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Abstract: Photodynamic inactivation (PDI) is considered to be an effective method of prevention of
postoperative complications of urolithiasis. The present study shows a complex approach to assess
the efficacy of PDI of drug resistant bacteria associated with renal calculi. Bacterial strains associated
with renal calculi were isolated and identified using standard methods of bacteriological analysis and
tested for drug resistance to 10 antibiotics by the disco-diffusion method. Uropathogenic bacterial
strains present in 78.7 ± 5.2% of the infected samples from the total number of analyzed calculi.
The most frequent representatives belonged to the genera Staphylococcus, Escherichia, and Enterococcus.
All tested strains showed high antibiotic resistance. Representatives of the most common bacterial
genera in the calculi were used as models for the selection of PD exposure modes. It was found
that the maximum time of photosensitizer accumulation depends on the structure of the bacterial
cell wall: 30 min for Gram-negative strains and 60 min for Gram-positive ones. Optimal modes
of PD exposure to antibiotic-resistant uropathogenic microorganisms were selected: 50 µg/mL
Fotoditazin and 150 mW laser power. The maximal bactericidal activity of PDI against uropathogenic
microorganisms was shown for Enterococcus faecalis, and Staphylococcus aureus. The bacteriostatic
effect was found against Escherichia coli and Proteus mirabilis.

Keywords: urolithiasis; antibiotic-resistant bacteria; bactericidal effect; laser-induced inactiva-
tion; photosensitizer

1. Introduction

The frequent, prolonged, and uncontrolled use of antibiotics in the treatment of infec-
tions has resulted in an increasing number of bacterial strains resistant to a wide range of
antibiotics [1]. The antibiotic resistant bacteria such as Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enter-
obacter species cause the majority of hospital infections with high mortality of patients [2].
Antibiotic resistant pathogens are of great significance in the case of infected urinary stones.
Urolithiasis is well known to be a widespread disease of the urinary system in middle-
age people. According to the annual costs of diagnosis, treatment and hospitalization,
it ranks second among all urinary tract infections [3]. Accordingly, in countries with a high
standard of life, renal stone rate is notably high (>10%). The increase in urolithiasis rate
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of more than 37% was reported over the last 20 years for some areas [4]. Urologists are
especially challenged by stones with infections, which comprise ~15% of kidney stones [5].
The history describes infective stone or struvite as the most common type of urinary stones
containing magnesium ammonium phosphate. It is known, that urea-splitting bacteria
such as Proteus spp., Staphylococcus aureus, Klebsiella spp., Providencia spp., and Ureaplasma
urealyticum are commonly responsible for struvite stones [6]. The study of bacterial isolates
from patients with calculi revealed the following genus Proteus, Staphylococcus, Pseudomonas,
Providencia, Klebsiella, and Escherichia [7], that may also be drug resistant.

Present day methods of endoscopic and extracorporeal lithotripsy are based on the fine-
size stone fragmentation. In case of infected calculi, pathogens diffused in the organ cavity
may induce new types of postoperative complications, such as pyelonephritis, systemic
inflammatory reaction syndrome, and urosepsis [8]. Traditional treatment of a urinary
infection by peroral or intravenous administration of an antibiotic is limited by antibiotic
penetration into the urinary tract, as well as by the drug resistance of pathogens. Local
irrigation of either the renal or the bladder cavity with an antibiotic after lithotripsy is also
limited by drug resistance and irrigation time. Moreover, in both approaches, antibiotics
do not achieve a concentration required for the bactericidal effect. On the other hand,
antibiotic therapy is accompanied by killing of the gut microbiota and damage of the natural
colonization resistance. The prevention and treatment of postoperative complications with
antibiotics often leads to the emergence of new variants of the disease associated with
antibiotic therapy, such as pseudomembranous colitis, gut dysbacteriosis, and others [9,10].
However, using antibiotics is the main way to treat and prevent postoperative infectious
and inflammatory complications. These facts have inspired a search for new antibiotics
able to inactivate resistant microorganisms to the existent antibiotics.

Nowadays, photodynamic inactivation is considered to be an alternative to the antibi-
otic treatment of localized infectious processes [11,12]. The photodynamic effect is based
on the interaction of 3 ingredients: light, photosensitizer, and oxygen. After exposure of
the photosensitizer to light, reactive oxygen species, especially singlet oxygen, are gen-
erated. The reactive oxygen species affect various intracellular components, including
proteins and DNA, resulting in cell death [13]. Thereby the photodynamic inactivation has
several targets within the bacterial cell. In addition, the evidence of the promotion resis-
tance/tolerance of microorganisms to photoinactivation have not yet been established [14].
It may be caused by the limited number of microbial antioxidant defense enzymes [15].
PDI has already been used in stomatology for treating infected root canals, which have
polymicrobial infections [16]. There are some reports about an effective application of PDI
to some Gram-positive [17] and Gram-negative standard and antibiotic-resistant bacteria
strains [18].

Thus, the application of photodynamic inactivation to uropathogenic bacteria would
make it possible to involve this approach into clinical practice for the prevention of infec-
tions caused by antibiotic-resistant microorganisms.

The purpose of the study was complex analysis of bacteria associated with renal
calculi as a model for photodynamic inactivation.

2. Materials and Methods
2.1. Isolation and Identification of Pathogenic Microorganisms

Uropathogenic microorganisms were sampled from renal calculi preliminary selected
based on their X-ray density. The common type of urinary stones contains magnesium am-
monium phosphate. Urinary stones extracted during a laparoscopic surgery were placed in
a sterile PBS solution and were crushed after 2 h incubation. The obtained suspension was
used for inoculation of Yolk-salt agar, enterococcus agar, MacConkey agar, and nutrient
agar. Samples were cultivated overnight at 37 ◦C. For primary identification, the specimens
were stained by Gram. The differentiation of Enterobacteriaceae and Staphylococcaceae rep-
resentatives was carried out by bacterial biochemical identification kits (RPC Diagnostic
Systems, Nizhny Novgorod, Russia). The scheme of the experiments is shown on Figure 1.
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Figure 1. The study design.

2.2. Antibiotic Susceptibility Testing

The disk diffusion susceptibility method was used according to the approved stan-
dard [19]. The strain’s sensitivity to 10 antibiotics (ampicillin, bacitracin, cefepime, cephalexin,
levofloxacin, nitrofural, ofloxacin, streptomycin, sulfanilamide, and tetracycline) was
evaluated. The test was performed by applying a bacterial inoculum of approximately
1–2 × 108 CFU/mL to the surface of a nutrient agar plate with a diameter of 60 mm.
A commercially prepared, fixed-concentration paper antibiotic disk was placed on the
inoculated agar surface. The results were assessed after 18–24 h incubation of the plates at
37 ◦C. The zones of growth inhibition surrounding the antibiotic disk were measured to
the nearest millimeter. The zone diameters of each drug were interpreted using the criteria
published by the manufacturer’s instruction. (NICF, St. Petersburg, Russia).

2.3. Multiple Antibiotic Resistance (MAR) Index

MAR index is a number of antibiotics to which the test isolate displayed resistance
divided by the total number of anbiotics to which the test organism has been evaluated for
sensitivity. So, the MAR index for each isolate was calculated [1].

2.4. Accumulation of Photosensitizer by Microorganisms

Fotoditazin® (Veta-Grand LLC, Russia), the chlorin e6 dimeglumine-based photo-
sensitizer (PS) of the second generation, was used in this study. The absorption and
fluorescence spectra of PS are depicted in Figure 2. The accumulation of photosensi-
tizer by Gram-positive (Staphylococcus aureus and Enterococcus faecalis) and Gram-negative
(Escherichia coli and Proteus mirabilis) species was studied. The photosensitizer at final con-
centrations of 5 µg/mL and 50 µg/mL was added to the bacterial suspension containing
2.5 × 108 CFU/mL. In 15, 30, and 60 min of incubation in the dark, the microorgan-
isms were twice washed by PBS solution from the unbound photosensitizer and were
resuspended in 500 µL of PBS solution for fluorescence assessment. The photosensitizer ac-
cumulation was analyzed by the increase in the intensity of the fluorescence using the IVIS
Spectrum (Caliper Life Sciences, Waltham, MA, USA) with an excitation filter 640/35 nm
and an emission filter 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,
Waltham, MA, USA).



Photonics 2021, 8, 495 4 of 11

Photonics 2021, 8, x FOR PEER REVIEW 4 of 11 
 

 

trations of 5 µg/mL and 50 µg/mL was added to the bacterial suspension containing 2.5 × 
108 CFU/mL. In 15, 30, and 60 min of incubation in the dark, the microorganisms were 
twice washed by PBS solution from the unbound photosensitizer and were resuspended 
in 500 µL of PBS solution for fluorescence assessment. The photosensitizer accumulation 
was analyzed by the increase in the intensity of the fluorescence using the IVIS Spectrum 
(Caliper Life Sciences, Waltham, MA, USA) with an excitation filter 640/35 nm and an 
emission filter 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, 
Waltham, MA, USA). 

  
(a) (b) 

Figure 2. Absorption (a) and fluorescence (b) spectra of Fotoditazin®. 

2.5. Preparation of Competent Bacterial Cells 
A slightly modified rapid protocol for the preparation of electrocompetent bacterial 

cells [20] with slight modification was used. The bacterial suspension containing 2.5 × 108 
CFU/mL in ice-cold PBS was centrifuged for 7 min at 7000 rpm using a microcentrifuge. 
After the supernatant was discarded, the bacterial pellet was resuspended in the same 
volume of ice-cold deionized water. This step was repeated twice for a total of three 
washes. At the next step, the bacterial pellet was resuspended in the ice cold 10% glycerol 
on deionized water and kept at +4 °C for 20 min. Then, the bacterial cells were centri-
fuged and resuspended in PBS. 

2.6. PDI Assay In Vitro 
The microorganisms were diluted from a nutrient broth to the work concentration of 

2.5 × 108 CFU/mL in a phosphate buffer saline. The photosensitizer at final concentrations 
of 5 µg/mL and 50 µg/mL was added to the bacteria with subsequent incubation for 15 
min in the dark at room temperature. For laser treatment 100 ul of the samples were 
transferred into a 96-well plate. The fiber-coupled diode laser (Atcus LLC, Russia) with a 
wavelength of 659 nm was used to illuminate samples. Laser irradiation was performed 
for 9 min with an output power (total light dose) of 50 mW (90 J/cm2), 100 mW (180 
J/cm2), and 150 mW (270 J/cm2). The laser beam was focused in a circle of 5 mm in diam-
eter. After that, the samples were diluted at a ratio 1:1000 and inoculated into plates with 
nutrient agar. In 18–24 h the plates were photographed and the colonies were counted 
using ImageJ software (NIH, Bethesda, MD, USA). Bacteria without any treatment were 
served as a control. 

2.7. Statistical Analysis 
The amount of sterile and contaminated calculi by mono and mixed pathogens as 

well as various strains was expressed as percentages ± standard error of the proportion. 
The fluorescence intensity was presented as mean ± standard deviation. The reduction of 
colony forming units of each strain was calculated in percentages of the control and 
shown as a mean ± standard deviation. To calculate the statistical significance of the dif-
ferences, the ANOVA with Bonferroni post-hoc test was used. Statistical analysis was 
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2.5. Preparation of Competent Bacterial Cells

A slightly modified rapid protocol for the preparation of electrocompetent bacte-
rial cells [20] with slight modification was used. The bacterial suspension containing
2.5 × 108 CFU/mL in ice-cold PBS was centrifuged for 7 min at 7000 rpm using a microcen-
trifuge. After the supernatant was discarded, the bacterial pellet was resuspended in the
same volume of ice-cold deionized water. This step was repeated twice for a total of three
washes. At the next step, the bacterial pellet was resuspended in the ice cold 10% glycerol
on deionized water and kept at +4 ◦C for 20 min. Then, the bacterial cells were centrifuged
and resuspended in PBS.

2.6. PDI Assay In Vitro

The microorganisms were diluted from a nutrient broth to the work concentration of
2.5 × 108 CFU/mL in a phosphate buffer saline. The photosensitizer at final concentrations
of 5 µg/mL and 50 µg/mL was added to the bacteria with subsequent incubation for
15 min in the dark at room temperature. For laser treatment 100 µL of the samples were
transferred into a 96-well plate. The fiber-coupled diode laser (Atcus LLC, Russia) with
a wavelength of 659 nm was used to illuminate samples. Laser irradiation was performed
for 9 min with an output power (total light dose) of 50 mW (90 J/cm2), 100 mW (180 J/cm2),
and 150 mW (270 J/cm2). The laser beam was focused in a circle of 5 mm in diameter.
After that, the samples were diluted at a ratio 1:1000 and inoculated into plates with
nutrient agar. In 18–24 h the plates were photographed and the colonies were counted
using ImageJ software (NIH, Bethesda, MD, USA). Bacteria without any treatment were
served as a control.

2.7. Statistical Analysis

The amount of sterile and contaminated calculi by mono and mixed pathogens as
well as various strains was expressed as percentages ± standard error of the proportion.
The fluorescence intensity was presented as mean ± standard deviation. The reduction
of colony forming units of each strain was calculated in percentages of the control and
shown 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. Spectrum of Uropathogenic Bacteria Associated with Renal Calculi

It was found that renal calculi obtained during laparoscopic surgeries were contami-
nated in 78.7 ± 5.2% of cases (59 ± 6.2% by one strain and 19.7 ± 6.2% by 2 or more various
strains) (Figure 3a). Thus, 66 species of microorganisms referred to various genera were
isolated. The species of Staphylococcus, Escherichia, Enterococcus and Proteus were found
to be abundant in contaminated renal calculi and accounted for 26%, 23%, 18% and 8%
of isolates, respectively (Figure 3b). In addition, opportunistic species of the next genera
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were isolated, such as Klebsiella (8%), Candida (5%), Pseudomonas (3%), Citrobacter (3%),
Enterobacter (3%), Bacillus (1.6%), and Morganella (1.6%). Representatives of four abundant
bacterial genera were used for further studies.
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3.2. Antibiotic Susceptibility Testing

Testing the sensitivity of the isolated strains to 10 antibiotics of different mechanisms
of action, the most widely used in urological practice, showed that the studied strains have
a high antibiotic resistance (Figure 4).
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Staphylococcus aureus and Enterococcus faecalis strains were shown to be resistant to all
the tested drugs (MAR = 1). It was found that Escherichia coli was susceptible to nitrofural
(MAR = 0.9) and Proteus mirabilis had intermediate sensitivity to ofloxacin and nitrofural
(MAR = 0.8). High sensitivity was not found to any of the drugs.

3.3. Photosensitizer Accumulation

The interaction between photosensitizer and urapothogenic microorganisms was
analyzed on Gram-negative (E. coli and P. mirabilis) and Gram-positive (E. faecalis and
S. aureus) species. Since the samples were washed from free molecules of the photosensi-
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tizer, the fluorescence was only detected from the photosensitizer that had penetrated into
cells and/or was bound with the cell wall. The photosensitizer accumulation was estimated
to be dependent on both incubation time and concentration. The fluorescence intensity was
found to be higher for Gram-negative strains than for the Gram-positive ones regardless of
the photosensitizer concentration. The strains of E. faecalis and S. aureus demonstrated the
enhancement of the fluorescence intensity in a time-dependent manner with the maximal
value at 60 min. E. coli and P. mirabilis had the maximal value of fluorescence intensity after
30 min and that significantly decreased by 60 min (Figure 5).
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In addition, the assessment of photosensitizer accumulation by competent cells of
E. coli and P. mirabilis was performed. After 30 min of the incubation, bacteria with Fo-
toditazin at a final concentration of 50 µg/mL fluorescence intensity had the same values
as the corresponding non-competent strains. The optimal incubation time was found to
be 30 min. However, we are planning to use this technique during laser lithotripsy for
sanitation, where the time is a limiting factor; therefore, we have chosen incubation for
15 min. The working concentration of the photosensitizer was selected to be 50 µg/mL.

3.4. Photodynamic Inactivation

The output laser power in the study was chosen so as to achieve the bactericidal effect.
The fraction of viable bacteria for the photodynamic inactivation experiments was ex-
pressed as the percent of CFUs out of the strains treated with both light and photosensitizer.
As a control, CFUs measured for strains were treated with neither photosensitizer nor light.
Therefore, the viable fraction corresponding to PS is a measure of the toxicity of the photo-
sensitizer and ambient light to the bacteria. The bar graphs of bacteria viability are shown
in Figure 6. The toxicity of Fotoditazin alone had a strong effect on Gram-positive strains
(Figure 6a). After 15 min of incubation in the dark followed by 15 min of manipulation
(dilution, inoculation) at ambient light, no colony was detected on the plates. There was
no difference in killing between S. aureus and E. faecalis. In contrast to the photosensitizer,
the treatment of either Gram-positive or Gram-negative bacteria by laser light only did not
induce significant reduction of CFUs. The survival rate of P. mirabilis for photodynamic
inactivation was power-dependent. The number of viable bacteria decreased from 65% to
10% with an increase in power from 50 mW to 150 mW. The maximal bactericidal effect
was reached at 150 mW (Figure 6b).
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Isolates of E. coli had a weaker response to photodynamic inactivation. The number of
viable bacteria was counted to be only 64% after photodynamic inactivation at 150 mW.

4. Discussion

Photodynamic inactivation is considered to be an effective method to control localized
bacterial infection. The present study shows a complex approach to assess the efficacy of
photodynamic inactivation of drug resistant bacteria associated with renal calculi. Bacteria
isolated from urinary stones were tested to be drug resistant for 10 antibiotics. The same
isolates were used to analyze the photosensitizer accumulation and to select the photody-
namic inactivation parameters.

The results have shown that bacteria are quite often present in the concretions. Uric
acid urolithiasis is usually associated with persistently low urine pH. All patients with
uric acid calculi demonstrate constantly low urinary pH, while the majority excrete normal
amounts of urates [21]. Decreasing pH of urine may be a result of bacterial contamination.
It was shown that patients with inflammatory bowel disease, ileostomy, or multiple bowel
resections, especially involving the terminal ileum are predisposed to uric acid nephrolithi-
asis [21]. In our study about 78.7 ± 5.2% of all analyzed calculi contained microorganisms
in both mono and mixed cultures. In agreement with the reports from other researchers [6],
Escherichia coli was the most often presented species in calculi. E. coli is an intestinal com-
mensal that may migrate to the urinary tract due to poor personal hygiene, decreasing of
colonization resistance, urinary retention, and other predisposing factors [22]. Moreover,
bacteria associated with calculi may be not found in urine [6].

For this study, abundant species Escherichia coli, Enterococcus faecalis and Staphylococ-
cus aureus were selected. The next most common strains are Proteus spp., Klebsiella spp.,
and Pseudomonas spp. [23]. Complicated infections prolong treatment and may cause
catheter biofilm or stone formation, particularly with Proteus mirabilis [24]. We choose
P. mirabilis because this pathogen causes monomicrobial and polymicrobial catheter-
associated urinary tract infection primarily through indwelling catheters [25]. The urinary
tract usually cleans out the microbe before its exponential growth, but the catheter accumu-
lates pathogens on the surface and prevents this cleaning. P. mirabilis can then adhere to
the catheter and form biofilms. Once established, bacteria can spread through the urethra
via capacity to motion and may reach the bladder. There P. mirabilis binds to the bladder
epithelial cells and can also lead to a urease-mediated mechanism of the formation of
kidney and bladder stones. Proteus mirabilis urease hydrolyzes urine urea to ammonia 6 to
10 times faster than urease of other species [26].

Antibiotic susceptibility testing revealed the strong resistance of all isolates to the
studied antibiotics. According to the present-day definition, a microorganism is multidrug
resistant if it acquired non-susceptibility to at least one agent in three or more antimicrobial
categories [27]. In this study, all isolates are multidrug resistant as they have resistance
to antibiotics in at least six categories. Therefore, the use of common drugs to treat such
infections will be inefficient. Moreover, the antimicrobial agents cannot invade, where these
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bacteria are present within the interspace of the stones. Thus, the outcome is progressive
expansion of stones because of a persistent infection over a period of weeks or months [6].
Some scientific groups are developing a photodynamic inactivation methodology as an
alternative to antibiotic treatment [28].

The accumulation of a photosensitizer is one of the major factors to establish an efficient
photodynamic treatment for bacterial eradication. Accumulation in cells is generally
described by three main mechanisms: external action, intracellular action (including
self-promoted uptake), and active transport [29]. All of them have provided efficient
photokilling of both Gram-positive and Gram-negative bacteria. So, it is well known that
the efficiency of a photodynamic inactivation depends on photosensitizer and molecular
oxygen concentrations, incubation time and light dose. We analyzed the accumulation
of Fotoditazin by Gram-positive and Gram-negative bacteria isolated from renal calculi
by the fluorescence imaging technique. According to this technique, the value of fluo-
rescence intensity of a sample is directly related to photosensitizer concentration. It was
found that the fluorescence intensity of photosensitizer in bacterial suspension increases
with increasing the working concentration of photosensitizer or incubation time, which
is logical and correlates with the other paper [29]. However, it was revealed that fluores-
cence intensity of Gram-negative bacteria was higher than Gram-positive. Differences in
the outer membrane structure of Gram-negative bacteria may affect the photosensitizer
penetration and accumulation. This membrane is an asymmetric bilayer of lipopolysaccha-
rides and phospholipids containing specific uptake channels and nonspecific pores [30].
The bilayers containing lipopolysaccharides are more rigid than normal bilayers, slowing
passive diffusion of hydrophobic compounds, whereas pores limit by size the penetration
of hydrophilic drugs [31]. Moreover, photosensitizers with a negative charge, such as Fo-
toditazin, may interact with negatively charged lipopolysaccharides and do not penetrate
through the inner membrane. In addition, the differences in the intensity of fluorescence
between gram-positive and gram-negative bacteria may be associated with the assessment
approach used in our work. The measurement of fluorescence was carried out on a suspen-
sion of non-lysed bacteria. Thus, the fluorescence of the photosensitizer was located both
inside the bacterial cell and in the cell wall. The paper, which shows a greater fluorescence
level for gram-negative bacteria, analyzes living bacteria [32]. In the case of assessment
of lysed cells, the fluorescence for gram-negative and gram-positive bacteria does not
differ [33,34]. The rapid protocol for the preparation of electrocompetent bacterial cells was
used as a control for photosensitizer accumulation by Gram-negative bacteria [20]. During
this procedure all dissolved ions were removed from the sample solution and bacterial
wall. In addition, it is well known that glycerol is capable to form hydrogen bonds with
water molecules and cell wall components [35]. Glycerol interacts with the polar heads
of the lipid bilayer, which leads to a decrease in the lateral mobility of molecules and to
increase in the local membrane stiffness [36]. Thus, the fluorescence intensity should have
decreased due to an increase in the total negative charge of the cell wall and a decrease
in the photosensitizer accumulation. However, the fluorescence intensity value did not
vary. At the same time, the amount of the photosensitizer extracted by sodium dodecyl
sulfate from the competent E. coli wall was higher by 54% compared to non-competent
cells (data not shown). An increase in the amount of the extracted photosensitizer may be
due to the following reasons: On the one hand, efflux pumps may be inactivated due to
changes in the stiffness of cell membrane. On the other hand, the electrostatic interaction
between the photosensitizer molecules and the cell wall components may be reduced
that result in weak sticking of the photosensitizer with following washing out by SDS
solution. The dramatic decrease of fluorescence after 1 h incubation is probably due to
the activity of efflux pumps [37], which lead to a decrease in the concentration of the
intracellular photosensitizer. In addition, cell division can lead to a decrease in the amount
of photosensitizer sticking to the cell wall. Cell division is accompanied by hydrolysis
of cross-links between existing glycan strands and cleavage of the peptide stem from the
glycan backbone of peptidoglycan to produce stemless (“denuded”) glycans [38], which
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can lead to the release of the photosensitizer. Probably, the low efficiency of photodynamic
inactivation of Gram-negative bacteria is caused by this interaction. The singlet oxygen
producing in a photodynamic reaction has a lifetime of 3 µs in karyoplasm of eukaryotic
cells. It travels a distance of about 134 nm during this time [39]. However, a karyoplasm
has a low concentration of quenchers. The periplasm of Gram-negative bacteria is densely
packed with proteins [40] that may act as quenchers; in addition, it is more viscous than the
cytoplasm that may limit diffuse distance of singlet oxygen. Probably, singlet oxygen does
not reach targets, such as DNA or lipids. On the contrary, Gram-positive bacteria have
a good response to photosensitizer and photodynamic inactivation. The primary human
uropathogens demonstrate the accumulation of photosensitizer and response to photo-
dynamic inactivation in the manner inherent in strains isolated from other areas. These
results correlate with the previous papers [41,42]. Thus, the methodology of photodynamic
inactivation of Gram-negative bacteria should be adapted.

5. Conclusions

The results of this study indicate that the photosensitizer accumulation by four abun-
dant primary human uropathogens depends on concentration and time. Importantly, this
relation is observed for Gram-positive as well as for Gram-negative strains. The photody-
namic inactivation has an obvious bactericidal effect against S. aureus and E. faecalis. Only
the bacteriostatic effect is achieved at a high light dose for Gram-negative strains. Our data
provide the foundation for further studies aimed at the development of the antimicrobial
photodynamic inactivation technique. This therapeutic strategy can be adapted for use
against uropathogens during laser lithotripsy.
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