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Abstract: Antimicrobial photodynamic therapy (aPDT) was demonstrated to be effective against
various species of Gram-positive bacteria. However, the complex structure of a Gram-negative
bacteria envelope limits the application of aPDT. Thus, the goal of this study was to improve the
efficiency of antimicrobial photodynamic therapy with Fotoditazin against uropathogenic Gram-
negative bacteria. The non-ionic detergent Triton X-100 and emulsifier Tween 80 were tested. The
effect of extracellular photosensitizer on aPDT efficacy was analyzed. Moreover, the irradiation
regime was optimized in terms of the output power and emitting mode. It was found that Triton
X-100 at 10% vol enhanced the efficacy of aPDT of E. coli up to 52%. The subsequent observation
demonstrated that, when the photosensitizer was removed from the extracellular space, the efficacy
of aPDT on various Gram-negative species decreased dramatically. As for the irradiation mode, an
increase in the laser output power led to an increase in the aPDT efficacy. The pulsed irradiation
mode did not affect the aPDT efficacy. Thus, in order to achieve optimal aPDT efficacy, bacteria
should be irradiated at 450-mW output power in the presence of Triton X-100 and a photosensitizer in
the extracellular environment. However, it should be noted that the efficacy of aPDT of K. pneumoniae
was significantly lower than for other species. The developed aPDT technique may be effective in a
native environment of uropathogenic microorganisms.

Keywords: gram-negative bacteria; antimicrobial photodynamic therapy; fotoditazin; laser; triton
X-100; Tween 80

1. Introduction

The growing resistance of pathogenic microorganisms to the commonly used antibi-
otics [1,2] has stimulated the development of alternative approaches that exhibit high
antimicrobial activity. One such alternative approach is antimicrobial photodynamic ther-
apy (aPDT) [3,4]. aPDT, similarly to a common anticancer PDT, involves an interaction
between a photosensitizer and light of an appropriate wavelength which produce singlet
oxygen [5]. In contrast to antibiotics, aPDT has various targets in bacterial cells, such
as membranes, enzymes, lipids, and DNA [6,7]. The multi-target mechanism of aPDT
reduces the risk of developing a resistance against microorganisms exposed to it [8]. It is
believed that aPDT is more effective if a photosensitizer is taken up into a bacterial cell
before light is delivered. In the previous papers, it was shown that PDT may be used
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for the elimination of multidrug-resistant bacteria, including uropathogenic strains [9,10].
However, this approach is sometimes ineffective, especially against Gram-negative bacteria
due to the complex structure of their envelope. Gram-positive bacteria have a relatively
thicker but porous cell wall, made up of interconnected peptidoglycan layers surrounding
a cytoplasmic membrane. The teichoic acid residues of the cell wall provide a negative
charge and form binding sites for cationic molecules [11]. The cell envelope of Gram-
negative bacteria is composed of an outer membrane, a thinner peptidoglycan layer and a
cytoplasmic membrane. The transport of molecules across the cell wall of Gram-negative
bacteria is regulated at the outer membrane, which is rich in lipopolysaccharides [12].
Unlike Gram-positive bacteria, the membrane barrier of Gram-negative bacteria prevents
the uptake of anionic and neutral photosensitizers. It is well known that urinary tract infec-
tions are primarily caused by Gram-negative bacteria Escherichia coli, Klebsiella pneumoniae,
Proteus mirabilis, and Pseudomonas aeruginosa [13]. For example, urinary calculi may be
induced by a urinary tract infection or contaminated by bacteria. In both cases, lithotripsy
leads to the spread of bacteria in organ cavities and postoperative complications such as
pyelonephritis, systemic inflammatory reaction syndrome, and urosepsis [14]. The wide
spread of multidrug-resistant bacteria makes antibiotic therapy inefficient. Therefore, aPDT
should be optimized for the elimination of Gram-negative uropathogenic bacteria. One of
the ways to overcome this difficulty is either to use cationic photosensitizers, or to bind
the photosensitizer with positively charged entities. It was shown that the cationic photo-
sensitizer, methylene blue, uptakes better than anionic photosensitizers, Rose Bengal and
indocyanine green by Gram-positive, Enterococcus faecalis, and provides complete inactiva-
tion of bacteria by aPDT [15]. Another way is to use divalent cations in extracellular media.
In an earlier paper, it was demonstrated that divalent cations increase the uptake of anionic
photosensitizers by Gram-positive bacterial cells [15]. Moreover, various surfactants may
be used to enhance the interaction between a photosensitizer and bacterial cells. It is known
that the oleic acid moiety of Tween 80 can incorporate into the cell membrane, which
affects cell membrane properties [16]. The deformation and membrane rupture of bacteria
treated by the nanoemulsion of eugenol and Tween 80 was shown [17]. In addition, the
permeability of the eukaryotic cell membrane to the highly charged hydrophilic molecule
may be stimulated by Triton X-100 [18]. Triton X-100 is able to incorporate the liposomes
of cell membranes, increasing the penetrability of the membrane [19]. Despite this, Triton
X-100 shows weak antibacterial activity and is seldom used as an antibacterial agent [20].

Fotoditazin used in this study as a photosensitizer is N-dimethylglucamine salt of
chlorin e6, approved for clinical application by the Ministry of Health of the Russian
Federation. It is soluble in water and is able to penetrate in the biological membrane,
which is expected to improve PDT action. Fotoditazin possesses an intensive absorption
band in the long-wave red field of the spectrum [21]. This photosensitizer has shown
promising results in the inactivation of Candida albicans [22–24] as well as multidrug-
resistant Staphylococcus aureus [4,25].

It is well known that aPDT is more effective if sufficient concentrations of molecular
oxygen is present near photosensitizer molecules. High-powered light irradiation in con-
tinuous mode results in the intense consumption of molecular oxygen and, hence, hypoxy,
which makes aPDT inefficient. Moreover, continuous mode aPDT leads to overheating and
photosensitizer bleaching. In the pulsed irradiation mode, both molecular and reactive
oxygen can diffuse from the neighboring regions, thus making the photosensitizer more
active [26]. Optimal efficiency of the pulsed mode irradiation in comparison with the
continuous one was demonstrated on cancer cells [27–29].

The purpose of this study was to improve the efficiency of antimicrobial photodynamic
therapy against uropathogenic Gram-negative bacteria by means of surfactants, as well as
variation of laser irradiation parameters.
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2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The strains of Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Proteus
mirabilis were obtained from the collection of clinical uropathogenic bacterial isolates of the
Research Institute of Experimental Oncology and Biomedical Technologies, Privolzhsky
Research Medical University. The strain was maintained on agar plates at 4 ◦C. For
experiments, the bacteria were grown overnight at 37 ◦C and 150 rpm on nutrient broth.
Next, the bacteria were harvested by centrifugation (7000 rpm/7 min) and re-suspended
in phosphate-buffered saline to reach 0.5 McFarland (corresponding to a concentration
of 1–2 × 108 CFU/mL). aPDT treated and control samples were inoculated onto nutrient
agar and kept at 37 ◦C for 17–20 h to count the number of colony forming units. Finally,
the efficiency of the selected aPDT regime was tested on the patients’ urine culture, which
tested positively on the studied bacterial species.

2.2. Sample Preparation

A photosensitizer (Fotoditazin®, LLC Veta-Grand, Moscow, Russia) was added to
the bacterial suspensions to a final concentration of 50 µg/mL and kept for 10 min in the
dark at room temperature. The non-ionic detergent Triton X-100 and emulsifier Tween 80
were used as agents, increasing the accumulation of the photosensitizer inside bacterial
cells. These substances were added to the samples at various final concentrations (1%,
5% and 10%). The effect of the photosensitizer in the extracellular medium on the aPDT
efficacy was also evaluated. For this, some of the samples were washed from the unbound
photosensitizer before irradiation by centrifugation, and subsequent resuspension in a fresh
medium. The bacterial suspension were incubated with Fotoditazin (50 µg/mL) and Triton
X-100 (10% vol) for 15 or 30 min in the dark at room temperature. The twice-washed by
PBS solution microorganisms were resuspended in 500 µL of PBS solution for fluorescence
assessment. The photosensitizer accumulation was analyzed by the fluorescence intensity
change using the IVIS Spectrum (Caliper Life Sciences, Waltham, MA, USA) with excitation
at 640/35 nm and emission at 680/20 nm. The average intensity of fluorescence was
calculated for the same size areas of each sample using Living Image software (Caliper
Life Sciences, USA). Calibration curves were constructed for photosensitizer in PBS. After
fluorescence measurement, bacterial cells were inoculated on agar to calculate the number
of CFU. The amount of Fotoditazin taken up by a single bacterial cell were calculated as
the total amount of the photosensitizer in the sample divided by the number of CFU.

2.3. Antimicrobial Photodynamic Therapy

aPDT was performed using a medical laser device (Latus, LLC Aktus, Russia) at a
wavelength of 662 nm. For irradiation, 100 µL of each sample were placed into the wells
of 96-well culture plates with black walls. Irradiation was performed using an optical
fiber equipped with a collimator and placed above the plate. Each well was illuminated
separately by a continuous wave laser at an output power of 150–450 mW for 10 min.
To evaluate the effect of pulsed irradiation on aPDT efficacy, a pulse width of 100 ms
and a repetition rate of 5 Hz were selected. Irradiation was carried out at an output
power of 300 mW and 450 mW, until light doses equal to continuous wave irradiation
regimes were achieved. The efficacy of aPDT was calculated according to Equation (1). The
correspondence of aPDT efficacy values to the quantitative reduction of CFU is clear from
Table 1:

E f f icacy =

(
1 − CFUtreat

CFUctrl

)
× 100, (1)

where CFUtreat is the number of bacterial colonies after aPDT, CFUctrl is the number of
bacterial colonies in the control group.
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Table 1. Bacteria reduction equivalency chart.

aPDT Efficacy Log Reduction

0 0

90 1

99 2

99.9 3

99.99 4

99.999 5

2.4. Statistical Analysis

The aPDT efficacy values were presented as a mean ± standard deviation. To calculate
the statistical significance of the differences, the ANOVA with Bonferroni post hoc test was
used. Statistical analysis was performed with Statistica 10 (StatSoft. Inc., Tusla, OK, USA).
p-values ≤ 0.05 were considered statistically significant.

3. Results
3.1. The Effect of Non-Ionic Detergent and Emulsifier

The efficacy of aPDT of E. coli washed from an unbound photosensitizer under con-
tinuous wave irradiation was only 5%. The addition of either Tween 80 or Triton X-100 to
bacteria without the photosensitizer did not cause a significant variation in the number of
living cells. Moreover, low concentrations (1% and 5%) of the surfactants, coupled with the
photosensitizer, did not induce bacteria killing after aPDT. However, the presence of these
agents at 10% in the samples during photosensitizer incubation resulted in a decreased
number of live bacteria after aPDT. Tween 80 at a final concentration of 10% vol provided
an insignificant enhancement of aPDT efficacy of up to 9% (Figure 1). The addition of Triton
X-100 significantly decreased the amount of live bacteria. The efficacy of aPDT of E. coli
incubated with the photosensitizer and Triton X-100 achieved 52.5%. Thus, Triton X-100 at
10% vol may be used to improve aPDT efficacy.
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Figure 1. The influence of various components of aPDT and their combinations on E. coli viability.
The following concentrations of agents were used for incubation with bacteria, 10% of Tween 80,
10% of Triton X-100 and 50 µg/mL of Fotoditazin (e6). Bacteria were incubated for 15 min at room
temperature in the dark. Before irradiation by continuous wave laser at 150 mW, bacteria were
washed from unbound chemicals. Statistically significant difference comparable with e6 150 mW (*)
is marked.

3.2. The Effect of the Extracellular Photosensitizer

The influence of the extracellular photosensitizer during light irradiation was studied
on Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Proteus mirabilis. The
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bacteria were incubated with the photosensitizer and Triton X-100 for 15 min. Before
irradiation, a fraction of each sample was washed from the extracellular photosensitizer. It
was found that washing the extracellular photosensitizer led to loss of the aPDT efficacy
(Figure 2). K. pneumoniae was not sensitive to aPDT without the extracellular photosensitizer,
while the efficacy of aPDT with the photosensitizer was 89%. E. coli had low sensitivity
to aPDT without the extracellular photosensitizer as well as with it. The high sensitivity
of P. aeruginosa to aPDT with the extracellular photosensitizer significantly reduced after
washing the photosensitizer. It was revealed that only the efficacy of aPDT of P. mirabilis
did not change after washing the extracellular photosensitizer.
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Figure 2. The influence of the extracellular photosensitizer on the efficacy of aPDT of Gram-negative
bacteria. Bacteria were incubated with Fotoditazin and Triton X-100 for 15 min at room temperature
in the dark. Before irradiation by continuous wave laser at 150 mW, part of each sample was washed
from unbound chemicals. Statistically significant differences compared to the washed samples
(*) are marked.

Analysis of the intracellular concentration of the photosensitizer was carried out on
strains of E. coli, K. pneumoniae, P. aeruginosa and P. mirabilis. Bacteria were incubated with
50 µg of Fotoditazin for either 15 or 30 min in the dark at room temperature. In addition,
Triton X-100 at 10% vol was added to some of the samples. It was found that Triton X-100
increased the intracellular concentration of the photosensitizer over time (Figure 3). At
the same time, Triton X-100 free samples demonstrated a decrease in the intracellular
concentration of the photosensitizer after 30 min. It should be noted that the intracellular
concentration of Fotoditazin after 15 min incubation of the species treated with Triton X-100
differed by less than 3.5 times.
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Figure 3. The amount of Fotoditazin taken up by a single bacterial cell of Gram-negative species
depending on incubation time and presence of Triton x-100. Bacteria were incubated with photosensi-
tizer (e6) and Triton X-100 for 15 min or 30 min at room temperature in the dark. Before measurement
the samples were washed from unbound chemicals.
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3.3. The Effect of Output Laser Power

The bacteria were irradiated at different laser powers after 15 min of incubation with
the photosensitizer and Triton X-100, without washing the extracellular photosensitizer.
The efficacy of the laser treatment alone against K. pneumoniae and P. aeruginosa was less than
10% (Figure S1). In contrast, E. coli irradiated by laser without Fotoditazin demonstrated an
insignificant increase in the number of CFU. The efficacy of the laser treatment alone against
P. mirabilis was achieved at 20%. It was demonstrated that the aPDT efficacy depended on
laser power in all studied species (Figure 4). It was found that the viability of K. pneumoniae
did not depend on irradiation power. The efficacy of K. pneumoniae treatment did not
exceed 93%. The irradiation of other bacteria species with a power of 450 mW provided an
aPDT efficacy of 99.99%.
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Figure 4. The influence of output laser power on the efficacy of aPDT of Gram-negative bacteria.
Bacteria were incubated with Fotoditazin and Triton X-100 for 15 min at room temperature in the
dark, and illuminated by continuous wave laser at different output powers. Statistically signif-
icant differences compared to the corresponding species irradiated by 150 mW (*) and 300 mW
(***) are marked.

3.4. The Effect of Pulsed Laser Irradiation

For comparison of the aPDT efficacy under the pulsed and continuous mode of
irradiation, we chose the output power of 300 mW and 450 mW. The bacteria were incubated
with a photosensitizer and Triton X-100, and were not washed after that. E. coli and
P. mirabilis were irradiated by a pulsed laser that had the values of output power and power
density similar to the continuous mode (Figure 5). It was found that, at 300 mW, the efficacy
of aPDT against E. coli was comparable for the pulsed and continuous mode irradiation.
The increase of the pulsed laser output power did not affect the aPDT efficacy against
E.coli. However, it was reduced in comparison with the continuous mode irradiation at
450 mW. The irradiation of P. mirabilis by a pulsed laser at 300 mW output power led to a
reduced aPDT efficacy, compared to the continuous mode irradiation at the same power.
The aPDT efficacy after irradiation at 450 mW by pulsed laser increased in comparison with
irradiation at 300 mW. However, it was lower than after the continuous mode irradiation at
the same power.
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Figure 5. The influence of pulsed laser irradiation on the efficacy of aPDT of Gram-negative bacteria.
Bacteria were incubated with Fotoditazin and Triton X-100 for 15 min at room temperature in the
dark, and illuminated by pulsed laser (100 ms pulse width and 5 Hz repetition rate) at different
output powers. Statistically significant differences compared to the corresponding species irradiated
by continuous wave laser (*) are marked.

3.5. The Efficacy of aPDT in Urine Culture

To test the efficacy of the developed aPDT technique, urine cultures of the patients
were incubated with a photosensitizer and Triton X-100 for 15 min in the dark. Then, the
unwashed samples were illuminated by a continuous wave laser at 450 mW of output
power. Figure 6 demonstrates that the efficacy of the aPDT of infected urine cultures was
not less than 99.996%. Thus, the number of microorganisms in the samples was reduced by
10,000–100,000 times.
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Figure 6. Efficacy of aPDT of Gram-negative bacteria in urine culture. Bacteria were incubated
with Fotoditazin and Triton X-100 for 15 min at room temperature in the dark, and illuminated by
continuous wave laser at 450 mW of output power.

4. Discussion

Our previous study showed the efficacy of aPDT against Gram-positive uropathogenic
bacteria, while optimization was required for Gram-negative ones [4]. In this work, the
conditions for elimination of microorganisms such as E. coli, K. pneumoniae, P. aeruginosa, and
P. mirabilis were provided. On the one hand, the impact of non-ionic detergent/emulsifier
as well as extracellular photosensitizer on aPDT efficacy was studied. On the other hand,
the irradiation regime was optimized. It is well known that the crucial factor of aPDT is
reactive oxygen species, which have a short half-life [30]. Therefore, the photosensitizer
molecules should be located close to the target molecules of bacterial cells. Most researches
are devoted to the enhancement of the uptake of the photosensitizer by bacterial cells. Either
positively charged photosensitizers [31,32] or neutralization of the cell wall charge [33,34]
may be useful in this case. In the present study, Triton X-100 and Tween 80 were used for the
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first time as agents that increase the uptake of the photosensitizer into bacterial cells. The
Triton X-100 monomer penetrates into the membrane at low concentrations [35], and may
lead to the uptake of the photosensitizer. It was shown that irreversible permeabilization
of the membrane of eukaryotic cells was achieved at concentrations of Triton X-100 above
the critical micelle concentration [18]. The concentration of Triton X-100 used in this study
was lower than the critical micelle concentration. Moreover, this concentration of Triton
X-100 did not reduce the viability of bacteria. It is known that the structure of Tween 80
has the oleic acid moiety that can be incorporated into the cell membrane and can affect
its properties [36]. The used concentration of Tween 80 was below the critical micelle
concentration and formed a true solution. As evident from this study, an increase in the
efficacy of aPDT in the presence of non-ionic detergents could be achieved by using the
10% concentration of Triton X-100 in the sensitizing solution.

At the next stage of our research, it was revealed that the washing of bacteria from
an unbound photosensitizer dramatically reduced the efficacy of aPDT. This implies that
the photosensitizer in a solution plays a significant part in the light-mediated killing of
the bacteria. There are three possible explanations for this observation. First, it may
be due to some damage of the cell wall/membrane induced by extracellular-generated
reactive oxygen species, which directly leads to cell death or enhances the photosensitizer
penetration into cells, and therefore increases the aPDT efficacy. The second explanation is
that the extracellular part of the photosensitizer may continue to diffuse into the cells, while
the efflux pumps try to remove it from the cells. Third, long-lived reactive oxygen species
generated in extracellular space may diffuse into the cell, resulting in damage-induced cell
death. It is likely that all mechanisms contribute to the efficacy of aPDT. The effectiveness of
E. coli killing was shown earlier using Rose Bengal covalently bound to polystyrene beads
that do not penetrate into cells [37]. Moreover, the treatment of bacteria with verapamil, an
inhibitor of calcium channels and some efflux pumps, results in increased photosensitizer
accumulation [38].

The efficacy of PDT and aPDT is known to be dependent on the irradiation dose [39,40].
However, light exposure cannot be increased during lithotripsy due to time limitation. For
this reason, different values of laser power were tested for aPDT efficiency. The minimum
used power of 150 mW was ineffective against E. coli and K. pneumoniae. This may be due
to the size and composition of the cell wall of these species. The outer membrane of E. coli
is filled with lipopolysaccharides, composed of a long polysaccharide chain connected to
a complex lipid with several fatty acid tails [41]. A polysaccharide capsule produced by
K. pneumoniae protects bacteria from unfavorable environmental conditions. The capsule
and other bacterial surface polysaccharides also function as a physical barrier to prevent
or limit penetration into the cell [42]. It is also possible that the concentration of reactive
oxygen species produced by irradiation at 150 mW may be insufficient to induce damage
to a large number of cells. Another important factor is the high optical density of bacterial
suspension with a photosensitizer. The penetration of light tends to decrease due to optical
absorption [43]. The maximal efficacy of aPDT was observed after irradiation at 450 mW.
However, the light at this wavelength and power may induce heating of the surrounding
tissues. To prevent this, and to provide the possibility of diffusion of oxygen molecules
and reactive oxygen species, pulsed irradiation was studied. The earlier theoretical and
experimental studies demonstrated the increased efficiency of singlet oxygen generation in
a pulsed irradiation mode, compared to a continuous wave mode with the same power
density [27]. However, pulsed irradiation in the photodynamic treatment of skin diseases
was shown to be less effective than conventional irradiation [44]. Our study demonstrated
that the efficacy of aPDT with pulsed irradiation was 0.1% lower, which corresponds to an
increase in the number of viable bacteria by 10 times. The repetition rate and pulse width
are two important parameters determining the effectiveness of aPDT when pulsed lasers
are utilized [45]. The intensity and duration of reactive oxygen species production varied
with pulse width, which may lead to a different cytotoxic effect in aPDT [46].
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5. Conclusions

The impact of non-ionic detergent/emulsifier and the photosensitizer in the extracel-
lular space, as well as the irradiation regimes on aPDT efficacy, were investigated. The
presence of Triton X-100, as well as a photosensitizer in the extracellular environment,
significantly increased the aPDT efficacy. The output laser power was in direct proportion
to the number of killing bacterial cells. A slight decrease of aPDT efficacy was observed
during pulsed irradiation. Maximum aPDT efficacy was found under the continuous
wave irradiation at 450 mW in the presence of Triton X-100 and the photosensitizer in
the extracellular environment. The developed aPDT demonstrated efficacy in the native
environment of uropathogenic microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics10030310/s1, Figure S1: The influence of output laser
power and irradiation mode on the efficacy of aPDT of Gram-negative bacteria without Fotoditazin
and Triton X-100.
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Kulbacka, J. Photodynamic therapy—Mechanisms, photosensitizers and combinations. Biomed. Pharmacother. Biomed. Pharma-
cother. 2018, 106, 1098–1107. [CrossRef]

6. Wozniak, A.; Grinholc, M. Combined Antimicrobial Activity of Photodynamic Inactivation and Antimicrobials-State of the Art.
Front. Microbiol. 2018, 9, 930. [CrossRef]

7. Castano, A.P.; Demidova, T.N.; Hamblin, M.R. Mechanisms in photodynamic therapy: Part one-photosensitizers, photochemistry
and cellular localization. Photodiagnosis Photodyn. Ther. 2004, 1, 279–293. [CrossRef]

8. Maisch, T. Resistance in antimicrobial photodynamic inactivation of bacteria. Photochem. Photobiol. Sci. Off. J. Eur. Photochem.
Assoc. Eur. Soc. Photobiol. 2015, 14, 1518–1526. [CrossRef]

9. Tichaczek-Goska, D.; Wojnicz, D.; Symonowicz, K.; Ziółkowski, P.; Hendrich, A.B. Photodynamic enhancement of the activity of
antibiotics used in urinary tract infections. Lasers Med. Sci. 2019, 34, 1547–1553. [CrossRef]

10. Huang, Y.Y.; Wintner, A.; Seed, P.C.; Brauns, T.; Gelfand, J.A.; Hamblin, M.R. Antimicrobial photodynamic therapy mediated by
methylene blue and potassium iodide to treat urinary tract infection in a female rat model. Sci. Rep. 2018, 8, 7257. [CrossRef]
[PubMed]

11. Lambert, P.A. Cellular impermeability and uptake of biocides and antibiotics in Gram-positive bacteria and mycobacteria. J. Appl.
Microbiol. 2002, 92, 46s–54s. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/photonics10030310/s1
https://www.mdpi.com/article/10.3390/photonics10030310/s1
http://doi.org/10.1016/S0140-6736(15)00474-2
http://doi.org/10.1016/S0140-6736(15)00473-0
http://www.ncbi.nlm.nih.gov/pubmed/26603922
http://doi.org/10.3390/pathogens10121544
http://doi.org/10.3390/photonics8110495
http://doi.org/10.1016/j.biopha.2018.07.049
http://doi.org/10.3389/fmicb.2018.00930
http://doi.org/10.1016/S1572-1000(05)00007-4
http://doi.org/10.1039/c5pp00037h
http://doi.org/10.1007/s10103-019-02730-7
http://doi.org/10.1038/s41598-018-25365-0
http://www.ncbi.nlm.nih.gov/pubmed/29740035
http://doi.org/10.1046/j.1365-2672.92.5s1.7.x
http://www.ncbi.nlm.nih.gov/pubmed/12000612


Photonics 2023, 10, 310 10 of 11

12. Denyer, S.P.; Maillard, J.Y. Cellular impermeability and uptake of biocides and antibiotics in Gram-negative bacteria. J. Appl.
Microbiol. 2002, 92, 35s–45s. [CrossRef]

13. Flores-Mireles, A.L.; Walker, J.N.; Caparon, M.; Hultgren, S.J. Urinary tract infections: Epidemiology, mechanisms of infection
and treatment options. Nat. Rev. Microbiol. 2015, 13, 269–284. [CrossRef]

14. Strohmaier, W.L. Epidemiologie und Pathogenese der Urolithiasis. In Die Urologie; Michel, M.S., Thüroff, J.W., Janetschek, G.,
Wirth, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 473–478.

15. George, S.; Hamblin, M.R.; Kishen, A. Uptake pathways of anionic and cationic photosensitizers into bacteria. Photochem. Photobiol.
Sci. Off. J. Eur. Photochem. Assoc. Eur. Soc. Photobiol. 2009, 8, 788–795. [CrossRef]

16. Corcoran, B.M.; Stanton, C.; Fitzgerald, G.F.; Ross, R.P. Growth of probiotic lactobacilli in the presence of oleic acid enhances
subsequent survival in gastric juice. Microbiology 2007, 153, 291–299. [CrossRef] [PubMed]

17. Fu, X.; Gao, Y.; Yan, W.; Zhang, Z.; Sarker, S.; Yin, Y.; Liu, Q.; Feng, J.; Chen, J. Preparation of eugenol nanoemulsions for
antibacterial activities. RSC Adv. 2022, 12, 3180–3190. [CrossRef]

18. Koley, D.; Bard, A.J. Triton X-100 concentration effects on membrane permeability of a single HeLa cell by scanning electrochemical
microscopy (SECM). Proc. Natl. Acad. Sci. USA 2010, 107, 16783–16787. [CrossRef]

19. Caritá, A.C.; Mattei, B.; Domingues, C.C.; de Paula, E.; Riske, K.A. Effect of Triton X-100 on Raft-Like Lipid Mixtures: Phase
Separation and Selective Solubilization. Langmuir ACS J. Surf. Colloids 2017, 33, 7312–7321. [CrossRef]

20. Cho, G.; Kwon, J.; Soh, S.M.; Jang, H.; Mitchell, R.J. Sensitivity of predatory bacteria to different surfactants and their application
to check bacterial predation. Appl. Microbiol. Biotechnol. 2019, 103, 8169–8178. [CrossRef] [PubMed]

21. Reshetnikov, A.V.; Ponomarev, G.V.; Abakumova OYu Tsvetkova, T.A.; Karmenyan, A.V.; Rebeko, A.G.; Baum, R.P. Novel Drug
Form of Chlorin e6; SPIE: Bellingham, WA, USA, 2000.

22. Carmello, J.C.; Alves, F.; Basso, F.G.; Costa, C.A.D.S.; Bagnato, V.S.; Mima, E.G.D.O.; Pavarina, A.C. Treatment of Oral Candidiasis
Using Photodithazine®—Mediated Photodynamic Therapy In Vivo. PLoS ONE 2016, 11, e0156947. [CrossRef]

23. Dias, L.M.; Klein, M.I.; Ferrisse, T.M.; Medeiros, K.S.; Jordão, C.C.; Bellini, A.; Pavarina, A.C. The Effect of Sub-Lethal Successive
Applications of Photodynamic Therapy on Candida albicans Biofilm Depends on the Photosensitizer. J. Fungi 2023, 9, 111.
[CrossRef]

24. Alves, F.; Alonso, G.C.; Carmello, J.C.; de Oliveira Mima, E.G.; Bagnato, V.S.; Pavarina, A.C. Antimicrobial Photodynamic Therapy
mediated by Photodithazine® in the treatment of denture stomatitis: A case report. Photodiagnosis Photodyn. Ther. 2018, 21,
168–171. [CrossRef] [PubMed]

25. Souza, B.M.N.; Pinto, J.G.; Pereira, A.H.C.; Miñán, A.G.; Ferreira-Strixino, J. Efficiency of Antimicrobial Photodynamic Therapy
with Photodithazine® on MSSA and MRSA Strains. Antibiotics 2021, 10, 869. [CrossRef] [PubMed]

26. Mallidi, S.; Anbil, S.; Bulin, A.L.; Obaid, G.; Ichikawa, M.; Hasan, T. Beyond the Barriers of Light Penetration: Strategies,
Perspectives and Possibilities for Photodynamic Therapy. Theranostics 2016, 6, 2458–2487. [CrossRef]

27. Klimenko, V.V.; Bogdanov, A.A.; Knyazev, N.A.; Rusanov, A.A.; Dubina, M.V. Different photodynamic effect between continuous
wave and pulsed laser irradiation modes in k562 cells in vitro. J. Phys. Conf. Ser. 2014, 541, 012040. [CrossRef]

28. Yuzhakova, D.V.; Shirmanova, M.V.; Klimenko, V.V.; Lukina, M.M.; Gavrina, A.I.; Komarova, A.D.; Gorbachev, D.A.;
Sapogova, N.V.; Lukyanov, K.A.; Kamensky, V.A. PDT with genetically encoded photosensitizer miniSOG on a tumor spheroid
model: A comparative study of continuous-wave and pulsed irradiation. Biochim. Biophys. Acta Gen. Subj. 2021, 1865, 129978.
[CrossRef]

29. Shirmanova, M.; Yuzhakova, D.; Snopova, L.; Perelman, G.; Serebrovskaya, E.; Lukyanov, K.; Turchin, I.; Subochev, P.;
Lukyanov, S.; Kamensky, V.; et al. Towards PDT with Genetically Encoded Photosensitizer KillerRed: A Comparison of Continu-
ous and Pulsed Laser Regimens in an Animal Tumor Model. PLoS ONE 2015, 10, e0144617. [CrossRef]

30. Rubio, C.P.; Cerón, J.J. Spectrophotometric assays for evaluation of Reactive Oxygen Species (ROS) in serum: General concepts
and applications in dogs and humans. BMC Vet. Res. 2021, 17, 226. [CrossRef]

31. Collins, T.L.; Markus, E.A.; Hassett, D.J.; Robinson, J.B. The effect of a cationic porphyrin on Pseudomonas aeruginosa biofilms.
Curr. Microbiol. 2010, 61, 411–416. [CrossRef]

32. Fekrazad, R.; Zare, H.; Vand, S.M. Photodynamic therapy effect on cell growth inhibition induced by Radachlorin and toluidine
blue O on Staphylococcus aureus and Escherichia coli: An in vitro study. Photodiagnosis Photodyn. Ther. 2016, 15, 213–217.
[CrossRef]

33. Huang, L.; Szewczyk, G.; Sarna, T.; Hamblin, M.R. Potassium Iodide Potentiates Broad-Spectrum Antimicrobial Photodynamic
Inactivation Using Photofrin. ACS Infect. Dis. 2017, 3, 320–328. [CrossRef]

34. Lves, E.; Costa, L.; Carvalho, C.M.; Tomé, J.P.; A Faustino, M.; Neves, M.G.; Tomé, A.C.; Cavaleiro, J.A.; Cunha; Almeida, A.
Charge effect on the photoinactivation of Gram-negative and Gram-positive bacteria by cationic meso-substituted porphyrins.
BMC Microbiol. 2009, 9, 70.

35. London, E.; Brown, D.A. Insolubility of lipids in triton X-100: Physical origin and relationship to sphingolipid/cholesterol
membrane domains (rafts). Biochim. Biophys. Acta 2000, 1508, 182–195. [CrossRef]

36. Reitermayer, D.; Kafka, T.A.; Lenz, C.A.; Vogel, R.F. Interrelation between Tween and the membrane properties and high pressure
tolerance of Lactobacillus plantarum. BMC Microbiol. 2018, 18, 72. [CrossRef] [PubMed]

37. Bezman, S.A.; Burtis, P.A.; Izod, T.P.; Thayer, M.A. Photodynamic inactivation of, E. coli by rose bengal immobilized on
polystyrene beads. Photochem. Photobiol. 1978, 28, 325–329. [CrossRef] [PubMed]

http://doi.org/10.1046/j.1365-2672.92.5s1.19.x
http://doi.org/10.1038/nrmicro3432
http://doi.org/10.1039/b809624d
http://doi.org/10.1099/mic.0.28966-0
http://www.ncbi.nlm.nih.gov/pubmed/17185558
http://doi.org/10.1039/D1RA08184E
http://doi.org/10.1073/pnas.1011614107
http://doi.org/10.1021/acs.langmuir.7b01134
http://doi.org/10.1007/s00253-019-10069-w
http://www.ncbi.nlm.nih.gov/pubmed/31407038
http://doi.org/10.1371/journal.pone.0156947
http://doi.org/10.3390/jof9010111
http://doi.org/10.1016/j.pdpdt.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29198763
http://doi.org/10.3390/antibiotics10070869
http://www.ncbi.nlm.nih.gov/pubmed/34356790
http://doi.org/10.7150/thno.16183
http://doi.org/10.1088/1742-6596/541/1/012040
http://doi.org/10.1016/j.bbagen.2021.129978
http://doi.org/10.1371/journal.pone.0144617
http://doi.org/10.1186/s12917-021-02924-8
http://doi.org/10.1007/s00284-010-9629-y
http://doi.org/10.1016/j.pdpdt.2016.07.001
http://doi.org/10.1021/acsinfecdis.7b00004
http://doi.org/10.1016/S0304-4157(00)00007-1
http://doi.org/10.1186/s12866-018-1203-y
http://www.ncbi.nlm.nih.gov/pubmed/30001697
http://doi.org/10.1111/j.1751-1097.1978.tb07714.x
http://www.ncbi.nlm.nih.gov/pubmed/360250


Photonics 2023, 10, 310 11 of 11

38. Tegos, G.P.; Masago, K.; Aziz, F.; Higginbotham, A.; Stermitz, F.R.; Hamblin, M.R. Inhibitors of bacterial multidrug efflux pumps
potentiate antimicrobial photoinactivation. Antimicrob. Agents Chemother. 2008, 52, 3202–3209. [CrossRef]

39. Yuan, Y.; Liu, Q.; Huang, Y.; Qi, M.; Yan, H.; Li, W.; Zhuang, H. Antibacterial Efficacy and Mechanisms of Curcumin-Based
Photodynamic Treatment against Staphylococcus aureus and Its Application in Juices. Molecules 2022, 27, 7136. [CrossRef]
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