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Urinary tract infections (UTIs) are among the most common infections worldwide, with many hospital-acquired
cases linked to biofilm formation on urinary catheter surfaces. The growing problem of antimicrobial resistance
limits the effectiveness of conventional antibiotics, and antimicrobial photodynamic therapy (aPDT) has emerged
as a promising alternative. This approach is based on the combination of a photosensitizer (PS), dioxygen, and
visible light to reduce bacterial concentration without promoting resistance. In this study, the potential of aPDT
in controlling UTIs was evaluated using a well-studied PS, methylene blue (MB), alone or in the presence of
potassium iodide (KI). Ex vivo assays in urine were conducted using the five most common UTI-causing bacteria:
Klebsiella pneumoniae, Escherichia coli, Enterococcus faecalis, Proteus mirabilis, and Pseudomonas aeruginosa. MB
alone effectively photoinactivated E. coli, P. mirabilis, and E. faecalis in planktonic form, with limited activity
against K. pneumoniae and P. aeruginosa. The addition of KI significantly enhanced the photodynamic effect
against all tested strains, resulting in a reduced treatment time, and was also effective against mixed bacterial
populations in the planktonic state. The efficacy of the treatments was further evaluated against E. coli cells
within biofilms formed on urinary catheter surfaces. The combined action of MB and KI successfully controlled
E. coli biofilms, achieving reductions of 3.9 (> 99.987%) and 6.0 log;o CFU mL™! after one and two aPDT
treatment cycles, respectively. Overall, these findings highlight MB + KI-mediated aPDT as a promising strategy
for the photoinactivation of planktonic uropathogens and E. coli biofilms formed on urinary catheter surfaces.

1. Introduction (CAUTIs) [9,10]. Biofilms are well-organized and structured commu-

nities of microorganisms encapsulated in a self-generated extracellular

Currently, urinary tract infections (UTIs) are one of the most com-
mon bacterial infections in humans [1], affecting around 150 million
people worldwide each year [2,3]. These infections can be acquired both
in the community [2] and at hospital levels [4]. Escherichia coli is the
microorganism most associated with urinary tract infections, being
responsible for approximately 70-80% of community-acquired in-
fections [5,6]. In addition to E. coli, there are other bacteria frequently
associated with UTIs, such as Klebsiella pneumoniae, Proteus mirabilis,
Enterococcus faecalis, and Pseudomonas aeruginosa [1,3,7].

The use of medical devices, such as urinary catheters, constitutes a
risk factor for the occurrence of UTIs, being responsible for 75% of the
UTIs in hospitals [8]. Biofilm formation on the surface of urinary cath-
eters plays a key role in the pathogenesis of catheter-associated UTIs
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polymeric matrix, which easily adheres to surfaces. This extracellular
polymeric matrix acts as a physical barrier to antimicrobial agents,
protecting microorganisms and making them more resistant to elimi-
nation. Thus, biofilms are less susceptible to antimicrobial treatments
than the corresponding planktonic bacteria [9,10], with uropathogenic
E. coli (UPEC) being one of the main causative agents of CAUTIs [9].

Although UTIs are commonly treated with conventional antibiotics,
their frequent and inappropriate use has contributed to an increased
incidence of multidrug-resistant bacteria, thus limiting treatment op-
tions [11-14]. Therefore, there is a growing need to develop new anti-
microbial approaches for these infections.

In recent years, antimicrobial photodynamic therapy (aPDT) has
proven to be an effective approach in inactivating microorganisms,
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representing a promising alternative to conventional treatments [14].
This approach requires activation of the photosensitizer (PS) by visible
light in the presence of dioxygen (30,) to generate reactive oxygen
species (ROS), such as singlet oxygen (*O). These cytotoxic species
oxidize biomolecules in bacterial cells (e.g, proteins, nucleic acids,
lipids), leading to microbial lysis and cell death [15-17]. This approach
offers several advantages when compared to conventional antibiotics: i)
it is efficient regardless of the microorganism's antibiotic resistance
profile [18]; ii) it does not induce resistance, even after several cycles of
aPDT treatment [16,19]; and iii) it is effective against Gram-negative
and Gram-positive bacteria [16,20,21]. It is generally accepted that
this approach is more effective against Gram-positive bacteria due to
their highly permeable cell walls. In contrast, the outer membrane of
Gram-negative bacteria limits PS interaction and reduces photodynamic
efficacy [22-24]. Nevertheless, rational PS design, such as introducing
positive charges on its core or combining it with adjuvants, can enhance
uptake and overcome these limitations. Previous studies have shown
that combining certain PS with inorganic salts, such as potassium iodide
(KD), can enhance the efficiency of aPDT [25-28], resulting in higher
inactivation rates than with the PS alone [26,29-31]. This synergistic
effect is caused by the initial production of peroxyiodide (HOOI;) as a
result of the interaction of KI with 10, produced by PS. Then, HOOI5
may undergo further degradation into cytotoxic species such as free
iodine/tri-iodine ion (I3/I3) and hydrogen peroxide (Hz02) or iodine
radicals (I3) [27,29,32-34].

Evidence from several studies suggests that aPDT may be an effective
strategy for treating UTTIs, including infections caused by Gram-negative
bacteria [15,27]. In 2015, Liu et al. demonstrated that polymeric
nanoparticles encapsulated with chlorin eg (Ceg; 200 pM) are effective in
treating bladder infections in mice caused by E. coli, upon irradiation of
the bladder with red light (664 nm; 50 mW cm_z; 90 J cm_z) [35].
Similarly, another study reported high success in treating rats infected
with E. coli using MB in combination with KI under intravesical red-light
illumination (660 nm; 50 mW cm_z; 100 J em~2) [32]. In addition to its
therapeutic potential in urinary infections, aPDT has also been shown to
be effective in disinfecting urinary catheters [8]. For instance, Santos
and co-workers demonstrated that the external application of a tetra-
cationic porphyrin—cisplatin complex (3-cis-PtTPyP) effectively inhibi-
ted Proteus mirabilis biofilms on urinary catheters [36]. Furthermore,
other studies have reported that incorporating PS into catheter mate-
rials, such as toluidine blue (TBO), hypericin-containing liposomes,
MB@Au nanoparticles, and sodium copper chlorophyllin, can effec-
tively destroy biofilms [37-40]. Taken together, these findings suggest
that aPDT may be a promising approach not only for the treatment but
also for the prevention of UTIs. While several studies have already
demonstrated the efficacy of aPDT in UTI, important gaps remain
regarding its performance in clinically relevant conditions and against
polymicrobial infections.

Although MB combined with KI was effective in a rat UTI model of
E. coli-induced UTI [32], its activity against a broader clinically relevant
uropathogens, under polymicrobial conditions, and in the context of
catheter disinfection, remains unexplored. UTIs are frequently poly-
microbial [41,42], and catheter-associated infections represent a
particularly challenging clinical scenario due to both the structural
complexity of mature biofilms and the interference of the organic matrix
inherent to human urine [27,32,43].

We hypothesized that combining MB with KI would generate long-
lived reactive iodine species (RIS) capable of overcoming these bottle-
necks and achieving effective bacterial photoinactivation in a clinically
relevant medium. The objective of this ex vivo proof-of-concept study
was to evaluate MB-mediated aPDT, with and without KI, against the
five uropathogens most frequently associated with UTIs (K. pneumoniae,
E. coli, E. faecalis, P. mirabilis, and P. aeruginosa) [1,3,7]. Considering that
UTIs can be polymicrobial [40,41], assays were carried out using both
mono-species cultures and a mixed bacterial consortium in the plank-
tonic state. Furthermore, the potential of aPDT to inactivate E. coli cells
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within biofilms formed on urinary catheters was also investigated, as
E. coli remains the most prevalent uropathogen associated with UTIs.
Overall, this study aims to assess whether MB/KI-based aPDT holds
promise as an alternative to antibiotics for UTI management.

2. Materials and methods

The experimental design adopted in this study is summarized in
Fig. 1.

2.1. Photosensitizer and KI solutions

MB was purchased from Acros Organics (Geel, Antwerpen, Belgium),
and a stock solution of MB was prepared in phosphate-buffered saline
(PBS) at a concentration of 500 pM. Before each assay, the MB stock
solution was sonicated in the dark for 30 min to homogenize. Potassium
iodide was purchased from Sigma-Aldrich (St. Louis, MO), and KI
working solutions were prepared at 5.0 M in sterile PBS immediately
before each experiment.

2.2. Light source

The effect of aPDT with MB, alone and in combination with KI, was
evaluated by exposing the samples to white light irradiation (400-700
nm) from an LED system (LUMECO, 30 W, 2000 Im) at an irradiance of
50 mW cm 2. A broad-spectrum white LED was selected because its
emission spectrum contains a substantial red component that overlaps
with the absorption band of MB, allowing effective photoactivation
while providing a simple, inexpensive, and widely available light source.
The total light irradiance (400 to 700 nm) was measured using a
Coherent FieldMax II-Top Power Meter combined with a Coherent
PowerSens PS19Q. Based on the spectral overlap between the emission
spectrum of the LED system used and the absorption spectrum of MB,
calculated according to the Light Dose Correction (LDC) method [44],
the effective light irradiance absorbed by the MB was estimated at 15.5
mW cm ™2 [29] to achive the expected light irradiation. The distance
between the LED source and the samples was 6.8 cm, and all samples
were positioned centrally beneath the light source to ensure uniform
illumination across the irradiated area.

2.3. Bacterial strains and growth conditions

The five bacteria used in this study were Escherichia coli ATCC 25922,
Enterococcus faecalis ATCC 29212, Proteus mirabilis DSM 102258, Kleb-
siella pneumoniae SCC1 (from wastewater [45]), and Pseudomonas aeru-
ginosa (from a patient's exudates at Pedro Hispano Hospital [46]). The
bacterial streaks were made on Tryptic Soy Agar (TSA; Liofilchem, Italy)
and kept at 4 °C. Before each assay, three isolated colonies were inoc-
ulated into 30 mL of Tryptic Soy Broth (TSB; Liofilchem, Italy) and
incubated at 37 °C for 18 to 24 h, under stirring (120 rpm). After this
period, an aliquot of the culture (300 pL) was transferred to fresh TSB
(30 mL) and incubated under the previously described growth condi-
tions until the stationary growth phase was reached, corresponding to a
concentration of approximately 10° colony-forming units per mL (9
log1o CFU mL™Y) [27,46]. This culture corresponds to the bacterial
suspension used in bacterial inactivation assays.

2.4. Photodynamic inactivation assays of planktonic cells

2.4.1. Photoinactivation assays in PBS (in vitro studies)

To select the best conditions to use posteriorly in the human urine ex
vivo assays, preliminary in vitro assays were performed in PBS using
P. aeruginosa. This strain was specifically selected for the initial in vitro
screening in PBS because it is widely described in the literature as one of
the uropathogens with the lowest inherent susceptibility to aPDT.
Ensuring optimization parameters (PS concentration and KI adjuvant
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Fig. 1. Schematic illustration of the experimental design used to evaluate mediated MB-aPDT with and without KI against uropathogens in planktonic forms
(preliminary in vitro PBS assays and ex vivo studies in human urine) and mature biofilms formed on urinary catheters in both TSB medium and human urine.

matching) on this highly resilient strain allowed us to establish a con-
servative and robust foundation for all subsequent assays [47-50].
These assays were performed with two concentrations of MB, 10 and 20
pM, and in both cases, the photodynamic action under white light
irradiation at an effective irradiance of 15.5 mW cm 2 was tested with
and without the addition of KI at 100 mM. This concentration of KI was
selected based on previous studies demonstrating its effectiveness in
enhancing the aPDT effect without affecting bacterial viability
[27,32,43,47,51].

Based on these conditions, a bacterial culture in the stationary phase
was diluted in PBS (1:10) and transferred to 12-well plates. Then,
appropriate volumes of MB or MB with KI were added to achieve the
desired final concentrations. All experiments also included light and
dark controls to ensure the reliability of the results. Two light controls,
containing the bacterial suspension alone (LC) or with KI (LC + KI), were
exposed to the same light conditions to evaluate the effect of light on
bacterial viability. A dark control (DC), containing the bacterial sus-
pension with MB at the highest tested concentration (20 pM) and KI
(100 mM), was protected from light to assess the cytotoxicity of MB and
KI in the dark.

After preparing the samples and controls, the plates were incubated
in the dark for 15 min at 25 °C under agitation (120 rpm) to promote the
binding of MB to bacterial cells. After this period, the plates containing
the samples and light controls were irradiated, under agitation, for 120
min. In turn, dark controls were protected from light during the irradi-
ation period. Aliquots (100 pL) of samples and controls were collected
after the incubation period in the dark (time 0) and during irradiation.
Then, aliquots were serially diluted tenfold in PBS from 10~ down to
107 to ensure accurate colony counting within the reliable dynamic
range of the drop-plate method. For each dilution, two drops (10 pL
each) were plated in TSA. After the drops dried, the Petri dishes were
inverted and incubated at 37 °C for 18 to 24 h. Colonies were counted at
the most appropriate dilution, and the concentration of viable cells was

expressed as log;o CFU mL ™. Three independent biological assays were
performed, each with two replicates. Averages were calculated from the
three assays.

2.4.2. Urine photoinactivation assays (ex vivo studies)

The optimal inactivation conditions identified in preliminary assays
(MB at 10 pM, with and without KI at 100 mM) were selected for urine
assays. Under these conditions, the effectiveness of aPDT treatments was
evaluated against each of the five bacteria individually (E. coli,
K. pneumoniae, P. mirabilis, E. faecalis, and P. aeruginosa), as well as
against a mixed culture containing all strains. For the mixed-bacteria
assays, equal volumes (40 pL) of each bacterial suspension in the sta-
tionary growth phase were combined and diluted at a 1:10 ratio in urine
before being transferred to 12-well plates.

The assays followed the same protocol for the in vitro assays (Section
2.4.1) but used fresh urine as the experimental medium in place of PBS.
Human urine samples were collected in the morning on the day of each
experiment via midstream clean-catch technique from a single healthy
human volunteer donor with no history of active urinary pathology or
recent consumption of antimicrobial agents. The urine samples were not
subjected to any sterilization procedures prior to the experiments. To
monitor potential endogenous microbial contamination, a urine-only
negative control (urine without bacterial inoculation) was included in
each assay and processed under the same experimental conditions. The
samples were fully anonymized, non-traceable, and processed immedi-
ately on-site, in accordance with the institutional ethical compliance
guidelines of the University of Aveiro. The pH of each urine sample was
recorded. Alongside the samples, light and dark controls were carried
out as previously described (Section 2.4.1).
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2.5. Photodynamic inactivation assays of E. coli biofilms formed in
urinary catheters

The effect of aPDT on the photoinactivation of E. coli biofilms was
evaluated on urinary catheters. This Gram-negative bacterium was
selected as the sole target for catheter assays due to its overwhelming
clinical and epidemiological dominance, being responsible for up to
80% of UTIs and acting as the primary agent in catheter-associated
urinary tract infections (CAUTIs) [5,6,9]. The initial tests were carried
out on E. coli biofilms formed under ideal conditions (in TSB culture
medium), using MB (10 pM) alone and in combination with KI (100
mM). Posteriorly, the effectiveness of these aPDT treatments was
assessed on biofilms formed in urine on urinary catheters, providing a
more physiologically relevant ex vivo model than standard in vitro
assays.

2.5.1. Preparation of urinary catheters

Sterile urinary catheters were purchased from Aveimédica (Aveiro,
Portugal) and, under aseptic conditions, cut transversely into 3 cm
sections that were subsequently transferred to 6-well plates. For each
collection time, two plates with urinary catheters were prepared, one
containing the irradiated samples and light controls (LC and LC + KI)
and the other containing the dark control (DC + KI).

2.5.2. Formation of biofilms in urinary catheters

A bacterial suspension (300 pL) in the stationary growth phase was
centrifuged at 10,000 rpm for 5 min (Megafuge 16R, Thermo Scientific).
Subsequently, the supernatant was removed, and the pellet was resus-
pended in TSB or fresh urine (30 mL). Then, 200 pL of the previous
suspension was transferred to the central part of the interior of each
previously prepared catheter section and placed in 6-well plates. The
plates were wrapped in sterile cling film to prevent evaporation of the
culture medium and incubated at 37 °C for 24 h. The following day, the
culture medium was carefully replaced without disrupting the pre-
formed biofilm, and the samples were incubated again under the pre-
viously described conditions. After a total of 48 h of biofilm growth, the
mature biofilm formed in TSB or urine was used in the following assays.

2.5.3. Photodynamic inactivation of E. coli in biofilms formed in TSB

After biofilm growth on the urinary catheter, each section was
washed three times with 1 mL of PBS to remove planktonic cells.
Separately, solutions of MB and/or MB + KI were prepared in PBS at the
desired concentrations (MB at 10 pM, KI at 100 mM) and transferred
(200 pL) to the central part of the interior of each catheter section
containing the biofilm. Simultaneously, the same controls previously
described for suspension assays were also performed (LC, LC + KI, DC +
KI). In light controls, 200 pL of PBS alone (LC) or PBS with KI (LC + KI)
were added; for dark controls, 200 pL of the previously prepared MB or
MB + KI solutions were added. For each independent assay, 2 catheter
sections were used for each sample and control. After preparing the
samples and controls, the plates containing the catheters were subse-
quently incubated in the dark for 30 min at 25 °C to promote the binding
of MB to the bacterial cells. After this period, biofilms present in the
urinary catheter corresponding to the initial time (time 0) were quan-
tified. Simultaneously, the plate containing the urinary catheter corre-
sponding to the samples and light controls was irradiated for 120 min
with an effective light irradiance of 15.5 mW cm™2. In parallel, the
plates containing the dark controls (DC) were protected from the light
for the same period.

2.5.4. Photodynamic inactivation of E. coli in biofilms formed in urine
For aPDT treatment in the E. coli biofilm assays in urine, two aPDT
treatment cycles were performed. The first aPDT cycle followed the
procedure previously described for biofilms formed in TSB. In the sec-
ond aPDT cycle, an additional 200 pL of MB or MB + KI previously
prepared solution was added to previously treated catheter sections,
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followed by irradiation. For light controls, second doses of 200 pL PBS or
PBS + KI were also added to LC and LC + KI, respectively, while no
addition was performed for dark controls (DC), which were kept in the
absence of light, and no photobleaching was observed.

2.5.5. Quantification of biofilms

To quantify the biofilm, bacterial cells from the catheters were
collected using a swab-based method adapted from previously reported
protocols for catheter-associated biofilms [52,53]. Before establishing
this protocol, three biofilm recovery methods were compared using
catheter segments: (i) swabbing the catheter surface using a standard-
ized procedure, (ii) detaching the biofilm by vortexing, and (iii)
detaching the biofilm by ultrasonic bath treatment. Under our experi-
mental conditions, the swabbing method consistently recovered a higher
quantity of biofilm-associated cells than the vortexing and ultrasonic
bath procedures and was therefore selected for all subsequent assays. All
swabbing procedures were performed by the same operator following
the same standardized protocol to minimize variability. To do this, the
swab was dipped in PBS (1.0 mL), contained in a microtube (one for each
section), and rubbed against the catheter 3 times. Then, the swab was
washed in the corresponding microtube and squeezed against the inner
walls of the microtube at the end, so that the liquid containing the cells
remained in the tube. This process was repeated 10 times in total for
each section to ensure the maximum number of bacterial cells were
collected. The samples collected in microtubes were homogenized by
vortexing, serially diluted in PBS, plated, and incubated as described
above. Three independent assays were carried out, with four replicates
per assay. The average of the results obtained in the different tests was
calculated. The results were expressed as log;o CFU mL~L.

2.6. Statistical analysis

Statistical analysis was performed using data obtained from three
independent biological assays (conducted on different days), with each
sample analyzed in technical duplicates (for planktonic cells) and qua-
druplets (for biofilms). Data processing and statistical evaluations were
conducted using the GraphPad Prism 7.04 software. Normal distribu-
tions were verified with the Kolmogorov-Smirnov test, and homogeneity
of variance was assessed with the Brown-Forsythe test. Two-way
ANOVA analysis of variance and Tukey's multiple comparison test
were applied to evaluate the significance of differences between the
tested conditions. Differences corresponding to p < 0.05 were consid-
ered significant.

3. Results
3.1. In vitro photoinactivation assays

A preliminary evaluation of the most effective aPDT conditions for
subsequent ex-vivo experiments was carried out with P. aeruginosa in
PBS. These in vitro assays were performed with MB at two concentrations
(10 and 20 pM) under white light irradiation at an effective irradiance of
15.5 mW cm’Z, both in the absence of KI (Fig. 2a) and in its presence
(100 mM of KI) (Fig. 2b).

In all assays, the bacterial concentration in the controls (LC and DC)
did not show significant variation (ANOVA, p > 0.05), indicating that
P. aeruginosa cell viability was not significantly affected by irradiation
(LC), the presence of KI under irradiation (LC + KI), PS alone in the
absence of light (DC), or with KI (DC + KI), even at the highest tested
concentration (20 pM MB and 20 uM MB + 100 mM KI).

The P. aeruginosa inactivation obtained after aPDT with MB alone
(Fig. 2a) indicated that its photodynamic effect was not significantly
dependent on the tested concentrations (ANOVA, p > 0.05). After 45
min of aPDT treatment, bacterial concentrations were reduced by 3.9
logio CFU mL! (ANOVA, p < 0.0001) with MB at a concentration of 10
uM and by 4.3 log;o CFU mL™! (ANOVA, p < 0.0001) with MB at 20 pM.
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Fig. 2. Photodynamic inactivation of P. aeruginosa using MB at 10 and 20 pM, in the absence (a) and in the presence of KI at 100 mM (b), under white light
irradiation at an effective irradiance of 15.5 mW cm 2 for 120 min (total light dose of 112 J cm~2). Values are presented as the means of three independent assays in
duplicate; standard deviation is represented by error bars. LC: light control; DC: dark control.

After 120 min of irradiation, the bacterial photoinactivation reached 7.3
Log+ CFU mL™! (ANOVA, p < 0.0001) and 7.6 logio CFU mL ™! (ANOVA,
P < 0.0001) in the assays with MB at 10 and 20 pM, respectively.

The combined use of MB with KI significantly enhanced the PS's
photodynamic effect (ANOVA, p < 0.05), resulting in an abrupt bacterial
inactivation profile (Fig. 2b). With MB at 10 pM in the presence of KI, a
bacterial reduction of 3.7 Logi CFU mL™! (ANOVA, p < 0.0001) was
achieved after just 2 min of white light irradiation, reaching the detec-
tion limit of the method (ca. 8.0 Logi CFU mL! reduction) after 15 min
(ANOVA, p < 0.0001) (Fig. 2b). With MB at 20 uM, bacterial photo-
inactivation of 3.9 Logi CFU mL ! (ANOVA, p < 0.05) occurred after 2
min, and the detection limit of the method was reached after 10 min
(ANOVA, p < 0.0001) (Fig. 2b).

Since the aPDT results obtained for the two tested concentrations
were not significantly different, the conditions selected for the subse-
quent aPDT experiments were MB at a concentration of 10 pM without
and with KI at 100 mM under white light irradiation at an effective light
irradiance of 15.5 mW cm ™2,

3.2. Ex vivo photoinactivation assays of individual bacterium in urine

After the establishment of the most effective aPDT conditions, the
photodynamic effect of MB (10 uM), alone and combined with KI, was
investigated against the most prevalent uropathogenic bacterial strains
(E. coli, K. pneumoniae, P. mirabilis, E. faecalis, and P. aeruginosa) in urine,
both individually and in a bacterial mixture. Although the preliminary
evaluation indicated that MB performed better in the presence of KI,
these analyses were also carried out in its absence. This decision was
based on the higher chemical complexity of urine compared with PBS,
which may influence the aPDT outcomes.

The results summarized in Figs. 3 and 4 (vide infra) show no signif-
icant variations on the bacterial abundance in light (LC and LC + KI) and
dark controls (DC) (ANOVA, p > 0.05), confirming the reliability of the
photoinactivation assays and the absence of toxicity from KI under
irradiation (LC + KI), and from the MB -+ KI combination in the dark (DC
and DC + KI).

The results of the aPDT treatments (MB and MB + KI) toward each
selected bacterium are represented in Fig. 3. Overall, P. aeruginosa was
the least susceptible bacterial species to aPDT treatments, followed by
K. pneumoniae, E. coli, and P. mirabilis (Gram-negative bacteria). The
E. faecalis (a Gram-positive bacterium) exhibited the highest suscepti-
bility to the aPDT treatment.

aPDT treatments in urine with MB alone had limited efficiency,
particularly against P. aeruginosa (0.57 log;o CFU mL™}, ANOVA, p >
0.05) and K. pneumoniae (0.73 log;o CFU mL’l, ANOVA, p < 0.05)
(Fig. 3a and b) after 120 min of light irradiation. On the other hand, a

more efficient photoinactivation was observed for E. coli, P. mirabilis,
and E. faecalis. For E. coli, MB promoted a significant reduction of 3.2
logio CFU mL! (ANOVA, p < 0.0001) after 120 min of aPDT treatment
(Fig. 3c). In the cases of P. mirabilis and E. faecalis, bacterial reductions of
5.0 log1p CFU mL™! and 6.4 log;o CFU mL™?, respectively, were ach-
ieved after 60 min of aPDT treatment, and photoinactivation to the
detection limit of the method (ca. 8.0 log;9 CFU mL~! reduction) was
observed after doubling the light exposure time to 120 min (Fig. 3d and
e).

Compared to aPDT treatments with MB alone, the combination of
MB -+ KI was more effective in inactivating all bacteria studied, resulting
in faster and more substantial inactivation across all strains (ANOVA, p
< 0.05). For P. aeruginosa, a significant reduction of 4.4 log;o CFU mL ™!
(ANOVA, p < 0.0001) was observed after 120 min of combined aPDT-KI
treatment (Fig. 3a). K. pneumoniae and E. coli reached the detection limit
of the method (ca. 8.0 log;o CFU mL™! reduction; ANOVA, p < 0.0001)
within 90 and 60 min, respectively (Fig. 3b and c). The presence of KI
also has a pronounced effect on light exposure time required to reach the
detection limit of the method, reducing it by half for P. mirabilis (from
120 to 60 min) and by nearly eightfold for E. faecalis (from 120 to 15
min) (Fig. 3d and e).

Because fresh urine was used without prior sterilization, a urine-only
negative control was included in each experiment to assess potential
endogenous microbial contamination. No bacterial colonies were
detected in these controls (data not shown), indicating that any
endogenous microorganisms present in the urine samples were below
the detection limit of the culture method used (2 log CFU mL ).

3.3. Ex vivo photoinactivation of a mixture of the five bacteria in urine

The effect of aPDT treatments on urine was also evaluated using a
consortium of the five selected bacterial strains, given that urinary tract
infections, although less frequently polymicrobial than other infection
types, can involve multiple infectious agents simultaneously [41,42].
The results, shown in Fig. 4, indicate that the aPDT treatment mediated
by MB alone promoted a significant reduction in the total number of
viable cells, with a decrease of 3.1 log;o CFU mL™! (>99.9% of bacterial
reduction, ANOVA, p < 0.0001) after 120 min of treatment. On the other
hand, the combined MB + KI aPDT treatment led to a more pronounced
bacterial inactivation, reaching the detection limit of the method
(reduction of 8.1 log;o CFU mL ™) after 90 min of white light irradiation
(ANOVA, p < 0.0001) (Fig. 4).

3.4. Photoinactivation assays of E. coli biofilms in urinary catheters

To further assess the potential of the aPDT treatments, the effects of
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Fig. 3. Photodynamic inactivation of P. aeruginosa (a), K. pneumoniae (b), E. coli (c), P. mirabilis (d), E. faecalis (e) in urine, mediated by MB at 10 pM], in the presence
and in the absence of KI at 100 mM, under white light irradiation at an effective light irradiance of 15.5 mW cm 2 for 120 min (total light dose of 112 J cm~2) Values
are presented as the means of three independent assays in duplicate; standard deviation is represented by error bars. LC: light control; DC: dark control.

photodynamic action on the photoinactivation of E. coli biofilms in
urinary catheters were evaluated. This Gram-negative bacterium was
selected as the most common strain associated with UTIs, particularly on
urinary catheters. The initial experiments were carried out on E. coli
biofilms formed under ideal growth conditions (in TSB), using MB alone
or in combination with KI. Then, the efficacy of these aPDT treatments
was evaluated on biofilms formed in urine on urinary catheters,
providing a more physiologically relevant ex vivo model than standard in
vitro assays. These aPDT assays were also performed with MB at 10 pM
alone and in combination with KI, under irradiation with white light
(effective light irradiance of 15.5 mW cm2).

In all assays, the bacterial concentration of all controls did not vary
significantly (p > 0.05), indicating that the irradiation alone (LC), KI
under white light irradiation (LC + KI) and MB + KI combination in the
dark (DC + KI) did not affect the viability of E. coli biofilms, as shown in
Figs. 5 and 6.

3.4.1. Photodynamic inactivation of E. coli biofilms grown in TSB

The results summarized in Fig. 5a show that aPDT treatments of
E. coli biofilms grown in TSB with MB alone reduced the bacterial counts
by 3.0 log1o CFU mL ™! (99.9% reduction ANOVA, p < 0.0001) after 120
min of light exposure. In assays mediated by MB + KI, this bacterial
biofilm reduction doubled to 6.0 logo CFU mL ™ (99.9999%, ANOVA, p
< 0.0001) over the same irradiation period (120 min). Progressive
photobleaching of MB was observed over the course of white-light
irradiation (Fig. 5b).

3.4.2. Photodynamic inactivation of E. coli biofilms grown in urine

The results summarized in Fig. 6 show that the efficiency of the aPDT
treatments on E. coli biofilms grown in urine is maximized after two
consecutive aPDT treatment cycles. Two aPDT cycles (120 min each)
were applied to overcome MB photobleaching observed in previous TSB
medium assays. With MB alone, E. coli reductions of 2.1 and 3.4 logio
CFU mL™! were achieved after the first and second aPDT cycles,
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Fig. 5. a) Photodynamic inactivation of E. coli biofilms grown in TSB and
treated with MB at 10 pM, in the presence and absence of KI at 100 mM, after
120 min of white light irradiation at an effective light irradiance of 15.5 mW
em ™2 (total light dose of 112 J cm™2). Values are presented as the means of
three independent assays; standard deviation is represented by error bars. LC:
light control; DC: dark control. b) Photographs of urinary catheters incubated
with MB or MB + KI before and after 120 min of white-light exposure
irradiation.

respectively (ANOVA, p < 0.0001). By comparison, a single MB + KI
aPDT cycle yielded a reduction of 3.8 log;o CFU mL™! (ANOVA, p <
0.0001), surpassing the cumulative effect of two MB-alone cycles. Two
MB-aPDT + KI cycles resulted in a total E. coli reduction of 6 log;o CFU
mL L

4. Discussion

As mentioned above, aPDT emerges as a potential strategy to over-
come microbial resistance associated with urinary infections [18].
Therefore, this study evaluated the potential of MB-mediated aPDT,
alone and in combination with KI, to photoinactivate the five most
prevalent UTI-causing bacteria in planktonic form. Additionally, the
efficacy of the aPDT treatments was assessed in inhibiting E. coli biofilms
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Fig. 6. Effect of two aPDT cycles (120 min each) on E. coli biofilms grown in
urine. Treatments were performed with MB at 10 pM, in the presence and
absence of KI at 100 mM, under white light irradiation at an effective irradiance
of 15.5 mW cm ™2 (total light dose: 112 J ecm ™2 for 1 cycle and 224 J cm ™2 over
2 consecutive aPDT cycles). Values are presented as the means of three inde-
pendent assays; standard deviation is represented by error bars. The asterisk (*)
represents samples whose number of viable cells reached the method's detection
limit. LC: light control; DC: dark control.

grown in urine and on catheter surfaces, which is particularly relevant
since CAUTIs account for approximately 40% of all hospital-acquired
infections [49].

MB was selected as the PS due to its extensive research history,
proven efficacy, and clinical approval. KI was included in the aPDT as-
says due to its recognized enhancement of MB photodynamic activity,
resulting in higher bacterial photoinactivation at shorter treatment
times [27,28,47].

To establish conservative and reproducible experimental conditions,
P. aeruginosa, widely regarded as one of the least susceptible bacterial
species to aPDT, was used as the reference organism [47,48,50,54]. The
preliminary in vitro assays conducted in PBS enabled the assessment of
photodynamic performance in the absence of organic interference and
defined standard conditions that were subsequently applied throughout
the study, including ex vivo experiments. These preliminary aPDT ex-
periments revealed that MB at 10 or 20 pM was an effective PS, capable
of significantly reducing the concentration of P. aeruginosa viable cells
by ca. 7 logie CFU mL™! after 120 min of white light exposure at an
effective irradiance of 15.5 mW cm™2 (Fig. 2). These results align with
previous studies showing that MB effectively photoinactivates Gram-
negative bacteria due to its high ability to generate !0z (95 = 0.52)
and strong affinity for bacterial cells [29,55]. The latter feature is
attributed to the PS's cationic charge, which enables electrostatic bind-
ing to the negatively charged lipopolysaccharides (LPS) of the bacterial
cell outer membrane [56]. This interaction displaces divalent cations in
the LPS structure, creating gaps that facilitate close interaction of the PS
with the bacterial cell wall [56]. Increasing the MB concentration from
10 to 20 pM did not yield statistically higher bacterial inactivation. This
is likely attributable to concentration-dependent molecular aggregation
via n-stacking of the phenothiazinium core, which can both reduce the
ability of the MB to generate !0, and limit effective light penetration
through the solution owing to its high optical density [57]. Therefore,
the minimum effective dose of 10 pM was selected to minimize potential
systemic toxicity and formulation costs.

Combined MB + KI treatments were even more effective, achieving
total bacterial inactivation (8.0 logio CFU mL™') in a significantly
shorter irradiation time of 15 min (Fig. 2) [25,27-29,32,33,43,58]. As
mentioned above, this improved activity can be attributed to the action
of reactive iodine species (RIS) generated in the presence of 102 and KI,
affording peroxyiodide (HOOI; ), which can undergo further decompo-
sition via two different pathways: i) formation of free iodine/triiodide
(Io/13) and hydrogen peroxide (H202) and ii) formation of iodine radi-
cals (I37) via homolytic cleavage. Free iodine is a long-lived species and
requires a sufficient threshold concentration to be bactericidal, while
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iodine radicals act close to the target cells due to their short lifespan and
limited diffusion. The shape of the microbial inactivation curves can
provide insight into the dominant inactivation mechanism: a sharp
decline is indicative of free iodine activity, whereas a more gradual
decrease suggests the involvement of short-lived iodine radicals [26]. In
our assays with KI (Fig. 2), the sharp photoinactivation profile observed
suggests that free iodine (I/I3) was the most relevant bactericidal
species involved in P. aeruginosa photoinactivation, which is consistent
with previous findings, also confirmed by UV/VIS spectrophotometry
[27].

The aPDT assays performed in urine, a more physiologically relevant
experimental medium for urinary tract infection-related studies than
PBS, assessed the effectiveness of MB-mediated aPDT, alone or com-
bined with KI, against each of the five most prevalent UTI-causing
bacteria in the planktonic form, as well as against their combined five-
strain mixture. MB was tested at a concentration of 10 pM, since
higher concentrations showed no additional benefit in preliminary PBS
assays. The findings indicated that MB alone was effective in aPDT
treatments against most individual strains (> 3.0 logio CFU mL™! after
120 min of white light exposure), except P. aeruginosa and K. pneumoniae
(Fig. 3). In contrast, the combined MB + KI aPDT treatment was effec-
tive against all five bacteria, significantly increasing the photo-
inactivation rate and decreasing the treatment time. When comparing
bacterial susceptibility, P. aeruginosa was the most difficult bacterium to
photoinactivate, followed by K. pneumoniae, E. coli, and P. mirabilis,
while E. faecalis, the only Gram-positive bacterium, was the most sen-
sitive. This difference can be attributed to structural and compositional
differences between Gram-positive and Gram-negative organisms
[59,60]. Gram-positive bacteria have a relatively porous cell wall, which
leads to greater permeability and, therefore, easier penetration of PS
into the cells. In contrast, Gram-negative bacteria have an additional
outer membrane in their cellular structure, which contains LPS, phos-
pholipids, lipoproteins, and proteins with porin function, forming a
highly impermeable lipid structure [59,60]. Thus, the double-layer cell
wall of Gram-negative bacteria acts as a barrier to PS, making them less
susceptible to aPDT compared to Gram-positive bacteria [23,24].

The lowest susceptibility of P. aeruginosa among the Gram-negative
bacteria to treatment can be associated with its outer membrane,
which acts as a strong permeability barrier. According to literature, its
permeability for antibiotics is only 8% of that of E. coli, largely due to the
presence of porins that only allow the diffusion of small molecules with a
molecular mass < 200 Da [61]. The absence of larger general diffusion
porins, such as OmpF and OmpC, present in Enterobacteriaceae, further
contributes to the low permeability of P. aeruginosa's outer membrane
[61]. In Pseudomonas, the porin responsible for the formation of large
channels is OprF; however, only a fraction of these pores remains open,
limiting PS penetration through the cell wall and, consequently, bacte-
rial inactivation [61].

Comparing the photoinactivation results of P. aeruginosa in PBS and
urine (Figs. 2 and 3), it is evident that both aPDT treatments (MB and
MB + KI) were less effective in the second matrix (p < 0.05, ANOVA).
Urine is rich in organic matter [62], which can act as a scavenger of the
ROS produced by MB, thereby limiting oxidative damage to the bacte-
rial membrane [63]. Moreover, urine contains high concentrations of
salts [62], which may influence aPDT treatment efficacy [29]. Previous
studies have shown that salts such as NaBr, KCI, and NaCl can delay 10,
generation, thereby reducing the PS effectiveness [27].

In assays using the combined five-strain mixture, the aPDT treatment
reduced the total bacteria concentration by more than 3.0 log;o CFU mL!
after 120 min with MB alone and to the detection limit of the method
with MB + KI, corresponding to 8.1 logjo CFU mL ™! reduction after 90
min of treatment (Fig. 4). These results indicate that aPDT is not only
effective at inactivating individual bacteria but is also promising for
controlling polymicrobial infections, which, although relatively rare,
can occur under certain conditions such as long-term catheter use [64].
However, given that only planktonic cells of the five-strain mixture were
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tested in this study, evaluating the efficacy of this approach against
polymicrobial biofilms represents an important direction for future
research.

Urinary tract infections can be caused by planktonic microorganisms
in urine, but significant proportions are linked with bacterial biofilms on
urinary catheters [8]. Therefore, this study evaluated the potential of
MB-mediated aPDT to destroy E. coli biofilms on catheters, as this bac-
terium is the main causative agent of such infections [5,6,9]. The aPDT
treatments with MB and MB + KI effectively reduced the bacterial load
within the biofilms (Fig. 5a). However, the combined treatment with KI
was significantly more effective, achieving a 6.0 log;o CFU mL™!
reduction, twice the inactivation observed with MB alone (reduction of
3.0 log1p CFU mL™Y). Through these experiments, MB gradually pho-
tobleached (Fig. 5b), indicating degradation mediated by ROS [65,70].
Although this photobleaching reduces MB photodynamic efficacy, it
could be advantageous in clinical settings by eliminating the need for
MB removal post-treatment [58,65,70]. To counteract MB degradation,
multiple treatment cycles could be applied, like conventional antimi-
crobial therapies that require multiple doses.

The efficacy of MB and MB + KI-mediated aPDT treatments against
biofilms formed on catheters in urine was evaluated to simulate a more
clinically relevant scenario. As observed for planktonic cells, bacterial
photoinactivation in this medium after 120 min was reduced, reaching
2.1 and 3.8 log;o CFU mL~! for MB and MB + KI, respectively. To
enhance the aPDT efficiency under these conditions, the impact of a
second aPDT cycle was assessed. The application of two consecutive
aPDT cycles demonstrated a significant increase in biofilm photo-
inactivation, resulting in reductions of 3.4 and 6.0 log;¢o CFU mL~! for
MB and MB + KI, respectively (Fig. 6). These results demonstrate that
repeated aPDT cycles can partially overcome the limitations imposed by
complex matrices (urine) and support the potential of aPDT for biofilm
control on urinary catheters.

When comparing the efficacy of two aPDT treatments (MB and MB +
KI) against planktonic cells and biofilms formed in urine, a clear
disparity in susceptibility is observed. Under identical aPDT treatment
conditions (a single 120 min aPDT cycle), biofilms exhibited markedly
lower reduction in bacterial concentration (2.1 and 3.8 log;o CFU mL 7},
for MB and MB + KI, respectively) than planktonic cells (3.2 and 8.0
log1o CFU mL ™}, respectively). Two aPDT cycles using either MB or MB
+ KI were required to achieve comparable reductions in bacterial load in
biofilms and planktonic cells. These results indicate that bacteria in
biofilms are inherently more difficult to photoinactivate than planktonic
bacteria, in agreement with previous studies [40,66,67]. In fact, biofilms
are complex 3D structures composed of bacterial cells embedded within
an extracellular matrix rich in polysaccharides and proteins. This matrix
acts as a physical and diffusional barrier, limiting the PS and light
penetration and thereby reducing their access to cells located within the
biofilm matrix [47,68]. Moreover, O, levels can be significantly lower
within the biofilm than in the surrounding environment. A low-oxygen
environment limits the formation of the highly reactive species 102
produced during aPDT, which may contribute to the decreased effec-
tiveness of aPDT in biofilms [34,69,70].

Previous studies have also demonstrated the effectiveness of other
PSs in destroying bacterial biofilms on the surface of catheters. Recently,
Misba and Khana demonstrated that impregnation of Toluidine Blue O
(TBO) in urinary catheters was effective in eliminating Staphylococcus
aureus biofilms (reduction of 6.0 log;o CFU mL 1) [37]. This effect was
observed after exposing silicone catheters to a TBO concentration of
700 pM, followed by irradiation with an LED lamp (light dose of 192.6 J
cm™2). Moreover, Santos and co-workers reported that a tetracationic
porphyrin-cisplatin complex (3-cis-PtTPyP) at 10.72 pM reduced the
concentration of Proteus mirabilis biofilms by 77% (0.64 log1o CFU mL™!)
on urinary catheters under white light irradiation (light dose of 360 J
cm’z) [36]. However, in the present study, MB + KI aPDT treatments
were even more noteworthy, achieving a 6 log;o CFU mL~! (99.9999%)
reduction in biofilms grown in TSB after 120 min of white light exposure
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(total light dose of 112 J c¢m~2) and in urine after two aPDT cycles of
120 min (total light dose of 224 J cm_z) using a lower MB concentration
(10 pM). These results indicate comparable or superior antibiofilm ef-
ficacy while requiring reduced amounts of the PS, which is already
commercially available and clinically approved. The use of lower MB
concentration contributes to lower toxicity and lower aPDT treatment
costs.

Taken together, these findings support MB + KI-mediated aPDT as a
viable approach for reducing bacterial burden in complex matrices
relevant to UTIs. Beyond its therapeutic application (involving MB + KI
intravesical instillation, brief dark incubation and photoactivation),
immobilization of MB on catheter surfaces combined with KI supple-
mentation may provide a promising prophylactic strategy to prevent
biofilm formation and catheter-associated UTIs. Catheter-associated
infections are a particularly compelling target, since the window of
opportunity for prophylactic intervention, before an established biofilm
renders treatment substantially less effective, is predictable and, in
principle, accessible [8,37,40]. Realizing this potential will, however,
require further work on light delivery optimization within catheter ge-
ometries, formulation stability under storage conditions, and careful
assessment of tolerance in urothelial tissue. None of these are trivial
challenges, but the efficacy levels demonstrated here, particularly with
repeated treatment cycles, justify pursuing them.

One limitation worth stating plainly is that biofilm photoinactivation
was only evaluated for E. coli. While E. coli is the dominant uropathogen
associated with CAUTIs [5,6,9], the susceptibility of biofilms formed by
K. pneumoniae, P. mirabilis, E. faecalis, and P. aeruginosa individually and
in combination remains to be determined. Extending the biofilm work to
these species is a necessary step before broader claims about efficacy can
be made, as well as polymicrobial biofilms, which remain an essential
step for future investigations to confirm the broader generalizability of
this treatment approach. Nevertheless, the overall findings of this study
demonstrate that aPDT treatments mediated by MB and KI are effective
in photoinactivating planktonic bacterial cells responsible for urinary
infections and in significantly reducing bacterial cells within biofilms
formed on urinary catheters, providing sufficient support for further
preclinical evaluation of MB + KI-mediated aPDT as a strategy against
CAUTIs.

5. Conclusion

In conclusion, the combination of MB-mediated aPDT with KI
significantly enhances the antimicrobial efficacy of MB, enabling the
reduction of less permeable bacteria such as P. aeruginosa and the
effective control of mixed bacterial populations in urine. Moreover,
under the experimental conditions evaluated, MB + KI-mediated aPDT
effectively inactivated E. coli cells within biofilms on urinary catheter
surfaces, suggesting its potential for the treatment of catheter-associated
E. coli biofilms and for the decontamination of urinary catheter surfaces.
Future studies should evaluate its efficacy against biofilms formed by
other clinically relevant UTI pathogens, including P. aeruginosa, as well
as polymicrobial biofilms associated with prolonged catheterization.
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