor X3, 2030 Multi-label Reader, Perkin Elmer, Ireland). Experi-
ments were performed in triplicate, three times. Percentage changes in
fluorescence intensity compared to the untreated (negative) controls
were determined.

2.7. Crystal violet staining for biofilm adherence

Biofilm that remained adherent to wells following treatment with the
iridium complex compared to untreated wells was investigated by
staining with 0.1 % (w/v) crystal violet (CV) (Sigma Aldrich, Ireland)
and incubating at room temperature for 1 h. Biofilms were gently
washed with deionised water three times to remove excess stain. Sur-
faces were air dried for 1 h. CV was solubilised with 100 μL 95% ethanol
and 0.05 % Triton-X-100 (Sigma Aldrich, Ireland) for 30 min. Absor-
bance was measured at 590 nm in a Victor X3 2030 Multi-label Reader,
Perkin Elmer, Ireland). Experiments were performed in triplicate and
repeated three times. Reduction in CV-stained biomass (representing
loss of adherent biofilm) was represented as percentage change in
absorbance intensity relative to controls.

2.8. Cytotoxicity assays

A human keratinocyte cell line (HaCaT) was used. Cells were
routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % (v/v) fetal bovine serum (FBS) and maintained
at 37 ◦C and 5 % CO2 atmosphere. Cells were passaged/harvested by
detaching from tissue culture flasks using TrypLE TM Express (Gibco) for
5–10min at 37 ◦C. HaCaT cells were seeded in 96-well plates at a density
of 1 x 105 cells/ml in 100 μl culture medium (DMEM with 10 % (v/v)
FBS) and incubated at 37 ◦C, 5 % CO2 for 48 h for cell attachment. Plates
were washed with 100 μl PBS and treated with Ir-complexes as described
earlier with a final concentration of either 5 μMor 50 μM for 15min with

and without irradiation (370 nm). Untreated (negative) control wells
were incubated with either 5 % DMSO or PBS instead of Ir-complexes.
Positive control wells (100 % cell death) were treated with 1 % triton
X-100 (v/v in sterile PBS) instead of Ir-complex. Following treatment,
wells were washed with 100 μl PBS before adding 100 μl DMEM with 10
% (v/v) FBS. Plates were incubated at 37 ◦C and 5 % CO2 for 24 h. To
determine metabolic activity, freshly prepared MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (100 μl of 5 mg/ml
in culture medium without FBS or supplements) was added to each well,
followed by incubation for 4 h at 37 ◦C with 5 % CO2. The medium was
discarded, and the cells were washed with PBS before adding 100 μl of
fixative solution (isopropanol) and incubating at room temperature with
shaking for 4 min. Absorbance at 595 nm was measured (Victor X3 2030
Multilabel Reader, Perkin Elmer, Ireland). Cytotoxicity was represented
as percentage change of absorbance intensity compared to positive
control, which was taken to be 100 % viable.

2.9. Statistical analysis

All statistical analysis was performed using Prism Statistical Software
(version 8.3.0, GraphPad, USA). Multiple comparisons among groups
was by ordinary one-way ANOVA or comparison of means between two
groups was by unpaired t-test. p-values of ≤0.05 were considered sta-
tistically significant and are denoted in results by a star symbol (* p ≤

0.05, ** p ≤ 0.01, *** p ≤ 0.001, NS = not statistically significant, p >

0.05).

3. Results

3.1. Synthesis

The iridium complexes were prepared according to the synthetic
scheme displayed in Scheme 2. The cyclometalated iridium(III) chloro-
bridged dimer [Ir(μ-Cl)(ppy)2]2 (ppy: phenyl pyridine) was prepared by
following the literature [37]. Ligand (L1) was synthesised by heating
1,10-Phenanthroline 5,6-Epoxide and 2,6-diisopropylaniline to reflux
temperature in the presence of p-Toluene sulfonic acid in MeOH. The
iridium(III) complex Ir1 was synthesized in by the reaction of L1 with
the dimer [Ir(μ-Cl)(ppy)2]2 in CH2Cl2. The iridium(III) complex Ir2 was
synthesised by reaction complex Ir-1 and K2CO3 in acetonitrile. Com-
plexes Ir1 and Ir2 were characterized by 1H, 13C, 31P NMR, LC MS, and
elemental analysis. The 1H and 13C, 31P NMR spectra of the free ligands
L1 and complexes Ir1 and Ir2 were recorded in CDCl3 (Figs. S1–S7,
Supporting information) and show all the expected signals. Moreover,
the formation of Ir1 and Ir2 is clearly evident by the parent peaks in the
mass spectra of (M − PF6)+ centered at m/z = 874.30 and 856.29,
respectively (Figs. S8, S9, Supporting information).

3.2. Uv–visible and emission spectroscopy

The UV–visible and emission spectra of Ir1 and Ir2 are presented in
Fig. 1. The absorption spectra of the compounds are similar in profile to
that of [Ir(ppy)2(bpy)](PF6) and are described below. Both compounds
absorb strongly in the region between 240 nm and 270 nm, arising from
ligand centred π–π* transitions, in both the ppy and phenanthroline li-
gands [38,39]. Like other cationic iridium (III) complexes [40,41], the
weak low-energy absorption bands between 310 and 425 nm are
assigned to mixed (1CT) transitions resulting from a combination of
metal-to-ligand and ligand-to-ligand CT transitions (1MLCT and 1LLCT,
respectively), arising from Ir dπ–πphen and πppy–π*phen transitions. Above
400 nm, spin forbidden transitions, both 3MLCT and 3LLCT, are seen for
both compounds, tailing out to 530 nm in each case. Both compounds
are emissive, with a λmax observed at 580 nm for Ir1 and 605 nm for Ir2
respectively. It should be noted that presence of the OH in Ir1 results in a
redshift in the emission compared to Ir2, due to the electron with-
drawing nature of the OH group [39]. Ir1 displays an emission lifetime
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Scheme 2. Synthetic route to ligand (L1), and the Ir(III) complexes Ir1 and Ir2.

Fig. 1. Normalised absorption and emission spectra (using λexc 375 nm) for Ir1 and Ir2 (0.015 mM) in acetonitrile solution at 298 K.

Fig. 2. (A) The transient absorption spectra of Ir1 in deaerated THF following excitation at 355 nm. The insert shows the kinetic trace recorded at 390 nm. (B) The
transient absorption spectra of Ir2 in deaerated THF following excitation at 355 nm. The insert shows the kinetic trace recorded at 390 nm.
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of 148/179 ns in THF/CHCl3. Similarly, for Ir2, a lifetime of 277/360 ns
was obtained in THF/CHCl3 respectively These lifetimes are assigned to
population of mixed 3MLCT/3LLCT excited states.

3.3. Time resolved photophysical measurements

Nanosecond transient absorption spectroscopy, (λex = 355 nm) was
carried out in two solvents (See Fig. 2, Fig. S10, Table 1). The shape and
profile of the transient species observed differs somewhat for both
compounds. In the case of Ir1, a strong excited state absorption feature is
present between 360 nm – 550 nm, which decays on the nanosecond
time scale. This excited state species is attributed to a mixed MLCT-LLCT
triplet state, localized at the ancillary ligand. This observation is in
agreement with the literature [38,42], where lifetimes in the range ca.
180 ns- to ca. 450 ns have been observed by others. In the case of Ir2
however, there is a considerably more pronounced absorption feature in
the range 500 – 600 nm and is tentatively attributed to an increase in
3LLCT character. The lifetimes observed for Ir2 are longer than Ir1 in
both solvents (for example in THF 148 vs 275 ns). This difference is
lifetimes is tentatively assigned to the influence of the –OH unit in Ir1.
This has previously observed by other researchers, where the presence of
electron donating groups leads a modification of the HOMO-LUMO gap
[43].

3.4. Singlet oxygen generation

The singlet oxygen quantum yields for both Ir1 and Ir2 were
measured in air equilibrated acetonitrile against [Ru(bpy)3] by the
integration of the 1O2 emission signal at ca. 1270 nm. The quantum yield
for 1O2 emission was measured as 0.16 and 0.30 for Ir1 and Ir2,
respectively. The singlet oxygen quantum yields for both iridium com-
plexes is less than that of similar complexes in the literature where
singlet oxygen quantum yields up to 0.5 have been reported [44].

3.5. Electrochemical properties

Cyclic voltammograms (CVs) of the two complexes are presented in
Fig. 3, and the data is summarised in Table 2. In the reduction (negative
potential) region, each compound exhibits a substantially reversible
redox wave, with formal potentials, E0red, of − 1.72 V and − 1.80 V for Ir1
and Ir2, respectively. Electrochemical data has previously been reported
for [Ir(III)(ppy)2–1,10-phenanthroline] and various substituted de-
rivatives, and there is a general consensus that this first, one-electron,
reversible feature arises due to reduction of the ancillary ligand – i.e:
the LUMO sits on the diimine group [39,45]. The appropriateness of this
assignment to Ir2 is underlined by the similarity of the measured E0
value to others reported in the literature and attributed to
phenanthroline-based ligand reduction [46–49]. The cathodic shift of ~
0.08 V for Ir2 relative to Ir1 is consistent with the increase in electron
density in the phenanthroline core upon aromatization.

In the positive potential region, compounds based on [Ir(III)
(ppy)2–1,10-phenanthroline] often present a one-electron, (quasi-)
reversible redox wave that is attributed to the IrIII/IV couple with a sig-
nificant contribution from the ppy ligands [39,46,50]. It is evident from
Fig. 3 that a more complicated scenario prevails for Ir1 and Ir2, where
there appears to be a partial superposition of current peaks. Differential
pulse voltammetry offers greater resolution in such cases, and

measurements (Fig. S11) suggest the presence of two distinct redox
processes in this potential range for each complex. Returning to the CVs,
it seems that the initial oxidation event is irreversible for both com-
pounds, while the subsequent process exhibits a degree of reversibility
as evidenced by the ‘heel’ feature (above 0.8 V) on the reverse, negative-
direction sweep. In fact, similar voltammetric profiles have been re-
ported previously for related iridium complexes where a substituted
phenanthroline ligand contains one or more amine groups [45,48–52].
We therefore propose that the first oxidation of Ir1 and Ir2 proceeds at
the secondary amine on the ancillary ligand (irreversible), with the
typically-expected, mixed metal-ppy oxidation (quasi-reversible)
occurring sequentially, at a somewhat higher potential. This suggests
that the HOMO for these compounds is predominantly located on the
amine fragment of the ancillary ligand and is situated just above the
HOMO-1 which is delocalised across the metal centre and the cyclo-
metalating ligands. Elsewhere, DFT calculations have predicted similar
molecular orbital sequences for several Ir(III)(ppy)2 based complexes
containing amino-substituted 1,10-phenanthroline ancillary ligands
[48,53]. The formal potentials for these oxidation reactions are noted in
Table 2– in each case E0 for the IrIII/IV-ppy based process (E0ox2) was
calculated as the average of the second anodic peak potential and the
cathodic ‘heel’ potential, while the inflection-point approach [54] was
applied to the irreversible first anodic feature (E0ox1). A cathodic shift of
~ 0.05 V was observed in E0ox1 for Ir1 compared to Ir2. This is
consistent with the observation that aromatic rings tend to be more
electron withdrawing towards substituents relative to aliphatic ana-
logues [55], thereby reducing the electron density at the amine in Ir2
and making oxidation more difficult. A broad cathodic feature with a
maximum at ~ 0.39 V is also obvious in the CV trace of Ir1. This is
apparently related to a kinetically inhibited reduction of the initial
oxidation product (amine-related). Such a response is absent in the case
of Ir2, pointing to a difference between the two complexes regarding the

Table 1
A summary of the emission lifetimes for Ir-1 and Ir-2 in THF and CHCl3.
Compound Solvent Lifetime

Ir-1 THF 148 ns
Ir-1 CHCl3 179 ns
Ir-2 THF 275 ns
Ir-2 CHCl3 360 ns

Fig. 3. Cyclic voltammograms recorded from 1 mM solutions of Ir1 and Ir2
with 0.1 M TBAPF6 in acetonitrile as background electrolyte. The traces in the
reductive and oxidative regions were recorded separately to avoid artefacts.
Scan rate was 0.1 V.s− 1.

Table 2
Summary of the electrochemical properties of Ir1 and Ir2.

E0ox1

Va
E0oxyy

Vb
E0red

Vb
HOMO
eVc

LUMO
eVc

ΔEH-LeV

Ir1 0.75 0.89 − 1.72 − 5.55 − 3.08 2.47
Ir2 0.80 0.86 − 1.80 − 5.60 − 3.00 2.60

a Derived by the inflection method (i.e. where
d2i
dE2

= 0) for an irreversible

wave.
b Calculated from the average of the anodic and cathodic peak potentials for a

(quasi-)reversible wave.
c HOMO = − e(E0ox1) + (− 4.8 eV), LUMO = − e(E0red) + (− 4.8 eV).
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reactivity and/or stability of the first oxidised species. The energies of
the frontier orbitals on the vacuum scale were derived from the first
oxidation and reduction potentials and are tabulated along with the
HOMO-LUMO energy gaps, ΔEH-L, in Table 2. The increase in ΔEH-L for
Ir2 compared to Ir1 is consistent with the spectroscopic blue-shifts
noted in section 3.2 for the former, relative to the latter.

3.6. Photostability of the compounds

The photostability of the Ir1 and Ir2 was evaluated by irradiating at
370 nm, in acetonitrile. No detectable changes were observed in the
UV–Vis spectrum after 2 h of irradiation, confirming the stability of Ir1
and Ir2 under these conditions (Fig. S12).

3.7. Antimicrobial properties of iridium complexes

Exposure of S. aureus and E. coli to light (no complexes) at 370 nm,
for 15 min, resulted in negligible reduction in cell numbers of< 0.24 log
CFU/ml indicated no loss of viability due to the irradiation conditions
alone. When incubated with S. aureus (ATCC 25923) for 15 min, Ir1 and
Ir2 at 5 μM exhibited 4.5 and 4.6 log10 reduction in CFU/mL

respectively after exposure to light at 370 nm, which was at the upper
limit of the assay. However, in the absence of light bacterial inactivation
was less than 1 log10 reduction in CFU/mL for both iridium complexes,
indicating a low level of dark toxicity. Ir1 and Ir2 poorly inactivated the
Gram-negative bacterium E. coli (ATCC 25922) at 5 μM under both dark
and light conditions (Fig. 4). Against S. aureus, the antibacterial effects
of both Ir-complexes were concentration dependent (Fig. 5). Decreasing
concentrations of Ir1 or Ir2 from 5 μM to 0.1 μM correlated with a
decrease in antibacterial activity from 4.5 to 1.1 log10 CFU/mL (Ir1) and
from 4.6 to 1.7 log10 CFU/mL (Ir2). The iridium complexes also showed
anti-biofilm properties against mature 3-day old S. aureus (MSSA and
MRSA) biofilms. For MSSA (SH1000) biofilms, 15 min incubation of the
iridium complexes (at 370 nm) reduced adherent biofilm biomass as
shown by CV staining. Reduced cell viability within the biofilms was
also apparent, from resazurin staining for metabolic activity (Fig. 6A).
Light activation, and treatment with the iridium complexes, led to loss of
40% (Ir1) and 65% (Ir2) of MSSA biofilm biomass and inactivated 46%
and 48 % of bacteria within the MSSA biofilms respectively. In com-
parison, for the MRSA strain (ATCC 44330) Ir1 and Ir2 were less
effective in reducing biofilm biomass (20 % and 32 %, for Ir1 and Ir2
respectively) under the same treatment conditions. However, greater

Fig. 4. Bactericidal effect of Ir-complexes against planktonic E. coli (A) and S. aureus (B) in dark Vs light conditions. Ir-complexes (5 μM) were incubated with
bacteria of initial concentration 1 × 105 CFU/mL. Samples were incubated either in the dark (black bars) or under a light source of 370 nm (grey bars) for 15 min.
Resulting bacterial viability was determined through CFU assays and results are displayed as mean ± SD log10 reduction in CFU/ml with respect to DMSO control for
three separate assays performed in triplicate. Statistical analysis of means for light Vs dark conditions and for Ir1 Vs Ir2 are shown, where ** = p ≤ 0.01, ns = not
statistically significant.
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inactivation of MRSA within biofilms resulted for both iridium com-
plexes (73 % and 59 % respectively) (Fig. 6B).

3.8. Cytotoxicity investigation

At the concentration effective in killing planktonic cells, cytotoxicity
towards keratinocytes was negligible for Ir1with 95 % and 94 % of cells
remaining viable in dark and light conditions respectively. A similar
cytotoxicity profile was found for Ir2 under both light and dark condi-
tions, with cellular viability ranging from 75-77 % (Fig. 7B). Overall, no
statistically significant differences between cell viability under light and
dark conditions for either complex was found. However, at 50 µM, the
concentration used to investigate anti-biofilm effects against S. aureus,
Ir1 was cytotoxic towards human keratinocytes with only 20 % and 29
% of HaCaT cells remaining viable following treatment. This concen-
tration dependent cytotoxicity was not apparent for Ir2 (in dark con-
ditions and light conditions respectively (Fig. 7)).

4. Discussion

Without effective antibiotics, and effective disinfection for items
such as medical instruments, catheters, surgical tools, and high-contact
surfaces adjacent to the patient care areas. the gains made in modern
medicine, to enhance quality of life, will be lost due to unacceptably
high risk of infection. Novel antimicrobial agents, that have mechanisms
completely different to those of current antibiotics and targeted inno-
vative physical disinfection approaches are critical in this regard [56].
Many infections (e.g., surgical site infection) involve bacteria in biofilms
and in addition, biofilms can develop on in-dwelling medical devices (e.
g., catheters, pacemakers, artificial joints) or healthcare surfaces and
water systems, making these sites prone to unresolving infection or
reservoirs for AMR transmission [57,58]. Therefore, novel antimicrobial
agents should also be effective against bacteria biofilms. Where biofilms
exist, greater antibiotic and biocide concentrations are required to
penetrate the protective carbohydrate and protein rich structures and to
inactivate cells within, which often have altered metabolic properties
compared to planktonic cells [59,60]. Novel antimicrobial agents should
also have low cytotoxic activity for use as a medicinal treatment.

The iridium complexes investigated here, demonstrate some of the

required properties of potential future antimicrobials, with perhaps
greater potential in surface disinfection applications. They had differing
antibacterial activity against the two bacteria tested in this study, E. coli
and S. aureus. Most bacteria can be grouped into two classes, Gram-
negative and Gram-positive. Gram-negative bacteria, such as E. coli,
contain an outer cell membrane while Gram-positive bacteria, such as
S. aureus, have no outer membrane and are instead coated in a thick
layer of peptidoglycan [61]. Due to these structural differences, Gram-
negative and Gram-positive bacteria can differ in their permeability
and sensitivity to biocides and antibiotics [62,63]. This has also been
observed in aPDT. For example, Maisch et al., [64] assessed the use of a
singlet oxygen producing PS against S. aureus and E. coli and found
strong antibacterial activity against S. aureus and little activity against
E. coli. This corresponded to the uptake of the PS by the respective
bacterial strain. The differing antibacterial activity of the iridium com-
plexes could be due in part to the differing permeability of the bacterial
strains. However, further studies are required to confirm this.

Both iridium complexes showed strong antibacterial activity against
planktonic S. aureus, completely inactivating bacteria after irradiation
for 15 min. No bacterial inactivation was seen in dark samples not
exposed to light and light alone caused negligible cell killing. This
pattern correlates to singlet oxygen production by both complexes. This
study was assessed using 105 CFU/mL bacterial concentrations, which
would be considered a moderate to heavy bacterial load [65]. Previous
aPDT studies have shown similar inactivation of planktonic bacteria. Lu
et al. [66], showed a 7.5 log10 reduction in S. aureus viability after a 4-
minute treatment with oxidising, thymol-based PS agents. With visible
light, the use of novel PS agents could be of use as, not only a stand-alone
treatment, but also as an adjunct to current, empiric treatment. A recent
study by Liu et al. [67], assessed the use of a well-studied singlet oxygen
producing PS agent, toluidine blue against multi-drug resistant S. aureus.
This study showed that although some bacterial inactivation was ach-
ieved through PS treatment alone (1.7 log10) or with the antibiotic
gentamicin alone (0.7 log10), greater bacterial inactivation could be
achieved when both treatments were used in combination. Our study
has shown strong antibacterial activity against S. aureus (>4.5 log10),
albeit requiring irradiation at 370 nm. While Ir1 showed little toxicity to
human skin cells in vitro, under irradiation, this wavelength may be
poorly tolerated in clinical use, except for very short periods.

Fig. 5. Concentration dependence of Ir-complex photoactivated bactericidal activity. Ir-complexes of varying concentrations (5 μM – 0.1 μM) or DMSO (control)
were incubated with S. aureus 25,923 at 1 × 105 CFU/ml. Bacterial viability was determined following irradiation at 370 nm, (153 mJ cm− 2) for 15 min using CFU
assays. Activity in dark conditions was subtracted. Results are displayed as mean ± SD log10 reduction in CFU/mL for three separate assays performed in triplicate.
Statistical analysis of means for each concentration compared to the DMSO control using unpaired t-test are shown where *** = p ≤ 0.001, ** = p ≤ 0.01, * = p
≤ 0.05.
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Nonetheless, where specific, rapid S. aureus/MRSA targeting, are
important, such as surface disinfection of high hand-touch or multiple
user equipment adjacent to patients, the Ir complexes show potential
application.

When developing novel antimicrobial agents, it is important to
inactivate not only planktonic bacteria, but also bacterial biofilms.
Bacteria in biofilms can confer a much higher resistance to antimicrobial
treatment and greater tolerance to liquid disinfectants compared to
planktonic cells [68,69]. Our study has shown antibiofilm effects against
mature, 3-day biofilms resulting in some inactivation of biofilm-
associated bacteria, as well as loss of adherent biomass. For effective
biofilm eradication, it is important to not only inactivate microorgan-
isms within the biofilm, but also to limit biofilm adherence [70]. Several
studies have shown reactive oxygen species producing PS, curcumin, to
inactivate bacteria within S. aureus biofilms [71–73] and removal some
of the biofilm biomass [71]. Oxidising agents, such as those used in
aPDT, are often found to have greater effect against microbial biofilm
than traditional biocides. This is thought to be due, in part, to the
damage caused to the DNA, proteins and lipids that make up the pro-
tective extracellular polysaccharide substances (EPS) coating of biofilms
[60,74]. Akhtar et al., [72] demonstrated a significant reduction in EPS

after treatment with a curcumin PS. The inactivation and removal of
biofilms shown in this study could be due to the singlet oxygen produced
during PS treatment (0.16 – 0.30), which can inactivate bacteria as well
as disrupt the biofilm structure.

Novel antimicrobial agents should be investigated for cytotoxicity as
well as antimicrobial activity. Effective antimicrobial agents should
show inactivation of microorganisms at concentrations that do not
induce extensive toxicity against human cells. A potential application of
PS agents could be as a topical treatment for wound infection and in this
study, we examined the cytotoxicity of Ir-complexes against human
epithelial cells. We showed that cytotoxicity was not irradiation
dependant. Pellissari et al., [75] also − showed similar cytotoxicity of
epithelial cells after treatment with and without irradiation of a singlet
oxygen producing PS agent. In this study, we have displayed differing
cytotoxicity for each iridium complex. A 15-minute incubation with low
concentrations of Ir1 (5 μM) resulted in high levels of cellular viability.
However, at high concentrations of Ir1 (50 μM), resulted in some
inactivation of epithelial cells. Previous studies have also shown con-
centration dependant cytotoxicity of aPDT [76,77]. At low complex
concentrations (5 μM), both complexes showed little adversary viability
against epithelial cells even with light activation, while providing strong

Fig. 6. Antibiofilm effects of Ir-complexes against MSSA (a) and MRSA (b) biofilms. S. aureus biofilms were grown for 72-hours on MH. Biofilms were then treated
with Ir-complexes (50 μM) and exposed to light (370 nm, 153 mJ cm− 2) for 15 min. Loss of adherent biofilm was measured using CV assays and bacterial metabolic
activity in biofilms was measured using resazurin reduction assays. Results are expressed as percentage of untreated control biofilms (mean ± SD, 6 replicates from
two assays). Statistical analysis of means by unpaired t-test for Ir1 Vs Ir2 are shown, *** = p ≤ 0.001, ns = not statistically significant.
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antibacterial activity. Further work should be completed examining
efficient therapeutic dosages, limiting harm to human cells and max-
imising antimicrobial action. Human skin poorly tolerates light below
the visible spectrum and further structural modifications should be
rationalised towards higher light wavelengths for medical applications,
or other applications that do not require skin exposure, such as pathogen
targeted disinfectant application should be explored.

Busto et al., also showed microbial inactivation with iridium(III) PS
against Gram-positive bacteria (Enterococcus faecium andMRSA) with no
antimicrobial activity seen against Gram-negative bacteria (Acineto-
bacter baumanii and Pseudomonas aeruginosa). This study also showed
that the antibacterial activity in S. aureus did not result in membrane
damage, perhaps suggesting that the differing activity against Gram-
positive and − negative bacteria may be due to differing cellular enve-
lopes The Ir(III) compounds [Ir(C^N)2(N^N)](PF6), (where N^N = 1-
methyl-1H-pyrazole [3́,4́:5,6]pyrazino [2,3-f] [1,10]phenanthroline
and C^N = 2-phenylpyridine), demonstrated bactericidal activity when
assessed against Gram-negative bacteria Klebsiella pneumoniae (white led
light) with > 99.9 % inactivation [78]. The iridium complexes show
significant potential in aPDT, as evidenced by their activity shown in

Figs. 4 to 7.
The compounds Ir1 and Ir2 display photophysical properties anal-

ogous to their less modified counterparts. Both complexes populate the
triplet states, with lifetimes ranging from 148 to 360 ns, which is suf-
ficiently long lived to generate singlet oxygen. Modification of the
chelated phenanthroline, by removal of an –OH group with H, leads to
differences in the photophysical properties of Ir2 compared to Ir1. Such
changes influence the HOMO/LUMO gap, which in turn lead to a change
in the population of the MTCT/ LLCT states. This alteration can be
further exploited to design more effective PDT agents. Regarding the
frontier orbital separation energies, consistency was observed between
the spectroscopic and electrochemical data, with the comparative
redshift in emission wavelength for Ir1 also reflected in a smaller elec-
trochemical HOMO-LUMO gap for this complex relative to Ir2. The
voltammetry measurements also revealed closely separated, upper
occupied, ground-state energy levels for these complexes. In each case,
this was interpreted in terms of an orbital, related to the amine site on
the ancillary ligand, lying marginally above the delocalised metal C^N
ligand orbital that generally presents as the HOMO in similar reported
compounds.

Fig. 7. In-vitro cytotoxicity of Ir-complexes (a) Ir1 and (b) Ir2 against human keratinocytes. Human keratinocytes were grown to maturity and incubated with Ir-
complexes of either 50 μM or 5 μM in the dark, or under a light source of 370 nm, 153 mJ cm− 2 for 15 min. Viability of cells was measured using MTT assays and
results are shown as percentage that remained viable compared to an untreated negative control. Mean ± SD, for three assays in triplicate are presented. Statistical
analysis of mean for 5 μM Vs 50 μM by unpaired t-test are shown, ** = p ≤ 0.01, ns = not significant.
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This ability to tune their electronic properties enables iridium com-
plexes to effectively produce reactive oxygen species that can target and
destroy bacterial cells, offering a promising alternative to traditional
antimicrobial treatments. Key advantages of using these iridium com-
plexes in aPDT are the avoidance of conventional antibiotic targets, for
which antimicrobial resistance mechanisms exist and the ability to
precisely control the treatment area through targeted light activation.
The design of these complexes, particularly the choice of ligand L1 plays
a crucial role in enhancing the solubility, and overall therapeutic
effectiveness.

5. Conclusions

This study has shown the potential use of two light-activated, singlet
oxygen producing iridium complexes, Ir1 and Ir2 as novel antimicrobial
agents. Both emission and transient absorption studies indicates popu-
lation of triplet excited states for both complexes. The quantum yield for
1O2 emission, a potent antimicrobial agent was 0.16 and 0.30 for Ir1 and
Ir2, respectively [79]. From our studies it is clear that modification of
the bipyridyl ligand influences both the photophysical and electro-
chemical properties. The straightforward elimination reaction that
converted Ir1 to Ir2 had the effect of raising the LUMO level (more
negative reduction potential). Antibacterial activity was observed after
15-minute treatment with light irradiation. However, antibacterial
effectiveness differed between bacterial strains, E. coli and S. aureus,
possibly due to cellular structure. Both iridium complexes were shown to
partially inactivate and remove mature S. aureus biofilms. Little cyto-
toxicity was observed against human epithelial cells when incubated
with low concentrations of the iridium complexes, however, this could
be concentration dependent. The penetration depth of 370 nm light is
sufficient for topical applications, but human skin can only tolerate this
wavelength for short periods. Therefore, further structural modifications
of Ir1/Ir2 should be directed towards their activation in the visible
spectrum to avoid damage to healthy skin with repeat doses. In
conclusion, our study demonstrates that cyclometalated iridium (III)
complexes activated by 370 nm exhibit potent antimicrobial properties
against S. aureus and MRSA, including biofilm disruption. While irra-
diation at 370 nm poses challenges for direct skin applications, these
complexes show promise as light-activated agents for surface disinfec-
tion, such as in medical settings, industrial applications, and on medical
devices.
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