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A B S T R A C T

Background: Bacteria prevalent in the hospital environment have developed multi-drug resistance (MDR), such
as the carbapenemase-producing Klebsiella pneumoniae (KPC+). Photodynamic therapy (PDT), which uses light-
activated photosensitizer compounds (PSs), has emerged as an alternative to antibiotics. Cationic-PSs have a
better bactericidal effect by interacting more closely with the bacterial envelope.
Methods: Two PSs based on cationic Ir (III) compounds (PSIR-1 and PSIR-2) were studied in photodynamic
therapy against KPC+ and KPC− bacteria, and their PDT activities were compared with a cationic Ru(II) control
compound (PS –Ru).
Results: Similar to the behavior of PS-Ru control, the cytotoxicity of PSIR-1 and 2, showing a bacterial inhibition
growth of more than 3log10 (> 99.9 % inactivation), at light fluency of 17 μW/cm2. The minimal dose to
accomplish the inhibition in 3log10 was determined for PSIR-1 and PSIR-2 at 4 and 2 μg/mL, respectively and the
lethality was 30 min of light exposure for both compounds. Notably, the PSIR-1 and 2 compounds showed a
synergistic effect with imipenem by significantly increasing (up to 6 log10) the photodynamic bactericidal effect
for KPC+ strains. This synergy is specific for PSIR-1 and 2 compounds, since it was not observed with the PS-Ru
control. On normal gastric cells GES-1, both PSIR-1 and 2 showed significant cytotoxicity; however, the highest
cytotoxicity was found in gastric tumor cells (AGS).
Conclusion: The compounds PSIR-1 and 2 are bactericidal photosensitizers and represent a promising alternative
for complementing the treatment of infections by MDR bacteria since they should not be toxic in the dark.

1. Introduction

The most prevalent pathogenic bacteria in hospital environments,
such as producers of healthcare-associated infections (HAIs), have de-
veloped a high resistance to antibiotics (MDR) [1]. The world health
organization (WHO) considers the MDR bacteria as one of the pressing
global threats to human health in the 21st century and described the
situation as a global crisis and an impending catastrophe of a return to
the pre-antibiotic era [2]. In this regard, the WHO published a list of the
microorganisms that should be investigated with priority to generate
new antimicrobial drugs [3]. This enlistment considers as a critic, in

first priority, the MDR Enterobacteriaceae producing extended-spec-
trum β-lactamase (ESBL) plus carbapenemase [3,4]. Among them, stand
out Klebsiella pneumoniae, which is associated with urinary tract infec-
tions (UTI), and pneumonia [5,6]. The MDR K. pneumoniae strains are
also one of the major (30 %) producers of health-associated infections
(HAIs) [7,8]. Strains of K. pneumoniae producing carbapenemases
(KPC+) cause serious infections that result in high mortality that can
reach 30–70 % [9–11]. The only therapeutic option to treat severe
KPC+ infections is reduced to polymyxin, such as colistin, and tigecy-
cline antibiotics [12]. However, in 2016, was reported the polymyxin
resistance gene, mcr-1, which is plasmid-encoded, significantly
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facilitating its dissemination capacity [2]. At present, the mcr-1 gene
has been reported in several strains of HAI-producing En-
terobacteriaceae in numerous countries on five continents [9,11,13].

Considering the high risk of public health due to the deficiency of
new antibiotics, new antimicrobial drugs other than antibiotics must be
developed. In this sense, photodynamic therapy (PDT) has demon-
strated a successful antitumor and antimicrobial activity [14]. How-
ever, very few initiatives have explored the antimicrobial activity of
PDT against K. pneumoniae infections [6,15–17]. The PDT is based on
the use of photosensitizer compounds (PS) that produce local cyto-
toxicity following light activation (photooxidative stress) [18]. The PS
compounds absorb the visible light energy of specific wavelength and
transfer it to molecular oxygen by electron transferring to produce su-
peroxide (O2

%−) or by energy transfer that produces highly reactive
singlet oxygen (1O2). The electron transfer process that produces O2

%−

is called the Type I effect, and the energy transfer process that produces
1O2 is called the Type II effect, being this last that provide most of the
photooxidative stress [19,20]. The 1O2 is a reactive oxygen species
(ROS) that produce concerted addition reactions to alkene groups
present in proteins or lipids, resulting in non-specific bacterial death
[14,19]. The generation of 1O2 will be effective, considering many
properties of the PSs, where a longer lifetime of their excited states is
essential in order to enhance the probability to interact with the triplet
oxygen and produce the 1O2 [21–24]. On the other hand, a more in-
timate relationship between PSs molecules and the negative bacterial
envelope, improve the effect produced by photooxidative stress [25]. In
this regard, cationic PSs have demonstrated a better photodynamic
effect than anionic PSs, on K. pneumoniae [16]. Keeping this in mind,
the cationic Ir(III) compounds of the type [Ir(C^N)2(N^N)](PF6), with
N^N = 1-methyl-1H-pyrazole [3´,4´:5,6]pyrazino [2,3-f][1,10]phe-
nanthroline, were used as photosensitizers for PDT. The compound with
2-phenylpyridine as C^N ligand was denominated PSIR-1, and with 2-
(2,4-difluorophenyl)pyridine was designated PSIR-2 (see Fig. 1)
[26,27]. We compared our results with the activity of a control com-
pound, [Ru(bpy)3](PF6)2, which we call PS-Ru since it has lifetimes in
an excited state comparable to our compounds, that show metal to li-
gand charge transfer (MLCT) at 450 nm [28]. We determined the
pharmacological qualities of our PSs, such as the minimum effective
concentration and the minimum time of exposure to light necessaries to
achieve a therapeutic effect [29]. We also evaluated their usefulness as
a complementary therapy, and we verified whether it produces syner-
gism with the antibiotic of choice for the antimicrobial treatment
against MDR Klebsiella pneumoniae. Finally, since these compounds
should be used in the treatment of infections in vivo, their dark cyto-
toxicity was evaluated on eukaryotic cells, such as normal gastric cells
(GES-1) and tumor gastric cells (AGS).

2. Materials and methods

2.1. Photosensitizers characterization

We used two coordination compounds that were previously syn-
thesized, whose photodynamic effect has not been characterized.
Details about the synthesis and photophysical characterization are re-
ported in the literature [26]. These compounds are based on Ir(III) with
[Ir(C^N)2(N^N)](PF6) as general formula, where N^N is the ancillary
ligand, and in this case, 1-methyl-1H-pyrazole [3´,4´:5,6]pyrazino [2,3-
f][1,10]phenanthroline is used. The C^N corresponds to a cyclometa-
lating ligand, then, using 2-phenylpyridine as C^N, the compound was
denominated PSIR-1, and with 2-(2,4-difluorophenyl)pyridine the
compound was called PSIR-2 [26]. The structure and purity of the
compounds were confirmed by nuclear magnetic resonance (NMR),
Fourier-transform infrared spectroscopy (FT-IR), and high-resolution
mass spectroscopy (HRMS). The absorption spectra were measured in
suitable solutions using a Shimadzu UV–vis Spectrophotometer UV-
1900. The molar extinction coefficients of the characteristic bands were

determined from the absorption spectra. Photoluminescence spectra
were taken on an Edinburgh Instrument spectrofluorometer. Solutions
of the compounds were previously degassed with N2 for approximately
20 min. The emission quantum yields (Φem) were calculated according
to the description of the literature [30].

2.2. Antimicrobial activity of photosensitizers compounds

Purified powder preparation of PSIR-1 and 2 compounds were so-
lubilized as a stock solution in acetonitrile at 2 mg/mL. From these,
aqueous solutions were prepared at indicated concentrations in cation
adjusted Muller Hinton (ca-MH) broth. K. pneumoniae strains KPPR1
(KPC−) and ST258 (KPC+) were kindly gifted by Dr. Susan Bueno
(Pontificia Universidad Católica de Chile). All bacteria were growth as
axenic culture in Luria Bertani broth or agar medium as convenient.
Photodynamic experiments were performed in a final volume of 500 μL
of ca-MH broth per well into 24 well plates mixing 1 × 107 colony
forming units (CFU) of each bacterial strains whit each photosensitizer.
Control wells with bacteria culture but with no photosensitizer were
included. In every experiment, each group was performed in triplicate
into the 24 well plates, and a minimum of three replicas of each ex-
periment was performed, giving an n = 9. For light exposure, a
chamber with a white LED lamp was used at a photon flux of 17 μW/
cm2. The temperature inside the chamber was controlled using a mer-
cury thermometer, and no rise in temperature was registered. After the
light exposure, bacteria were recovered, and CFU of viable bacteria was
determined by broth-micro dilution and sub-cultured on ca-MH agar
plates. Agar plates were incubated at 37 °C and colony counting was
registered using a stereoscopic microscope after 16−20 h incubation as
recommended by the Clinical and Laboratory Standards (CLSI) for an-
timicrobial susceptibility testing [31]. The minimal effective con-
centration of each photosensitizer was determined by exposing a con-
stant bacterial suspension (1 × 107 CFU/mL) to different
concentrations of each PS. To determine the lethality, 16 μg/mL of each
photosensitizer was incubated with 1 × 107 CFU/mL of bacteria and
exposed to different times of light. Control groups were not mixed with
any PS, exposed to light, and recovered at the same time points than
mixed bacteria. Subsequently, viable bacteria were enumerated by se-
rial micro-dilution as above.

2.3. Cell culture

The human gastric cancer cell line AGS (ATCC CRL-1793) and the
human immortalized gastric cell line GES-1 (kindly provided by Dr.
Dawit Kiane, University of Texas, USA), were cultured in RPMI 1640
without antibiotics, supplemented with 10 % FBS and 5 % CO2 atmo-
sphere. Starting cultures of 2 × 107 cells incubated in triplicate in a 24
well plate for 24–48 h until 70–90 % confluence.

2.4. Cytotoxicity assays

The dark cytotoxicity effect for AGS and GES-1 cells was determined
in 24 well plates exposed to indicated concentrations of each PSIR-1 or
2 compounds for 1 h at 37 °C in darkness. After incubation, the PS
compound was removed by washing the cells with 1 mL of D-PBS twice
and incubated without PSs for 24 h under the same conditions in
complete medium. A control group of untreated cells was included.
After incubation, treated and untreated control cells were trypsinized
and performed counting of death cell by trypan blue exclusion in a
hemocytometer chamber or viability by MTS assay (Promega) following
the manufacturer's instructions.

2.5. Statistical analysis

GraphPad Prism version 6.0 software was used to perform statistical
analyses and graphs. Statistical significance was assessed using one-way
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ANOVA and the Tukey post-test for the lethality curve or the T-test for
pairing groups.

3. Results

3.1. Photophysical and electrochemical properties of the cationic Ir(III)
compounds

In this work, two coordination compounds were tested for its utility
in photodynamic therapy against K. pneumoniae. Because the literature
demonstrates that cationic compounds are more effective against bac-
teria [16], the selected Ir(III) compounds are characterized by a positive

charge into the first coordination sphere (Fig. 1) [26]. These PSs are
cyclometalated compounds based on Ir(III) and polypyridine ligands;
the specific molecules are [Ir(ppy)2(N^N)](PF6) for PSIR-1, and [Ir
(F2ppy)2(N^N)](PF6) for PSIR-2, where N^N = 1-methyl-1H-pyrazole
[3´,4´:5,6]pyrazino [2,3-f][1,10]phenanthroline (Fig. 1A and B) [26].
The photophysical evaluation for PSIR-1 and 2 in acetonitrile solutions
showed that both have similar absorption processes around 285 nm and
at 383 nm (PSIR-1) and 365 nm (PSIR-2) (Fig. 1D) [26]. When the
compounds were excited with a wavelength corresponding to the
lowest absorption energy, the PSs showed emission with a maximum at
738 nm for PSIR-1 and at 573 and 620 nm for PSIR-2 (Fig. 1E), and the
lifetimes registered of these excited states were 0.18 and 0.97 μs,

Fig. 1. Photosensitizer Compounds and their Photophysical Characterization. Chemical structures of Ir(III) complexes PSIR-1 A and PSIR-2 B, and the Ru(II) control
compound C. The photophysical characterization for both Ir(III) PS compounds by absorption D, and emission E, in acetonitrile solutions. The photophysical
characterization for Ru(II), absorption (black line) and emission (blue line) F. The quantum yields and lifetimes in degassed acetonitrile solutions of each PSs G.
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respectively (Fig. 1G). The calculated quantum yield (Φem) was 0.004
for PSIR-1 and 0.010 for PSIR-2 [26] (Fig. 1G). Related to the PSs
commonly used to generation of singlet oxygen, the organic molecules
are highlighted, as phenalenone and Rose Bengal, and also some Ru(II)
compounds and macrocycles (porphyrins and phthalocyanines)
[32–34]. For this purpose, the use of Ir(III) cyclometalated compounds
have been little explored [35], therefore, considering the attractive
photophysical and structural characteristics of PSIR-1 and PSIR-2, these
were selected as promising PSs to be evaluated in the photodynamic
antimicrobial activity; and their activities were compared to the PS
compound [Ru(bpy)3](PF6)2 which we call PS-Ru. Therefore, Fig. 1
depicted the chemical structure of PS-Ru (Fig. 1C), and their photo-
physical analysis of absorption and emission spectra (Fig. 1F). Ac-
cording to the literature, the PS-Ru showed absorption processes at 300
nm and 450 nm (black line), and maximum emission at 600 nm when
excited at the MLCT band of 450 nm (blue line) [30]. The Φem is 0.095
[30] and the lifetimes registered of its excited states is 0.855 μs [28]
(Fig. 1G).

3.2. Photodynamic antimicrobial activity of the PSIR-1 and PSIR-2
compounds

To determine whether the PSIR-1 and 2 compounds have photo-
dynamic antimicrobial activity, their ability to inhibit the bacterial
growth were tested in vitro. Two strains of K. pneumoniae were used; the
imipenem sensitive (KPC−) sequenced strain, KPPR1, and the imi-
penem resistant (KPC +) typo strain, ST258. The antimicrobial activity
of the PSIR-1 and PSIR-2 compounds was compared with the anti-
microbial activity of the reference PS-Ru compound, as a positive
control [17,36–38]. In the initial screen, each compound was tested at a
concentration of 16 μg /mL to determine if any growth-inhibitory ef-
fects were evident in comparison to the vehicle (acetone 0.1 %) control.
As seen in Fig. 2, in comparison with the control of untreated bacteria
(red bars), the photodynamic treatment with 16 μg/mL of PSIR-1 or
PSIR-2 (yellow bars) inhibited in 3 log10 (> 99.9 % inactivation) the
bacterial growth of both strains of K. pneumoniae, KPPR1 and ST258 (**
p<0.01). The results showed that the inhibition of bacterial growth
produced by PSIR-1 and 2 is a photodynamic effect since the com-
pounds are not toxic in the absence of light (orange bars) (ns=p>0.05;
compared to untreated control). Therefore, both PSIR-1 and PSIR-2
need to be activated by light to exhibit their bacterial growth inhibitory
effect. Similar results were obtained when bacteria were treated using
the PS-Ru control, as the bacterial growth inhibition was observed only
after light activation (p<0.05). However, it should be noted that the
PSIR-1 and 2 compounds achieved an improved inhibitory effect on the
bacterial load of at least 1log10, compared to that obtained by the PS-Ru
control.

3.3. Determination of the minimum effective concentration of PSIR-1 and
PSIR-2

To be used as an in vivo treatment, photodynamic compounds
should ideally be used in low concentrations and should be excited with
short light periods [18]. Two pharmacologic aspects of the photo-
dynamic activity were evaluated for the PSIR-1 and PSIR-2 compounds;
their minimum effective concentration, and the minimum light ex-
position time, lethality. The study was performed in the two strains of
K. pneumoniae, KPPR1 and St258. To determine the minimum effective
concentration, 1 × 107 bacteria from each strain solubilized in 1x PBS
and were mixed with concentrations ranging from 0.25–32 μg/mL of
each PS. The mix was exposed to 17 μW/cm2 of white led light for 1 h at
room temperature. The control groups were not mixed with any PS (0
μg/mL) but exposed to light under the same conditions. Viable bacteria
were subsequently enumerated by serial micro-dilution and colony
count in ca-MH agar. The minimum effective concentration was es-
tablished as the concentration at which the bacterial load decreased by

99.9 % (3 log10). As shown in Fig. 3A and B, the minimum effective
concentration determined for PSIR-1 was 4 μg/mL, and for PSIR-2 was
2 μg/mL, respectively. Lethality was determined for 1 × 107 UFC/mL
of each strain solubilized in 1x PBS mixed with 16 μg/mL of each PS
and exposed for 5, 15, 30, 60, and 120 min at 17 μW/cm2 of white led
light. Control wells with bacteria without PSs were also included.
Subsequently, viable bacteria were enumerated by serial micro-dilution
and colony count in ca-MH agar. The lethality time was established as
the time in minutes at which the bacterial load decreased by 99.9 % (3
log10). As shown in Fig. 3C, for PSIR-1, although there was a significant
reduction (p<0.05) in bacterial load after 30 min of light exposure, it
was at 60 min when the threshold of 3 log10 was reached. In compar-
ison, as shown in Fig. 3D, for PSIR-2, the threshold of 3 log10 was
reached at 30 min of exposure time (p<0.05).

3.4. Photodynamic synergistic effect with imipenem of PSIR-1 and PSIR-2
compounds

Since carbapenems are the chosen therapy for many multi-drugs
resistant enterobacteria, we decided to verify in vitro if photodynamic
treatment could improve the effectiveness of this antibiotic. For this,
the strains of K. pneumoniae sensitive to carbapenem KPC− (KPPR1)
and the resistant strain KPC+ (ST258) were exposed to a mixture of 4
μg/mL of imipenem with 4 or 2 μg/mL of each PSIR-1 or 2 respectively.
Control bacteria without imipenem and exposure to light were in-
cluded. Remarkably, both PSIR-1 and 2 compounds shown a synergistic
effect with imipenem, as the combined treatment significantly (***
p<0.001) increased from 3 to 6 log10 the bactericidal effect for the
KPC+ strain (Fig. 4). This synergistic behavior was not observed when
combining the imipenem with the PS-Ru control compound.

Fig. 2. Photodynamic antimicrobial capability of PSIR-1 and 2. Two strains of
K. pneumoniae were used; the imipenem sensitive sequenced strain (KPC−)
(KPRR1) and the imipenem resistant typo strain (KPC+) ST258. The bacteria
were used at a concentration of 1 × 107 CFU/mL and mixed in triplicate with
16 μg/mL of PSIR-1 or PSIR-2 compounds. For the PDT, the mixture of bacteria
and PS were exposed for 1 h at 17 μW/cm2 with light (yellow bars). As a
control, bacteria combined with the PSs but not exposed to light (orange bars)
and bacteria not combined with the PSs (red bars) were included. Viable bac-
teria were enumerated by colony count on ca-MH agar after serial micro-dilu-
tion. The CFU/mL values are presented as means± SD, on a log10 scale. Not
significant [ns] p>0.05 by Student's t-test among bacteria treated with PS
without light compared to untreated control bacteria; * p<0.05, ** p<0.01
by Student's t-test among bacteria treated with PS exposed to light compared to
untreated control bacteria.
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3.5. Dark cytotoxic effect of PSIR-1 and PSIR-2 over eukaryotic cells

Since photodynamic therapy is intended to treat infections in vivo,
photosensitizer compounds must be safe when they come into contact
with the patient's eukaryotic cells [18]. In this work, the dark cyto-
toxicity of the compounds PSIR-1 and PSIR-2 was tested in two cell
lines; gastric cells derived from a metaplastic gastric cancer, AGS, and
transformed gastric cells, GES-1. Two parameters of cytotoxicity were

determined; the reduction of cell proliferation and cell death. For the
determination of cell proliferation, semi-confluent cultures of each cell
line were incubated in the dark for 1 h with; 1, 2, 4, 8, and 16 μg/mL of
each PS. The cells were subsequently washed with 1x PBS, and com-
plete medium was added to incubate the cells for 24 h at 37 °C in a 5 %
CO2 atmosphere. Cell proliferation was determined by MTS assays
using 5000 treated cells per well in 96-well plates. As seen in Fig. 5A,
during the MTS test, AGS cells treated with PSIR-1 (black bars) shown a
dose-dependent reduction on viability from 50 % with 1 μg/mL of PS
compound (p<0.001) to less than 10 % with 16 μg/mL of PS com-
pound (p<0.0001). In contrast, for GES-1 cells (grey bars), a non-
significant reduction to 83 % with 1 μg/mL (p>0.05) was observed,
although, higher concentrations produced significant reductions to less
than 50 % at 16 μg/mL (p<0.0001). Similar results were observed
when PSIR-2 compounds were used (Fig. 5B) over AGS cells (black
bars). A dose-dependent significant reduction in proliferative activity
was observed from 1 μg/ml. Although the PSIR-2 compound induced a
significant death of the GES-1 exposed cells, it did not exceed 35 %
when exposed to amounts between 1–4 μg/mL (p<0.01). Quantities of
8 or 16 μg/mL reduced the proliferation of exposed cells by 50 and 90
%, respectively (p<0.0001).

For the determination of cell death, 40,000 cells were exposed to 2
or 4 μg/mL of PSIR-1 or PSIR-2 in darkness for 1 h at 37 °C. After
incubation, the cells were washed with D-PBS, complete medium was
added and incubated in the dark at 37 °C. After 24 h incubation, the
cells were trypsinized and determined death cells by the exclusion of
trypan blue in a hemocytometer chamber. As seen in Fig. 6, when AGS
cells (black bars) were exposed to 2 μg/mL of PSIR-1, live cells were
significantly reduced to 86 % (p<0.01). When the dose increased to 4
μg/mL, the live cells were reduced to 62 % (p<0.01). In comparison,
there was no dose-dependence on the effect of PSIR-2 on cell death,
where both concentrations significantly reduced living cells to around
70 % (p<0.01). Similarly, when GES-1 cells (grey bars) were exposed
to 2 or 4 μg/mL of PSIR-1, a significant reduction in live cells were
observed to approximately 68 % (p<0.01). In comparison, exposure of
GES-1 to PSIR-2 induced a significant dose-dependent decrease in cell
life at 60 and 55 % for 2 and 4 μg/mL, respectively (p<0.01).

4. Discussion

Since the proliferation of MDR bacteria constitutes a severe risk to
human health [2], consequently, the therapeutic alternatives to treat

Fig. 3. Determination of minimum effective
concentration and time lethality. Two strains
of K. pneumoniae were used; KPRR1 and ST258
at 1 × 107 CFU/mL. To determine the
minimum effective concentration, the bacteria
were mixed with increasing concentrations
(0.25–32 μg/mL) of the compounds PSIR-1 A,
or PSIR-2 B, and exposed for 1 h to 17 μW/cm2

of white led light. The time lethality was de-
termined, mixing the bacteria with 16 μg/mL
of PSIR-1 C, or PSIR-2 D, and exposure for
increasing times (5, 15, 30, 60 and 120 min) to
17 μW/cm2 of white led light. Viable bacteria
were enumerated by colony count on ca-MH
agar after serial-microdilution. The CFU/mL
values are presented as means± SD, on a log10
scale (* p<0.05, ** p<0.01 by Student's t-
test among bacteria treated with PS exposed to
light compared to untreated control bacteria).

Fig. 4. Photodynamic synergistic effect with imipenem. 1 × 107 CFU/mL of the
sensitive strain, KPC− (KPPR1), and the resistant strain, KPC + (ST258), to
carbapenem of K. pneumoniae, were exposed to a mixture of 4 μg/mL of imi-
penem and with 4 μg/mL of each PS. For the PDT, the bacteria in the presence
of the mixture PS + imipenem were exposed for 1 h at 17 μW/cm2 of light
(yellow bars). Controls include bacteria that, in the presence of imipenem
whose PS was not activated by light (orange bars) and bacteria not combined
with imipenem nor PSs (red bars). Viable bacteria were enumerated by colony
count on ca-MH agar after serial microdilution. The CFU/mL values are pre-
sented as means± SD, on a log10 scale. Not significant [ns] p>0.05 by
Student's t-test among bacteria treated with PS + imipenem without light
compared to untreated control bacteria; * p<0.05, ** p<0.01, *** p<0.001
by Student's t-test among bacteria treated with PS + imipenem exposed to light
compared to untreated control bacteria.
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infections are depleted [3]. Then, the use of complementary therapies
becomes viable, not just to save the lives of those patients where no
antibiotics are available, but also to reverse bacteria resistance, redu-
cing the increase of MDR strains. In this work, we were able to prove
the usefulness of two photosensitizer compounds based on Ir(III) in
photodynamic therapy against pathogenic bacteria. The K. pneumoniae
model was chosen because it is one of the MDR bacteria with the
highest presence as a producer of HAIs [3,6]. Because the photo-
dynamic therapy is nonspecific, the Ir(III) compounds could also be
useful in the treatment of other clinically relevant bacteria [6].

On the other hand, since the bacteria envelopes are negatively
charged, these selected compounds have a positive charge that theo-
retically should improve photodynamic activity, allowing better mole-
cular proximity [25]. As the cationic compounds should interact
(electrostatically) more strongly with the anionic bacterial envelope, it
is expected a weak interaction with the mammalian cell membrane that
is almost neutral [25]. Our cationic compounds are shown to be active
over K. pneumoniae, for photodynamic treatment [16], in a similar
manner than bactericidal peptides such as defensins [39]. Evidence that
cationic compounds such as PSIR-1 and PSIR-2 can show greater effi-
ciency is the increased efficiency demonstrated by cationic Zn(II)
phthalocyanines inactivating E. coli and K. pneumoniae (KPC+) bacteria,

rather than neutral Zn(II) phthalocyanines [16]. Therefore, the che-
mical nature of photosensitizer will determine how efficient it is the
interaction between the PS and the bacterial envelope [15,40]. Another
attractive photophysical properties of the selected Ir(III) compounds
PSIR-1 and PSIR-2 is the long lifetimes of their excited states, which
could be favorable to promote a better interaction with triplet oxygen
to produce singlet oxygen. Consequently, the increased bactericidal
activity of PSIR-2 (τ =0.97 μs) is in agreement with the lifetime values,
compared to the behavior of PSIR-1 (τ =0.18 μs).

The compounds PSIR-1 and PSIR-2 have an excellent bactericidal
activity when used in PDT, with>99.9 % inactivation, comparable to
other photodynamic PSs compounds against Gram-negative bacteria
[29,41–43]. But more remarkable, those compounds showed a sy-
nergistic effect when used in PDT in combination with imipenem, un-
like the ruthenium control that did not. The increased bactericidal ac-
tivity of PSIR-1 and PSIR-2, when combined with antibiotic to> 6log10,
is comparable to the synergistic effect between conventional antibiotics
and alternative compounds that have been reported previously with
anti-biofilm peptides in a murine model against ESKAPE pathogens
[44]. Because the ruthenium control does not show synergy with an-
tibiotics, this effect should be specific to the chemical formulation un-
derly the PSIR-1 and PSIR-2 compounds. This performance can be un-
derstandin-g due to the chemical structure of the N^N ligand in the Ir
(III) compounds used (PSIR-1 and PSIR-2), which has an incremented
aromaticity and also heteroatoms (N) which could be to favor the in-
teraction of PSIR-1 and PDIR-2 with the bacterial enveloped, compared
to the simpler chemical structure of the reference compound of PS-Ru
[30]. This synergistic effect is noteworthy since bacteria resistant to a
particular antibiotic, imipenem, in this case, can be treated with this
antibiotic eliminating the need for rescue therapy.

The two compounds PSIR-1, and PSIR-2 tested in this work are
photosensitizers, since inhibition of the growth of both strains of K.
pneumoniae occurred only after exposure to light. Being its photo-
dynamic antimicrobial activity dependent on light activation, it should
not be toxic or show reduced toxicity in the dark. However, the com-
pounds showed a low but significant cytotoxicity in experiments in
vitro. This cytotoxicity on cells in culture is low compared to that pro-
duced by antitumor drugs [45]; then, the compounds could be used in
vivo. Regardless of the above, the compounds must be tested in vivo, for
example, in a murine model to establish whether, in the context of the
tissues, they may buffer the cytotoxic effect [46]. Also, most of the

Fig. 5. Dark cytotoxicity of PS compounds in the proliferation of eukaryotic
cells. AGS and GES-1 gastric cells were exposed to increasing concentrations of
each compound PSIR-1 A, or PSIR-2 B. The proliferative capacity of the cells
was determined by MTS assays. The results are the mean± SD of the optical
density measured at 490 nm (Not significant [ns]p>0.05, *p<0.05,
**p<0.01, ***p<0.001, by Student's t-test between cells treated with PSs
compared to untreated control cells (0 μg/ml)).

Fig. 6. Measurement of eukaryotic cell death by dark cytotoxicity of PS com-
pounds. AGS and GES-1 gastric cells were exposed to 2 or 4 μg/mL of each PSIR-
1 or PSIR-2 compound, and cell viability was determined by exclusion with
trypan blue in a hemocytometer chamber. The results are the mean±SD of the
percentage of living cells (** p<0.001, by Student's t-test among cells exposed
to PSs compared to control untreated cells).
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cytotoxic effect was observed over replicative neoplastic cells, behavior
that has already been reported, in the generation of photodynamic
therapies against cancer [18].

5. Conclusions

In summary, although a more exhaustive pharmacological char-
acterization of the PSIR-1 and PSIR-2 compounds is required, these
compounds should meet the characteristics necessary to help treat
bacterial infections in vivo. The compounds PSIR-1 and PSIR-2 de-
monstrated a bactericidal activity dependent on light activation, which
can be used in concentrations in the biological range, similar to anti-
biotics [31]. The synergistic effect is noteworthy since bacteria resistant
to particular antibiotics can be treated with these compounds, elim-
inating the need for rescue therapy.
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