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ARTICLE INFO ABSTRACT

Keywords: The biofilm lifestyle of bacterial pathogens is a hallmark of chronic lung infections such as in cystic fibrosis (CF)
Antimicrobial photodynamic therapy patients. Bacterial adaptation to the complex conditions in CF-affected lungs and repeated antibiotherapies lead
Biofilm to increasingly tolerant and hard-to-treat biofilms. In the context of growing antimicrobial resistance and
xﬁf;sdynamic inactivation restricted therapeutic options, antimicrobial photodynamic therapy (aPDT) shows great promise as an alterna-
Photosensitizer tive to conventional antimicrobial modalities. Typically, aPDT consists in irradiating a non-toxic photosensitizer

(PS) to generate reactive oxygen species (ROS), which kill pathogens in the surrounding environment. In a
previous study, we reported that some ruthenium (II) complexes ([Ru(II)]) can mediate potent photodynamic
inactivation (PDI) against planktonic cultures of Pseudomonas aeruginosa and Staphylococcus aureus clinical iso-
lates. In the present work, [Ru(I)] were further assayed to evaluate their ability to photo-inactivate such bacteria
under more complex experimental conditions better recapitulating the microenvironment in lung infected air-
ways. Bacterial PDI was tentatively correlated with the properties of [Ru(I)] in biofilms, in mucus, and following
diffusion across the latter. Altogether, the results obtained demonstrate the negative impacting role of mucus and
biofilm components on [Ru(Il)]-mediated PDT, following different possible mechanisms of action. Technical
limitations were also identified that may be overcome, making this report a pilot for other similar studies. In
conclusion, [Ru(I)] may be subjected to specific chemical engineering and/or drug formulation to adapt their
properties to the harsh micro-environmental conditions of the infected respiratory tract.

Pulmonary infection

1. Introduction

The lung micro-environment is characterized by various physiolog-
ical parameters that may impact in different ways on antimicrobial
treatments, especially in lower respiratory tract infections that are today
the leading infectious cause of death worldwide [1]. Among the obsta-
cles opposing the action of antimicrobials, biofilms can strongly limit the
exposure of bacteria to the drugs delivered, thanks to the production of
an adhesive and protective matrix composed of extracellular polymeric
substances (EPS) [2,3]. The situation is even more complicated in

diseases such as cystic fibrosis (CF) that is characterized by a dehydrated
mucus acting as a supplementary barrier at the surface of the respiratory
epithelium [4]. Generally speaking, it is essential to evaluate the
possible effect(s) of the parameters defining the target environment to
expect a therapeutic option to be translatable to clinical practice. Within
this frame of reference, CF lung infection can be considered as a chal-
lenging model disease to develop therapeutic strategies, which may then
be applied to other pulmonary infections.

CF is a genetic disorder with clinical manifestations taking place in
many organs, with the most severe damages affecting the digestive and

Abbreviations: aPDT, antimicrobial photodynamic therapy; ASM, artificial sputum medium; CFU, colony forming unit; EPS, extracellular polymeric substances;
OD, optical density; PDI, photodynamic inactivation; PS, photosensitizer; RFU, relative fluorescence unit; RT, room temperature; [Ru(I)], ruthenium(II) complexes;

10,, singlet oxygen.
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respiratory systems [5,6]. Ineffective mucociliary clearance promotes
the accumulation of sticky and thick secretions in CF lungs that consti-
tute a nutrient-enriched environment for opportunistic pathogens [7]. In
addition, the alteration of physiological parameters (including local pH,
salinity, and oxygenation) defines a specific pulmonary microenviron-
ment that compromises the effectiveness of current antibiotherapeutic
treatments [8,9]. Bacterial species such as Staphylococcus aureus and
Pseudomonas aeruginosa are very well-adapted to the CF lung environ-
ment due to their genetic and phenotypic plasticity [10,11]. Their
ability to form biofilms require the use of antibiotic doses 10 to 1000
times higher than against planktonic forms [12,13]. The development of
bacterial biofilms inside the dehydrated CF mucus form an overall
hard-to-cross physiological barrier for diverse therapeutic agents acting
as antimicrobial, anti-inflammatory or gene drug [14-17].

In the context of increasing antimicrobial resistance, restricted
remaining therapeutic options, and (re)emerging respiratory pandemics
[18], antimicrobial photodynamic therapy (aPDT) holds great promise
as a rescuing alternative modality [19,20]. This therapeutic approach is
based on the illumination of a photosensitive molecule (called photo-
sensitizer, PS) with light at a specific wavelength leading to the pro-
duction of reactive oxygen species (ROS, including highly cytotoxic
singlet oxygen 10,). The latter can inactivate a wide range of pathogens,
independently of their drug-resistance profiles, and their multi-targeted
action reduce the possibility for pathogens to develop resistance
mechanisms [21,22]. Synthetic PS can exhibit better properties (espe-
cially as regard solubility and safety) than natural PS [23,24]. Among
these, metal complexes such as ruthenium (II) complexes (hereafter
abbreviated [Ru(II)]) constitute promising therapeutic candidates
[25-29]. Previously, we examined the relevance of [Ru(II)]-based PDT
as an antimicrobial strategy against CF bacterial isolates belonging to
S. aureus and P. aeruginosa species [30]. A structure-activity study
pointed out that different chemical parameters determined (i) the pho-
tophysical and physicochemical properties and (ii) the ability to interact
with bacteria. In particular, engraftment of [Ru(I)] with
Phen-T-Fluorenyl ligand(s) improved the affinity with bacteria, but also
altered solubility and !0, quantum yield. In another study, we studied
the impact of various experimental parameters defining the CF lung
microenvironment, including salinity, oxygenation and pH; mucus and
biofilm were suggested to be main PDT suppressors, although more in-
vestigations were needed to better characterize the fate of [Ru(II)] in
these matrices [31].

In the present study, a series of bioassays were conducted, to more
precisely study the impact of mucus and biofilm on [Ru(II)]-based aPDT.
For this purpose, we evaluated the ability of [Ru(II)] to exert PDI on
bacteria in these media as well as following diffusion across a mucus
layer; in every case, analytical methods were used to determine the
concentration of PS as well as to detect the generation of singlet oxygen
upon irradiation. Combining altogether the results obtained, we propose
explanations and suggest improvements that may be useful for future
studies using same or other PS (Fig. 1). Considering CF as a target
application, the bacteria evaluated were P. aeruginosa and S. aureus and
the mucus layer was a mimicking sputum medium (hereafter termed
artificial sputum medium, ASM [31,32]).

TESTS DONE USING [Ru(ll)] MIXED WITH EITHER:
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2. Materials and methods
2.1. Materials

2.1.1. Photosensitigers

The photosensitizers used in this study were [Ru (phen)3]2+(PFg )2
(Ruthenium-tris(1, 10-phenanthroline) dihexafluorophosphate; molecular
weight = 931.6 g/mol; Strem Chemicals, Inc) and [Ru (bpy)3]2+(PFg )2
(Ruthenium-tris(2,2'-bipyridyl) dihexafluorophosphate; molecular weight
= 859.5 g/mol; Sigma Aldrich), hereafter noted [Ru(II)] 1 and [Ru(II)] 2,
respectively (Fig. 2). For each compound, 1 mg of powder was suspended in
pure dimethyl sulfoxide (DMSO, Sigma Aldrich) to obtain a 5 mM stock
solution. The latter was stored at room temperature (RT) in the dark and
used no more than one week after.

2.1.2. Bacteria

The bacterial strains used were S. aureus RN4220 and P. aeruginosa
Pal19660 (Schroeter, Migula ATCC® 19660™). For routine handling,
they were subcultured on Luria Bertani (LB) agar plates incubated for 24
h at 37 °C then stored at 4 °C for two to three weeks. Liquid pre-cultures
were prepared by inoculating a single bacterial colony in 5 mL of LB
broth, followed by incubation at 37 °C under constant stirring for 16-18
h.

2.1.3. Specific media and other reagents

ASM consists of a mixture of porcine gastric mucin (Sigma Aldrich),
salmon sperm single stranded DNA (Sigma Aldrich), diethylene-
triaminepentaacetic acid (Sigma Aldrich), egg yolk emulsion (Thermo-
Fischer Scientific), casaminoacids (MP Biomedicals), KCl (Sigma
Aldrich) and NaCl (Sigma Aldrich). It was prepared as previously re-
ported [31,32].

2.1.4. Devices

The microplate reader Mithras2 LB943 (Berthold) was used to
perform optical density (OD) and fluorescence measurements, as pre-
viously described [31]. UV-visible and fluorescence spectra were done
to check that absorbance and fluorescence signals were specific to [Ru

2+

(PFe), el

[Ru(phen);2*](PF¢),
[Ru(I)]1

[Ru(bpy);**](PF¢),
[Ru(l)]2

Fig. 2. Chemical structure of the photosensitizers used in this study. Phen,
1,10-phenanthroline; bpy, 2,2’-bipyridine; PFs, hexafluorophosphate.

BIOASSAYS CONDUCTED FOR EVERY TEST:

Evaluation of bacterial PDI

> Determination of [Ru(ll)] concentration

Detection of 'O, production

Fig. 1. Study design. Three tests were conducted that were each characterized using three types of bioassays.
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(ID]. The light source used for PDI experiments was a custom-made
device was described in a previous study [31]. It consisted of two
panels each incorporating 225 14W pure blue (A: 450-470 nm)
light-emitting diodes (LEDs), providing a light power ~4 mW/cm? in the
middle of the exposure area. Light treatments were performed, con-
sisting of a first exposure to light for 15 min, then 15 min protected from
light, and a second exposure to light for another 15 min. Light-treated
and non-irradiated conditions are hereafter noted “ON” and “OFF”,
respectively.

2.2. Methods

2.2.1. PDI towards planktonic bacteria

[Ru(ID] solutions were prepared at 50 pM in water or in ASM before
being added to 96-well plates (Sarstedt, Germany). The inocula of
S. aureus RN4220 and P. aeruginosa PA19660 were then prepared as
described above [23]. Briefly, 1 mL of each overnight culture was
centrifuged at 2000 g for 10 min at 4 °C. The supernatants were dis-
carded and the bacterial pellets were suspended in 0.9% NaCl. The OD at
600 nm of each solution was then readjusted to achieve inocula at 108
CFU/mL. Then, these solutions were diluted in 0.9% NaCl or in ASM to
obtain 10° CFU/mL. The latter were distributed in a 96-well microplate
(50 pL per well) containing 50 pL of [Ru(II)], thus achieving mixtures
with 0.5.10° CFU/mL and 25 pM [Ru(D)], either in 0.45% NaCl or in
ASM. Each condition was replicated in 6 wells, three being exposed to
light (“ON” conditions) and three kept in the dark (“OFF” conditions).
After 10 min at RT, exposure to light was performed, as described above.
Bacterial PDI was then evaluated using two methods. A first consisted in
spotting 5 pL of each condition on a LB agar plate. Following an incu-
bation for 18 h at 37 °C, the bacterial growth for each spot was checked,
allowing to distinguish between no, intermediate or full PDI. The second
method consisted in using 5 pL to inoculate 195 pL/well of LB medium in
a 96 wellplate. The latter was placed inside the Mithras2 LB943 in order
to read, every 10 min, the OD at 600 nm during 16 h at 30 °C. The kinetic
growths obtained were then processed to determine the number of
surviving cells in each condition, by comparing with bacteria that were
not subjected to any treatment [30].

2.2.2. PDI towards bacteria in biofilm

Bacterial inocula of S. aureus and P. aeruginosa were prepared at 108
CFU/mL in saline as described in the previous section 2.2.1. Then, a
dilution was performed to obtain inocula at 10° CFU/mL. The latter
were distributed in a 96-well round bottom microplate (Costar) and
mixed with [Ru(I)] or ciprofloxacin to achieve, by well, a final con-
centration of 50 pM and 32 pM, respectively, in 0.45% NaCl. After 10
min at RT, 50 pL of LB or ASM were added to each well then a membrane
(Breathe-Easy® sealing membrane, Sigma-Aldrich) was used to cover
the plate. After incubation at 37 °C under static condition for 20 h, the
planktonic upper phase was carefully collected and transferred into a
96-well black-bottom wellplate (see next section). The isolated biofilms
were then subjected to light treatment. Finally, the bacterial density was
determined in each condition. For this purpose, each biofilm was sus-
pended in 100 pL of 0.9% NaCl and thoroughly pipetted to dissociate it
and obtain single bacteria. Serial dilutions were then performed and 5 pL
of each dilution were deposited on LB agar plates. Following incubation
at 37 °C for 18 h, single colonies were counted to estimate the bacterial
density in each condition.

2.2.3. Determination of [Ru(I)] concentration

The concentration of [Ru(Il)] in a given condition was estimated
taking advantage of the peak absorption of these compounds at 455 nm
or their fluorescence emission at 590 nm (following excitation at 460
nm). A range of known quantities of [Ru(II)] was assayed in the medium
of interest so as to relate the signals obtained to a given amount of [Ru
(ID]. (1) For quantifying in water or in ASM, [Ru(II)] solutions were
prepared in either of these two media. After 10 min at RT, they were
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centrifuged at 2000 g for 5 min at 4 °C. The supernatant was collected
and the pellet was suspended in water. Finally, OD at 455 nm was
measured in both fractions. For each medium to assay, OD were sub-
tracted to that measured with the corresponding medium-only i.e.
without [Ru(II)] (see Figs. SIA-B for more details). (2) For quantifying
[Ru(II)] in biofilms, the supernatant was carefully removed and biofilms
were suspended before being transferred to a black 96-well plate. The
[Ru(II)] fluorescence was measured in each condition and then
normalized to that of control condition i.e. biofilms alone without [Ru
(ID] (see Figs. S1C-D for more details).

2.2.4. Relative detection of 10, production

The singlet oxygen sensor green (SOSG, Fisher Scientific) was used to
detect the production of 10, within ASM or biofilms. For this purpose,
this reagent was mixed with the samples to assay at final concentration
10 pM, as recommended by the manufacturer. Before and after light
treatment, the SOSG fluorescence was read with excitation at 504 + 6
nm and emission at 525 + 12 nm. Fluorescence signals were normalized
to identify positive signals presumably reporting the production of 10,
due to the photo-activation of [Ru(II)] (Fig. S2).

2.2.5. Diffusion of [Ru(Il)] across an ASM layer

Diffusion tests were carried out using 0.4 pm pore membrane inserts
(Sarstedt) placed in a 24-well plate. For each condition to assay, four
configurations were considered, as depicted in (Fig. 3).

After incubation for 4 h at RT, samples were collected from the donor
and acceptor compartments in each configuration then used to measure
absorbance at 455 nm. Subsequently, centrifugation was done at 2000 g
for 5 min at 4 °C to isolate the supernatant from the pellet formed; the
latter was suspended in water then absorbance was read in both frac-
tions. The quantification of [Ru(I)] and 102 was performed by using a
standard range of [Ru(II)] in ASM and in water, as previously described.
Finally, samples collected from the acceptor compartment were assayed
with regard to PDI towards S. aureus and P. aeruginosa. After light
treatment, the number of surviving cells in each condition was deter-
mined as detailed in section 2.2.1.

2.2.6. Interaction tests

To determine the potential interaction of [Ru(II)] with component(s)
of interest, these were mixed then stored at RT for at least 5 min at RT. A
centrifugation was then done at 2000 g for 5 min at 4 °C, to pellet the
components studied and their possible aggregates with [Ru(I)].
Following collection of the supernatant, the pellet was suspended in the
same volume as that of the supernatant. Finally, the fluorescence char-
acteristic of [Ru(II)] was determined in each fraction. This allowed to
estimate the distribution of [Ru(II)] in the supernatant and in the pellet,
thus informing about the strength of the [Ru(I)] interaction with the
component(s) evaluated.

2.2.7. Statistical analysis

The results presented correspond to the mean and standard deviation
(mean =+ SD) from the data obtained in independent experiments (N =
2) each including technical replicates (n = 3). Statistical analyses were
performed by using the Student’s t-test processed with Prism software
version 7.00 (GraphPad). Statistically significant differences in pairwise
comparisons were denoted as follows: ***, p-value <0.001; **, p-value
<0.01; *, p-value <0.05. Non-significant differences were noted “ns”.

3. Results
3.1. Impact of ASM
3.1.1. aPDT against planktonic bacteria in ASM
The two [Ru(Il)] included in this study (Fig. 1) were first evaluated

considering their ability to photo-inactivate planktonic forms of
S. aureus or P. aeruginosa in ASM. For comparative purposes, the same
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Configurations

™) 2 3) 4)
Insert
Well “
Donor I \ 100 pL
Membrane | JE e T — S— 50 L
Acceptor L 800 pL
Legend: Water Water+[Ru(ll)] ASM

Fig. 3. Schematic representation of the diffusion set-up according to the different configurations evaluated. The thickness of the ASM layer was about 1 mm. The
configuration depicted in (4) was used to monitor the diffusion of [Ru(I)] from the donor (upper) compartment to the acceptor (lower) compartment through an
intermediate ASM layer. The other configurations (1-3) were used as controls to interpret the results obtained in (4).

tests were done using NaCl instead of ASM, as we previously showed that
[Ru(I)]-based PDT effects could be obtained in that medium [31]. After
illumination of mixtures of a given [Ru(II)] with bacteria in either of
these two media, growth kinetics were carried out to determine the
number of surviving cells [30]. In any case, no effect was observed when
samples were kept in the dark (i.e. in the absence of light), thus reporting
no detectable dark toxicity due to the compounds evaluated. (i) In NaCl,
upon light treatment, [Ru(II)] 1 reduced the bacterial load of S. aureus
by about one log10 whereas it fully eradicated P. aeruginosa (five log10
reduction), in accordance with previous findings [31]. When using [Ru
(IN)] 2, no effect was found with S. aureus whereas one log10 reduction
was measured with P. aeruginosa. (ii) In ASM, no aPDT effect was
detected, regardless of the [Ru(II)] and the bacteria tested (Fig. 4). These
results thus highlighted that both [Ru(I)] can photo-inactivate plank-
tonic cells of S. aureus and P. aeruginosa in simple (saline) condition, but
not in ASM.

3.1.2. Characterization of [Ru(I)] in ASM

[Ru(ID)] were then evaluated with regards to (i) their potential in-
teractions with ASM as well as (ii) their ability to generate 102 in the
latter. For these tests, [Ru(II)] were first incubated with ASM then a
centrifugation was performed to pellet high molecular weight com-
pounds and their aggregates potentially formed with [Ru(II)]. As con-
trol, same experiments were performed in water (instead of ASM).

As for interaction, [Ru(I)] was quantitated by measuring OD at 455
nm and processing a range of known [Ru(II)] quantities in parallel
(Figs. SIA-B). In water, both [Ru(II)] did not precipitate and they were
only detected in solution (no pellet being formed). The concentrations
estimated in solutions were ~50 pM, corresponding to that used in the
assay and confirming that compounds remained as a soluble fraction. In
the presence of ASM, although [Ru(I)] were mostly found in the su-
pernatant, they could also be detected in the pellets formed with ASM

components (Fig. 5A). These results highlighted that both [Ru(II)] can
interact to some extent with some of the latter. Complementary tests
suggested that this interaction mostly involved the mucin that is con-
tained in ASM (Figs. S3A-B).

As for 10, detection, the SOSG fluorescence upon light treatment was
normalized to that in corresponding control conditions (i.e. the fluo-
rescence of that probe in water or in ASM — in the absence of any [Ru(II)]
— was set to 1; Fig. S2). This allowed to determine relative SOSG fluo-
rescence signals in a given condition, which above 1 (i.e. above the
detection threshold) were considered reporting the production of '0,. In
water, the relative fluorescence was significantly higher than 1 with
both [Ru(II)]. However in ASM, no or only weak SOSG fluorescence
could be measured, whether in the supernatant or in the pellet fraction
(Fig. 5B). Complementary assays were done to determine the ability to
detect 102 when [Ru(II)] were mixed with individual ASM components.
It appeared that this detection was lower in the presence of DNA and
mucin than in the presence of any other component (Figs. S3C-D), which
may be explained in different ways (see discussion).

3.2. Impact after diffusion across ASM

3.2.1. PDT efficiency

The ability of [Ru(II)] to mediate bacterial PDI was evaluated after
diffusion through an ASM layer (using a Transwell assembly, as
described in Materials and Methods, see Fig. 3). For this purpose, [Ru
(ID] was first introduced in the donor compartment then let to passively
diffuse though the insert membrane into the acceptor compartment.
After 4 h at RT, an aliquot from the latter was collected and used to
perform PDT assays, following the same protocol as that described
before. As control, water instead of ASM was used in experiments con-
ducted in parallel (Fig. 3 configuration (3)). In the latter condition, it
was found that for both [Ru(I)], slight but statistically significant PDI

A B
6 [] 6 [J
-
T S A - | &2 =5
. 5 Eh4 .> -®
= =] o
\E 4- E 4- %
E | ns E o
Q Q
= = s
& 2- & 21
e - o5
| ® OFI I ® OFF
ON ON
0 T 04—

[Ru(ID]1 [Ru(ID]2

[Ru(ID]1 [Ru

(D12

NaCl

ASM

[Ru(ID]1 [Ru(ID]2

[Ru(ID]1 [Ru(ID]2

NacCl

ASM

Fig. 4. [Ru(I1)]-PDI of planktonic S. aureus (A) and P. aeruginosa (B) either in NaCl or in ASM. In every test, bacteria were treated with 25 pM of [Ru(I)] and either
kept in the dark (OFF) or exposed to light (ON). The results correspond to (N = 2, n = 3) with statistical analysis done using the Student’s t-test (***, p-value <0.001;

** p-value <0.01; *, p-value <0.05; ns, not significant).
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A B Fig. 5. Determination of [Ru(II)] concentration (A)
and relative detection of singlet oxygen production
80 g 6 (B) either in water or in ASM, and following centri-

® supernatant = ok ® supernatant .
pellet > g 5 i pellet fugation to separate the supernatant from the pellet.
601 G o ;1"3 In every test, the concentration of [Ru(Il)] before
= 'g;' % %— 'ﬁ‘ S 4 centrifugation was 50 pM. The red dashed line in (B)
= 40:_ ° = denotes the 'O, detection threshold (SOSG fluores-
§ 20+ = —— o E 31 * di cence in the absence of any [Ru(II)] set to 1). These
E % 2 ole . results correspond to mean + SD (N = 2, n = 3) with
= 10- [ J q-;_ l statistical analysis done using the Student’s t-test
8 11 - g - -~ G- - [~ e (***, p-value <0.001; **, p-value <0.01; *, p-value

0] oo i . 2 0 . . . . <0.05; ns, not significant).
[Ru(ID]1 [Ru(ID]2 [Ru(ID]1 [Ru(ID]2 [Ru(ID]1 [Ru(ID]2 [Ru(ID]1 [Ru(ID]2
H,0 ASM H,0 ASM

effects against S. aureus could be measured, meaning that these PS were
still photoactivable and present at sufficient concentrations in the
samples evaluated; against P. aeruginosa, such effect could be measured
only with [Ru(II)] 1 (Fig. 6). Following diffusion across the ASM layer
(Fig. 3 configuration (4)), no bacterial PDI was measured in any con-
dition examined, irrespective of the [Ru(II)] and the bacteria tested
(Fig. 6).

3.2.2. Characterization of [Ru(I)] after diffusion

In every condition tested, both [Ru(II)] could be detected to some
extent in the acceptor compartment, indicating their ability to diffuse
through the insert membrane. In the absence of ASM, the concentration
of either of the two [Ru(Il)] in the donor compartment was ~4 fold
higher than in the acceptor compartment. In the presence of ASM, both
[Ru(ID] could also reach the acceptor compartment but with a strongly
reduced efficiency; the concentrations of [Ru(II)]1 and [Ru(I)]2 in
the acceptor compartment was indeed ~ 47 and ~18 times lower than
that determined in the donor compartment. Thus, the presence of ASM
significantly reduced the diffusion of [Ru(II)], the concentrations they
reached in the acceptor compartment being 19% (Ru(II)]11) and 37%
([Ru(ID)] 2) that determined in the absence of that layer (Fig. 7A).

The results obtained with the SOSG probe suggested that, in the
absence of ASM, the production of 105 could be detected in both com-
partments; this production could be estimated to be on average 2-3 fold
higher in the donor than in the acceptor compartment. This was in quite
good accordance with the difference of concentrations of [Ru(Il)] pre-
viously determined on both sides of the membrane (Fig. 7A). When ASM
was added to the setup, the relative SOSG fluorescence signal was
strongly reduced, suggesting that 10, was not produced or at very low
levels, not only in the acceptor but also in the donor compartment
(Fig. 7B). These results were actually consistent with our previous

ns

Log,; (CFU/mL
<
Io |.ﬂ.
Ll
®

® OFF|
ON

[Ru(ID]1 [Ru(ID]2  [Ru(D]1 [Ru(ID]2
H,O0 layer

ASM layer

findings showing that ASM impacted on SOSG fluorescence (Fig. 5B),
which could be explained in different ways and inform about various
situations (see Discussion).

3.3. Impact of biofilms

3.3.1. aPDT against bacteria in biofilms

[Ru(Il)] were then evaluated considering their ability to photo-
inactivate S. aureus or P. aeruginosa growing in biofilms formed in
ASM. Here for comparative purposes, the same tests were done using LB
instead of ASM. Considering that [Ru(II)] hardly diffuse through bac-
terial biofilms [31], a “pre-delivery eradication assay” was conducted
that consisted in premixing bacteria with [Ru(II)] before the addition of
either LB or ASM and an overnight incubation under static conditions.
By this way, [Ru(I)] were at least in part embedded in the biofilms
subsequently formed, thus overcoming the limitation due to their poor
diffusion in this layer. In every condition, crystal violet staining
confirmed the ability of bacteria to form biofilms, irrespective of the
presence of [Ru(II)] (data not shown). After biofilm formation, the upper
phase containing planktonic cells was carefully discarded to isolate the
biofilm attached phase at the bottom of each well. Following light
treatment, biofilms were mechanically disrupted to expectedly obtain
isolated (single) bacteria that could be counted via serial dilutions. From
the results obtained, when considering first biofilms formed in LB, [Ru
(ID]11 was found effective to reduce the bacterial load of P. aeruginosa
and S. aureus, as reported earlier [31]; [Ru(II)]2 was found also effi-
cient, but only against S. aureus. When considering biofilms formed in
ASM, both [Ru(I)] were ineffective towards S. aureus; only [Ru(II)] 1
showed some efficiency against P. aeruginosa (Fig. 8). These results thus
further pointed out the negative impact of ASM on [Ru(II]-based aPDT
when biofilm is formed in that medium, which may be explained in

6
i ns ns ns
'g o
- ——
2
Q. 51 ®
=} JIe -0 0
K . e o
3
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[Ru(ID]1 [Ru(ID]2  [Ru(ID]1 [Ru(ID]2

H,0 layer ASM layer

Fig. 6. [Ru(II)]-PDI of planktonic S. aureus (A) and P. aeruginosa (B) using samples collected from the acceptor compartment after diffusion through water or an ASM
layer (as described in Fig. 3). In every test, the concentration of [Ru(Il)] in the acceptor compartment before diffusion was 50 pM. These results correspond to mean
+ SD (N = 2, n = 3) with statistical analysis done using the Student’s t-test (***, p-value <0.001; **, p-value <0.01; *, p-value <0.05; ns, not significant).
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Fig. 8. [Ru(ID]-PDI of S. aureus (A) and P. aeruginosa (B) in biofilms formed in the presence of [Ru(I)]. In every test, the concentration of [Ru(Il)] mixed with
bacteria before setting up biofilms was 50 pM. These results correspond to (N = 1, n = 3) with statistical analysis done using the Student’s t-test (***, p-value <0.001;

**, p-value <0.01; *, p-value <0.05; ns, not significant).
different ways (see below and Discussion).

3.3.2. Characterization of [Ru(Il)] in biofilms

The concentration of [Ru(II)] in biofilms was determined by using
the same protocol as that used in ASM, except that fluorescence instead
of absorption measurements were here done and the background signal
due to biofilm alone was subtracted (see section 2.2.3 and Figs. S1C-D).
In every condition, [Ru(II)] could be detected in biofilms, for quite low
concentrations (in the pM range). When S. aureus biofilms were formed
in LB or ASM, similar concentrations of both compounds could be found.
With P. aeruginosa, concentrations were slightly higher when biofilms
were formed in ASM than in LB (Fig. 9A).

The measurements done using the SOSG showed that, for both [Ru
(ID1, 'O, could be detected in S. aureus biofilms formed in LB. As for
P. aeruginosa biofilms formed in LB, [Ru(I)]1 but not [Ru(II)]2

allowed to detect the production of 102, although it was much weaker
and not statistically different from the control condition. When assaying
biofilms formed in ASM, no or very weak 'Oy production could be
measured in any case, irrespective of the [Ru(I)] and bacteria used
(Fig. 9B).

All combined, the results obtained under the various experimental
conditions examined shed more light on the [Ru(II)]-mediated bacterial
PDI, pointing out limitations related to the available dose of these PS and
their ability to produce 'O, (Table S1).

4. Discussion
The development of new antimicrobial treatments implies under-

standing the drug behavior in the target microenvironment, which is
characterized by specific pathophysiological disturbances in infected

Fig. 9. Determination of [Ru(II)] concentration (A)
and relative detection of singlet oxygen production

(B) inside biofilms formed 24 h after incubation of
bacteria premixed with a given [Ru(II)]. In every test,
the concentration of [Ru(II)] mixed with bacteria
before setting up biofilms was 50 pM. The red dashed
line in (B) denotes the 10, detection threshold (SOSG
fluorescence in the absence of any [Ru(II)] set to 1).
These results correspond to mean + SD (N =2,n = 3)
with statistical analysis done using the Student’s t-test
(***  p-value <0.001; **, p-value <0.01; *, p-value
<0.05; ns, not significant).
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pulmonary airways [30,31,33]. The effectiveness of antimicrobials can
indeed be modulated by extracellular materials present at the lining of
the pulmonary epithelium, in particular biofilms and mucus in patients
with CF [33]. Several studies have shown that, in general, the effect of
antibiotics is greater in a simple, well-defined medium, such as LB or
Muller Hinton Broth, than in a synthetic more complex medium such as
ASM mimicking the mucus found in the CF lungs [34].

In the present study, ruthenium (II) complexes were evaluated to
determine to which extent mucus and biofilms can impact on their
antimicrobial photodynamic activity. Two compounds noted [Ru(II)] 1
and [Ru(II)] 2 were used, which only differed according to the nature of
their bidental ligand i.e. 1,10-phenantroline and 2,2’-bipyridine,
respectively (Fig. 2). They were selected considering their relatively low
molecular weight and high water solubility compared to other de-
rivatives previously evaluated [30,31]. These properties may allow a
higher mobility when passing through ASM and biofilm layers [33]. In
spite of apparently minor chemical variations, these compounds could
yield different results under the various experimental settings consid-
ered. In water or in saline, both compounds were efficient to
photo-inactivate S. aureus and P. aeruginosa growing as planktonic cells
(Fig. 4). However, [Ru(II)]1 demonstrated some better antimicrobial
activities in comparison to [Ru(II)]2, which could be related to dif-
ference in terms of fluorescence and 'O, production (Fig. S3). In the
presence of mucus and biofilms, other differences could be highlighted
between [Ru(II)]1 and [Ru(I)]2, but for both it was consistently
found that bacterial PDI was strongly affected. This could result from
various mechanisms, involving the components contained in these
media impacting on the diffusion, interaction(s) and local available
quantities of [Ru(II)] as well as the photo-activation of the latter, as
detailed below.

The diffusion of [Ru(II)] in ASM depends on many parameters and
can be impacted in different ways. In addition to DNA, the mucin con-
tained in ASM could interact and aggregate with [Ru(II)], via electro-
static interactions involving the negative charges of these biopolymers
and the positive charges of [Ru(II)]. We found that both [Ru(II)] could
indeed interact with mucin, the latter showing a higher affinity for [Ru
(1111 than [Ru(I)]2 (Figs. S3A-B). As a result of such interactions,
diffusion of [Ru(II)] through the ASM layer can be strongly compro-
mised. In the tests conducted with our experimental setup (Fig. 3), we
estimated that 11 and 27% of the total amount of [Ru(II)]1 and [Ru
(I1)] 2 introduced in the donor compartment were able to cross a 1 mm
layer of ASM and reach the acceptor compartment (in the absence of
ASM, diffusion yields were 59 and 74%, respectively) (Fig. 7A). [Ru
(I)]2 being less prone to interact with ASM than [Ru(II)]1
(Figs. S3A-B), it may be slightly more efficient to diffuse through this
layer (Fig. 7A). As a comparison, Donnelly et al. reported that ~50% of
the total amount of toluidine blue O (TBO) or meso-tetra (N-methyl-4-
pyridyl)porphine tetratosylate (TMP) introduced in the donor
compartment of a Franz cell were able to diffuse across 3 mm of artificial
CF mucus after 6 h [35]. Experimental settings must be carefully
considered to interpret the results obtained. In our tests, the diffusion of
[Ru(I)] from the donor to the receptor compartments resulted from
sedimentation and difference of concentrations, but also the physico-
chemical properties of these compounds. The hydrophobic/hydrophilic
balance plays a key role (our tests having been done in aqueous media
and the membrane of the insert being made of polyester (PET), a hy-
drophobic material). Less hydrophilic [Ru(II)] than those used herein
would probably yield lower diffusions, as suggest tests done with
another derivative (featuring a LogP = 0.14, to be compared with LogP
[Ru(If)] 1 = —2.02) that was unable to diffuse in this model (possibly
due to aggregation and deposition on — and collapse of — the insert
membrane; data not shown). Furthermore, it is noteworthy that ASM
could slightly diffuse from the donor to the acceptor compartment after
4 h; ASM could thus both interact and trap [Ru(II)] but also participate
in its diffusion, acting like a drug carrier under the set-up conditions
used.
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The diffusion of [Ru(II)] in biofilms constitutes another bottleneck.
In a previous study, we showed that [Ru(II)] were poorly efficient to
exert PDI on bacteria in biofilms, which was ascribed to a poor diffusion
of these PS in the latter [31]. Interestingly, if bacteria were first mixed
with [Ru(II)] in saline (to optimize their interaction) then cultivated in
LB to form a biofilm, it was possible to measure some antibacterial ef-
fects upon light exposure (Fig. 8). This finding points that, under such
experimental condition, [Ru(II)] can stay close to — and/or entrapped in
— bacteria while retaining properties allowing them to be
photo-activated. It also suggests that even if bacteria are embedded in
EPS in biofilms, they could be the target of ROS produced by [Ru(II)]
provided that these compounds are able to “safely” diffuse and get close
to them. Interestingly, the use of ASM (instead of LB) to grow biofilms
using bacteria premixed in saline with [Ru(II)] did not yield such results
i.e. no bacterial PDI could be measured (Fig. 8). ASM could act as a
stronger anion than bacteria for electrostatic interaction with [Ru(Il)],
an hypothesis that should be tested in another study.

The photo-stability of [Ru(II)] may also be compromised in the
presence of mucus and biofilms. In addition to inducing their aggrega-
tion, the many components contained in these complex media could
alter [Ru(Il)] in different ways. Interaction tests indicated that,
depending on the individual ASM components but also the [Ru(II)]
examined, the 0, production could strongly vary; However, it was
noticeable that for both compounds, this production was the most
reduced in the presence of mucin (Figs. S3C-D). In mixture with all ASM
components, 102 was hardly detectable, with much lower signals than in
water (Fig. S2). The detection of this radical species is technically
complex. In the present study, the SOSG was used as a chemical probe to
report — via fluorescence — the generation of 102. It is important to notice
that our results did not allow to distinguish between the actual ability of
[Ru(ID] to produce 102 upon illumination from our ability to detect its
production in the various experimental conditions examined (in
particular in the presence of ASM). Furthermore, fluorescence in-
terferences (e.g. quenching effect) and/or 10, consumption before re-
action with SOSG could also occur. Noticeably, no fluorescence increase
was observed in any experimental condition examined. Alternative
protocols may be used in future studies, making use of (i) other probes
(e.g. DPBF or ABDA [36]) and/or (ii) other detection methods (e.g.
based on the measurement of 102 phosphorescence [30,37]). Besides
10,, the production of other ROS may also be impacted by mucus and
biofilm components, which could be investigated using other protocols
and detection probes such as 2/,7'-dichlorofluorescin diacetate
(DCFH-DA) [31].

The photo-activation of [Ru(Il)] relies on their exposure to light,
which may also be affected in a complex medium such as ASM (or
biofilms) where light transmittance is reduced (notably due to scattering
and absorbing effects) [31]. Compared to other studies, light treatment
was herein performed using relatively low power and short exposure
durations; these could be increased to obtain stronger PDI effects, while
still avoiding any photo-bleaching of [Ru(II)] and any side-effects for the
host.

Combining our results with other findings from a recent report
studying the impact of lung surfactant [33], we can hypothesize that the
decreased bacterial PDI in ASM and in biofilms are not primarily due to
10, quenching but rather undesired interactions subsequently impacting
on the uptake of [Ru(II)] by target bacteria. This work further corrob-
orates that the multiple components in the lung micro-environment
must be carefully taken into account to design efficient aPDT strate-
gies. From another point of view, inhibitor components in mucus and/or
biofilms may be reconsidered as “helpers” for improving the trafficking
and delivery of [Ru(II)], following a rationale similar to that used in
other studies [38-41].

5. Conclusion

This study aimed to point out the possible impacts of mucus and
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biofilm components on [Ru(Il)]-based aPDT. We used a series of
methods and protocols that, following additional improvements, may be
useful for future similar studies. In spite of some technical limitations,
our results clearly highlight the critical impacting role of components in
mucus and biofilms, which may prevent the activity of [Ru(II)] before
they could act on target bacteria, by sequestering these PS and/or
compromising their photochemical properties. From these points of
views, there is ample room for improvements, from the chemical engi-
neering to the formulation of [Ru(II)] [33,42]. This may allow to limit
undesired interactions with environmental components, but also to
improve absorption at higher wavelengths more efficient to cross com-
plex media and more compatible for noninvasive (extracorporeal) illu-
mination [19,43].
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