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Abstract: Recently, the combined application of synergistic therapies for photodynamic antimicrobial
chemotherapy has become important to obtain more efficient results. The synergism between two sen-
sitizers, rose bengal (RB) and chlorin e6 (Ce6), excited by two different methods, was evaluated as a
novel approach to both photodynamic and sonodynamic therapy against methicillin-resistant Staphy-
lococcus aureus. The sonostability and singlet oxygen generation (with 1,3-diphenylisobenzofuran
for RB and tetrathiafulvalene for Ce6) were measured under sonication (1 MHz, 3 W) using a spec-
trophotometer. RB and Ce6 remained stable during sonication. RB was a more efficient sonosensitizer
than Ce6. The dual synergism between RB and Ce6 was noticed, achieving a >3 log reduction for
molar ratios RB:Ce6 of 1:1 and 1:3, while, alone, the sensitizers excited with ultrasound and light,
respectively, achieved only ca. a 1 log reduction.

Keywords: PACT; SDT; synergism; xanthenes; chlorins; rose bengal; MRSA

1. Introduction

Antibiotic-resistant infections are a growing global problem for primary care and
hospital medicine. They are a therapeutic challenge and a considerable cost to social
security systems [1]. Every year there are new strains resistant to antibiotics, while pan-
resistant strains pose a particular threat [2]. In the next 30 years, there is a danger that most
known therapies will no longer be sufficiently effective against the most common bacterial
infectious diseases [3]. From this perspective, infections caused by methicillin-resistant
Staphylococcus aureus (MRSA) are becoming particularly important. Currently, MRSA causes
the majority of skin and soft tissue infections in the United States of America and about
half of the European infections [4]. At the same time, MRSA infections are characterized by
significantly higher mortality than infections caused by other S. aureus isolates [5,6]. This
strain can cause systemic infections as well as superficial ones. It is mainly associated with
hospital-acquired (HA)-MRSA, particularly affecting the elderly and immunocompromised
people. In recent years, it has been observed that MRSA infections also affect healthy
people, including professional athletes [7]. This fact emphasizes the importance of the
problem and the epidemic potential of this strain.

S. aureus resistance can arise through natural selection or horizontal plasmid trans-
fer [8,9]. MRSA shows resistance to beta-lactam antibiotics except for a new class of
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cephalosporins with anti-MRSA activity, which is a significant difficulty in treatment. Cur-
rently, the principal medications used are ceftaroline, ceftobiprole, glycopeptide, lipopep-
tide, and oxazolidinone antibiotics [4]. On the other hand, several new strains of MRSA
have already been isolated and revealed resistance to antibiotics, even to those used so
far such as vancomycin and teicoplanin [10]. It suggests the possibility of further, rapid
development of resistance to current treatments. Faced with these issues, it will become
necessary to find new alternatives—PACT. The beginning of PACT dates back to the early
20th century when, thanks to the observations of von Tappeiner and Jesionek, it was dis-
covered that certain compounds under the influence of visible light are able to kill bacteria.
As a result of further experiments, it was found that reactive oxygen species (ROS) were
the factor determining the death of bacteria. In photodynamic therapy, the interaction of
three separately non-toxic components is crucial: a photosensitizer (PS), molecular oxy-
gen, and light with a wavelength appropriate to the PS used. The great benefits of this
therapy is its multi-targeting nature, non-specificity, and non-invasiveness. Additional
advantages of PACT include the possibility of combining it with other therapeutic methods,
its non-interference with parallel pharmacological treatment (e.g., antibiotic therapy), the
option of repeated irradiation, and its low side effects and high safety profile. Moreover,
photodynamic therapy may in the coming decades become the answer to the problem of
antibiotic resistance in superficial infections, including infections with multidrug-resistant
bacteria. It is extremely important that microorganisms have not yet developed specific
defence mechanisms against singlet oxygen—the basic factor responsible for antimicrobial
activity. The main cause of PACT failure is usually not bacterial resistance but problems
with the delivery of the photosensitizer. The PS is often unable to penetrate inside the cell,
and external activity may be insufficient to kill microbes. This fact emphasizes that the
search for new PSs with optimal properties and the development of the existing ones will
be essential in the near future [11–16].

The article presents an entirely new approach to MRSA eradication. A possible option
is the combination of photodynamic therapy (PDT) with sonodynamic therapy (SDT) [17].
Rose bengal, RB (xanthenes), has been known for many years as a dye with potential
medical use (Figure 1). Thus far, it has been used primarily as a contrast agent in the
diagnosis of liver diseases [18]. For years, it has also been studied as a potential agent in
photodynamic therapy [19,20]. Until now, there has been little research into the possibility
of using RB as a sonosensitizer (SS). It is worth mentioning that RB has been used at
a relatively high concentration (10–15 µM) [21]. Chlorine e6, Ce6 (chlorins), has a long
tradition of use in PDT against cancer and some bacteria and fungi. Unfortunately, also in
this case, to achieve bacterial eradication, high concentrations (≥128 µM) are required [22].
At these concentrations side effects could be expected in potential clinical practice. The
dualistic approach, using both PDT and SDT, significantly reduces the concentration of
active substances. At the same time, it does not limit the mechanism of action, only the
effect based on reactive oxygen species and also to the thermal effects caused by pyrolysis
(a phenomenon characteristic of SDT) [21].

In the present study, the ROS production potential of RB and Ce6 upon excitation with
ultrasound was evaluated. Next, the dual synergism based on two different sensitizers and
two different excitation methods against MRSA was assessed. The RB was used as an SS,
while the Ce6 was utilized as a PS. The obtained results, combined with the established
position of both dyes and the well-known safety profile, allow for the further development
of the therapy based on the combination of PDT and SDT.
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Figure 1. Molecular structure of rose bengal (RB) and chlorin e6 (Ce6) and their absorption spectra. 
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Figure 1. Molecular structure of rose bengal (RB) and chlorin e6 (Ce6) and their absorption spectra.

2. Material and Methods
2.1. General

RB was purchased from Merck (Darmstadt, Germany), and Ce6 from Bertin Bioreagent
(Montigny le Bretonneux, France).

2.2. Physicochemical Properties
2.2.1. Stability Measurements under Sonication

Measurements in a quartz cuvette (l = 1 cm) were performed. The samples were
aerated, the cuvette was sealed, and shaken before each spectrum recording (Shimadzu U-
1900 spectrophotometer). The sample was sonicated in the ultrasonic apparatus (developed
by the Institute of Fundamental Technological Research, Polish Academy of Sciences,
Warsaw, Poland), equipped with a 1 MHz ultrasonic head with burst mode (40% duty
cycle, 3 W, 1 MHz) for 5 min, divided into one-minute intervals. The experiments were
performed as a set of ten independent measurements. The mean of the obtained data was
taken to the kinetics calculations.

2.2.2. Singlet Oxygen Generation by Ultrasound Excitation

Measurements in a quartz cuvette (l = 1 cm) were performed. A mixture of sensitizer
and quencher (DPBF—1,3-diphenyloisobenzofuran or TTF—tetrathiafulvalene) solution
was aerated. Next, the cuvette was sealed and shaken before each spectrum recording (Shi-
madzu U-1900 spectrophotometer). The mixture was sonicated in the ultrasonic apparatus
(constructed by the Institute of Fundamental Technological Research, Polish Academy of
Sciences, Warsaw, Poland), equipped with an ultrasonic head with burst mode (40% duty
cycle, 3 W, 1 MHz) for 5 min, divided into one-minute intervals. The experiment was
performed as a set of ten independent measurements. The mean of the obtained data was
taken to the kinetics calculations.
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2.2.3. RB-Ce6 Interaction Assessment by Job Method

Stock solutions of the compounds in DMSO or water with 1% DMSO were prepared.
Next, appropriate volumes of each solution were diluted with the solvent to achieve
the host to guest ratio and then mixed. Subsequently, a quartz cuvette with two cells
(l1 = l2 = 0.5 cm) was filled with diluted solutions and sealed with plugs. The cuvette was
placed in a spectrophotometer, and UV spectra of the non-mixed solutions were obtained.
In the next step, the cuvette was shaken vigorously to mix the solutions, and the UV spectra
of the mixed solutions were also recorded. The measurements were repeated for ratios
from 0 to 1.

2.3. In Vitro Photodynamic Activity against Bacteria
2.3.1. Microbial Cultures

Gram-positive bacteria of methicillin-resistant Staphylococcus aureus (clinical strain)
were used in the experiment. It was grown in BHI broth (bioMerieux, Marcy-l’Étoile, France)
at 36 ± 1 ◦C for approximately 24 h. After multiplication, the bacteria were centrifuged
(3000 rpm for 15 min) and then harvested. In the next step, the bacteria were resuspended
in 1.5 mL of saline and then diluted to a final concentration of about 107 CFU/mL.

2.3.2. Determination of the Dark Toxicity of RB and Ce6 to MRSA

A total of 150 µL of the bacterial suspension prepared as described above was placed in
each well of a 96-well plate. Then 150 µL aqueous solutions of RB or Ce6 at concentrations
of 2 × 10−4, 2 × 10−5, and 2 × 10−6 M were added to the bacteria. The samples prepared in
this way were incubated for 200 min. After this time, the bacterial cultures, along with the
dyes, were plated on tryptic soy agar (TSA) plates. After approximately 24 h of incubation
at a constant temperature of 36 ± 1 ◦C, the colony-forming units (CFU) were counted. The
reduction in the number of bacteria was calculated relative to a control in which the dye
solution was replaced with a physiological saline solution.

2.3.3. Light-Dependent Activity of Ce6

The evaluation of the photodynamic activity of Ce6 was performed analogously to
the dark test. In total, 150 µL of an adequately prepared bacterial suspension and 150 µL
of a dye at the concentration of 2 × 10−5 and 2 × 10−6 M were exposed to light with a
length of 660 nm (epiLED, Wroclaw, Poland) and intensity of 50 and 100 J/cm2. In parallel,
a control sample was prepared consisting of a suspension of bacteria and saline. Then,
analogously to the toxicity test, the bacteria were plated on TSA, incubated, and the number
of colony was counted. On this basis, the number of viable bacteria and the log reduction
were calculated.

2.3.4. Ultrasound-Dependent Activity of RB

Amounts of 150 µL of bacterial suspension and 150 µL of RB at the concentration of
2 × 10−6 M were placed in a 96-well plate. Then they were subjected to ultrasound with a
frequency of 1 MHz (40% duty cycle) with a total energy of 256 and 512 J/cm2 (ultrasound
equipment for biological trials was constructed by the Institute of Fundamental Techno-
logical Research, Polish Academy of Sciences, Warsaw, Poland, and applied previously in
anticancer experiments in vitro [23]). At the same time, a control probe was carried out
with the bacteria and saline alone. Then, the bacteria were plated on TSA and incubated
in the same way as in the toxicity test. The number of bacteria was counted, and the log
reduction was determined.

2.3.5. Synergy Test

The bacteria were prepared in five sets of samples. Sample A (only RB at 1.0 × 10−6 M) was
subjected to ultrasound only. Samples B (RB at 7.5 × 10−7 M and Ce6 at 2.5 × 10−7 M), C (RB at
5.0 × 10−7 M and Ce6 at 5.0 × 10−7 M), D (RB at 2.5 × 10−7 M and Ce6 at 7.5 × 10−7 M) were
subjected to ultrasounds and further immediately to light at a wavelength of 660 nm. Sample E (Ce6
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at 1.0 × 10−6 M) was subjected only to light irradiation. The control experiments were performed
as follows: sample F (light control), sample G (ultrasounds control), sample H (ultrasounds + light
control), and sample I (bacterial growth control). Light at a maximum of 660 nm and a light dose of
50 J/cm2 was used. Ultrasound irradiation provided a dose of 512 J/cm2 (1 MHz, 40% duty cycle).
The samples were then plated on TSA and incubated for 24 h at 36 ± 1 ◦C. After this time, the the
number of bacteria was counted, and the log reduction was calculated. A dark toxicity control was
also performed.

2.3.6. Statistical Analysis

Data represent the mean from the experiment performed in triplicate. The unpaired
Student’s t-test and U Mann-Whitney test were used to establish the significance of differ-
ences between groups. A probability value (p) of less than 0.05 was considered significantly
different. Statistical analysis was performed with the STATISTICA software, v.13.0.

3. Results and Discussion

The physicochemical properties of RB and Ce6 were evaluated. Firstly, the stability
under sonication (1 MHz, 3 W) of the sensitizers was assessed, and no changes were noticed
in the UV-Vis spectra. Therefore, it was concluded that the studied sensitizers are stable
under ultrasounds used in the measurements. Next, the reactive oxygen species (ROS)
production by ultrasound-excited sensitizers was estimated via the decomposition process
of DPBF and TTF by monitoring the disappearing characteristic absorption bands, at
417 nm (Figure 2) and 317 nm, respectively. DPBF and TTF are well-known ROS chemical
traps for singlet oxygen and other ROS [24,25]. To avoid overlapping the trap and sensitizer
bands, the RB with the DPBF and the Ce6 with the TTF were mixed. There were also
performed studies of singlet oxygen trap stability under sonication. It was concluded
that TTF reveals high stability, whereas DPBF, as a very reactive molecule, is less stable
(Table 1).
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Table 1. Kinetic parameters of DPBF and TTF decomposition upon sonication in DMF solution alone
and in the presence of Ce6 and RB. The stability parameters of RB and Ce6 upon sonication were
also shown.

DPBF RB DPBF in the
Presence of RB TTF Ce6 TTF in the

Presence of Ce6

k (min−1) 0.021 0.039 0.036 0.008 0.009 0.007
t0.5 (min) 33.2 18.0 19.3 88.9 74.6 97.6

ln(A) −0.0035 0.076 −0.0073 0.0046 0.0094 0.0035
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Due to the complexity of the interaction between the sonosensitizer and the surround-
ing molecules of the sample including the molecular oxygen, solvent, and sonosensitizer
itself [21,26], the calculation of the quantum yields of formation singlet oxygen was aban-
doned. However, the kinetic parameters of the decomposition of DPBF and TTF in the
presence of sensisitizer and ultrasounds were calculated (Table 1). According to the studies
reported before, the reaction between singlet oxygen and traps follows first-order kinet-
ics [27] (Figure 3). The first-order kinetic equation (1) was applied for the calculations.

ln[A0] = kt + ln[A] (1)
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vs. time: (A) % DPBF decomposed in the presence of RB; (B) kinetic curve of DPBF decomposition by
RB (red); (C) % TTF decomposed in the presence of Ce6; (D) kinetic curve of TTF decomposition by
Ce6 (pink).

As shown in Table 1 the improvement in trap decomposition induced by ultrasounds
in the presence of RB compared to DPBF alone was noticed. It was concluded that the
generated singlet oxygen by RB ultrasound excitation accelerates DPBF decomposition by
about 1.8-fold. It enables us to consider RB as an efficient singlet oxygen generator.

Interestingly, under sonication of the mixture of Ce6 and TTF solution, the presence of
SS did not significantly improve the decomposition of the singlet oxygen chemical quencher
(TTF) (Table 1). This observation enables us to conclude that Ce6 is a much weaker SS in
comparison to RB (Figure 3).

The potential interaction between RB and Ce6 in the solution was analyzed by Job’s
method. As shown in Figure 4, interactions were excluded and it was confirmed that each
sensitizer existed as a separate molecule in the solution.
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The synergy study between PDT and SDT is currently poorly developed [21]. Several
experiments evaluating synergism against cancer have emerged in recent years, but in
the case of microorganisms, studies are deficient [28–30]. Alves et al. investigated the
synergy between photo- and sonodynamic therapy against Gram-positive bacterial biofilm
(Staphylococcus aureus) with curcumin (80 µM) as a sensitizer. In this study, an aqueous
solution of curcumin with 0.5% DMSO was used. The sample containing the bacteria was
first sonicated (1 MHz for 32 min) and then irradiated (450 nm, 70 J/cm2) [31]. The results
were a 1.67 log reduction for SDT, 2.39 for PDT, and 3.48 for SPDT. However, it should be
noted that the applied wavelengths of light was outside the optimal range known as the
“therapeutic window” [32]. PDT’s optimal light wavelength range is 600–800 nm [21]. The
use of light with a length of less than 600 nm significantly limits the application potential of
the method due to the low permeability of this range through human tissues. On the other
hand, using wavelengths higher than 800 nm results in the significantly lower efficiency of
ROS generation [32].

The current study proposed the use of two popular and well-researched dyes: Ce6
and RB [18]. Both dyes used have numerous advantages. The toxicity of both is well-
known and documented. Ce6 is also registered in many countries as a drug utilized in
photodynamic therapy against cancer [33]. On the other hand, RB has been used in the
past as a contrast agent in liver imaging [19]. In the presented experiment, Ce6 (1 µM),
excited with light at the power of 50 J/cm2, resulted in a reduction in MRSA bacteria at
the level of 2.43 log (no dark toxicity, Figure 5). Neither the increase in the light dose to
100 J/cm2 or the PS concentration to 10 µM resulted in a statistically significant enhance-
ment of the bactericidal effect against MRSA. Ce6 has been tested in PACT against several
microorganisms, including P. acnes, E. coli, C. albicans, S. epidermidis, E. faecalis, E. coli,
P. mirabilis, P. aeruginosa, and S. enterica so far [34–38]. Previous research on MRSA per-
formed by Winkler et al. and Park et al. gave confusing results [22,39]. In the case of the
first experiment, a 5 log reduction was achieved, but a dose of >128 µM was used [22]. In
the dark toxicity tests performed here, such a high concentration of PS was bactericidal
against the used strain. Research by Park et al. [39] assessed the bactericidal effect by
observing the inhibition zones. This method does not allow for an accurate quantitative
assessment of the bactericidal effect. However, irradiation with light with a power of
<50 J/cm2 gave only the effect described by the authors as “mild inhibition” [39].

RB, a SS, at the concentration of 100 and 10 µM, revealed very strong dark toxicity to
the tested strain. Therefore, the concentration was reduced to 1 µM RB (no dark toxicity).
The SS in such an amount was subjected to ultrasounds at an energy dose of 256 J/cm2 (40%
duty cycle, 3 W, 1 MHz), and a <1 log reduction was noticed as the SDT result. Increasing
the ultrasound energy to 512 J/cm2 did not significantly change the antibacterial potential
of the therapy. The use of SDT with RB as an SS is relatively innovative. Thus far, only
one study by Nakonechny et al. has used pure RB as an SS (15 µM, 28 kHz, 0.84 W/cm2,
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100% duty cycle) and reached maximum activity at the level of a 3–4 log reduction in
bacterial growth [40]. In the present study, such a high concentration of RB eradicated
MRSA without excitation (dark toxicity). The mentioned tendency could be linked with
the phenomenon of so-called “collateral sensitivity”, which makes antibiotic-resistant
strains more sensitive to other chemicals, which has been described in the literature so
far [16,41,42]. It should also be emphasized that the strains used by Nakonechny et al. did
not show resistance to methicillin, which may be associated with their greater sensitivity to
SDT. Similar observations for PDT have previously been described by Grinholz et al. They
confirmed on a representative sample of 80 clinical isolates of S. aureus that those that have
methicillin sensitivity are also more susceptible to PDT [43].
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ultrasound only; B—RB at 7.5 × 10−7 M and Ce6 at 2.5 × 10−7 M, C—RB at 5.0 × 10−7 M and Ce6 at
5.0 × 10−7 M, D—RB at 2.5 × 10−7 M and Ce6 at 7.5 × 10−7 M were subjected to ultrasounds and
further immediately to light; E—Ce6 at 1.0 × 10−6 M was subjected to light only).

To the best of the authors’ knowledge, the phenomenon of dual synergy between
SDT and PDT and the two dye classes has not yet been described in the literature. In the
experiments, three sets were used with RB and Ce6 in different ratios. Firstly, bacterial
suspension was treated with ultrasounds and then with light at a wavelength of 660 nm. It
is worth mentioning that irradiation with the light at 660 nm activated only Ce6 and not
RB. At this wavelength, RB does not absorb light in opposition to Ce6 (Figure 1).

The sets in molar ratios RB:Ce6 of 1:1 (set C) and 1:3 (set D) proved to be the most
effective, and both allowed a maximum reduction of >3 logs against MRSA (Figure 5). Such
a result enables them to be considered as highly bactericidal formulations. On the other
hand, the combination of two dyes did not result in an increase in dark toxicity compared
to reference samples with RB or Ce6 alone. The combination of the two dyes allowed the
full potential of dynamic therapy to be realized. The absorption maximum of RB is around
550 nm, which is outside the “therapeutic window” for PDT, so excitation with ultrasound
was exceptionally beneficial. Moreover, it has so far been proven that the use of ultrasound
in the 20 kHz to 1 MHz range may cause cavitation of the bacterial membrane, thereby
increasing the penetration of SS/PS and thus increasing the effectiveness of SPDT [44]. In
addition, the occurrence of synergism between the therapies made it possible to effectively
reduce the concentration of both sensitizers to 0.5 µM. Such a low concentration significantly
reduces the risk of side effects, even local ones.

4. Conclusions

The new phenomenon of dual synergism based on two different sensitizers and two
different excitation methods against MRSA was evaluated. The reactive oxygen species
(ROS) production by ultrasound-excited sensitizers was assessed. The half-time life of
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singlet oxygen chemical traps was 18 min for DPBF in the presence of RB and 97.6 min for
TTF in the presence of Ce6. It was concluded that Ce6 is a weaker SS in comparison to RB.
In the biological activity evaluation, the dual synergism was noticed. MRSA treated with
ultrasounds and then with light at a wavelength of 660 nm (maximum of light absorption
for RB) in the molar ratios RB:Ce6 of 1:1 and 1:3 allowed the reduction in bacterial growth
at the level of >3 logs. However, RB and Ce6 alone, excited with ultrasounds and light,
respectively, caused a reduction in bacterial growth of ca. 1 log. This work, thus, presents
new insights into the advanced sono-photodynamic properties of sensitizers for efficient
synergistic SPDT applications.

Author Contributions: Conceptualization, D.Z. and L.S.; methodology, D.Z., J.D. and L.S.; software,
D.Z., E.G. and L.S.; validation, D.Z. and M.W.; formal analysis, D.Z., M.W. and L.S.; investiga-
tion, D.Z., M.W., J.D. and M.M.; resources, E.G., D.Z. and L.S.; data curation, D.Z., M.W. and L.S.;
writing—original draft preparation, D.Z., E.G. and L.S.; writing—review and editing, E.G. and L.S.;
visualization, D.Z., E.G. and L.S.; supervision, D.Z. and L.S.; project administration, D.Z. and L.S.;
funding acquisition, E.G. and L.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Scientific and Technological Research Council of
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