Journal of Photochemistry & Photobiology, B: Biology 268 (2025) 113187

Contents lists available at ScienceDirect Bhotochemichy

andPhotobiol

Journal of Photochemistry & Photobiology, B: Biology

8:Biology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/jphotobiol

Check for

Quaternized phthalocyanines as a tool against melanoma and a broad | e
spectrum of bacteria and fungi

Daniel Ziental " Eduardo Anaya-Plaza ", Patrycja Talarska-Kulczyk ©, Agata Kubicka *,
Jakub Zurawski ¢, Jolanta Dlugaszewska ', Andrés de la Escosura ¢, Tomas Torres *",
Lukasz Sobotta®

@ Chair and Department of Inorganic and Analytical Chemistry, Poznan University of Medical Sciences, Rokietnicka 3, 60-806 Poznan, Poland

b Department of Bioproducts and Biosystems, School of Chemical Engineering, Adlto University. Kemistintie 1, 00076 Adlto, Finland

¢ Department of Immunobiology, Poznan University of Medical Sciences, Rokietnicka 8, 60-806 Poznan, Poland

d Department of Cancer Pathology, Greater Poland Cancer Centre, Garbary 15, 61-866 Poznan, Poland

¢ Department of Tumour Pathology and Prophylaxis, University of Medical Sciences, Garbary 15, 61-866 Poznan, Poland

f Chair and Department of Genetics and Pharmaceutical Microbiology, Poznan University of Medical Sciences, Rokietnicka 3, 60-806 Poznan, Poland

8 Departamento de Quimica Organica (C-I) and Institute for Advanced Research in Chemical Sciences (IAdChem), Universidad Auténoma de Madrid, 28049 Madrid,
Spain

I Instituto Madrilefio de Estudios Avanzados en Nanociencia (IMDEA Nanoscience), 28049 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords: Photodynamic therapy can be a powerful tool to combat two of the greatest challenges of 21st-century medicine
Phthalocyanines - antibiotic-resistant infections and cancer. Each of these factors claims millions of human lives annually. In the
PACT presented study, a wide variety of cationic phthalocyanines was tested against selected pathogens: Staphylococcus
PDT PP . . 1. . g . .

Melanoma aureus, methicillin-resistant Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Escherichia coli producing
Antibiotic resistance extended-spectrum p-lactamases, Pseudomonas aeruginosa, carbapenem resistant Pseudomonas aeruginosa, Tri-
Doxycycline chophyton mentagrophytes, Candida albicans. The compounds used in this study, which are functionalized with

pyridyloxy substituents and in some cases bear bulky substituents (tert-butylphenyl or pyrenyl moieties) at the
5th position of the pyridyloxy ring, proved to be remarkably effective against all pathogens, allowing for a
reduction in the number of microorganisms between 1.4 and 5.6 logs. Additionally, coaction with the commonly
used antibiotic — doxycycline — was achieved in in vitro studies. The effectiveness of these macrocycles was also
evaluated against melanoma cells (MICH2), showing a significant reduction in melanoma cell viability up to 85
%. Therefore, the investigated compounds can be considered as promising photosensitizers in modern photo-
dynamic therapy.

1. Introduction countries, as age is one of the risk factors. New therapies improving

prognosis and reducing mortality are still being developed. However,

Melanoma is one of the most common cancers worldwide. Only in
United States of America, melanoma accounts for about 1 % of skin
cancers but causes a large majority of skin cancer deaths. According to
the American Cancer Society’s projections for 2024 in the United States,
it is estimated that approximately 100,640 new cases of melanoma will
be diagnosed. Additionally, it is estimated that about 8290 individuals
will die from melanoma, including approximately 5430 men and 2860
women [1]. This issue will continue to grow in the coming years with the
advancing aging of the population in middle- and high-income
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there is a lack of a universal and reliable treatment method. Radical
surgical intervention, involving the removal of the lesion along with a
wide margin of healthy tissue, remains the primary method of therapy
[2]. However, such surgery has limited effectiveness when metastases
occur, and it also leaves a necessary wound to heal. Among newer al-
ternatives is immunotherapy, which stimulates the natural ability of the
immune system to combat certain cancers. Unfortunately, some patients
show resistance to this type of treatment or experience adverse effects
resulting from excessive immune system activation. In recent years,
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there has also been the development of therapies targeting genetic
mutations, including patients with mutations in the BRAF gene. How-
ever, the effectiveness of such drugs is often short-lived.

Another major challenge for medicine in the 21st century is super-
ficial infections, particularly including multi-drug-resistant infections.
Many scientists are sounding the alarm, indicating that by 2050, most
known antimicrobial drugs will cease to be effective. This is due to both
reckless drug policies in many countries and irresponsible agricultural
practices associated with industrial antibiotic overuse [3-6]. Among the
greatest challenges are infections related to methicillin-resistant Staph-
ylococcus aureus (MRSA) and Gram-negative bacteria producing
extended-spectrum p-lactamases, which are often associated with post-
operative wound infections, contributing to increased treatment costs
and prolonged hospital stays [7-9]. Interestingly, MRSA infections are
increasingly being observed not only in immunocompromised in-
dividuals but also in fully healthy athletes [10]. Infections caused by
Pseudomonas aeruginosa are also particularly dangerous. They have
exceptional ease in developing resistance, along with a tendency to form
a rich, treatment-resistant biofilm [11-13]. In the presented work,
Enterococcus faecalis bacteria characteristic of oral cavity infections, as
well as Candida albicans and Trichophyton mentagrophytes fungi, were
also utilized [14-16].

As a potential response to both presented medical challenges,
photodynamic therapy (PDT) can be employed [17]. It is characterized
by a broad spectrum of activity and a well-known safety profile. Already,
it is increasingly being used in the treatment of psoriasis, rosacea, warts,
and certain types of cancers such as head and neck, lung, bladder,
gastrointestinal, and some types of prostate cancer. It has also found
application in eye diseases, such as age-related macular degeneration
(AMD). However, there is still room for improvement in the search for
new photosensitizers (PSs). Desired characteristics include high efficacy,
selectivity, and non-toxicity to healthy tissues [18]. On the other hand,
the PS must be easily deliverable and remain active even in challenging
conditions, such as environments rich in melanin in the case of mela-
noma or the specific structure of pathogen membranes and walls [19].
This also implies potential resistance both in microorganisms and can-
cers [20-23]. Among the wide range of PSs available, phthalocyanines
(Pcs) hold a special position, given their outstanding optical properties
like a sharp and intense absorption in the red region of spectra (c.a.
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650-700 nm), and singlet oxygen (102) quantum yields [24-27].
Exceptional property of Pcs is their prone to the chemical modification
by incorporation of metal ions or attaching specific moieties at their
periphery. There are a large group of ions could be incorporated such as
so-called closed-shell ions, which induce intensively spin coupling
phenomenon being the crucial in efficient formation of singlet oxygen
[24,28-30]. Taking account mentioned issues we decided to test zinc(II)
phthalocyanines, where zinc(II) belongs to closed-shell ions group. As
the peripheral substituents have been selected those with positive
charges. The presence of positive charges within molecule is well-known
to bring high activity against microbes. Moreover, introduction of pos-
itive charges to the structure of highly hydrophobic compounds such as
Pcs enable to dissolve them in water environment. Solubility in water is
one of the most important factor for achieving high rate of cancer cells
killing [20,22]. Taking into account all mentioned issues Pcs bearing the
quaternized pyridyloxy moieties varying in the size were chosen.

The presented study expands on the perspective of our previous
article concerning the interaction between doxycycline and phthalocy-
anines, confirming our earlier assumption that this antibiotic sensitizes
bacterial cells to ROS. Additionally, it is the first to suggest a certain
universality of some quaternized phthalocyanines as both antimicrobial
and anti-melanoma agents. At the same time, the study indicates that the
universality of a PS’s action depends on its chemical structure.

2. Experimental

Studied phthalocyanines 1-5 (Fig. 1) have been synthetized before
[31-33].

2.1. Photochemistry

2.1.1. Photostability

Experiments were done at ambient temperature in DMSO according
to the method described previously [34-36]. As irradiation source a
high-pressure xenon lamp (model: ILLU XBO150CR, Optel, Opole,
Poland) was chosen. The cutting filter (HCC-16) (transmittance >450
nm) separated visible light, used to sample irradiation. In the 1 min time
intervals absorption spectra were recorded by OceanOptics system
(Flame Spectrometer and source DT-MINI-2-GS) in total experiment
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Fig. 1. Structures of macrocycles 1-5.
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time of 10 min.

2.1.2. Singlet oxygen formation

Experiments were made at ambient temperature in DMSO. Mea-
surements were proceeded with a chemical quencher of singlet oxygen —
1,3-diphenylisobenzofuran (DPBF, Aldrich) and the reference com-
pound - unsubstituted zinc(I) phthalocyanine (ZnPc, Aldrich). As the
irradiation light source a high-pressure xenon lamp (150 W, Optel,
Opole, Poland) was chosen. For separation of adjusted light wavelength
to irradiate phthalocyanines at the absorption maximum in the Q band,
a monochromator (M250/1200/U with 2 nm/mm (Dk = 4 nm) disper-
sion, Optel, Opole, Poland) was used. Delivered light to the sample was
corrected to power of 0.5 mW/cm? and the light intensity with RD 0.2/2
with TD probe radiometer (Optel) was measured. In the irradiation in-
tervals the absorption spectra with OceanOptics system (Flame Spec-
trometer and source DT-MINI-2-GS) were measured. As a final point, the
obtained kinetic parameters of DPBF degradation were compared with
those for reference, and quantum yield was determined [34,36-38].

The band gap energy: E; was calculated using following eq. (1) [39].

hxc
(lonset X 10’9) X (1.6 X 10’19)

Eglev] =

h=6.626 x 10" HC —3.0x108 [T]
S s
Aonsee = cut — off wavelength

2.2. Photodynamic antimicrobial activity

2.2.1. Microbial cultures

A modified procedure described in previous publications [14,40]
was applied, in brief, as follows: the study used the Gram-positive bac-
teria Staphylococcus aureus (ATCC 25923), methicillin-resistant S. aureus
(clinical isolate), Enterococcus faecalis (ATCC 29212), Gram-negative
bacteria Escherichia coli (ATCC 25922), E. coli producing an extended
spectrum of p-lactamases (ESBL+, clinical isolate), Pseudomonas aeru-
ginosa, carbapenem resistant Pseudomonas aeruginoa (CRPA; clinical
isolate) fungi Trichophyton mentagrophytes (ATCC 9533) and Candida
albicans (ATCC 10231). All catalog bacteria were purchased from the
American Type Culture Collection. Gram-positive bacteria and Gram-
negative bacteria were cultivated in BHI broth (bioMerieux, France) at
36 + 1 °C for approximately 24 h. C. albicans Sabouraud dextrose broth
(Oxoid, UK) cultures were performed in Sabouraud dextrose broth
(Oxoid, UK) at 35 + 1 °C for 24 h. According to the procedure for der-
matophytes, T. mentagrophytes was cultivated in Sabouraud dextrose
agar (Oxoid, UK) at 35 + 1 °C until adequate sporulation (ca. three
weeks). All experiments were performed under aerobic conditions. After
cultivation, the bacteria were collected by centrifugation for 15 min
(3000 rpm). The bacteria were then re-suspended in physiological saline
and diluted to a final amount of ca. 107 CFU/ml for bacteria, 10® CFU/ml
for C. albicans and 10° CFU/ml for T. mentagrophytes.

2.2.2. Light and dark activity

A modified procedure described in previous publications [14,40]
was applied, in brief, as follows: the bacterial or fungal suspension,
prepared according to the procedure described above, was dispensed
into the wells of a 96-well microtiter plate. Subsequently, an equal
volume of a specific PS was added to each well and allowed to pre-
incubate for 30 min. Following this, the plate was exposed to light
emitted by an LED lamp (model: LS-P3R2030-G42T, Epistar, Hsinchu
Science Park, Xinzhu, Tajwan), with a wavelength range of 620-680
with maximal emission corresponding to the maximum absorption of
the compounds (ca. 660 nm). The fluence was administered at30 J/cm?
(13.9 mW/cm?; 36 min). Similarly, a dark control sample was prepared
on a separate plate and was not exposed to light. Additionally, in
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parallel, a plate with a control sample was prepared on which a specific
volume of bacteria or fungi was applied as in the tested samples, and
then diluted with the same volume of physiological saline in order to
achieve the same concentration as in the case of the tested sample and
the dark control. A series of dilutions were executed for each sample,
and the microorganisms from each dilution were plated onto solid media
appropriate for the species, followed by incubation for 24 h at a constant
temperature of 36 + 1 °C. Following the incubation period, colony-
forming units (CFU) were counted, and the decimal logarithm of
reduction in the test sample relative to the control sample was calcu-
lated. Additionally, it was determined whether any cytotoxicity was
evident in the unirradiated sample.

2.2.3. Determination of bacteria susceptibility to photodynamic
antimicrobial chemotherapy (PACT) following habituation with sub-lethal
antibiotic therapy

A modified procedure, as outlined in previous publication [41], was
applied, briefly summarized as follows: a suspension containing
methicillin-resistant S. aureus and E. coli (ESBL+), was prepared the day
before the experiment. The suspension was exposed to doxycycline at
concentrations corresponding to MIC, 1/2 MIC, 1/4 MIC, and 1/8 MIC. A
control sample was left untreated with doxycycline. After 12 h of
exposure, the optical density at 600 nm (OD600) of each culture was
measured, and the bacterial suspension was diluted to achieve an OD600
of 0.3 for each microorganism, following the Lambert-Beer law. Subse-
quently, equal volumes of bacterial suspension and PS were dispensed
into a 96-well microtiter plate and exposed to a sublethal light dose of 5
J/em?. Simultaneously, a dark control was conducted, where the
mixture was not exposed to irradiation, and both dark and light control
tests were carried out, replacing the PS with a physiological saline so-
lution. A series of dilutions were prepared for each sample, and the
microorganisms from each dilution were plated onto TSA plates, fol-
lowed by incubation for 24 h at a constant temperature of 36 + 1 °C.
After the incubation period, colony-forming units (CFU) were counted.
The decimal logarithm of reduction was calculated separately for the
sample treated with the antibiotic alone (at concentrations corre-
sponding to MIC, % MIC, % MIC, and /g MIC), the PS alone, and in
combination.

2.3. Photodynamic anticancer activity

2.3.1. Cell culture

The effects of the tested compounds on human cells were evaluated
in vitro using the established human melanoma cell line MICH2 [42].
Cells were grown in DMEM (Dulbecco’s Modification of Eagle’s Me-
dium, 1x, Corning) medium supplemented with 10 % FBS (Fetal Bovine
Serum, Capricorn Scientific) and antibiotics (Penicilin, Streptomycin
Solution, 100 x, Corning) on 24-well plates (VWR Tissue Culture Plates,
24 wells, sterile). Cell culture were maintained at 37 °C in an atmo-
sphere of 5 % CO, with elevated humidity. After 24 h of culture, the
medium was replaced with the tested compounds (1-5) at two con-
centrations (10_5 i107® M). FBS-free medium was used as the diluent.
After another 24 h of incubation with the test compounds, the MICH2
cells on 24-well plates were exposed to light of LED lamp (model: LS-
P3R2030-G42T, Epistar, Hsinchu Science Park, Xinzhu, Tajwan), with
a wavelength range of 620-680 and maximal emission corresponding to
the maximum absorption of the compounds (ca. 660 nm) at fluence rate
of 5 J/cm? (13.9 rnW/cmZ; 6 min) and then placed in the incubator.

After 30 and 60 min, respectively, the media were removed, the cells
were washed with phosphate buffered saline (PBS, Dulbecco’s PBS (1 x)
w/o Ca & Mg, w/o Phenol Red, Capricorn scientific) and detached from
with EDTA buffered 0.25 % trypsin solution (Trypsin-EDTA 0.25 % in
HBSS (1x) with Phenol Red, Capricorn Scientific), then washed and
centrifuged. Into experiment cells were involved in following scheme:
cells treated with studied compounds and not exposed for the radiation,
cells without studied compounds and not exposed for the radiation, and



D. Ziental et al.

cells without studied compound and exposed for the radiation were used
as controls. Negative controls were cells with culture media without
FBS.

To observe the cells in a light microscope, a second set was cultured
according to the above procedure. Hematoxylin (Chempur, catalog
number: 124687401) and Eosin (Chempur, catalog number:
243767005) were used to stain melanoma cells. After removing the
medium from 24-well plastic plates (VWR Tissue Culture Plates, 24
wells, sterile), all culture wells were filled with hematoxylin (exposition
time — 1 min). The hematoxylin was removed and the culture plates were
placed in a PBS solution (exposition time — 3 min). After removing the
PBS, the culture wells were filled with eosin (exposition time — 1 min).
The culture plates were again placed in the PBS solution and closed with
the lid from the kit, securing the whole with Parafilm® M sealing foil
(Bemis Company, Inc., catalog number LLG-9170003). The set prepared
in this way was placed upside down under the stage of the light mi-
croscope. Microphotographic documentation was made using an
Olympus BX43 microscope and an XC30 camera at a total magnification
of 100x.

2.3.2. Cells viability

In order to determine the percentage of dead cells in the tested
samples, staining with 7-Amino-Actinomycin D (7-AAD) was performed.
7-AAD is one of the viability dye which intercalates into double-stranded
nucleic acids. 7-AAD can penetrate the cell membrane of dying or dead
cells. Pre-collected, washed and centrifuged cells were used to perform
the 7-AAD viability test. Each test trial was performed in duplicate. To
each tube contains 100 pl (10° cells) cell pellets re-suspended in phos-
phate buffered saline (PBS) 5 pl of 7-AAD were added and incubated for
10 min, protected from light in room temperature. All stained samples
were acquired with FACS Aria sorter (Becton Dickinson), results were
analyzed with FACS Diva Software (Becton Dickinson). An unstained
sample was used as a control for the test.

2.3.3. Cell cycle

Cell cycle assessment was performed using propidium iodide (PI)
(1.0 mg/ml water solution; Merck-Sigma-Aldrich), a fluorescent dye
that intercalates with DNA structure of replicating cells. Cell prolifera-
tive activity is assessed by the percentage of cells that are in S phase of
the cell cycle and determined on the basis of mean fluorescent activity
(MFI) emitted by propidium iodide. In addition, it is possible also to
assess the percentage of cells entering mitosis (G2/M phase of cell cycle)
and dead cells. Pre-collected, washed and centrifuged cells were used to
perform the PI test. Each test trial was performed in duplicate. All tests
samples were treated with PERM/WASH buffer (Becton Dickinson) for
30 min, 4 °C to permeabilize the membrane of the cells. Then propidium
iodide were added, all test samples were incubated for 30 min, 4 °C,
protected from light. Finally, the samples were added to acquisition with
use of flow cytometer Navios (Beckman Coulter), and percentages of
cells in each phases of cell cycle were calculated using Kaluza Analysis
software (v. 2.1 Beckman Coulter). An unstained sample was used as a
control for the test.

2.3.4. Apoptosis

To distinguish apoptotic cells from necrotic cells using flow cytom-
etry commercially available FITC Annexin V Apoptosis Detection Kit I
(BD Pharmingen) were used in accordance with the manufacturer’s
protocol. Pre-collected, washed and centrifuged cells were used to
perform apoptosis analysis. Cells pellets were re-suspended in 1x
Annexin V Binding Buffer and 100 pl were transferred to a 5 ml cy-
tometer tubes. 5 pl of FITC Annexin V and 5 pl od PI were added to each
tube and incubated for 15 min, room temperature, in the dark, then 1x
Annexin V buffer was added. Each test trial was performed in duplicate.
All stained samples were acquired within 1 h with FACS Aria sorter
(Becton Dickinson), results were analyzed with FACS Diva Software
(Becton Dickinson). With the staining used, depending on the proportion
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between FITC and/or PI fluorescence, cells can be defined as early
apoptotic, late apoptotic or necrotic. An unstained sample, sample
without PI and sample without FITC Annexin V were used as a control
for the test.

2.4. Statistical analysis

Statistical analyses were performed using Welch’s t-test in GraphPad
Prism (version 9.0.0) to compare group means while accounting for
unequal variances. Data are presented as mean + standard deviation.
Differences were considered statistically significant at p < 0.05.

3. Results and discussion

Studied phthalocyanines 1-5 (Fig. 1) have been synthetized before
[31-33]. The crucial factor providing photodynamic treatment efficacy
is singlet oxygen generated by the activated PS [17]. Therefore, singlet
oxygen formation ability was assessed in DMSO with the relative
method using DPBF as a chemical singlet oxygen quencher and ZnPc as a
reference. Evaluated PSs 2-5 (Table 1) showed higher ability to form
singlet oxygen than reference. Interestingly, comparing ®, values for 1
and 2, it could be concluded that the anionic counterpart (SOF vs. T,
respectively) has significant impact resulting in increased ®, from 0.53
to 0.88 [43]. The studied PSs reveal moderate-high ®, values, what is
result of electron-deficient character of quaternized pyridoxyl ZnPcs as
it was reported before [31]. The electron-withdraw phenomenon is
known to reduce the singlet oxygen generation ability [44-46]. The
presence of partial positive charges in the nitrogen atoms leads to a
smaller HOMO-LUMO gap. This situation cause hampering photoin-
duced electron transfer within the molecule, which is associated with
singlet oxygen generation [47-49]. Moreover, calculated energy band
gap at the level of ca. 1.8 eV (Table 1) indicates that studied pcs are
prone to losing electron and start the reactions cascade leading to form
ROS. The showed values (Table 1) are much more lower that these re-
ported before for zinc(I) pc bearing imidazole moieties at the periphery
(Eg(znpc) = 2.87 eV) [50]. This comparison enable to assume that for the
Eg value of pcs significant influence possess incorporated matal ion as
well as nature of substituent (electron withdraw-donating).

Photodecomposition quantum yields (Table 1) indicate that com-
pounds 1-5 present moderate stability in comparison to earlier reported
phthalocyanine derivatives [7,38]. Noteworthy, 5, with very high abil-
ity to generate 10,5, decomposed under visible light exposure with a
significantly lower with quantum yield of 6.5 - 1077 in contrast to the
other evaluated PSs.

Numerous studies have confirmed that PDT can be a powerful tool in
combating microorganisms [7,8,14,23,44,51-55]. It possesses several
significant advantages, such as a broad spectrum of activity, selectivity
towards pathogenic cells, and a low risk of developing resistance to this
type of therapy. Unfortunately, commercially available PSs do not fully
exploit the potential of PACT, and further exploration of structures with
preferable properties is necessary [17,23,56,57]. In this study, we pro-
pose the utilization of pyrene-modified phthalocyanines as potential
candidates for antimicrobial therapy.

The experiment utilized a very broad spectrum of potentially path-

ogenic microorganisms. Among the strains examined were
Table 1
Values of singlet oxygen and photodecomposition quantum yields in DMSO.
Compound [N @p - 10* Aonset [Nm] Eg
[eV]
1 0.53 1.06 704 1.76
2 0.88 1.06 709 1.75
3 0.77 0.47 712 1.74
4 0.63 1.45 696 1.78
5 0.73 0.0065 706 1.76
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representatives of both Gram-positive bacteria (S. aureus, E. faecalis),
Gram-negative bacteria (E. coli, P. aeruginosa), as well as yeast-like fungi
and dermatophytes (C. albicans and T. mentagrophytes). In the case of 1
and 2 at the concentration of 10 pM, very high activity against all bac-
teria was achieved, ranging between a minimum of 4 and a maximum of
6 log reduction in bacterial growth (Fig. 2). Interestingly, even a 10-fold
decrease in concentration did not weaken the antimicrobial activity of
the investigated PSs. Compound 1 exhibited slightly higher activity
against fungi than compounds 2 and 3, with approximately 4 log
reduction observed for both C. albicans and T. mentagrophytes. Com-
pounds 2 and 3 reduced C. albicans by 4.7 and 1.5 log, respectively,
while the activity against dermatophytes remained around 2.7 for the
concentration of 10 pM (Fig. 2). Such characteristics predispose com-
pounds 1-3 to be promising candidates for further development as po-
tential APIs (active pharmaceutical ingredients) in PACT, as activity
exceeding 3 log reduction is considered borderline for compounds with
potential antibiotic-like properties according to international guidelines
[58].

The activity of the tested phthalocyanines was significantly stronger
than in many previously published studies. For example, zinc(II) and
metal-free phthalocyanines bearing nipagin-functionalized substituents
studied before, even when used at a 10-fold higher concentration and
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Fig. 2. Antimicrobial activity of the studied phthalocyanines (30 min pre-incubation; light dose 30 J/cm?; 13.9 mW/cm?; 36 min). * for p > 0.05, ** forp > 0.01,
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with a more than 3-fold higher light dose, achieved a maximum activity
against E. coli of approximately a 2 log reduction [51]. In the case of
tetra- and octa substituted methimazole-phthalocyanine conjugates, at a
concentration of 10 pM and a light fluence of 30 J/cm? (13.9 mW/cm?;
36 min), a maximum reduction in the number of S. aureus bacteria by 1.8
log was observed [44]. Such promising results encouraged the authors to
compare the sensitivity to PACT using pyrene-modified phthalocyanine
between standard strains and those phenotypically manifesting resis-
tance to selected types of antibiotics. For this purpose, S. aureus and
methicillin-resistant S. aureus were selected as model strains, as well as
E. coli and E. coli (ESBL+). In none of the mentioned cases were poten-
tially clinically significant differences in the activity of the tested com-
pounds observed. Results from other research groups on this topic are
mixed and quite ambiguous.

Studies conducted by Grinholz et al. indicate that antibiotic-resistant
bacteria are typically also more resistant to PDT [59]. On the other hand,
phenomena called collateral sensitivity are described, where the cell’s
metabolic engagement to increase resistance to one factor (e.g., classical
antibiotic) enhances sensitivity to another [60-62]. In the presented
study, none of these phenomena were observed. It is also worth noting
that for all tested compounds, very little impact of cell wall structure on
the obtained results was observed. Gram-negative bacteria often exhibit
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lower sensitivity to PACT due to their outer membrane rich in phos-
pholipids, proteins, and lipopolysaccharides. The presence of the outer
membrane often hinders the activity of the PS by limiting its internali-
zation [63,64]. The insensitivity of the applied phthalocyanines to this
microbial structural feature constitutes an additional advantage as a
potential means of infection treatment. Additionally, none of the
analyzed macrocycles revealed dark toxicity. Compounds 4-5 exhibited
marginal antimicrobial activity, which may be directly related to the
presence of large, nonpolar substituents potentially limiting the mole-
cule’s interactions with the bacterial wall. Simultaneously, these sub-
stituents may pose steric hindrance, restricting the possibility of
internalization. The obtained results indicate that the investigated
phthalocyanines constitute a promising direction for further develop-
ment as photosensitizers. The encouraging outcomes observed in this
study provide a strong rationale for extending research into in vivo
models in the future, particularly in light of previous investigations by
Zheng et al., which demonstrated favorable in vivo efficacy of cationic
phthalocyanines against Staphylococcus aureus infections [65]. These
findings collectively suggest a strong potential for translational appli-
cations of this class of compounds in the treatment of bacterial
infections.

In the photodynamic antimicrobial activity assessment we haven’t
noticed correlation between ®, values and the log reduction in bacterial
growth. This phenomenon may be associated with the fact that crucial
role in aPDT plays PS attraction to the bacterial membrane, what was
provided by our structures with positive charges. The ability to form
ROS is the second important factor and we assume that needed level of
produced singlet oxygen (ROS) was achieved by our PSs. In the next step
of evaluation of potential phthalocyanines for PACT we have studied
their potential in synergistic activity with doxycycline. Doxycycline
belongs to the group of tetracycline antibiotics, one of the most impor-
tant antibiotic groups, and it has been in clinical use for over 50 years. At
concentrations used in clinical practice, it has bacteriostatic properties,
although at high doses it can also be bactericidal. Its main mechanism of
action involves inhibiting the activity of bacterial ribosomes. Its activity
includes both Gram-positive and Gram-negative bacteria as well as
atypical strains. The clinical use of doxycycline is broad and includes
infections of the upper respiratory tract, genitourinary system, some
rickettsial diseases, bartonellosis, and malaria prophylaxis [66]. Of
particular interest from the perspective of PDT are applications of
doxycycline related to superficial bacterial diseases. It can be used in
common acne caused by the overgrowth of pathological bacterial flora,
primarily by the colonization of the skin by Cutibacterium acnes. It can
also be used in rosacea, dermatoses, purulent skin inflammations, and in
the treatment of infected wounds and ulcers [67,68]. It has been
observed to prevent angiogenesis and apoptosis and may enhance
fibroblast attachment and wound healing. It also has an indirect anti-
inflammatory effect resulting from the inhibition of certain matrix
metalloproteinases (MMPs) produced by inflammatory cells [66,67].
There is a very limited number of studies evaluating the additive or even
synergistic effect of tetracyclines with PDT [69]. For instance Baccani
et al. presented a typical combination of PDT and antibiotics, testing the
sensitivity to excited PS of Helicobacter pylori bacteria exposed to sub-
inhibitory concentrations of doxycycline. In their study, protoporphy-
rin IX (PPIX) was used as the PS along with light at a wavelength of 400
nm. In this experiment, an additive effect between PPIX and antibiotic
therapy was also observed, which the authors described as a synergistic
effect. Although the study did not include any calculations to confirm
the actual synergistic effect, it can undoubtedly be confirmed that the
combined effect of PDT and antibiotics is significantly stronger than
each alone [70]. Comparing results from different experiments
regarding the interaction between antibiotics and PDT will always be
subject to methodological difficulties because the final effect may be
highly dependent on the strength of PDT itself. The study by Baccani
et al. [70] showed that even a relatively small increase in the reduction
of bacterial counts in culture could greatly enhance the combined effect
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of antibiotics and PDT. Here, we adopted a different assumption, where
we decided to use sublethal PDT, defining the cut-off point as a
maximum of 1.5 log reduction resulting from the action of PDT alone. It
is worth noting that unlike in the presented study and Baccani et al.’s
experiment [70], bacteria were not cultured with a sublethal dose of
antibiotic, but the antibiotic was added simultaneously with the PS.

This approach inherently favours bactericidal antibiotics. In our
study, we used two strains — Gram-positive MRSA and Gram-negative
E. coli (ESBL+) - to evaluate the interaction of doxycycline with PDT.
In both cases, the log reduction of each species was greater than the sum
of the individual effects of each therapy. The strongest effect in both
cases was observed for 2 and the antibiotic at the minimal inhibitory
concentration (MIC), where a combined effect with log reduction of 2.6
was achieved for MRSA (PDT alone 0.1 log and antibiotic alone 0.69 log)
and 3.9 for E. coli (PDT alone 0.9 log and antibiotic alone 0.54 log). It is
remarkable that reducing the antibiotic concentration to > MIC and Y4
MIC for E. coli (ESBL+) and '» for MRSA still allowed for beneficial
interaction of both pathways. Interestingly, compound 3 showed a
significantly stronger effect for E. coli than for MRSA, although it was
noticeable in both cases (Fig. 3). The mechanism of interaction between
Pcs and doxycycline is still speculative, but based on previous publica-
tions, some scientifically supported hypotheses can be put forward
[71-73]. Doxycycline binds to the 30S subunit of the bacterial ribosome
and blocks the binding of aminoacyl-tRNA to the A site, thus preventing
the synthesis of new proteins. This indirectly impairs the functioning of
all cellular organelles, including the bacterial membrane and wall.
Impairment of the function and structure of proteins, enzymes, and
above all the wall and membrane of microorganisms sensitizes them to
oxidative stress induced by PSs, the effect of which is stronger than in
the case of traditional PACT [71].
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The last part of the studies was evaluation of the photodynamic ac-
tivity of studied PSs against melanoma. Melanoma remains one of the
most challenging cancers to treat, attributable to several factors that
contribute to its malignancy. It exhibits a high propensity for genetic
variability, with possible occurrences of therapy-resistant alterations in
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genes such as BRAF, NRAS, or c-KIT. These alterations contribute,
among other things, to increased tumor growth, resistance to chemo-
therapy or radiotherapy, and even disruptions in apoptotic pathways.
Recent years have been seen rapid advancements in new therapies,
including checkpoint inhibitor immunotherapy and targeted therapy
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focusing on genetic mutations in patients with an active MAPK pathway
[2,74,75]. Despite this, in many cases, existing treatment methods
remain ineffective. Therefore, the development of PDT remains
intriguing [76]. The investigated compounds exhibited highly varied
activity against melanoma cells. Compound 3 proved to be the most
active. Even at a concentration of 1 pM, a reduction in the number of
viable cells by approximately 59 % compared to the control group was
achieved after just 30 min post-irradiation.

The delayed effect after 24 h did not differ significantly and
amounted to 64 %. This indicates a rapid course of the process and
limited ability of the cancer cells to regenerate. Increasing the PS con-
centration to 10 pM also led to increased activity in the reading after 30
min, reaching approximately 84 %, and 64 % after 24 h. This shows that
increasing the concentration does not enhance the potential of the
investigated compound in PDT. Characteristic of 3 is also its minimal
dark toxicity. The compound without irradiation caused a reduction of
only 2.3 % at a concentration of 10 pM and 1.7 % at a concentration of 1
pM. Interesting insights are also provided by studies on the mechanism
of death in cancer cells subjected to therapy. In the case of 3 at a con-
centration of 1 pM, induction of early apoptosis is observed, which
persists over time, potentially explaining the slight decrease in dead cell
readings after 24 h from the start of the test, possibly associated with
their partial recovery. At the concentration of 10 pM, was no longer
observed such a relationship. Cells practically immediately converted
into late apoptosis, which is typically an irreversible process. (Fig. 4).

Considering research indicating that both cells in early and late
apoptosis stages are crucial in inducing an immune response compared
to necrotic cells, the investigated compounds, especially 3, appear to be
potentially excellent candidate in adjuvant therapy for melanoma
treatment. Their mechanism of action could therefore complement both
radical surgical therapy and modern treatment based on checkpoint
inhibitors [77,78]. Microscopic analysis of the examined cancer cells
provides interesting data. The MICH2 melanoma cells not exposed to
light were characterized by various morphologies. Mainly round and
spindle-shaped cells were observed. Cells not exposed to light were
larger and more numerous compared to cells exposed to radiation.
However, the most noticeable differences were visible for 3 (at the
concentration of 10° M) (Fig. 5).

After exposure to light, the cells were round, spindle-shaped, and
irregularly shaped, with a visible cell nucleus. Some of them formed
clusters of cells with the presence of pseudopodia. Cells exposed to ra-
diation were significantly smaller, and spherical with an irregular
outline of cell membranes. Some of them had damaged cell membranes.
In all tested samples, differences were found in terms of appearance,
size, and number of cells compared to the control culture. The most
noticeable differences, however, were visible for compounds 4 (at a
concentration of 107° M), and 5 (at a concentration of 1075 M) (Fig. 6).

The use of PDT in melanoma treatment is subject to certain contro-
versies, especially due to the presence of pigment cells within the tumor,
which can spontaneously absorb part of the delivered light [79]. It is
worth noting that melanin, the pigment present in melanoma cells,
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exhibits maximum light absorption between 200 and 300 nm. However,
for the compounds we investigated, the maximum absorption occurs
around 650 nm, where melanin absorption is minimal [80]. Therefore, it
is possible to apply light with limited loss due to light absorption by the
cancer cells themselves. Moreover, with further development of the API,
it may be possible to completely avoid unwanted interactions by using
an optical clearing system [81]. Importantly, the pigments naturally
present in melanosomes can potentially act as scavengers of free radi-
cals. However, the observed cytotoxic effect induced by 3 contradicts
the significance of this process. This could be related to the high effi-
ciency in generating singlet oxygen for 3 (®, = 0.77), while maintaining
relatively good stability (®p = 0.47 - 10~*). These results correlate well
with the findings from cell line studies. Phthalocyanine 3 induces an
immediate cytotoxic effect without significant changes over time.
Comparing the obtained results with those using other PSs, it can be
concluded that the investigated phthalocyanines are a promising path
for further development.

Based on the studies published to date, it can be concluded that
phthalocyanine-induced cancer cell death is primarily associated with
the mitochondrial apoptosis pathway. ROS lead to cytochrome c release,
mitochondrial depolarization, and subsequent activation of caspases.
Cell death involving death receptor signaling, such as through Fas
(CD95) or TRAIL receptors, appears to be less well supported by the
current literature in the context of phthalocyanine-based PSs [82-84].
Despite the relatively long history of using PDT in melanoma research,
there are not numerous studies using pure phthalocyanines. Kolarova
et al. utilized disulphonated chloroaluminum phthalocyanine
(ClAIPcS,) as a PS, which resulted in approximately 50 % reduction in
cell viability at a significantly higher concentration of 6.4 pM and light
dose of 10 J/cm? [85]. Interestingly, 3 in the concentration of 1 pM
activated with 5 J/cm? gave similar killing rate. Comparable efficacy to
3 was achieved also by Valli et al. using cationic zinc(II) phthalocyanine
2,9(10),16(17),23(24)-tetrakis[(2-trimethylammonium)ethylsulfanyl]
phthalocyaninatozinc(Il) tetraiodide, where a decrease in cell viability
of over 80 % was observed for BL6FO cells at a concentration of 1 pM and
light dose of 0.68 J/cm? [86]. Compound 3 also showed a significantly
stronger effect than tetrasulphonated chloroaluminum phthalocyanine
(AIPcS4Cl) at a concentration of 2.5 pM and under the influence of light
5 J/cm?. In this case, Ndhundhuma and Abrahamse achieved a reduc-
tion of slightly over 40 % after 1 h [87]. However, the therapeutic ef-
ficiency of pyrene-modified phthalocyanines is very close to that of
widely studied bacteriochlorins and porphyrins. In the study by Dab-
rowski et al., a reduction of 90 % melanoma cells (SK-MEL-188) was
achieved for TCPBSO3H with a light dose of 5.4 J/cm?, however, the
concentration used in the study was twice as high as the concentration of
compound 3, which resulted in a reduction of approximately 85 %
[88,89].

The main challenge for the presented active PSs (1-3 against mi-
croorganisms or 3 against melanoma) is the future development of
effective formulations. A potential approach to addressing this issue
could involve the use of liposomes as carriers for the PSs, as also

Fig. 5. The MICH2 cells not exposed to light A. Control, B. 3 in concentration 10~® M.
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Fig. 6. The MICH2 cells exposed to light A. Control, B. MICH2 cells with 4 in concentration 10>, C. 5 in concentration 107> M.

supported by studies conducted on other macrocycles by our group
before [14,35]. Another possible solution could be the combination with
nanoparticles, such as gold or silver, which might be particularly
attractive in the context of antimicrobial therapy [44,90-92]. Encap-
sulation in cyclodextrins could also be considered as an alternative
strategy [93]. These are just a few of the many possible solutions that
could improve the compounds’ stability and solubility while also
enabling selective molecular targeting. The main tasks in the further
development of the product, enabling its introduction into clinical
practice, will include continued preclinical studies focusing on safety,
dosage, and the pharmaceutical form of the product [91]. We assume
that the molecules may be particularly useful in surface applications.
The presented studies, especially those conducted on microorganisms,
indicate very low or even zero dark toxicity, which may facilitate the
introduction of these molecules as potential clinical PSs [94,95]. At the
same time, further in vivo studies will be necessary to optimize the
treatment protocol and to assess the risk and severity of side effects
typically associated with PSs, such as erythema, pain, burns, edema,
itching, desquamation, pustular formation, urticaria, contact dermatitis
at the site of PS application, and erosive pustular dermatosis [96].

The presented studies indicate a very good potential for combination
with other therapies, such as antibiotic therapy; however, formulating
generalized conclusions based on this study should be limited. Previous
research by other authors shows that the synergy between antibiotics
and PDT is highly dependent on the specific drug and PS chosen [71,97].
In our opinion, this often relates to poorly selected methodology for such
studies. A typical synergy test for two antimicrobial agents is the FICI
assay, but based on our experiences, this approach in the case of PACT
may yield both false-positive and false-negative results (unpublished
data). Additionally, our studies provide particularly good prospects for
bacteriostatic antibiotics, such as doxycycline (where the bactericidal or
bacteriostatic effect depends on concentration) [41]. In the case of using
PDT in cancer treatment, particularly melanoma, a different perspective
should be considered. First of all, after the surgical removal of the
melanoma lesion, it is necessary to apply a large margin of healthy tissue
to ensure a certain result. Enhancing surgical treatment with perioper-
ative PDT may potentially contribute to reducing the required surgical

margin, although this would require further in vivo studies. Moreover,
an increasing number of papers point to additional mobilization of the
immune system under the influence of PDT against cancer. This suggests
the potential for combining PDT with both surgical intervention and
immunotherapy, as well as with drugs such as checkpoint inhibitors
[74,75,79].

4. Conclusions

Evaluated PSs showed high ability to form singlet oxygen. It could be
concluded that anionic counterpart (SOF~ vs. I, respectively) has sig-
nificant impact resulting in increased ®,. Photodecomposition quantum
yields indicated that studied compounds present moderate stability. The
photodynamic inactivation potential against pathogens was evaluated.
Among the strains examined were of both Gram-positive bacteria
(S. aureus, E. faecalis), Gram-negative bacteria (E. coli, P. aeruginosa), as
well as yeastlike fungi and dermatophytes (C. albicans and
T. mentagrophytes). For two derivatives at the concentration of 10 pM,
exceptionally high activity against all bacteria was achieved. Interest-
ingly, even a 10-fold decrease in concentration did not weaken the
antimicrobial activity of the investigated PSs. Moreover, it was noticed
the strong synergistic effect of PDT mediated with studied phthalocya-
nines and antibiotic drug — doxycycline against MRSA and E. coli
(ESBL+). The photodynamic anticancer activity against melanoma cells
was evaluated as well. The most developed PS proved to be active
against melanoma cells at both investigated concentrations, causing a
reduction in viable cells by 85 % after 1 h. These results designate it as
an excellent candidate for anticancer PDT. Interesting insights are also
provided by studies on the mechanism of death in cancer cells subjected
to therapy, for which the early apoptosis stage predominates. Moreover,
presented results enable to conclude that to provide photodynamic ac-
tivity, the amount of formed singlet oxygen by PS should achieved
desired level above which the therapeutic effects doesn’t increase. It
appears to be potentially excellent candidate in adjuvant therapy for
melanoma treatment.
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