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Abstract

Porphyrins play an extremely important role in both photodynamic (PDT) and sonody-
namic therapy (SDT). These techniques, which have a lot in common, are largely based on
the interaction between the sensitizer and light or ultrasounds (US), respectively, resulting
in the formation of reactive oxygen species (ROS) that have the ability to destroy target
cells. SDT requires the use of an appropriate frequency of US waves that are able to excite
the chemical compound used. In this study, five porphyrin complexes were used: free-base
meso-tetra(N-methyl-pyridinium-4-yl)porphyrin (TMPyP) and its transition metal com-
plexes containing zinc(Il), palladium(II), copper(Il), and chloride-iron(II). The sonodynamic
activity of these compounds was studied in vitro. The obtained results confirm the signif-
icant relationship between the chemical structure of the macrocycle and its stability and
ability to generate ROS. The highest efficiency in ROS generation and high stability were
demonstrated by non-metalated compound and its complex with zinc(II), while complex
with copper(Il), although less stable, were equally effective in terms of ROS production. An-
tibacterial activity tests showed the unique properties of the tested compounds, including a
reduction in the number of both planktonic and biofilm antibiotic-resistant microorganisms
above 5 log, which is rare among sonosensitizers.

Keywords: porphyrins; SDT; PDT; antibiotic resistance; MRSA

1. Introduction

The potential of porphyrins is well known in the field of medicinal chemistry, particu-
larly in terms of photodynamic and sonodynamic therapy (PDT and SDT, respectively),
two similar techniques that rely on the interactions between the sensitizer and light or
ultrasounds (US) to generate reactive oxygen species (ROS). For PDT, the mechanism is

Int. J. Mol. Sci. 2025, 26, 6949

https://doi.org/10.3390/ijms26146949


https://doi.org/10.3390/ijms26146949
https://doi.org/10.3390/ijms26146949
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4923-9982
https://orcid.org/0000-0002-3444-8183
https://orcid.org/0000-0003-3585-2716
https://orcid.org/0000-0003-1305-0990
https://orcid.org/0009-0003-4108-8328
https://orcid.org/0000-0002-2192-3715
https://orcid.org/0000-0002-5062-4503
https://doi.org/10.3390/ijms26146949
https://www.mdpi.com/article/10.3390/ijms26146949?type=check_update&version=2

Int. J. Mol. Sci. 2025, 26, 6949

20f13

associated with direct absorption of photons by the sensitizer and its further excitation. The
excited state is unstable due to excess energy and thus tends to return to the ground state
via different pathways: emission of heat or light, or transformation to a more stable excited
triplet state with lower energy. In this state, the sensitizer can react with surrounding
molecules (Type I photodynamic process) or transfer its excess of energy to molecular
oxygen (Type II photodynamic process). The drawback of such an approach is the require-
ment of light that usually has limited tissue penetration, being strongly dependent on the
wavelength. In general, light at longer wavelengths provides better tissue penetration,
although it can be insufficient for ROS generation [1-5]. In the case of SDT, the triggering
processes are different. Excitation of the sensitizer occurs via the phenomenon of acoustic
cavitation, oscillations of microbubbles in response to US at specific frequency and power.
At high US intensities, the oscillations become irregular and the microbubbles tend to
collapse, resulting in a high local temperature that promotes the formation of radicals from
the affected molecules, such as the sensitizer, solvent etc. Radicals created in this way
can then react with other surrounding molecules, but can also react with the sensitizer,
resulting in its excitation. Additionally, SDT is associated with other effects, such as an
increase in cellular permeability due to sonoporation [3,6-8]. Both methods (PDT and
SDT) rely on specific chemical reactions that result in generation of particular ROS via
two possible processes (Type I and II) [9]. In contrast to the sensitizer and natural oxygen,
singlet oxygen is unstable and thus extremely reactive. Either radicals or singlet oxygen
produced in Type I and Type II processes serve as potent oxidizers that are used for direct
oxidation of the components of targeted cells, particularly the malicious ones, resulting in
their destruction [3,9-13].

The mechanism of sonodynamic therapy (SDT) is not yet fully understood and it may
never be completely elucidated. It appears to involve multiple chemical processes and
physical phenomena that can occur simultaneously and complement each other. Besides
the generation of ROS, partly induced by cavitation, recent studies emphasize the impor-
tant roles of thermal and mechanical effects, which can cause damage to microbial cell
membranes, enhance the uptake of sensitizers, or directly injure intracellular structures.
The use of electron paramagnetic resonance (EPR) and selected fluorescence probes has
confirmed the formation of hydroxyl radicals, superoxide anions, and hydrogen peroxide
during sonication. The effectiveness of SDT largely depends on US parameters such as
frequency, intensity, duty cycle, and pulse duration. Low-frequency US from 20 to 100 kHz
promotes intense cavitation, whereas higher frequencies above 1 MHz favor thermal effects
and more controlled release of ROS. The chemical structure of the sensitizer, including its
lipophilicity, charge, and the presence of metal ions in the molecular core, also significantly
influences the efficiency of the sonodynamic process. Studies on porphyrins and metal-
loporphyrins in SDT have shown several additional advantages. According to physical
principles, low-intensity ultrasound cannot generate singlet oxygen in the same way as
light does. However, it can cause cleavage of the branched chains of modified porphyrins,
resulting in the production of other ROS such as hydroxyl radicals, hydrogen peroxide, and
superoxide anions, all of which exhibit cytotoxic effects. Another advantage of porphyrins
in PDT is their chemical modifiability, for example, through doping with metal ions, which
reduces their light sensitivity. This allows for their use in SDT without the risk of phototox-
icity and eliminates the need for patients to avoid sunlight after treatment. Porphyrins and
their derivatives also hold strong potential as sonosensitizers in SDT and can be used as
multimodal imaging agents, including magnetic resonance imaging, photoacoustic imag-
ing, fluorescence imaging, and positron emission tomography. Importantly, many bacteria
rely on porphyrins or their derivatives as essential metabolic cofactors that may facilitate
the selective uptake of these compounds and thereby enhance the antimicrobial efficacy
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of SDT. In this paper, we focus on the potential of selected porphyrins as effective active
substances against selected representative microorganisms characterized by multidrug
resistance. The basic advantages of porphyrins as potential sonosensitizers include their
wide availability and common natural occurrence. Porphyrins and their analogs occur in
both the plant and animal world (e.g., heme, chlorophyll), which confirms their good safety
profile and reduces the likelihood of acute toxicity. Additionally, as already mentioned,
under the influence of US, porphyrins can generate, among others, hydroxyl radicals or
superoxide anions, which have a high potential to destroy microorganisms without the risk
of resistance development. It should also be emphasized that some porphyrins and their
derivatives (e.g., HMME, PpIX, Ce6, DVDMS) have already been approved for clinical use
in PDT, what facilitates their translation for applications in SDT [14]. From this perspective,
it seems particularly interesting to better understand the relationship between the central
metal of porphyrins and their antimicrobial effectiveness.

The importance of these methods is associated with emerging difficulties in the treat-
ment of bacterial infections. Since antibiotics have been systematically overused over the
years, the resistance phenomenon of multi-drug resistant (MDR) bacteria had a chance to
develop. This has resulted in a gradual decrease in the efficacy of antibiotics and increasing
danger due to more difficulty in the treatment of resistant bacteria [3,6,15,16]. Notably,
numerous studies have demonstrated the extremely low likelihood of microorganisms
developing resistance to short-lived ROS [17]. In light of this, the development of thera-
peutic strategies based on PDT or SDT appears especially promising in the context of the
looming crisis posed by pan-drug resistance. Herein, we present the 5,10,15,20-tetrakis(IN-
methylpyridinium-4-yl)porphyrin (TMPyP) along with its metallic complexes (Figure 1)
and explore their sonodynamic activity toward bacteria in vitro.

M:

2H - (1)
Cu-(2)
FeCl - (3)
Pd - (4)
Zn - (5)

Figure 1. The structures of the porphyrins investigated.

2. Results and Discussion

The sonodecomposition process proceeded according to the first-order kinetic model,
and for the assessment and comparisons the parameters were calculated using Equation (1).

In[A0] = kt + In[A] 1)

The obtained sonostability kinetic parameters (Table 1) show that the incorporation of
a metal ion meaningfully impacts the stability of the tested molecules. Ions Cu?*, FeCI>*
and Pd?* significantly accelerate the macrocycle decomposition process from ca. 3-fold
for porphyrin 2 up to over 13-fold for 4 (Table 1) in comparison to the non-metalated form
(Table 1). Interestingly, the zinc(I) porphyrin (5) was more stable than its demetalated
counterpart (1), what may be a result of the formation of, i.e., dimers by coordination bonds
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between zinc(Il) central ions and peripheral substituents rich in macrocyclic 7-electrons or
nitrogen atoms. The dramatic drop in the stability of palladium(Il) porphyrin (Figure 2)
may be a result of the increased torsions in the molecular ion structure thanks to its large
size, as exists above the macrocyclic ring. The sonostability of porphyrin 1-4 are comparable
to those reported for zinc(II) phthalocyanine [18] and the model sonosensitizers of rose
bengal and chlorin e6 [8].

Table 1. Kinetic parameters of sonosensitizer decomposition under ultrasounds exposition (1 MHz,
3 W, 40% duty cycle) in DMFE.

Compounds 1 2 3 4 5

k (min—1) 0.04 0.01 0.012 0.049 0.003
tos 192.9 64.8 55.7 14.1 253.3
Ln (A) 0.021 0.02 0.012 0.011 0.021

1.0 -
—— 0 min
— 1 min
— 2 min
3 min
—— 4 min
— 5 min
—— 6 min
7 min
— 8 min
—— 9 min
- 10 min

Absorbance

300 400 500 600 700
Wavelength [nm]

Figure 2. Spectra of 4 during sonication with ultrasound at 1 MHz and 3 W (40% duty cycle) in DMFE.

The ROS formation potential of the porphyrin complexes under study was evaluated
with the aid of a chemical quencher. Due to the location of the studied porphyrins Soret
bands, with a maximum light absorption in the range of 412—447 nm (Figure 3), and the
absorption of the most common non-selective singlet oxygen chemical quencher—1,3-
diphenylisobenzofuran (DBPF)—with a maximum absorption in the same range, tetratia-
fulvalene (TTF) with absorption at ca. 320 nm was chosen. In fact, the sonodynamic process
is complex and many species are involved in the common interaction of many agents
(sensitizer, solvent, quencher, etc.), resulting in a lot of ROS formation, heat effects, and
many more [3]; as such, the kinetic parameters of quencher decomposition were evaluated
(Table 2). The rate of TTF decomposition under US in the presence of a sensitizer increased
for 1 (Figure 3), 4, and 5 in comparison to the decomposition rate of the pure quencher.
Interestingly, for 2, the intensity of TTF degradation under US was comparable to the TTF
sonostability, whereas compound 3 stabilized TTFE. The compounds evaluated here have
been previously tested with EPR spectroscopy for hydroxyl radicals and singlet oxygen
generation under US influence. The ability to form both species with different yields was
reported [19]. It is worth mentioning that the results obtained in the previous paper vs.
those presented here are consistent. In the EPR measurements, activated with US zinc(II)
porphyrin has been well recognized as the best ROS generator.
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300 400 500 600 700
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Figure 3. Spectra changes of 1 with TTF mixture during sonication (1 MHz, 3 W, 40% duty cycle).

Table 2. Kinetic parameters of TTF decomposition by sensitizer excited with ultrasounds [1 MHz, 3 W].

TTF in the Presence of

Compounds TTF

1 2 3 4 5
k (min~1) 0.012 0.017 0.013 0.010 0.014 0.017
tos 59.4 41.3 52.0 70.574 48.301 41.360
Ln (A) 0.002 0.013 0.001 0.009 —0.004 0.009

To the best of our knowledge, this is the first study to compare the effects of ultrasound-
activated porphyrins on microorganisms in both planktonic and biofilm forms. Moreover,
porphyrins with different central metal ions were utilized, enabling a comparison of the
central ion’s influence on the efficacy of antimicrobial SDT [14,19]. Representative and
model examples were used for evaluation, including Gram-positive bacteria (MRSA),
Gram-negative bacteria (E. coli ESBL+), and fungi (fluconazole-resistant C. albicans). The
research demonstrated that non-metalated and copper(Il) porphyrins were particularly
effective, reducing the number of each strain by at least 5 log (Figure 4). The concentration
used, 0.5 mM, was the lowest concentration revealing activity above a 3 log reduction (the
conventional limit for active antimicrobial compounds) [20,21]. This value qualifies them as
powerful antimicrobial agents with significant potential for further development and study.
In contrast, palladium(II) and zinc(Il) porphyrins exhibited lower efficacy, showing a clear
strain-dependent activity. Chloride—iron(Il) porphyrin exhibited no antimicrobial activity.
The lack of activity of chloride—iron(I) porphyrin correlates strongly with the results
of sonochemical studies, where it acts protectively on a free radical quencher (Table 2).
Additionally, unlike metal ions such as copper(Il) or palladium(II), chloride—iron(II) ions
did not enhance ROS production. Furthermore, under certain conditions, the released
chloride-iron(Il) ion may hypothetically promote microbial growth [22,23].
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Figure 4. Antimicrobial activity of porphyrins 1-5 (1 MHz, 3 W, 40% duty cycle). (A) Activity against
planktonic microorganisms; (B) activity against biofilm-forming microorganisms. The positive control

with ultrasound showed no statistically significant difference from untreated microorganisms in

the graph.

The application of SDT in combating microorganisms remains a relatively novel

approach, with limited and inconsistent comparative data available [3]. For example, meso-

tetra(carboxyphenyl) porphyrin (TCPP) was used against S. aureus in previous studies,

achieving a 1.3 log reduction at a concentration approximately half of that used in the
present study, also employing US at 1 MHz [24]. In another study, hematoporphyrin was
used against S. aureus, resulting in about a 3log reduction (1 MHz, 6 W/cm?). However,

this study underscores how early the development of SDT is, as the application of similar

conditions (1 MHz, 6 W, and comparable exposure times [25]) in our experiment with a
different device led to the eradication of MRSA without the use of a sonosensitizer.
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Infections associated with the presence of microorganisms in biofilm form remain a
significant challenge in the face of growing antibiotic resistance. It is currently estimated
that over 80% of bacterial infections are linked to biofilm formation [26]. Biofilm formation
is associated with an increased resistance of microorganisms to external factors, including
antibiotics, disinfectants, and the host’s immune response. This resistance arises from
the particularly dense, compact, and heterogeneous structure of pathogens, as well as
their ability to produce extracellular polymeric substances that shield them from external
agents [26]. Developing agents capable of effectively penetrating biofilms and inactivating
microorganisms should be a priority in the search for new active substances with antibiotic
or antibiotic-like properties. Previous studies indicate that results obtained in vitro against
planktonic microorganisms do not always correlate with outcomes observed in biofilm
formations, both in PDT and traditional antibiotic treatments [27]. However, the present
findings do not exhibit such a disadvantage, particularly for the most active porphyrins:
non-metalated, copper(Il), and zinc(II) porphyrins (1, 2, 3, 4 and 5, respectively). For both
MRSA and E. coli (ESBL+), activity against planktonic and biofilm forms is comparable and
high, reaching 5 log reduction or more. Greater differences were observed for fluconazole-
resistant C. albicans. The activity of non-metalated, copper(Il), and palladium(Il) porphyrins
decreased from values above a 5 log reduction to approximately a 3.5 log reduction, and
to below a 2.7 log reduction for the remaining molecules. A characteristic feature of C.
albicans biofilm formation is the presence of a-mannan, B-1,6-glucan, and -1,3-glucan [28].
Although B-1,3-glucan occurs in the biofilm in relatively small amounts, it is considered a
critical polysaccharide of the matrix, as it is associated with biofilm resistance to antifungal
drugs by impeding drug diffusion. This is a distinct feature that differentiates fungal
biofilms from bacterial ones, where the dominant component of the cell wall in most bacteria
is peptidoglycan. Additionally, it is worth noting that p-glucans, unlike peptidoglycan,
exhibit intrinsic antioxidant properties [29].

Despite more than 30 years of research on the effects of US on microorganisms, many
aspects remain speculative. Based on available reports, it can be assumed that ultra-
sound effects may be thermal or non-thermal, although the boundary between these
effects is difficult to clearly define [30]. In the presented study, the solution temperature
in the measurement well did not exceed 40 °C at any point during the procedure. This
indicates that the overall thermal effect should not significantly impact the viability of
microbial cells. However, local rapid temperature increases resulting from sonochemical
processes, which cannot be detected using traditional thermosensors, cannot be entirely
ruled out [31]. Importantly, in the control samples, the application of ultrasound alone,
without porphyrins, did not cause any harmful effects on the cell cultures. Combined
with the results of TTF decomposition tests (Table 2), there is strong evidence to sug-
gest that the bactericidal and fungicidal properties of the selected porphyrins are due
to the generation of ROS during the sonodynamic process. This finding aligns with the
previously mentioned higher resistance of biofilms formed by yeast, which are rich in
potentially antioxidative B-glucan [29]. Fluorescence microscopy imaging indicates that
ultrasound under the conditions applied in this study does not cause mechanical disruption
of the biofilm (Figure 5), which explains the lack of antimicrobial effect in the absence of
a sonosensitizer.

This phenomenon is typical for lower frequencies and higher energy levels. Therefore,
the observed bactericidal effect in this case must result from the sonodynamic effect rather
than mechanical cell damage caused by the sound wave [26].
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Figure 5. Imaging of fluconazole-resistant C. albicans biofilm using fluorescence microscopy.
(A) Untreated biofilm. (B) Biofilm incubated for 30 min with copper porphyrin (partial staining of the
cell observed). (C) C. albicans biofilm subjected to SDT with copper porphyrin (2048 J/cm?, 1 MHz,
3 W, 40% duty cycle); cells stained with Syto 9 and propidium iodide; visualization performed using
the Apotom technique.

To confirm the potential for further development of the studied porphyrins, a pre-
liminary toxicity study was conducted to evaluate their effects on fibroblasts (Figure 6).
Each compound analyzed exhibited a relatively similar safety profile, causing a reduction
in fibroblast cell viability by approximately 15-25% at a concentration of 0.01 mM. As
the concentration increased, a correlated rise in toxicity was observed, culminating in
approximately 70% reduction in cell viability at a concentration of 1 mM. Although this
toxicity is relatively high, it should be noted that this study only correlates with real clinical
scenarios to a limited extent. Firstly, in a potential clinical application, the porphyrin would
be applied externally within the diseased area. Secondly, it should be remembered that the
human body is highly adept at metabolizing porphyrins, heme, and their derivatives. Fur-
thermore, the compounds did not exhibit toxicity toward the HI-29 (colorectal cancer) and
HDF (human dermal fibroblast) cell lines tested by Giuntini et al. in a separate experiment,
indicating that the sensitivity of different cell lines may vary significantly [19].

100,
- 0.01mM

- 0.1mM
m 1mM

Live cells [%)

Complex

Figure 6. Results of the 7-AAD assay. Toxicity of porphyrins 1-5 against MRC-5 cells. The chart
shows the percentage of viable cells after a 3 h incubation with porphyrins at various concentrations
(0.01, 0.10, and 1.00 mM, respectively). Data are presented as a mean + SD; *** for p > 0.001.

The authors anticipate that the developed compounds would be applied topically
for such infections, with formulations designed specifically for local use. This makes
it difficult to estimate the true concentration of the compounds in situ. Additionally, a
short preincubation time limits penetration into mammalian tissues while maintaining
activity against microorganisms. From this perspective, the significance of toxicity under
ultrasound activation in eukaryotic cells is less relevant at this stage, as its assessment could
lead to misleading conclusions about the toxicity or lack thereof. Furthermore, it should be
noted that in the study by Giuntini et al., toxicity to normal cells under ultrasound exposure
was significantly lower than to cancer cells, suggesting an exceptionally favorable safety
profile [19].
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3. Materials and Methods

Studied porphyrins 1 and 3-5 (Figure 1) were synthesized following previously re-
ported procedures [19], and compound 2 was synthesized as reported by Pasternack
etal. [32].

3.1. Sonochemistry Measurements
3.1.1. TTF Decomposition Under Sonication in the Presence of the Sensitizer

The measurements were performed according to a method described previously [6,8,18].
Briefly, the decomposition of TTF in the presence of the studied porphyrins upon sonication
was performed at ambient temperature in dark conditions in DMF solutions. The mixtures
of sensitizers and TTF were aerated before experiment. The changes in mixture spectra
were monitored with a Shimadzu U-1900 spectrophotometer (Shimadzu, Kyoto, Japan).
The samples were sonicated in the ultrasonic apparatus constructed by the Institute of Fun-
damental Technological Research, Polish Academy of Sciences, Warsaw, Poland, equipped
with an ultrasonic transductor (1 MHz, 3 W, 40% duty cycle).

3.1.2. Sonostabilty of Sensitizers

The sonostability measurements were performed according to a method described
previously [6,8,18]. Briefly, the sonostability of porphyrins was measured in DMF at
ambient temperature under dark conditions. The solutions of the tested compounds were
aerated before the experiments. Spectral changes were monitored with a Shimadzu U-1900
spectrophotometer. The samples were sonicated in the ultrasonic apparatus, equipped with
an ultrasonic transductor (1 MHz, 3 W, 40% duty cycle).

3.2. Antimicrobial Assay
3.2.1. Microorganisms and Growth Conditions

The microorganisms used in the study were clinical isolates of bacteria: methicillin-
resistant Staphylococcus aureus (MRSA), Escherichia coli producing extended-spectrum beta-
lactamases (ESBL+), and fungi: Candida albicans resistant to fluconazole. Bacterial and yeast
strains were stored in Microbank cryogenic vials (ProLabDiagnostics, Richmond Hill, ON,
Canada) at —70 =+ 10 °C. The bacteria were cultured in brain heart infusion broth (BHI,
OXOID, Cheshire, UK) at 36 = 1 °C for 18 h. C. albicans cultures were grown in Sabouraud
dextrose broth (SDB, Merck, Darmstadt, Germany) at 36 &= 1 °C for 24 h.

3.2.2. Determination of the Dark Toxicity of Porphyrins on Planktonic Cells

The microorganisms were harvested by centrifugation and resuspended in a 0.9%
solution of NaCl to a final concentration of about 107 colony-forming units (CFUs)/mL.
Aliquots (100 pL) of a standardized microbial suspension were placed in the wells of mi-
crotiter plates, and solutions of the sonosensitizers were added to give final concentrations
of 0.5 mM. Negative control wells contained the microbial suspension in 0.9% NaCl without
the porphyrins. All the samples were incubated in the dark for 30 min, and then the number
of viable microbial cells in the samples was determined with the plate count method, using
tryptic soy agar (TSA, OXOID, UK) for bacteria and Sabouraud agar (SA, OXOID, UK)
for C. albicans. The log reduction in viable microorganisms was calculated based on the
number of colony-forming units (CFUs) evaluated.

3.2.3. Sonodynamic Inactivation of Planktonic Cells

The samples were prepared as described above. After incubation in the dark, the
samples were subjected to US with a frequency of 1 MHz and a total energy of 1024
and 2048 J/cm?. Temperature was monitored during the experiment using a standard
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probe, with measurements recorded at 60 s intervals (Thermometer ST-80; Termoprodukt
Poland, Bielawa, Poland). Viable microbial cells were measured similarly to dark toxicity to
evaluate the antimicrobial activity. The number of CFUs was calculated, and the reduction
in viable cells was determined in relation to the control samples containing microbes and
saline alone.

3.2.4. Determination of the Dark Toxicity of Porphyrins on Microbial Biofilm

Overnight cultures of bacteria and yeasts were diluted in a suitable medium to a final
concentration of about 10° CFU/mL. A total of 100 uL of diluted microbial suspensions
were inoculated into 96-well flat-bottom microtiter plates and incubated at 36 + 1 °C for
24 h. After incubation, the culture medium was discarded from the microtiter plate, and
the biofilms formed on the plates were washed three times with saline to remove the
planktonic cells. Subsequently, either 100 uL of sonosensitizers solution or 100 uL of saline
were added, and the plates were incubated in darkness at room temperature for 30 min.
Next, the biofilms were carefully scraped and homogenized. The number of surviving
organisms and the log reduction in microbial cells for each sample were calculated using
the plate count method, as described in the determination of the dark toxicity of porphyrins
on planktonic cells.

3.2.5. Sonodynamic Inactivation of Microbial Biofilm

The samples were prepared as described in the determination of the dark toxicity
of porphyrins on microbial biofilm. After incubating the samples in the dark at room
temperature, the samples were sonicated with a frequency of 1 MHz and a total energy of
1024 and 2048 ] /cm?. Temperature was monitored during the experiment using a standard
probe (Thermometer ST-80; Termoprodukt Poland), with measurements recorded at 60 s
intervals. Next, the biofilms were scraped and homogenized, and the number of surviving
microorganisms in the treated samples was determined using the plate count method to
calculate the log reduction in microbial cells.

3.2.6. Assessment of Biofilm Formation Using Fluorescence Microscopy

Biofilm formation was assessed using a ZEISS Axio Observer 7 (Zeiss, Jena, Germany)
fluorescence microscope, equipped with Apotom for enhanced imaging. The visualization
of biofilm formation was carried out using LIVE/DEAD™ BacLight™ Bacterial Viability
Kits (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s instructions.

3.3. Toxicity Evaluation
3.3.1. Cell Line

In the studies, an established cell line of human fibroblasts MRC-5 was used. The cells
were grown in Dulbecco’s modified Eagle’s medium (DMRM 1 x, Corning, Corning, NY,
USA) supplemented with 10% fetal bovine serum (FBS, Capricorn Scientific, Ebsdorfer-
grund, Germany)) and 1% of a mixture of the antibiotics penicillin G and streptomycin
(Penicillin, Streptomycin Solution, 100 x, Corning) on plastic plates (VWR Tissue Culture
Plates, 24 wells, sterile). Cells were grown at 37 °C in an atmosphere of 5% CO, with
elevated humidity. After 24 h of cell culture, DMEM medium was replaced by the tested
compounds, respectively (1-5), at three different concentrations (10~3, 10~%, 10~°) for the
next 30 min, 1 h and 3 h. After that, cells were washed with phosphate-buffered saline (PBS,
Dulbecco’s PBS (1x) w/o Ca and Mg, w/o Phenol Red, Capricorn scientific), detached
from EDTA buffered with 0.25% trypsin solution (Trypsin-EDTA 0.25% in HBSS (1 x) with
Phenol Red, Capricorn Scientific), washed, and centrifuged. Cells with culture media
without any tested compounds were the negative controls.
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3.3.2. Cells Viability

Staining with 7-Amino-actinomycin D (7 AAD), a viability dye which intercalates into
double-stranded nucleic acids, was performed to evaluate the percentage of dead cells
in the tested samples. Pre-collected, washed, and centrifuged cells were used to perform
the viability test. Then, 5 uL. of 7AAD was added to each tube containing 100 uL (10°)
cell pellets resuspended in phosphate-buffered saline (PBS) and incubated for 10 min,
protected from light and at room temperature. Each test trial was performed in duplicate.
All samples were acquired with FACS Aria sorter (Becton Dickinson, Franklin Lakes, NJ,
USA), and the results were analyzed with FACS Diva v6.1.2 Software (Becton Dickinson).
An unstained sample was used as a control for the test. All experiments were conducted in
six biological replicates.

4. Conclusions

The data presented in the article, in combination with previously conducted studies,
confirm the potential of porphyrins as versatile compounds in sonodynamic therapy.
Importantly, a significant effect of the central metal on the stability of the tested compounds
and their ability to generate reactive oxygen species (ROS) is demonstrated. A clear
correlation was observed between the type of central atom in the porphyrin derivatives and
their ability to generate ROS under ultrasonic activation, with non-metalated and zinc(II)-
substituted compounds consistently showing superior stability and sonodynamic efficiency
compared to other metal-containing analogs. Copper(Il) porphyrin proved to be clearly
less stable but still very effective in terms of ROS production. The screening results of the
antimicrobial activity of the tested compounds are exceptionally promising, showing very
similar activity against both planktonic and biofilm microorganisms, achieving reductions
exceeding 5 log for copper(Il) porphyrin. This phenomenon is extremely desirable and
rare among most sonosensitizers. What is particularly interesting and important is that the
use of ultrasound alone did not lead to the physical destruction of the biofilm structure, as
confirmed by fluorescence microscope images. This indicates a high degree of penetration
by the tested compounds. These results, combined with excellent water solubility and a
relatively good safety profile, suggest that the tested compounds are strong candidates for
further studies in sonodynamic therapy for the treatment of superficial infections, both
fungal and bacterial.
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