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Niniejsza rozprawa opiera si¢ na cyklu powigzanych tematycznie artykuléw, opublikowanych

w recenzowanych czasopismach naukowych o zasiggu miedzynarodowym:

Praca 1: Pietrowska, A., Holowacz, 1., Ulatowska-Jarza, A., Guzniczak, M., Matczuk, A. K,
Wieliczko, A., Wolf-Baca, M., & Buzalewicz, 1. (2022). The Enhancement of Antimicrobial
Photodynamic Therapy of Escherichia Coli by a Functionalized Combination of Photosensitizers:

In Vitro Examination of Single Cells by Quantitative Phase Imaging. International Journal of Molecular

Sciences, 23(11), 6137. https://doi.org/10.3390/ijms23116137

IFZ()zzt 5,6
MNiSWopz2: 140 pkt

Liczba cytowan (wedlug bazy Web of Science, bez autocytowan): 5

Mo6j udzial polegat na wspétudziale w przeprowadzeniu pomiaréw z wykorzystaniem cyfrowego
holotomografu oraz skaningowego mikroskopu konfokalnego, eksporcie zarejestrowanych danych
pomiarowych, wspéludziale w przygotowaniu oryginalnej i ostatecznej wersji publikacji,
przygotowaniu wizualizacji wykorzystanych jako grafiki, przeprowadzeniu analizy statystycznej

wynikow uzyskanych w ramach pomiaréw mikroskopowych oraz wspéludziale w przygotowaniu

dyskusji wynikow.

Praca 2: Pietrowska, A., Guzniczak, M., Kublicka, A., Matczuk, A., Wieliczko, A.,
Ulatowska-Jarza, A., & Buzalewicz, 1. (2025). Efflux pump inhibitors from plant compounds: A

new strategy to modulate bacterial growth and morphology. Industrial Crops and Products, 233,
121378. https://doi.org/10.1016/j.indcrop.2025.121378

IF2024Z 6,2
MNiISWa24: 200 pkt

Liczba cytowan (wedtug bazy Web of Science, bez autocytowan): 0

Mo6j udzial polegat na wspotudziale w opracowaniu koncepciji publikacji i pozyskaniu finansowania
na realizacjc badan w ramach Minigrantu dla doktorantéw Politechniki Wroclawskiej,
nadzorowaniu projektu, w ramach ktérego wykonywano pomiary, opracowaniu procedury
obrazowania rozwoju skupisk bakteryjnych na cienkiej warstwie agarowej za pomocg cyfrowego
holotomografu, wykonaniu testow MIC, przeprowadzeniu pomiaréw z wykorzystaniem cyfrowego
holotomografu oraz bioreaktora, eksporcie i analizie zarejestrowanych danych pomiarowych przy
pomocy bioreaktora, analizie ilo§ciowej kinetyki wzrostu bakterii wraz z wyznaczeniem kluczowych

parametréow (czas trwania logarytmicznej fazy wzrostu, maksymalne tempo wzrostu, czas
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podwojenia oraz maksymalne OD), wspoétudziale w przygotowaniu oryginalnej i ostatecznej wersji
publikacji, przygotowaniu wizualizacji, przeprowadzeniu analizy statystycznej wynikow,
wspoludziale w przygotowaniu dyskusji wynikéw oraz kontakcie z wydawnictwem jako autor

korespondencyjny.

Praca 3: Talarczyk, A., Kublicka, A., Matczuk, A., Wieliczko, A., Ulatowska-Jarza, A., &
Buzalewicz, 1. (2026). Plant-derived efflux pump inhibitors potentiate Chlorin e6-based
antimicrobial photodynamic therapy against Bacillus cereus and Escherichia coli. Biochemical and

Biophysical Research Communications, 797, 153214. https://doi.org/10.1016/j.bbrc.2025.153214

IF2024: 2,2
MNiSWzoz43 100 pkt

Liczba cytowan (wedlug bazy Web of Science, bez autocytowan): 0

Mo6j udzial polegat na wspoétudziale w opracowaniu koncepcji publikacji i pozyskaniu finansowania
na realizacjc badan w ramach Minigrantu dla doktorantéw Politechniki Wroctawskiej
nadzorowaniu projektu, w ramach ktérego wykonywano pomiary, wykonaniu testow MIC
1 pomiaréw spektroskopowych, przeprowadzeniu pomiaréw z wykorzystaniem czytnika plytek,
cyfrowego holotomografu oraz skaningowego mikroskopu konfokalnego, eksporcie i ilosciowej
analizie informacji obrazowej na podstawie samodzielnie przygotowanych algorytméw
komputerowych, wspéludziale w przygotowaniu oryginalnej i ostatecznej wersji publikacji,
przygotowaniu grafik, przeprowadzeniu analizy statystycznej wynikéw uzyskanych w ramach
pomiaréw, wspotudziale w przygotowaniu dyskusji wynikéw, kontakcie z wydawnictwem jako
autor korespondencyjny, a takze zaplanowaniu i wykonaniu dodatkowych pomiaréw wymaganych

W procesie recenzyjnym.
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Streszczenie

Obecnosé¢ lekoopornych gatunkéw bakterii 1 infekcje przez nie wywolane sa ogromnym
zagrozeniem dla zdrowia publicznego. Zgodnie z danymi udostepnionymi w 2025 r. przez
Swiatowa Organizacje Zdrowia (WHO, z ang. World Health Organization) oporno$é jest
bezposrednio zwiazana z ponad milionem zgondéw rocznie, natomiast posrednio z prawie
5 milionami. Stale poszukuje si¢ nowych strategii terapeutycznych, pozwalajacych przezwyciezy¢ te
bariere.

Obiecujaca alternatyws dla obecnie dostepnych metod zwalczania infekcji bakteryjnych jest
przeciwdrobnoustrojowa terapia fotodynamiczna (aPDT, z ang. antinicrobial PhotoDynamic Therapy).
Jej ogromna zaleta jest brak mozliwosci wytworzenia przez bakterie opornosci procesy prowadzace
do $mierci komorki lub jej fotoinaktywacii. Jednakze na efektywnos§é aPDT znaczacy wplyw ma
ilo$¢ substanciji, jaka zostanie zakumulowana wewnatrz komoérki bakteryjnej.

Popularno§¢ zyskuja réwniez fotodynamiczne terapie kombinowane, ktére polegaja
na wykorzystaniu fotouczulacza (PS, z ang. PhotoSensitizer) w polaczeniu z dodatkowymi zwigzkami
chemicznymi, np. inhibitorami pomp efflux (EPIs, z ang. Efflux Pump Inbibitors), antybiotykami lub
cytostatykami. Takie podejScie pozwala na uzyskanie efektu addytywnego, badz synergistycznego,
w poréwnaniu z efektami kazdej terapii z osobna. Przyczynia si¢ to réwniez do zmniejszenia dawki
lekéw 1 ograniczenia skutkow ubocznych terapii. Polaczenie PS z EPI moze mieé realny wplyw na
jeden 2z mechanizméw indukowania opornosci 1 doprowadzi¢ do  zwickszenia
wewnatrzkomorkowego stezenia substancii leczniczych.

Ogromnym zainteresowaniem ciesza si¢ EPIs pochodzenia naturalnego. W okresie ostatnich
30 lat blisko 75% zatwierdzonych produktéow antybakteryjnych bylo pochodzenia naturalnego.
Wiele badan wskazuje, ze takie substancje moga odgrywac rolg¢ EPI, przyczyniajac sig
do wzmocnienia efektu zastosowanej terapii i do ponownego uwrazliwienia bakterii na substancje,
na ktére wykazywaly opornosc.

W niniejszej rozprawie podjetam probe opracowania alternatywnych, skojarzonych procedur
terapeutycznych aPDT, opartych na zwigzkach pochodzenia naturalnego, znajdujacych
zastosowanie zarowno w terapii aPDT, jak i w ograniczaniu rozwoju struktur bakteryjnych.
Ponadto wykazalam, Ze cyfrowa holotomografia (DHT, ang. Digital HoloTonography) moze byé
z powodzeniem stosowana jako ilosciowa technika pomiarowa do monitorowania efektéw
indukowanych przez te substancje oraz terapie, w ktorych sa one wykorzystywane, na poziomie

pojedynczych komorek bakteryjnych. Prace doktorsks stanowi cykl trzech publikaci.
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W pierwszej przedstawilam strategi¢ taczenia dwoch odpowiednio dobranych PSs (Chlorin e6
1 Pheophorbide a) w celu zwigkszenia ich wewnatrzkomoérkowej akumulacji oraz uzyskania co
najmniej addytywnego efektu terapeutycznego. Wykazatam, ze kombinacja PSs o uzupelniajacych
sie wlasciwosdciach fizykochemicznych (anionowy Chlorin e6 i kationowy Pheophorbide a)
prowadzi do zwigkszonej akumulacji PSs wewnatrz komorek bakteryjnych (Escherichia coli) oraz
wyzszej efektywnosci terapii. Weryfikacja eksperymentalna z wykorzystaniem mikroskopii
konfokalnej oraz technika ilo§ciowego obrazowania fazy DHT potwierdzila, ze skuteczno$¢ terapii
kombinowanej (29,45%) przewyzsza skuteczno§¢ monoterapii (13,77% w przypadku Chlorin e6
116,15% w przypadku Pheophorbide a). Zaproponowane podejscie stanowi innowacyjny kierunek
rozwoju terapii fotodynamicznej i monitorowania jej skutkdéw, wpisujacy si¢ w $wiatowe trendy
poszukiwania skutecznych strategii zwalczania zakazen bakteryjnych.

W drugiej publikacji skoncentrowatam si¢ na zbadaniu wplywu EPI pochodzenia naturalnego
(berberyna, palmatyna, piperyna, kurkumina, kapsaicyna i1 kumaryna) na rozwdj populacji
bakteryjnych (Escherichia coli, Proteus niirabilis, Bacillus cereus, Enterococcus faecalis) i procesu formowania
si¢ struktur komorkowych. Wykazatam, ze inhibicja aktywnosci pomp efflux prowadzi
do zaburzenia mechanizméw odpowiedzialnych za rozwdéj hodowli bakteryjnej i tworzenie si¢
struktur przestrzennych przez bakterie. Zastosowanie bioreaktora z odwréconym wirowaniem
pozwolilo na ilosciowy opis parametrow krzywej wzrostu hodowli. Szczegdlnie wyrazny efekt
zaobserwowlam w przypadku komorek E. faecalis inkubowanych z berberyna, dla ktérych $rednia
warto$¢ maksymalnej szybkosci wzrostu ulegla redukcji o 53,8%. DHT umozliwita ilo§ciowsa,
trojwymiarows analiz¢ zmian wspolczynnika zatamania $wiatta (R, z ang. Refractive Index), suchej
masy skupisk bakteryjnych oraz objetosci zajmowanej przez te struktury. Eksperymentalnie
wykazalam, ze zaproponowana procedura terapeutyczna prowadzi do ograniczenia dynamiki
podziatéw komorkowych, a w przypadku B. cereus do jej zahamowania, czemu towarzyszyto
wydluzanie si¢c komorek, charakterystyczne w przypadku indukowanych efektow stresujacych.
W przypadku bakterii B. cereus wykazalam, ze wdrozona procedura terapeutyczna ograniczyla
przyrost objetosci  struktur przestrzennych formowanych przez bakterie $wiadczacy
o spowolnieniu lub zahamowaniu dynamiki ich rozwoju. Oznacza to, iz zaproponowana procedura
moze przeciwdziala¢ kolonizacji powierzchni przez bakterie.

W trzeciej publikacji skupilam si¢ na zastosowaniu naturalnych EPI w polaczeniu z PS,
co stanowi skuteczna strategie zwickszania efektywnosci aPDT. Badania przeprowadzitam
na modelowych bakteriach: Gram-dodatniej: Bacillus cerens 1 Gram-ujemnej: Escherichia  coli,
koncentrujac si¢ na analizie wewngtrzkomoérkowej akumulacji PS Chlorin e6. Wykorzystanie

niskich stezen wybranych EPIs (< 0,25 MIC) prowadzilo do bardziej efektywnej akumulacji PS
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wewnatrz komorek bakteryjnych, co potwierdzitam eksperymentalnie za pomoca mikroskopii
konfokalnej 1 DHT. Zwi¢kszona akumulacja PS przekladala si¢ bezposrednio na wyrazny wzrost
skuteczno$ci aPDT, umozliwiajac potencjalng redukcje stezen stosowanych zwiazkéw aktywnych
1 ograniczenie niepozadanych skutkéw terapii. W przypadku Bacillus cerens polaczenie piperyny
z Chlorin e6 prowadzito do wzrostu skutecznosci terapii o 273,90%, a w przypadku Escherichia coli
zastosowanie berberyny w kombinacji z Chlorin e6 skutkowalo zwigkszeniem efektu
terapeutycznego o 227,72% w poréwnaniu z terapia oparta wylacznie na PS. Przeprowadzone
badania jednoznacznie wskazuja, ze wlaczenie EPI do schematéw leczenia przeciwbakteryjnego
umozliwia osiggniecie lepszych efektéw terapeutycznych.

Opublikowane wyniki przeprowadzonych badan potwierdzaja, ze nadrzedny cel rozprawy
doktorskiej zostal zrealizowany. Wskazano alternatywne, kombinowane terapie antybakteryjne
oparte na EPI pochodzenia naturalnego, znajdujace zastosowanie zaréwno w terapii aPDT, jak
1w ograniczaniu rozwoju struktur bakteryjnych. Ponadto w trakcie prowadzonych prac
badawczych zaproponowano catkiem nowe, bezznacznikowe i nieniszczace procedury pomiarowe,
oparte na ilo$ciowym obrazowaniu fazy — DHT, ktére moga stanowi¢ alternatywe dla obecnie
stosowanych klasycznych technik mikrobiologicznych. Warto rowniez podkresli¢, ze powszechne
wdrozenie zaproponowanych procedur terapeutycznych moze przyczyni¢ si¢ do ograniczenia
kolonizacji powierzchni przez bakterie, zahamowania ich rozwoju, fotoinaktywacji lub tez
ograniczenia lekoopornosci nie tylko w praktyce klinicznej, ale rowniez w przemysle spozywczym

1 kosmetycznym.
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Abstract

The presence of drug-resistant bacterial species and the infections caused by them constitute
a serious threat to public health. According to data released in 2025 by the World Health
Organization (WHO), antimicrobial resistance is directly associated with over a million deaths
annually and indirectly with nearly 5 million deaths. New therapeutic strategies that enable
overcoming this barrier are continuously being sought.

A promising alternative to currently available methods for combating bacterial infections is
antimicrobial photodynamic therapy (aPDT). Its major advantage is the inability of bacteria
to develop resistance to the processes leading to cell death or photoinactivation. However, the
effectiveness of aPDT is significantly influenced by the amount of substance that accumulates
inside the bacterial cell.

Combined photodynamic therapies are also gaining popularity; these involve the use of
a photosensitizer (PS) in combination with additional chemical compounds, such as efflux pump
inhibitors (EPIs), antibiotics, or cytostatics. This approach allows for obtaining an additive
or synergistic effect compared to the effects of each therapy applied separately. It also contributes
to a reduction in drug dosage and limitation of side effects. The combination of a PS with an EPI
may have a real impact on one of the mechanisms inducing resistance and lead to an increase in the
intracellular concentration of therapeutic substances.

Natural EPIs have attracted considerable interest. Over the last 30 years, nearly 75%
of approved antibacterial products have been of natural origin. Numerous studies indicate that
such substances may play the role of EPIs, contributing to enhancement of the applied therapy
and to the resensitization of bacteria to substances to which they exhibited resistance.

In this dissertation, I aimed to develop alternative, combined aPDT therapeutic procedures
based on compounds of natural origin, applicable both in aPDT therapy and in limiting the
development of bacterial structures. Moreover, I demonstrated that digital holotomography (DHT)
can be successfully applied as a quantitative measurement technique to monitor the effects induced
by these substances and by the therapies in which they are used, at the level of individual bacterial
cells. The doctoral dissertation consists of a cycle of three publications.

In the first, I presented a strategy for combining two appropriately selected PSs (Chlorin e6
and Pheophorbide a) in order to increase their intracellular accumulation and to obtain at least an
additive therapeutic effect. I demonstrated that a combination of PSs with complementary
physicochemical properties (anionic Chlorin e6 and cationic Pheophorbide a) leads to increased

accumulation of PSs inside bacterial cells (Escherichia col) and higher therapeutic efficiency.
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Experimental verification using confocal microscopy and the quantitative phase imaging technique
DHT confirmed that the effectiveness of the combined therapy (29.45%) exceeded the
effectiveness of monotherapy (13.77% in the case of Chlorin e6 and 16.15% in the case
of Pheophorbide a). The proposed approach constitutes an innovative direction in the
development of photodynamic therapy and monitoring of its effects, fitting into global trends in
the search for effective strategies to combat bacterial infections.

In the second publication, I focused on investigating the influence of natural EPIs (berberine,
palmatine, piperine, curcumin, capsaicin, and coumarin) on the development of bacterial
populations (Escherichia coli, Proteus mirabilis, Bacillus cerens, Enterococcus faecalis) and on the process of
cellular structure formation. I demonstrated that inhibition of efflux pump activity leads to
disruption of the mechanisms responsible for bacterial culture development and the formation of
spatial structures by bacteria. The application of a bioreactor with reversed rotation enabled
a quantitative description of growth curve parameters. A particularly pronounced effect was
observed in the case of E. faecalis cells incubated with berberine, for which the mean value of the
maximum growth rate was reduced by 53.8%. DHT enabled quantitative, three-dimensional
analysis of changes in the refractive index (RI), dry mass of bacterial clusters, and the volume
occupied by these structures. I experimentally demonstrated that the proposed therapeutic
procedure led to a limitation of cell division dynamics and, in the case of B. cereus, to its inhibition,
accompanied by cell elongation characteristic of stress-induced effects. In the case of B. cereus,
I demonstrated that the implemented therapeutic procedure limited the increase in the volume
of spatial structures formed by bacteria, indicating a slowdown or inhibition of the dynamics
of their development. This indicates that the proposed procedure may counteract bacterial surface
colonization.

In the third publication, I focused on the application of natural EPIs in combination with a PS,
which constitutes an effective strategy for increasing the efficiency of aPDT. The studies were
conducted on model bacteria: Gram-positive Bacillus cerens and Gram-negative Escherichia colz,
focusing on the analysis of intracellular accumulation of the PS Chlorin e6. The use of low
concentrations of selected EPIs (< 0.25 MIC) led to more efficient accumulation of the PS inside
bacterial cells, which was experimentally confirmed using confocal microscopy and DHT.
Increased PS accumulation translated directly into a clear increase in aPDT effectiveness, enabling
potential reduction of the concentrations of active compounds used and limitation of undesirable
therapeutic effects. In the case of Bacillus cerens, the combination of piperine with Chlorin e6 led to
an increase in therapeutic effectiveness of 273.90%, whereas in the case of Escherichia coli, the

application of berberine in combination with Chlorin e6 resulted in an increase in therapeutic effect
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of 227.72% compared to therapy based exclusively on the PS. The conducted studies clearly
indicate that inclusion of EPIs in antibacterial treatment regimens enables the achievement
of improved therapeutic effects.

The published results of the conducted studies confirm that the primary objective of the
doctoral dissertation has been achieved. Alternative, combined antibacterial therapies based
on EPIs of natural origin were identified, applicable both in aPDT therapy and in limiting the
development of bacterial structures. Moreover, during the conducted research work, novel, label-
free and non-destructive measurement procedures based on quantitative phase imaging — DHT
were proposed, which may constitute an alternative to currently applied classical microbiological
techniques. It is also worth emphasizing that widespread implementation of the proposed
therapeutic procedures may contribute to limiting bacterial surface colonization, inhibiting their
development, inducing photoinactivation, or reducing antimicrobial resistance not only in clinical

practice but also in the food and cosmetic industries.
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Wykaz skrotow

ABC
AcrAB-TolC

ATTC

aPDT

ATP

CCCP

CmeABC
DHT
DinF
DMSO
EbrAB
EfrAB
EGCG
EmrE
EPI

EPS

FDA

Lde
MacAB-TolC
MATE
MexAB-OprM
MES

MIC

(z ang. ATP-Binding Cassette)
(z ang. Acriflavine resistance A/ B + Tolerance to Colicins)

(z ang. American Type Culture Collection), Amerykanska Kolekcja Kultur
Typowych

(z ang. antimicrobial PhotoDynamic Therapy), przeciwdrobnoustrojowa terapia

fotodynamiczna
(z ang. Adenosine TriPhosphate), adenozynotrifosforan

(z ang. Carbonyl Cyanide m-ChloroPhenylhydrazone), m-chlorofenylohydrazon
cyjanku karbonylu

(z ang. Campylobacter multidrug efflux A/ B/ C)

(z ang. Digital HoloTomography) cyfrowa holotomografia

(z ang. Damage-inducible Flux protein)

(z ang. DiMethyl SulfOxide), dimetylosulfotlenek

(z ang. Ethidinm bromide resistance A/ B)

(z ang. Enterococcus faecalis resistance A/ B)

(z ang. EpiGalloCatechin 3-Gallate), 3-galusan epigallokatechiny
(z ang. Ethidinm multidrug resistance )

(z ang. Effluxc Pump Inhibitor) inhibitor pompy efflux

(z ang. Extracellular Polymeric Substance), zewnatrzkomoérkowa substancja
polimerowa

(z ang. Food and Drug Administration), Agencja ds. Zywnosci i Lekéw
(z ang. Listeria drug efflux)

(z ang. Macrolide accommodation proteins A/ B + Tolerance to Colicins)

(z ang. Multidrug And Toxin Extrusion)

(z ang. Multiple efflux protein A/ B + Outer menmbrane protein M)

(z ang. Major Facilitator Superfamily)

(z ang. Minimum Inbibitory Concentration), minimalne stezenie hamujace
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Wykaz skrotow

MRSA

MtrCDE
NMP
NorA
NorM
OD

PABN

PACE
PBS
PCM

PS

RND
ROS
SMR
SsmE
TetB
TetK
TSB

WHO

(z ang. Methicillin-Resistant Staphylococeus anrens), gronkowiec ztocisty oporny
na metycyling

(z ang. Multiple transfer resistance C/ D/ E)

(z ang. 1-(Naphthalen-1-y[Methyl)Piperazine), 1-(1-naftylo metylo)-piperazyna
(z ang. Norfloxacin resistance protein A)

(z ang. Norfloxacin outflow resistance Multidrug transporter)

(z ang. Optical Density), gestos¢ optyczna

(z ang. Phenylalanine-Arginine p-Naphthylamide), fenyloalanina-arginina-3-
naftyloamid

(z ang. Proteobacterial Antimicrobial Compound Efflux)

(z ang. Phosphate Buffered Saline), sol fizjologiczna buforowana fosforanem
(z ang. Polish Collection of Microorganisms), Polska Kolekcja Mikroorganizmow
(z ang. PhotoSensitizer), fotouczulacz

(z ang. Refractive Index), wspolczynnik zatamania §wiatta

(z ang. Registance-Nodulation Division)

(z ang. Reactive Oxygen Species), reaktywne formy tlenu

(z ang. Small Multidrug Resistance)

(z ang. Staphylococcal small multidrug efflux pump)

(z ang. Tetracycline effluxc pump B)

(z ang. Tetracycline efflux pump K)

(z ang. Tryptic Soy Broth), bulion tryptono-sojowy

(z ang. World Health Organization), Swiatowa Organizacja Zdrowia



Cel oraz hipotezy pracy 17

1. Cel oraz hipotezy pracy

Infekcje powodowane przez patogeny, w tym bakterie, stanowia ogromne wyzwanie dla
ochrony zdrowia publicznego. Oporno§¢ wywolywana przez naduzywanie 1 niewlasciwe
stosowanie antybiotykéw (terapia bez uprzedniego wykonania antybiogramu, badZz kontroli
postepow leczenia) i innych §rodkéw antybakteryjnych (Llor & Bjerrum, 2014; Sora et al., 2020)
znacznie ogranicza skuteczno$¢ prowadzonych terapii. Mozliwos¢ tworzenia biofilméw, bedacych
znacznie bardziej odpornych na dzialanie zwiazkéw bakteriobdjczych w poréwnaniu z komérkami
planktonicznymi, ze wzgledu na ich strukture 1 warstwe ochronna, jaka stanowi
zewnatrzkomorkowa substancja polimerowa (EPS, z ang. Extracellular Polymeric Substance)
(Omwenga & Awuor, 2024; Otter et al, 2015), wymaga stosowania nowych strategii walki
z bakteriami wielolekoopornymi.

Zagrozenia plynace z wystepowania wielolekoopornych gatunkéw bakterii zauwazane sg nie
tylko w praktyce klinicznej, lecz rowniez w przemysle spozywczym i kosmetycznym. Przykladem
moze by¢ tutaj potwierdzenie, ze standardowe procedury dezynfekcji nie pozwalaja na eradykacje
biofilmu bakteryjnego zgromadzonego w obu kanalach endoskopu. Zaréwno czyszczenie
chemiczne, jak 1 mechaniczne nie przynosi oczekiwanych rezultatow (Pajkos et al, 2004).
Alarmujacy jest réwniez fakt, iz biofilm bakteryjny moze wystepowac na suchych powierzchniach,
a niektore z gatunkdéw sa w stanie przetrwaé bez dostgpu do substancji odzywczych nawet 12
miesiecy. Potwierdzono, ze 50-krotne wycieranie z wykorzystaniem standardowej procedury
pozwolilo na usuniecie ok. 97% biofilmu (Parvin et al., 2019). Dodatkowo, w przypadku przemystu
spozywczego (Alves et al., 2021; Sunarti, 2024; Zavisic et al., 2024) oraz kosmetycznego (Alshehret,
2024; Kim et al., 2020; Nusrat et al., 2023) moze doj$¢ do kontaminacji na kazdym etapie produkcji,
co jest duzym wyzwaniem w utrzymaniu bezpieczefistwa i jakosci mikrobiologicznej produktow.

Obiecujacy alternatywa dla dostgpnych metod zwalczania infekcji bakteryjnych jest
przeciwdrobnoustrojowa terapia fotodynamiczna (aPDT, z ang. antimicrobial PhotoDynamic Therapy),
wobec ktorej bakterie nie sa w stanie wytworzy¢ mechanizméw opornosci (Alenazy, 2022; Khan
et al., 2020). W zwigzku z tym w ostatnich latach cieszy si¢ ona coraz wigkszym zainteresowaniem
1 popularnosdcia w $rodowisku naukowym. Zastosowanie tej strategii staje si¢ alternatywnym
narzedziem w zwalczaniu bakterii. Procedury aPDT stale si¢ rozwijaja, a jednym z jej udoskonalen
jest podejscie kombinowane (Youf et al., 2021). Umozliwia to wzajemng synergi¢ PDT i innych
terapii w celu zwigkszenia jej skutecznosci, przeciwdzialania opornosci bakterii oraz niwelowania

skutkéw ubocznych samej terapii.
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Obecnie duzy nacisk kladziony jest na wykorzystywanie w strategiach terapeutycznych
substancji pochodzenia naturalnego — ze wzgledu na szereg zalet, do ktorych zalicza si¢ aktywnosé
przeciwbakteryjng przeciwko szerokiej gamie bakterii i mozliwo$¢ wykorzystania ich w terapiach
kombinowanych (Khameneh et al., 2019; Stavri et al., 2007). Wsrdd tych zwigzkéw, wykazujacych
dzialanie bakteriobdjcze lub bakteriostatyczne, znajduja si¢ inhibitory pomp efflux (EPIs, z ang.
Effluxc Pump Inhibitors). Wynika to z faktu, iz uwaza sig, ze to wlasnie aktywno$¢ pomp efflux jest
odpowiedzialna za jeden z mechanizmoéw opornosci bakterii. Ich rola jest ztozona, pelnig istotne
zadania w fizjologii komoérek bakteryjnych (regulacja wyplywu substancji z wnetrza komorki),
a takze biora udzial w tworzeniu biofilmu m.in. poprzez transport czasteczek sygnalowych quorum
sensing (Alav et al., 2018). Wzajemna synergia EPI i terapii kombinowanej moze wplywac nie tylko

na zwickszenie skutecznos$ci akumulacji substancji wewnatrz komoérek bakteryjnych, co
w konsekwencji doprowadzi do zwigkszenia skutecznosci terapii, ale takze moze mie¢ wplyw na
rozw6j bakterii zaréwno w srodowisku ptynnym, jak i na staltym podtozu.

Nadrzgdnym celem niniejszej rozprawy doktorskiej byla identyfikacja 1 opracowanie
alternatywnych kombinowanych metod antybakteryjnych w oparciu o zwiazki pochodzenia
naturalnego, majacych zastosowanie zaréwno w terapii aPDT, jak i ograniczeniu rozwoju struktur
bakteryjnych, oraz wykazanie, ze DHT moze zosta¢ z powodzeniem wykorzystana jako ilo§ciowa
technika pomiarowa do oceny skutecznosci dzialania opracowanych procedur terapeutycznych,
ktéra dotychczas nie byla standardowo wykorzystywana w badaniach oceny skutecznos$ci aPDT
1 wptywu EPI na namnazanie si¢ bakterii.

Do badan wykorzystalam bakterie klasyfikowane jako organizmy patogenne kategorii II,
zgodnie z zalacznikiem nr 1 do rozporzadzenia Ministra Srodowiska z dnia 29 listopada 2002 r.
(poz. 1798) ze wzgledu na wspoélprace z laboratoriami mikrobiologicznymi Uniwersytetu
Przyrodniczego we Wroclawiu. Wspolpracowalam z pania dr hab. Anna Matczuk, prof. uczelni
z Zakladu Mikrobiologii Katedry Patologii z Wydzialu Medycyny Weterynaryjnej oraz pania prof.
dr hab. Aling Wieliczko z Katedry Epizootiologii z Klinika Ptakow 1 Zwierzat Egzotycznych
z Wydziatu Medycyny Weterynaryjnej. Badania bazowaly na zwiazkach naturalnego pochodzenia:
dwoch fotouczulaczach (PSs, z ang. PhotoSensitizers) — Chlorin e6 i Pheophorbide a oraz szesciu
inhibitorach pomp efflux: berberynie, palmatynie, piperynie, kurkuminie, kapsaicynie i kumarynie.

Przeprowadzitam charakterystyke wlasciwosci absorpcyjnych wymienionych wczesniej
zwigzkow chemicznych z wykorzystaniem spektrofotometrii UV-VIS, ktére uzupelnilam
o pomiary fluorescencji. Do okreslenia wplywu EPI na rozwdj bakterii postuzytam si¢ dwoma
standardowo stosowanymi w mikrobiologii testami: minimalnego stezenia hamujacego (MIC,

z ang. Minimum Inbibitory Concentration) oraz resazurynowym. Pomiary dynamiki namnazania si¢



Cel oraz hipotezy pracy 19

bakterii w pozywce plynnej, prowadzone z wykorzystaniem bioreaktora z odwréconym
wirowaniem, umozliwily uzyskanie ilo$ciowej informacji dotyczacej kluczowych parametrow
krzywych wzrostu wybranych gatunkéw bakterii. Wazna innowacja metodologiczna bylo
wykorzystanie ilo§ciowej techniki obrazowania fazy — cyfrowej holotomografii (DHT, z ang. Digital
HoloTomography) do monitorowania zmian sktadu chemicznego wnetrza komorki, czyli jej gestosci,
a tym samym wspolczynnika zatamania Swiatla (RI, z ang. Refractive Index) komoérek bakteryjnych.
Zaproponowana zostala zatem nowa metoda oceny oddzialywania inhibitoréw oraz fotouczulaczy
na poziomie pojedynczych komorek.

W niniejszej pracy postawilam trzy hipotezy, ktérych udowodnienie umozliwilo realizacje

nadrzednego celu rozprawy doktorskie;:

e H1: kombinacja dwéch odpowiednio dobranych fotouczulaczy zwigksza ich akumulacje
wewnatrz komoérek bakteryjnych oraz prowadzi do uzyskania co najmniej addytywnego
efektu terapii fotodynamicznej;

e H2: zastosowanie celowanych inhibitorow pomp efflux (EPIs) ogranicza dynamike
formowania si¢ struktur przestrzennych tworzonych przez bakterie;

e H3: zastosowanie wybranych inhibitorow pomp efflux (EPIs) zwigksza

wewnatrzkomorkows akumulacje fotouczulacza.
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2. Wstep

2.1. Zagrozenia plynace z lekoopornosci bakteryjne;j

Infekcje bakteryjne sa wcigz powszechne. Szczegdlnie niebezpieczne sg infekcje wywolywane
przez lekooporne szczepy bakterii, ktore nawet w obecnosci antybiotykdéw zachowuja zdolnos¢ do
przezycia i dalszego rozprzestrzeniania si¢ (Fongang et al.,, 2023). Naduzywanie antybiotykéw,
w ochronie zdrowia ludzi i zwierzat oraz rolnictwie, znacznie przyczynito si¢ do takiego stanu
rzeczy (Galgano et al., 2025). Swiatowa Organizacja Zdrowia (WHO, z ang. World Health
Onganizgation) wskazuje, ze potrzebna jest racjonalizacja antybiotykoterapii poprzez wdrozenie
diagnostyki  profilaktycznej i przedterapeutycznej, aby wyeliminowa¢ jej nadmierne
wykorzystywanie, a przede wszystkim, by stosowa¢ celowane antybiotyki, dopasowane
do konkretnego patogenu (World Health Organization, 2024).

W 2019 r. 13,6% wszystkich zgonéw na $wiecie zwigzanych bylo z patogenami bakteryjnymi,
co stanowi druga najczestsza przyczyne zgonow, po chorobie niedokrwiennej serca (Ikuta et al.,
2022). Szacuje sig, ze na $wiecie do 2050 r. przyczyna $mierci 10 mln 0séb rocznie beda infekcje
wywolane przez bakterie antybiotykooporne, zaréwno posrednio, jak i bezposrednio (Dadgostar,
2019; Sora et al., 20206). Niebezpieczenstwo to zostalo zauwazone przez WHO, ktéra opublikowala
liste gatunkéw bakterii, bedacych najwigkszym zagrozeniem dla zdrowia, okredlonych jako
ESKAPE (Mulani et al., 2019; Tacconelli et al., 2018). To wlasnie wymienione tam gatunki:
Enterococcus faecinm, Staphylococcus anrens, Klebsiella pneumoniae, Acinetobacter banmanni, Psendomonas
aeruginosa 1 Enterobacter spp. sa odpowiedzialne za ponad 50% wszystkich zgonéw wywolanych
przez zakazenia bakteryjne (Soni et al., 2024). Warto wspomnied, ze istotne w kontekscie infekeji
bakteryjnych sa rowniez zakazenia szpitalne, ktore znacznie czesciej powodowane s przez oporne
gatunki bakterii w poréwnaniu do zakazent pozaszpitalnych (Arnold, 2026).

Wielolekooporno$¢  bakterii  jest nie tylko problemem zdrowotnym, ale réwniez
ekonomicznym. Leczenie zakazen wielolekoopornych jest znacznie drozsze niz zakazen
wywolanych przez bakterie wrazliwe na antybiotyki, co wynika z dluzszego okresu leczenia,
koniecznosci dodatkowych badan i wykorzystywania drozszych lekow (Poudel et al., 2023;
Pulingam et al.,, 2022). Bank Swiatowy szacuje, ze jezeli nie zostang podjete zadne dzialania,

to do 2030 r. roczne globalne wydatki zwiazane z zakazeniami spowodowanymi przez bakterie

antybiotykooporne wyniosa 3,4 miliarda dolaréw (Allel et al., 2024).
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2.2. Mechanizmy opornos$ci bakteryjnej

Odkrycie penicyliny do zwalczania bakterii stalo si¢ niewatpliwym przelomem w medycynie
(Fleming, 1929; Lobanovska & Pilla, 2017) i zapoczatkowalo seri¢ badan nad $rodkami
przeciwbakteryjnymi. Wage tego odkrycia podkresla fakt, ze w 1945 r. Alexander Fleming, Ernst
Boris Chain oraz Howard Walter Florey otrzymali Nagrode Nobla w dziedzinie fizjologii
i medycyny ,,za odkrycie penicyliny i jej leczniczego dzialania w r6znych chorobach zakaznych”'.
Niestety, pierwsze doniesienia o opornosci na ten antybiotyk pojawily si¢ juz w 1940 1. i dotyczyty
szczepu Escherichia coli, ktory inaktywowal penicyling poprzez produkcje penicylinazy. Kolejno,
w 1942 r. udokumentowano oporno$¢ czterech szczepow Staphylococcus aurens (I.obanovska & Pilla,
2017). Opornos¢ rozprzestrzeniala si¢ w takim tempie, ze pod koniec lat szes¢dziesiatych XX w.
ponad 80% szczepow Staphylococcus aurens bylo opornych na penicyling (Lowy, 2003). Podjete
zostaly proby wprowadzenia nowych antybiotykow, jednakze rowniez w ich przypadku z czasem
pojawila si¢ opornosé, przez co skutecznos¢ leczenia drastycznie malala.

Opornos¢ bakteryjna jest niezwykle skomplikowanym zjawiskiem i mozna jg podzieli¢ na
wrodzong lub nabyta. W przypadku tej pierwszej wskaza¢ mozna fenotyp opornosci wielolekowe;j
u bakterii Gram-ujemnych, co spowodowane jest obecnoscig blony zewngetrznej i jej zmniejszone;j
przepuszczalnosci zwigzanej z obecnoscia lipopolisacharydéw oraz nadekspresja pomp efflux (Cox
& Wright, 2013; Reygaert, 2018). Opornos¢ nabyta natomiast powstaje w wyniku mutacji lub
narazenia komoérki na srodki o dziataniu przeciwbakteryjnym (Gajic et al., 2025).

Opornosc¢ bakteryjna nie powstaje w wyniku jednego prostego mechanizmu. Jest to zjawisko

wielomechanizmowe, obejmujace m.in.:

e modyfikacje struktury poryn, co wplywa na ograniczenie akumulacji lekow poprzez
zmniejszenie ich naplywu. Kanaly bialkowe — poryny, ktére znajduja si¢ w blonie
komoérkowej odpowiedzialne sa za pasywny transport réznych czasteczek, w tym
antybiotykow. Zmiana struktury lub mutacje w genach tych kanaléw skutkuja modyfikacja
przepuszczalnosci blony, co bezposrednio umozliwia bakteriom rozwinigcie opornosci
na antybiotyki. Poryny sa zatem uwazane za potencjalne cele dla nowych zwigzkow
antybakteryjnych, szczegdlnie w przypadku bakterii Gram-ujemnych (Dé et al., 2001;
Khameneh et al., 2019);

e przeprogramowanie struktury miejsca wiazania leku. Moze odbywac si¢ to w wyniku
mutacji (spontaniczne mutacje w genie kodujacym biatko, bedacym celem leku),

modyfikacji enzymatycznych (prowadzacych do metylacji genu) lub ostaniania (zastapienia

! https://www.nobelprize.otg/prizes/medicine/1945/summary/
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celu inna czasteczka pelniaca taka samg funkcje) (Belay et al, 2024). Wowczas
powinowactwo antybiotykéw do miejsca aktywnego ulega znacznemu zmniejszeniu;

e modyfikacje lekow poprzez zmiany grup funkcyjnych, co jest charakterystyczne dla
antybiotykow nalezacych do aminoglikozydow. Zmiany te spowodowane sg dzialaniem
odpowiednich enzymoéw, a zmodyfikowane produkty charakteryzuja si¢ nizszym
powinowactwem do RNA, blokujac syntez¢ bialek, co wynika z braku zdolnosci
do wiazania si¢ z rybosomami (Belay et al., 2024; Khamench et al., 2019);

e calkowity rozklad antybiotyku. Klasyczna degradacja okreslonych fragmentéw czasteczki
antybiotykow (z grupy penicylin, cefalosporyn i1 karbapenemoéw) wywolana jest przez
enzym hydrolityczny — B-laktamaze (Olsen, 2015). Kazda czasteczka enzymu jest w stanie
zhydrolizowaé 10° czasteczek antybiotyku na sekunde, co czyni terapie nieskuteczna
(Khameneh et al., 2019);

e aktywne wydalanie lekow z wnetrza komorki, w ktorym bakterie wykorzystuja pompy
efflux, jest najbardziej interesujace w kontekscie przeprowadzonych badan. Sa one
podzielone na rézne rodziny i odpowiadaja za opornos¢ na szeroka game antybiotykow,
co omowione zostanie w dalszej czeéci rozprawy (2.4 Pompy efflux). W konsekwencji tego
dzialania wewnatrzkomorkowe stezenie lekéw jest niewystarczajace, by osiagnaé zakladany
efekt terapeutyczny (Khameneh et al., 2019; Soni et al., 2024).

W praktyce klinicznej oznacza to, ze bakterie moga rownoczesnie wykorzystywac kilka strategii
obronnych, co znaczaco utrudnia skuteczne leczenie infekcji i sprzyja rozprzestrzenianiu si¢
szczepow lekoopornych. Uwzgledniajac roznice w strukturze bakterii Gram-dodatnich oraz Gram-
ujemnych, tj. obecno$¢ dodatkowej blony zewngtrznej w przypadku bakterii Gram-ujemnych,
mozna stwierdzi¢, ze to wlasnie bakterie Gram-ujemne moga wykorzystywaé wszystkie
mechanizmy, co czyni je wigkszym zagrozeniem. W przypadku bakterii Gram-dodatnich brak
blony zewnetrznej sprawia, ze brakuje naturalnej bariery dla przenikania leku, a dodatkowo liczba
potencjalnych pomp efflux obecnych w blonie cytoplazmatycznej jest ograniczona, co sprawia,
ze te dwa mechanizmy pelnig ograniczona role w opornosci bakterii nalezacych do tej grupy
(Reygaert, 2018). W efekcie, coraz cz¢sciej bakterie, zarowno Gram-dodatnie, jak 1 Gram-ujemne,
sq w stanie przetrwal bez zahamowania wzrostu po zastosowaniu srodkéw antybakteryjnych
(Almutairy, 2024).

Celem dziatania sSrodkéw przeciwbakteryjnych jest ograniczenie lub zablokowanie kluczowych
mechanizméw  funkcjonowania komorki  bakterii  takich jak: hamowanie syntezy S$ciany
komorkowej, depolaryzacja bltony komérkowej, zakldcanie syntezy biatek i kwasoéw nukleinowych

oraz blokowanie wybranych szlakéw metabolicznych (Mancuso et al., 2021; Reygaert, 2018).
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Jednakze, jak juz wspomniano wczesniej, bakterie sa w stanie skutecznie wytworzy¢ mechanizmy
przeciwdzialajace tym efektom. Potrzebne sg zatem nowe strategie terapeutyczne, ktére pozwola
przezwycigzy¢ mechanizmy adaptacyjne komorek bakteryjnych, stuzace wytworzeniu
lekoopornosci. Szczegdlng uwage poswigca si¢ terapiom laczonym, polegajacym na jednoczesnym
stosowaniu co najmniej dwoch zwiazkow o dzialaniu przeciwbakteryjnym w celu zwickszenia
skutecznosci leczenia. Zwiazane jest to z mniejszym prawdopodobiefstwem rozwinigcia przez
patogen opornosci na obie substancje w poréwnaniu z monoterapia oraz mozliwoscia uzyskania
synergistycznego efektu terapii kombinowanej (Mulani et al., 2019). Najczesciej spotyka si¢
polaczenia antybiotykéw z dodatkowa substancja lub czynnikiem np. bakteriofagami (Domingo-
Calap & Delgado-Martinez, 2018; Peng et al., 2024), peptydami przeciwdrobnoustrojowymi
(Sharafi et al., 2024; T¢éllez et al., 2018), nanoczasteczkami (Moradialvand et al., 2024) czy terapia
fotodynamiczna. Nalezy jednak podkresli¢, ze w przypadku terapii kombinowanych najwickszym
wyzwaniem jest dobor odpowiednich zwigzkow lub czynnikow, ktdre wzmocnia jej efektywnosc,
tak aby kofcowy efekt terapii byl co najmniej addytywny, co zostalo udowodnione w dalszej,

eksperymentalnej cz¢sci tej rozprawy.
2.3. Przeciwbakteryjna terapia fotodynamiczna

Szczegblng  alternatywa dla  standardowych terapii farmakologicznych jest terapia
fotodynamiczna, wobec ktorej bakterie nie sa w stanie wytworzy¢ skutecznych mechanizméw
opornosci ze wzgledu na zbyt krétki czas pomiedzy podaniem PS, a jego dzialaniem oraz
nakierunkowanie na wiele celéw komoérkowych jednoczesnie (Al-Mutairi et al., 2018; Surur et al.,
2024). Zwyczajowo aPDT opiera si¢ na trzech filarach: promieniowaniu o odpowiednich
parametrach, PS i tlenie czasteczkowym (Sabino et al., 2020). Proces fotodynamiczny przebiega
gléwnie w obecnodci tlenu. Promieniowanie o okreslonej dlugosci fali wzbudza selektywnie
zgromadzony PS, co prowadzi do powstania rodnikéw i reaktywnych form tlenu (ROS, z ang.
Reactive Oxcygen Species), w tym tlenu singletowego (Mahmoudi et al., 2018; Rajesh et al., 2011).
W warunkach ograniczonej dostgpnosci tlenu PS moze réwniez dziala¢ poprzez reakcje
bezposrednie z substratami komérkowymi.

Fotouczulacze we wzbudzonym stanie trypletowym podlegaja dwém typom reakeji
fotochemicznych. W mechanizmie typu I, opartym na transferze elektronéw, powstajg aniony
ponadtlenkowe (O7), co prowadzi do wytwarzania rodnikéw hydroksylowych (OH") oraz
nadtlenku wodoru (H»O,). Zaburza to integralno$¢ blony komoérkowej, prowadzac do jej
uszkodzen. W przypadku reakeji II typu, bazujacej na transferze energii, produktem jest wysoce

reaktywny tlen singletowy. W wyniku zachodzacych reakcji w obu mechanizmach zaobserwowaé
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mozna m.in.: indukowanie uszkodzen oksydacyjnych blon i §ciany komoérkowej, uszkodzenia DNA
1 rybosoméw oraz utlenianie biatek (Buzalewicz, Holowacz, et al., 2021; Cieplik et al., 2018; Piksa
et al., 2023; Rajesh et al., 2011).

Na powodzenie aPDT wplyw ma wiele czynnikéw, jednakze najistotniejsze sa: PS i jego
wladciwosci oraz zastosowane zrédlo promieniowania (Abrahamse & Hamblin, 20106; Piksa et al.,
2023). Od wykorzystanego PS zalezny jest rowniez sposéb penetracji komorki i skutecznosé jego
akumulacji. Kationowe PS korzystaja z oddzialywan elektrostatycznych i samoczynnych szlakéw
wychwytu. Moga réwniez, po polaczeniu z lipopolisacharydami, wypiera¢ jony Ca* i Mg™,
zaburzajac integralno$¢ blony zewnetrznej. Anionowe PS sg transportowane w wyniku polaczenia
oddziatywan elektrostatycznych i transporterow biatkowych (Pietrowska et al., 2022).

Kluczowe znaczenie ma umiejscowienie fotouczulacza, poniewaz ROS maja bardzo krétki
promien dyfuzji i krotkotrwaly czas zycia (Cui et al., 2024; Lange et al., 2021; Przygoda et al., 2023;
Redmond & Kochevar, 2000). Wystepujace w komorce zwigzki (lipidy, biatka i kwasy nukleinowe)
reaguja z tlenem singletowym i powodujq jego wygaszanie. Ich oddzialywanie jest zatem
ograniczone do bezposredniego otoczenia, w ktorym sa one generowane, a $redni promien dyfuzji
w $rodowisku komoérkowym wynosi od 100 nm do 150 nm (Cui et al.,, 2024). Tym samym,
efektywnos¢ aPDT jest ograniczona przez konieczno$¢ bliskiego kontaktu ROS z celami
komoérkowymi, a takze przez stopien ich akumulaciji 1 lokalizacje wewnatrz komorki bakteryjne;.
W przypadku tej terapii konieczne jest réwniez, by wykorzystany PS nie byl usuwany przez

bakteryjne pompy efflux lub by znacznie ograniczy¢ ten proces.
2.4. Pompy efflux

Pompy efflux to bialka blonowe, ktére sa odpowiedzialne za aktywny transport réznorodnych
substancji z wnetrza bakterii do przestrzeni zewnatrzkomoérkowej. Powigzane sa z jednym
z mechanizméw opornosci bakterii (Nishino et al., 2021), lecz pelnig tez inne funkcje, m.in.:
zwigzane z formowaniem si¢ biofilmu, wirulencja bakterii oraz regulacjq fizjologii gospodarza.

Pompy efflux mozna podzieli¢ na pierwotne i wtérne, w zaleznosci od zrédla energii, ktore jest
wykorzystywane do wypompowania czasteczek (Sharma et al, 2019). Energia moze by¢
pozyskiwana z hydrolizy adenozynotrifosforanu (ATP, z ang. Adenosine TriPhosphate), wowczas te
pompy naleza do pierwotnych pomp efflux (Gaurav et al., 2023). W przypadku czerpania energii
z sily napedowej protonéw, méwi sie o wtornych pompach efflux (Gaurav et al, 2023).
W literaturze wyrdznia si¢ 6 rodzin pomp efflux:

e ABC (z ang. ATP-Binding Cassette) — rodzina ABC jako jedyna nalezy do pierwotnych pomp

efflux. Pompy nalezace do tej rodziny moga pelni¢ role zaréwno eksportera (usuwanie
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toksyn, antybiotykéw 1 polisacharydow), jak 1 importera (transport aminokwasow i jonéw).
Wyrézni¢ mozna réwniez trzeci typ, ktory jest zaangazowany w naprawe lub translacje
DNA (Davidson et al., 2008). Biora one udzial w dostarczaniu do wnetrza komorki
sktadnikéow odzywczych, w tym peptydéw, witamin, aminokwaséw, co wspomaga
wirulencje (Akhtar & Turner, 2022). Pompy nalezace do tej rodziny spotykane sa zaréwno
w przypadku bakterii Gram-ujemnych oraz Gram-dodatnich. Najlepiej poznana pompa
z rodziny ABC, w przypadku bakterii Gram-ujemnych, jest pompa MacAB-TolC (z ang.
Macrolide accommodation proteins A) B + Tolerance to Colicins) (Escherichia coli) (Fitzpatrick et al.,
2017; Huo et al., 2025; Jo et al., 2017). W przypadku bakterii Gram-dodatnich, pompy ABC
przyjmujq posta¢ pojedynczego bialka blonowego, a przykladem moze by¢ pompa EfrAB
(z ang. Enterococcus faecalis resistance A/ B) w Enterococcus faecalis, ktéra zostata wykryta we
wszystkich wielolekoopornych szczepach (Lavilla Lerma et al., 2014);

SMR (z ang. Small Multidrug Resistance) — to najmniejsze pompy efflux, ktére maja postac
czterech transblonowych a-helis. Transportowa¢ moga zwiazki lipofilowe, antybiotyki lub
tez $rodki antyseptyczne i detergenty (Bay et al., 2008; Bay & Turner, 2009). W rodzinie
SMR  wyrézni¢é mozna dwa podtypy, ktore wykazuja duzgq zbieznos¢ sekwencji
aminokwasow. Pilerwsza grupa powigzana jest z czwartorzedowymi kationami
amoniowymi np. etydyna i metylowiologen. Druga natomiast odpowiada za transport
antyporteréw guanidynowych (Chetri, 2023; Kermani et al., 2020). Przyktady pomp efflux
z rodziny SMR to EmrE (z ang. Ethidium multidrug resistance E) w komorkach bakterii
gatunku Pseudomonas aeruginosa, EbtAB (z ang. Ethidium bromide resistance A/ B) w komédrkach
bakterii gatunku Bacillus subtilis, SsmE (z ang. Staphylococcal small multidrug efflux pump)
w komorkach bakterii gatunku Servatia marcescens 1 EmtE z Escherichia coli (Stinivasan et al.,
2009);

MATE (z ang. Multidrug And Toxin Extrusion) — do eksportu pompy z tej rodziny
wykorzystuja gradient elektrochemiczny H' lub Na’, co wyrdznia je na tle innych pomp
wtornych (Lu, 2016). Na podstawie sekwencji aminokwaséw mozna dokonac ich podziatlu
na nastgpujace podrodziny: NotM (z ang. Norfloxacin outflow resistance Multidrug transporter),
DinF (z ang. Damage-inducible Flux protein) oraz podrodziny eukariotyczne. W przypadku tej
ostatniej podrodziny, sa to pompy zalezne od H" (Masuda et al., 2006). W wigkszosci
scharakteryzowane pompy nalezace do rodziny MATE sa niezdolne do ekstruzji zwiazkow
o tadunku uyjemnym (Lu, 2016). Pompy NorM odpowiadaja za ochrone przed
uszkodzeniami spowodowanymi przez ROS, a dodatkowo sa odpowiedzialne za usuwanie

zwigzkow kationowych (De Gaetano et al., 2023). Pompy z rodziny DinF odpowiadaja
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za oporno$¢ na szereg antybiotykdw, np. moksyfloksacyne, cyprofloksacyne
1 lewofloksacyne w przypadku bakterii gatunku Streptococcus pnenmoniae (Tocci et al., 2012);
MFES (z ang. Major Facilitator Superfamily) — jest to najwigksza scharakteryzowana rodzina
pomp efflux w przypadku bakterii Gram-ujemnych. Zbudowane s3 one z 12 lub 14 helis
transblonowych (Du et al., 2015). W obrebie tej rodziny mozna wyrdznic: uniportery, ktore
do transportu nie wykorzystuja jonéw; symportery, ktore transportujq substrat 1 jony w tym
samym kierunku; antyportery, ktére przenosza substrat 1 jony, ale w przeciwnych
kierunkach (Du et al., 2018). Jako przykladowe pompy z tej rodziny mozna wymieni¢ Lde
(z ang. Listeria drug efflux) w komorkach bakterii gatunku Listeria monocytogenes, NorA (z ang.
Norfloxacin resistance protein A) w przypadku bakterii gatunku Staphylococcus aurens (Huang et
al., 2022). Poza procesem ekstruzji, pompy z rodziny MES pelnig réwniez inne istotne role
w szlakach metabolicznych komorek. Przyczyniaja si¢ do wywolywania odpowiedzi
immunologicznej gospodarza, podtrzymywania stabilnosci $ciany komoérkowej, maja
réwniez wplyw na ruchliwo$¢ i wirulencje patogenéow (Pasqua et al., 2021);

RND (z ang. Resistance-Nodulation Division) — rodzina RND jest najistotniejsza pod katem
opornodci na leki u bakterii Gram-ujemnych. Te pompy moga wydala¢ szeroka game
antybiotykow i innych zwigzkéw toksycznych dla bakterii. Cechuja si¢ charakterystyczna
tréjdzielng budowa: biatko blony zewngtrznej, peryplazmatyczne biatko adaptorowe oraz
biatko blony wewnetrznej (Nikaido, 2010). Im czesciej bakterie narazane s3 na stres
zwigzany ze stosowaniem §rodkéw antybakteryjnych, tym bardziej zwigksza si¢
czgstotliwo§é mutacji pomp. Potencjalne mutacje, w ktorejkolwiek domenie pomp, moga
prowadzi¢ do zmian powinowactwa pomp do ich substratow, a w konsekwenciji —
do wzrostu lekoopornosci (Zwama & Nishino, 2021). Wsréd pomp z rodziny RND mozna
wyrézni¢ rowniez pompy opornosci wielolekowej AcrtAB-TolC (z ang. Acriflavine resistance
A/B + Tolerance to Colicins), MexAB-OptM (z ang. Multiple effluxc protein + Outer membrane
protein M), CmeABC (z ang. Campylobacter multidrug effluxc A/ B/ C), MttCDE (z ang. Multiple
transfer  resistance  C/D/E), ktére zaangazowane s3a w modulacje przezywalnosci
1 patogeniczno$ci bakterii (Piddock, 2006). W przypadku komorek bakterii gatunku
Escherichia coli pompy RND biora takze udzial w ekstruzji metali cigzkich. Jony metali
cigzkich rowniez wplywaja na wzrost iprzezywalno$¢ bakterii, jednakze bakterie,
wykorzystujac dziatanie pomp efflux moga stac si¢ oporne réwniez na ten czynnik (Huang
et al., 2022);

PACE (z ang. Proteobacterial Antimicrobial Compound Efflux) — to niedawno odkryta rodzina

pomp efflux (Hassan et al., 2015). Pierwszym zidentyfikowanym biatkiem z tej rodziny jest
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Acel w komorkach bakterii gatunku Acinetobacter banmannii (Bolla et al., 2020), niedawno
opisano kolejna: PA2889 u Pseudomonas aernginosa (Zhao et al., 2022). W przypadku obu
pomp potwierdzono, ze moga one transportowa¢ chlorheksydyne (De Gaetano et al.,
2023). Pompy z tej rodziny biora udzial w transporcie biosyntetycznych biocydéw, ktore
stosowane sg jako srodki o wlasciwosciach dezynfekujacych (Hassan et al., 2018), co istotne
kodowane sa przez wysoce konserwatywne geny, co podkresla istotnos¢ petnionych przez
nie funkcji (De Gaetano et al., 2023). Te pompy nie wystepuja w przypadku wszystkich
gatunkéw bakterii, np. nie stwierdzono genéw kodujacych biatka z rodziny PACE

w materiale genetycznym Escherichia coli (Gaurav et al., 2023).

Nadekspresja pomp efflux, nalezacych do réznych rodzin, jest czesto spotykana u opornych

patogenéw, co znacznie obniza wewnatrzkomoérkowe stezenie substancji majacej wlasciwosci

antybakteryjne, a co za tym idzie — rowniez skutecznosé calej terapii. Hamowaniem aktywnosci
y yjne, yW.

bakteryjnych pomp efflux mozna sterowaé na co najmniej sze$¢ sposobow (Pages & Amaral, 2009;

Sharma et al., 2019; Zhang et al., 2023):

1)

2)

3)

4)

5)

)

obnizenie ekspresji genéw odpowiedzialnych za synteze pomp poprzez regulacje
genetyczng — zakldcenie transkrypcji lub translacji tego genu. Do tego celu wykorzystywane
sq oligonukleotydy antysensowne, interferujace RNA lub inne czasteczki antysensowne;
hamowanie montazu poszczegdlnych elementéw pomp, w wyniku czego blokowane jest
powstanie funkcjonalnej pompy efflux;

chemiczna modyfikacja substancji, by pompa nie odbierala ich jako substratow. W ten
sposob zmniejsza si¢ ich powinowactwo 1 blokuje si¢ wyptyw substancii;

blokowanie kanalu blony zewnetrznej za pomoca czasteczki wykazujacej silne
powinowactwo do tego obszaru. Wykorzysta¢c mozna go jedynie w przypadku bakterii
Gram-ujemnych;

blokowanie pompy w jej miejscu aktywnym za pomoca czasteczki nieantybiotykowe;j
i uniemozliwienie zwigzania si¢ substratu;

przeksztalcenie mechanizmu energetycznego pomp efflux. Odbywaé moze si¢ poprzez
ingerencje w zrodlo energii zasilajacej pompe poprzez blokowanie syntezy ATP lub

zaburzenie sily protonowe;.

2.5. Inhibitory bakteryjnych pomp efflux

Inhibitory pomp efflux to substancje, ktore blokuja aktywnos§é wspomnianych pomp. Ich

zastosowanie moze zablokowac¢ pompy efflux i wyeliminowac jeden z czynnikow ograniczajacych

skuteczno$¢ aPDT. W ostatnich latach mozna zaobserwowaé tendencje do poszukiwania EPI
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pochodzenia naturalnego do zastosowan w terapii przeciwbakteryjnej, w szczegdlnosci
w przypadku bakterii wielolekoopornych. Ich niewatpliwa zaleta jest bezpieczenstwo
1 korzystniejszy profil toksycznosci dla komoérek gospodarza, niski koszt, wysoka skutecznosé
1 ogromne mozliwosci rozwoju w zastosowaniach aplikacyjnych (Zhang et al., 2024). Korzysci
plynacych z zastosowania EPI w terapii przeciwbakteryjnej, rowniez kombinowanej, jest wiele.
Wyrézni¢ mozna m.in. zwigkszenie stezenia leku wewnatrz komorek, ponowne uwrazliwienia
bakterii na leki oraz ograniczenie mozliwosci rozwoju szczepdw opornych (Mahamoud et al., 2007).

Podzialu EPI mozna dokona¢ na kilka sposobow. Pierwszym z nich jest klasyfikacja
na podstawie réznych mechanizmoéw dziatania. Wérdéd nich mozna wyrézni¢ m.in. zaklécenie
ekspresji gendéw zwigzanych z pompami efflux, modyfikacje chemiczng substratow, hamowanie
wiazania substratu poprzez zwigzanie z pompg efflux innego zwiazku, blokowanie zewngtrznej
czesci pompy efflux, zaburzenie integralnosci blony i ingerencje w zrédlo energii zasilajacej pompe
(Askoura et al., 2011; Ren et al., 2024; Zhang et al., 2023). Jednakze doktadny mechanizm dziatania
wigkszosci EPI nie jest do konica znany, stad powszechnie stosowanym podzialem jest ten, ktory
uwzglednia ich pochodzenie. Wyrézni¢ mozna zatem EPI pochodzenia naturalnego oraz
syntetyczne. Ponizej przedstawione zostana wybrane przyklady zwiazkéw nalezacych do obu grup.

W przypadku pierwszej grupy, tj. EPI pochodzenia naturalnego, mozna wymieni¢ metabolity

wtorne (np. flawonoidy, polifenole i alkaloidy) pochodzace z roslin leczniczych. Substancje
te sa przedmiotem zainteresowania wielu naukowcodw ze wzgledu na wpisujacy si¢ w trendy model
leczenia zwiazkami naturalnymi, ktérych wykorzystanie zwicksza bezpieczenstwo terapii (Liu et al.,
2025; Uc-Cachén et al, 2025). Wiele badan skupia si¢ réowniez na produktach pochodzenia
roslinnego, takich jak owoce, przyprawy i nasiona, doceniajac brak ich toksycznosci wobec
komorek eukariotycznych, co odréznia EPI pochodzenia naturalnego od zwiazkéw syntetycznych
(Seukep et al.,, 2020). Duzym zainteresowaniem cieszg si¢ réwniez olejki eteryczne, ze wzgledu
na synergiczne dzialanie z antybiotykami, mozliwo§¢ ponownego uwrazliwiania bakterii na terapie
1 zaklécanie procesu tworzenia biofilmu (Ghazal et al., 2022; Iskandar et al., 2025; Mouwakeh et
al., 2019; Sharifi et al., 2021). Do EPI pochodzenia naturalnego nalezy:

e kapsaicyna, ktora pozyskiwana jest gtéwnie z papryki chili z rodzaju Capsicum. Posiada
zdolnos¢ do wiazania si¢ z miejscem aktywnym pomp efflux, co uniemozliwia ekstruzje
substancji antybakteryjnych (Zhang et al., 2023). Udowodniono, ze jest ona inhibitorem
pompy NotrA u Staphylococcus anrens 1 wykazano, ze taczac kapsaicyne z cyprofloksacyna
mozliwe jest osiggni¢cie wzmocnionego efektu terapeutycznego w porownaniu z samym
antybiotykiem. Dodatkowo zaobserwowano ograniczenie pojawiania si¢ szczepow

opornych Staphylococcus anreus (Kalia et al., 2012);
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piperyna, bedaca alkaloidem znajdujacym si¢ w zewnetrznej warstwie ziaren pieprzu Piper
nigrum, znalazla si¢ na licie zwigzkow ,,0gdlnie uznawanych za bezpieczne”, stworzonej
przez Agencje ds. Zywnosci i Lekéw (FDA, z ang. Food and Drug Administration). Jej
mechanizm dzialania opiera si¢ na bezposrednim wiazaniu z miejscem aktywnym pomp
efflux (Liu et al., 2023). Potwierdzono dzialanie piperyny na pompy NorA 1 MdeA
u Staphylococeus aurens, co w polaczeniu z cyprofloksacyna (NorA) i mupirocyna (MdeA)
przyniosto zadowalajaca skuteczno$¢ terapii. Znalazlo to réwniez odzwierciedlenie
w obnizeniu MIC antybiotyku (Mirza et al., 2011; Zhang et al., 2024). Potwierdzono,
ze piperyna moze modyfikowa¢ dzialanie rowniez innych pomp efflux z rodziny MFS
(Seukep et al., 2020);

berberyna, znajdujaca si¢ w korzeniach, lisciach badz owocach kilku roélin, w tym berberysu
Berberis 1 gorzknika kanadyjskiego Hydrastis canadensis. Uwazana jest w medycynie chiniskiej
1 zachodniej za §rodek przeciwbakteryjny, chociaz jej spektrum dziatania jest zdecydowanie
szersze, t. wykazuje réwniez aktywno$¢ przeciwwirusowa, przeciwpasozytnicza
1 przeciwgrzybiczna (Zhang et al., 2024). Jej wplyw na inhibicj¢ aktywnosci pomp efflux
jest spowodowany zmniejszeniem ekspresji genéow odpowiedzialnych za synteze
elementéw pomp efflux (Zhang et al, 2023). Interesujace jest réwniez dziatanie
terapeutyczne jej metabolitow, co takze wplywa na skutecznosc terapii (Feng et al., 2021).
Przeprowadzone badania potwierdzily, zZe polaczenie berberyny i cyprofloksacyny
zwicksza wrazliwo§¢ Klebsiella  pneumoniae na ten antybiotyk (Zhou et al, 2010).
Udowodniona zostata réwniez aktywnos¢ berberyny wobec pompy NorA u Staphylococens
anrens oraz MexAB-OptM u Pseudomonas aeruginosa (Aghayan et al., 2017; Seukep et al.,
2020);

kurkumina, ktéra znalez¢ mozna w klaczach ostryzu dlugiego Curcuma longa, zwanego
potocznie kurkuma. Mechanizm jej dzialania opiera si¢ na zmniejszeniu ekspresji gendéw
odpowiedzialnych za syntez¢ pomp efflux (Zhang et al., 2023). Jej zastosowanie w terapii
moze przyczyni¢ si¢ do zmniejszenia ekspresji TetK (z ang. Tetracycline efflux pump K)
u bakterii gatunku Escherichia coli, co przeklada si¢ na zwickszenie skutecznosci terapii
tetracykling (Zhang et al, 2023). Ponadto wykazuje dzialanie wobec pomp efflux
Pseudomonas aernginosa Negi et al., 2014) oraz NorA, MdeA, TetK i MstA Staphylococcus anrens
(Joshi et al., 2014);

galusan epigallokatechiny (EGCG, z ang. EpiGalloCatechin 3-Gallate) to polifenol
pozyskiwany gléwnie z lisci zielonej herbaty Camellia sinensis. Przeprowadzone badania

wskazuja na jego aktywnosc¢ zaréwno w przypadku pomp efflux wystepujacych u gatunkéw
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Gram-ujemnych, jak i Gram-dodatnich (Duda-Madej et al., 2025), co $wiadczy o kilku
mozliwych mechanizmach dzialania. Jego skutecznos$¢ jako EPI zostala potwierdzona
w przypadku pompy MexAB-OprM u bakterii gatunku Pseudomonas aeruginosa w polaczeniu
z chloramfenikolem 1 tetracykling (Kanagaratnam et al., 2017). EGCG moze blokowaé
réwniez pompy wystepujace u bakterii gatunku Szaphylococcus aurens (NorA, TetB (z ang.
Tetracycline efflux pump B) 1 TetK) (Roccaro et al., 2004) i powodowac¢ wzrost wrazliwosci na
antybiotyki u bakterii gatunku Enterococcus faecium, u ktorych zachodzi ekspresja pomp efflux
z rodziny MATE (Fiedler et al., 2016). EGCG moze réwniez hamowaé wzrost Bacillus
subtilis w wyniku oddzialywan z bialkami powierzchniowymi komorek bakteryjnych
(Nakayama et al., 2015);

bajkalina jest naturalnym zwiazkiem flawonoidowym, pozyskiwanym z korzeni tarczycy
bajkalskiej Secutellaria baicalensis. Ma dzialanie przeciwbakteryjne oraz przeciwwirusowe
(Moore et al., 2016). Dziala poprzez zaklocenie syntezy ATP (Zhang et al., 2023). Moze
blokowa¢ pompy wyplywowe szczepow Staphylococcus aurens opornych na metycyling
(MRSA — z ang. Methicillin-Resistant Staphylococens anrens), w tym pompe NorA (Chan et al.,
2011; Fujita et al,, 2005). Inne badania wykazaly réwniez potencjal tego zwiazku
do modulacji opornosci na tetracykling u bakterii gatunku Staphylococcus aurens (Moulick &
Roy, 2024), a w przypadku polaczenia bajkaliny z meropenemem lub polimyksyna E
osiagnicto efekt synergistyczny w leczeniu zakazen wywolanych przez wielolekooporne
szczepy Klebsiella  pnenmoniae (Qin et al,, 2024). Ten bioflawonoid hamuje réwniez
proliferacje bakterii, zaburza integralnos¢ blony i zwigksza ich przepuszczalnosé, co zostato

udowodnione dla MRSA oraz Stenotrophomonas maltophilia (Chen et al., 2025).

W przypadku syntetycznych EPI uwaga skupiona zostala na trzech najpopularniejszych

zwigzkach, sa to:

fenyloalanina-arginina-B3-naftyloamid (PABN, z ang. Phenylalanine-Arginine f-Naphthylamide),
ktory byl pierwszym, odkrytym w 2001 r., EPI (Sharma et al.,, 2019). Jest to najlepiej
udokumentowany inhibitor w przypadku bakterii Gram-ujemnych i zalicza si¢ go do grupy
zwigzkow peptydomimetycznych. Znalazt zastosowanie w zwalczaniu wielkolekoopornych
szczepOw  Klebsiella — pnenmoniae  w polaczeniu z  szeroka gama antybiotykdw:
chloramfenikolu, tetracykliny i chinolonéw (Hasdemir et al., 2004; Zhang et al., 2024).
Udowodniono réwniez, ze wzmacnia aktywnos$¢ antybakteryjng lewofloksacyny
1 erytromycyny przeciwko Pseudomonas aernginosa, u ktérych wykryto nadekspresje pomp
MexAB-OprM (Lomovskaya et al., 2001). Zwiazek ten wykorzystuje rézne mechanizmy

inhibicji w tym zmniejszenie ekspresji genéw zwigzanych z pompami efflux i zmiang
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przepuszczalnodci blony bakteryjnej (Compagne et al., 2023; Lamers et al., 2013). Pomimo
obiecujacych wilasciwosci PABN charakteryzuje si¢ toksyczno$cia wobec komorek ssakow,
co znacznie ogranicza mozliwosci zastosowania go w warunkach klinicznych (Zhang et al.,
2023);

e m-chlorofenylohydrazon cyjanku karbonylu (CCCP, 2z ang. Carbonyl Cyanide m-
ChloroPhenylhydrazone) dzigki blokowaniu sily protonomotorycznej i zaklocaniu syntezy
ATP posiada zdolnosci do hamowania wigkszosci pomp efflux (Zhang et al., 2023).
Udowodniono, ze CCCP moze wzmocni¢ aktywno$¢ antybakteryjng antybiotykéw
(Sanchez-Carbonel et al., 2021), a nawet ponownie uwrazliwi¢ bakterie na antybiotyki, np.
Enterobacteriaceae oporne na kolistyne (Sekyere & Amoako, 2017). Jest najbardziej
popularnym laboratoryjnym EPI, jednakze pojawily si¢ watpliwosci, czy jego skutecznoséc
spowodowana jest dezaktywacja pomp efflux czy faktem, iz komoérki bakteryjne staja si¢
metabolicznie nieaktywne w wyniku zakiécenia sily protonowej (Sharma et al., 2019).
Ponownie, gtéwng przeszkoda w rozwoju zastosowan klinicznych okazala si¢ toksycznosc
dla komérek eukariotycznych;

e 1-(I-naftylo metylo)-piperazyna (NMP, z ang. 7-(Naphthalen-1-yIMethyl)Piperazine) opisana
po raz pierwszy w 2005 roku przez Bohnerta i Kerna. Mechanizm jego dzialania opiera si¢
na wigzaniu EPI z pompami efflux, przez co zmniejszona zostaje zdolnos$¢ do interakeji
z substratami (Sharma et al., 2019). Potwierdzono, ze NMP uwrazliwia komorki Escherichia
coli z nadekspresja ActAB i ActEF (pompy z rodziny RND) na lewofloksacyne.
Obserwowano wowczas zwigkszona akumulacje antybiotyku w komorkach bakteryjnych
(Bohnert & Kern, 2005). Podobnie jak PABN i CCCP, réwniez i NMP moze wykazywaé
toksycznos¢ dla komérek ssakéw (Sharma et al., 2019).

Mnogos¢ EPI pozwala na precyzyjny dobor zwigzkéw do konkretnych gatunkéw bakterii,
by blokowanie pomp bylo jak najbardziej efektywne. Zdecydowana przewage nad syntetycznymi
EPI majq zwiazki pochodzenia naturalnego, gdyz jak wspomniano wyzej PABN, CCCP i NMP
moga wykazywac toksycznos$¢ wobec komoérek. W przypadku zastosowania EPI w terapii
antybakteryjnej najistotniejsze jest dopasowanie ich do pomp efflux, ktérych ekspresje wykazuja
bakterie bedace celem terapii. Moga one w znaczacy sposéb wplynaé na efektywnosé terapii
fotodynamicznej (fotoinaktywacje bakterii), ale tez antybiotykoterapii. Dobdér EPI
w przeprowadzonych przeze mnie badaniach uwarunkowany byl réznorodnoscia mechanizméw

blokowania pomp efflux oraz powinowactwa do inhibicji pomp z okreslonych rodzin.
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2.6. Wplyw inhibitoréw pomp efflux na komorki bakteryjne

i mozliwos¢ zastosowania ich w terapii antybakteryjne;j

Pompy efflux, jak wczedniej oméwiono, sa odpowiedzialne za opornosé bakterii na $rodki
przeciwbakteryjne. Potwierdzono jednak, ze te bialka sa zaangazowane réwniez w tworzenie
struktur bakteryjnych, wigc zakldcenie ich funkcji moze ten proces utrudni¢ (Ren et al., 2024).
Ekspresja pomp efflux moze zaréwno promowac tworzenie biofilmu i innych struktur
bakteryjnych, jak i przeciwdziata¢ temu procesowi. Niezwykle wazna role¢ w rozwoju struktur
bakteryjnych pelni réwniez quorum sensing. Pozwala ono na komunikacje miedzy bakteriami
poprzez czasteczki sygnalowe — autoinduktory i kontrolowanie zageszczenia komorek. Wzrost
populacji bakterii wywotuje produkcje autoinduktoréw az do osiagnigcia ich okreslonego stezenia.
Nastepnie wigza si¢ one z odpowiednimi receptorami, powodujac zmiane ekspresji genéw,
co przyczynia si¢ do powstawania struktur przestrzennych formowanych przez bakterie
(Giannakara & Koumandou, 2022; Omwenga & Awuor, 2024). Zidentyfikowano przynajmniej
cztery zadania, w ktére zaangazowane sa pompy efflux przy rozwoju struktur bakteryjnych, w tym
biofilméw: ulatwianie tworzenia matrycy zewnatrzkomoérkowej, komunikowanie si¢ komoérek
za pomoca wytwarzanych przez nie zwiagzkéw chemicznych w celu regulacji genéw
odpowiedzialnych za zageszczenie populacji oraz zaklocenie tej komunikacji (quorum sensing
i quorum quenching) oraz usuwanie szkodliwych substancji, jak réwniez udzial w posredniej
regulacji genéw odpowiedzialnych za tworzenie struktur, poczatkowanie i zahamowywanie procesu
adhezji (Alav et al., 2018; Knight et al., 2018; Lamarche & Déziel, 2011; Ren et al., 2024; Richmond
etal., 2010; Zhu et al., 2011). Widzimy zatem, ze EPI, wplywajac na proces formowania si¢ struktur
bakteryjnych, moga rowniez ogrywac znaczaca role w kontroli dynamiki rozwoju biofilméw oraz
kolonizacji powierzchni przez bakterie.

Kolejna cecha EPI, wazng z punktu ograniczenia lekoopornosci bakterii, jest mozliwosé
zahamowania niektérych mechanizméw, pozwalajacych bakteriom na wytworzenie opornosci.
Tym samym zastosowanie EPI w terapii moze przyczynic¢ si¢ do zwigkszenia jej skutecznosci.
Jednym z rozwiazan moze by¢ ich polaczenie z omawiang wczesniej terapia fotodynamiczna, ktorej
zalety zostaly wczesniej omowione, z innymi substancjami (Youf et al., 2021), w tym EPIs (Tegos
et al., 2008). Schematycznie mechanizm kombinowanej terapii fotodynamicznej z wykorzystaniem
PS 1 EPI przedstawiono na Rysunku 1. Czasteczki PS moga zosta¢ rozpoznane przez bakterie jako
toksyczne, a w konsekwencji usuniete z wnetrza komoérki wiasnie poprzez pompy efflux na drodze
aktywnego transportu przez blony komoérkowe. Wykorzystanie EPI moze przyczynic¢ sig

do zwickszenia akumulacji PS we wnetrzu komoérki bakteryjnej poprzez ograniczenie ekstruzji
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substancji do przestrzeni miedzykomoérkowej. Oznacza to, ze wyzsze stezenie PS podczas
naswietlania promieniowaniem o odpowiedniej dtugosci fali, charakterystycznej dla pasm absorpcji
Q wykorzystanego fotouczulacza, moze skutkowa¢ bardziej efektywna inaktywacja bakterii
w wyniku produkcji ROS. Tym samym, poprzez odpowiedni dobor zestawow PS 1 EPI, mozliwe
jest zwigkszenie skutecznosci terapii przeciwbakteryjnych, co bylo jednym z gléwnych celéw

prowadzonych przeze mnie prac badawczych, ktére zostana przedstawione w kolejnym rozdziale

mojej rozprawy doktorskie;.

Bakteria

Inaktywacja
Fotouczulacz fotodynamiczna

Inhibitor pomp efflux

% Reaktywne formy tlenu

Rysunek 1 Kombinowana terapia fotodynamiczna w oparciu o PS 1 EPI.
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3. Opis prac

Rozprawa doktorska podsumowuje wyniki badan zawarte w cyklu trzech publikacji, ktorych
celem byla identyfikacja i opracowanie alternatywnych skojarzonych metod antybakteryjnych,
w oparciu o zwiazki pochodzenia naturalnego, majacych zastosowanie zaréwno w terapii aPDT,
jak 1 ograniczeniu rozwoju struktur przestrzennych formowanych przez bakterie, oraz wykazanie,
ze DHT moze zosta¢ z powodzeniem wykorzystana jako ilo$ciowa technika pomiarowa, ktora
dotychczas nie byla standardowo wykorzystywana w badaniach oceny skutecznosci kombinowane;
aPDT i wplywu substancji na namnazanie si¢ bakterii.

Kazdy z opublikowanych artykuléw odnosi si¢ do eksperymentalnej weryfikacji postawionych
w rozprawie doktorskiej hipotez badawczych. Probki mikrobiologiczne pozyskalam w ramach
wspolpracy z dr hab. Anna Matczuk, prof. uczelni z Zakladu Mikrobiologii Katedry Patologii
Wydzialu Medycyny Weterynaryjnej Uniwersytetu Przyrodniczego we Wroctawiu oraz prof. dr
hab. Aling Wieliczko z Katedry Epizootiologii z Klinika Ptakow i Zwierzat Egzotycznych Wydziatu
Medycyny Weterynaryjnej Uniwersytetu Przyrodniczego we Wroctawiu. Do badan wykorzystatam
bakterie klasyfikowane jako organizmy patogenne kategorii I, zgodnie z zalacznikiem nr 1
do rozporzadzenia Ministra Srodowiska z dnia 29 listopada 2002 1. (poz. 1798). Wskazane szczepy
bakteryjne pochodzily z Amerykanskiej Kolekcji Kultur Typowych (ATTC, z ang. Awmerican Type
Culture  Collection) lub Polskiej Kolekecji Mikroorganizméw (PCM, z ang. Polish  Collection

of Microorganisms):
o Proteus mirabilis ATCC 25212, o Bacillus cerens PCM 1948,
o Egscherichia coli ATCC 25922, o Enterococcus faecalis ATCC 29212.

Wybér uwarunkowany byl przynaleznoscia gatunkéw zaréwno do grupy bakterii Gram-
ujemnych (Proteus mirabilis, Escherichia coli), jak 1 Gram-dodatnich (Bacillus cerens, Enterococcus faecalis),
co umozliwilo oceng skuteczno$ci badanych zwiazkéw oraz terapii kombinowanej w odniesieniu
do bakterii o odmiennej budowie Sciany komérkowej. Dodatkowo, w obrebie bakterii Gram-
dodatnich uwzgledniono organizmy o réznej morfologii: E. faecalis — ziarniak oraz B. cereus —
laseczka. Wybrane gatunki charakteryzuja si¢ ponadto obecnoscia zréznicowanych i dobrze
opisanych systeméw pomp efflux, odgrywajacych kluczowa rol¢ w opornosci na substancje
przeciwdrobnoustrojowe oraz w tworzeniu biofilméw, co czyni je odpowiednimi modelami
do badan nad modulacja aktywnosci pomp efflux i jej znaczeniem dla skutecznosci aPDT.

W badaniach wykorzystalam zwigzki pochodzenia naturalnego: dwa PSs — Chlorin e6
1 Pheophorbide a oraz szes¢ EPIs: berberyne, palmatyne, piperyne, kurkumine, kapsaicyne

1 kumaryne.
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3.1. Publikacja 1 - The Enhancement of Antimicrobial
Photodynamic  Therapy of Escherichia Coli by
a Functionalized Combination of Photosensitizers: In Vitro

Examination of Single Cells by Quantitative Phase Imaging

Artykul ten przedstawia eksperymentalng weryfikacje hipotezy badawczej H1, tj. ,,kombinacja
dwoch odpowiednio dobranych fotouczulaczy zwigksza akumulacje zwiazkéw wewnatrz komorek
bakteryjnych oraz prowadzi do wuzyskania co najmniej addytywnego efektu terapii
fotodynamicznej”.

W ramach przeprowadzonych badan skoncentrowalam si¢ na ocenie mozliwosci zwigckszenia
skutecznosci aPDT poprzez zastosowanie kombinacji dwoch odpowiednio dobranych PS
w odniesieniu do modelowego mikroorganizmu, jakim byly bakterie gatunku Escherichia coli. aPDT,
mimo udokumentowanego potencjatu jako alternatywa wobec klasycznych antybiotykdw,
wykazuje ograniczong skutecznos¢ wobec bakterii Gram-ujemnych. Wynika to przede wszystkim
z obecnosci zewnetrznej blony komoérkowej oraz aktywnodci systeméw efflux odpowiedzialnych
za usuwanie substancji z wnetrza komorki, co utrudnia akumulacje PS. W zwiazku z tym podjetam
probe  zaproponowania nowej strategii terapeutycznej pozwalajacej na  zwickszenie
wewnatrzkomorkowej akumulacji PS, a w konsekwencji na zwigkszenie efektywnosci terapii.

Pierwszym etapem tej pracy byl dob6r odpowiedniego zestawu PSs dla kombinowanej terapii
aPDT i charakteryzacja ich wlasciwosci absorpcyjnych. Wybralam dwa PS: kationowy
Pheophorbide a (bedacy rowniez EPI) oraz anionowy Chlorin e6. Ze wzgledu na kationowy
charakter Pheophorbide a moduluje transport blonowy i ogranicza aktywnosé pomp efflux, co
w konsekwencji sprzyja zwigkszonej akumulacji Chlorin e6 w komoérkach bakteryjnych (Hurst et
al., 2019; Sharma et al., 2019).

Wykorzystujac spektroskopie UV-VIS zdefiniowalam pasma absorpcji roztworéw obu
zwigzkow. Zarejestrowane widma absorpcyjne wykazaly, Ze oba analizowane PSs wykazuja silng
absorbancje¢ dla dlugosci fali ok. 405 nm. Pozwolito to na okreslenie warunkéw wzbudzenia
fluorescencji, umozliwiajacych charakteryzacje akumulacji PSs w komoérkach bakterii (mikroskopia
konfokalna, A.=405 nm). Z kolei drugie pasmo absorpcji potozone przy dtugosci fali ok. 655 nm
wykorzystane zostalo do indukcji efektu fotodynamicznego i generacji ROS. W eksperymencie
wykorzystano Escherichia coli wysiewane na agatrze tryptynowo-sojowym w temperaturze 37°C
i zawieszone w 0,9% NaCl o stezeniu 0,5 McFarlanda. Prébki zostaly przygotowane na szalkach

u-Dish 35 mm. PS rozpuszczone zostaly w NaCl, w celu uzyskania st¢zenia 0,84 mM. Eksperyment
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obejmowat trzy etapy. Pierwszym z nich byto dodanie roztworu jednego PS lub ich kombinacji do
czescl probek, przygotowano réwniez probki kontrolne jasne/ciemne. Wszystkie probki poddane
zostaly 24 godz. inkubacji w 37°C. Kolejno, kazda probka zostala przeptukana dwukrotnie 0,9%
NaCl w celu usuniecia PS, ktory nie wszed! w interakcje z bakteriami. Tak przygotowane probki
zobrazowalam, wykorzystujac cyfrowy holotomograf i mikroskop konfokalny. Nastepnie, cze§¢
prébek poddatam naswietlaniu laserem 655 nm i wraz z pozostalymi umiescitam je w temperaturze
4°C na 24 godz. W ostatnim etapie ponownie przeptukalam probki i zobrazowatam.

Badanie interakcji PS z komoérkami po 24 godz. inkubacji przeprowadzilam przy uzyciu
fluorescencyjnego mikroskopu konfokalnego. Pozwolito to na jako$ciowa ocene¢ lokalizacji
i poziomu akumulacji PSs w komoérkach E. /. Analiza kolokalizacji natgzenia sygnalu
fluorescencyjnego w pojedynczych komorkach bakteryjnych potwierdzita, Ze zastosowanie
kombinacji Chlorin e6 i Pheophorbide a prowadzi do wyraznie zwickszonej akumulacji zwigzkéw
wewnatrz komoérek w porownaniu z zastosowaniem kazdego PS osobno.

Kluczowym elementem metodologicznym przeprowadzonych badan bylo zastosowanie
cyfrowej holotomografii jako ilo§ciowej, bezznacznikowej techniki obrazowania pojedynczych
zywych komorek. Zarejestrowane hologramy umozliwily rekonstrukcje tomogramu 3D-RI
fragmentu prébki. Metoda ta umozliwila tréjwymiarows analiz¢ RI komorek, ktéry bezposrednio
koreluje z gestoscia suchej masy komorki oraz jej zmianami strukturalnymi. RI jest wskaznikiem
zmian biofizycznych zachodzacych w komoérkach (Buzalewicz, Ulatowska-Jarza, et al.,, 2021).
Dzigki temu mozliwe bylo iloSciowe monitorowanie zmian zachodzacych w komorkach
bakteryjnych zaréwno na etapie akumulacji fotosensybilizatordw, jak i po przeprowadzeniu terapii
fotodynamicznej, czyli ich fotoinaktywacii.

Analiza rozkladow wartodci RI skladata si¢ z kilku krokéw. W pierwszym numerycznie
zrekonstruowane  tomogramy  3D-RI  zaimportowano z  oprogramowania STEVE
do oprogramowania MATLAB. Kolejno wybrano pojedynczy tomogram 2D-RI, reprezentujacy
przekréj tomogramu 3D-RI, dla ktérego uzyskano najlepszy kontrast badanych komorek.
Zastosowany algorytm opieral si¢ na filtrze medianowym, ktory zredukowal artefakty obecne na
wybranych tomogramach. Nastepnie utworzono maske konturowa w oparciu o algorytm
progowania histogramu RI. Maska konturowa zostala nalozona na oryginalne dane, umozliwiajac
automatyczne rozroznienie obszaréw zajmowanych przez komorki i bezposrednie okreslenie
warto$ci RI komoérek obecnych w probee. W rezultacie uzyskano wartosci RI pikseli obszarow
zajmowanych przez komoérki. Dla kazdego tomogramu okreslono mediang wartosci RI (Pietrowska
et al., 2022). Na jej podstawie wyznaczono kolejny parametr, jakim jest gesto§¢ suchej masy

komoérek (Friebel & Meinke, 2006). Takiej analizie poddano 20 tomograméw z kazdej grupy.
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We wszystkich analizowanych prébkach inkubowanych przez 24 godz. z PS lub ich
kompozycja, zaobserwowalam wzrost wartodci RI, ktéry wywolany byt lokalnymi zmianami
w gestosci zaleznymi od stopnia akumulacji PS wewnatrz komoérek. Najwickszy wzrost wartosci RI
zarejestrowalam dla kombinacji PSs, co wskazuje na najefektywniejsza penetracje komoérek przez
zaproponowany zestaw. W analizie tomograméw przeprowadzitam réwniez analize statystyczna
pomiedzy grupami eksperymentalnymi. Przyjelam za punkt odniesienia warto$¢ mediany RI
komoérek w warunkach kontrolnych (bez PS) oraz wartosci RI uzyskane po ekspozycji
na pojedyncze PS 1ich kombinacje. Réznice pomiedzy tymi warunkami, analizowane przy uzyciu
jednoczynnikowej analizy wariancji, pozwolily na obiektywna ocen¢ wplywu kombinacji PS na ich
wewnatrzkomorkowsa akumulacje. Otrzymane wyniki testow statystycznych potwierdzily,
ze wystepuja istotne roznice pomiedzy analizowanymi grupami komoérek. Uzyskana warto$¢ p byla
istotnie mniejsza (6,827 X 107"") od przyjetego poziomu istotnosci (0,05), co oznacza, ze analiza
wariancji odrzucila hipotez¢ zerowa, ze wszystkie §rednie byly réwne.

Analiza tomograméw zarejestrowanych 48 godz. po rozpoczeciu eksperymentu pozwolita
na pozyskanie danych na temat efektywnosci aPDT na podstawie analizy poréwnawczej probek
podanych dzialaniu fotoinaktywacji i kontrolnych. W przypadku prébek bez dodanego PS
1 niepoddanych naswietlaniu, warto§¢ RI maleje w czasie, co §wiadczy o obumieraniu komoérek
z powodu braku skladnikéw odzywczych. Z kolei probki z PS, ale nienaswietlane, mialy wicksza
warto$¢ RI, co §wiadczy o tym, ze zakumulowal si¢ w nich PS. W przypadku naswietlanych probek
z PS zaobserwowalam spadek wartosci RI, co moglo by¢ wywolane przez ich fotoinaktywacje.
Lokalne zmniejszenie gestosci wewnatrzkomorkowej, objawiajace si¢ zmiang wartosci RI w obrebie
pojedynczych komoérek bakterii, moga by¢ spowodowane przez fotoinaktywacie, ktora przejawia
si¢ zmianami ultrastrukturalnymi w komoérkach. W wyniku efektu fotodynamicznego zniszczeniu
ulegaja struktury komorkowe bakterii (DNA, $ciana komérkowa, rybosomy), ROS/wolne rodniki
wywolujg réwniez denaturacje bialek i enzymoéw, zahamowanie syntezy bialek lub agregacje
makroczasteczek cytoplazmatycznych (Alves et al.,, 2014). Najwigcksza réznice w wartosci przed
naswietlaniem oraz 24 godz. po nim zaobserwowatam w przypadku kombinacji PS, co sugerowaé
moze, ze w przypadku polaczenia dwoch substancji proces fotoinaktywacji przebiegl
najefektywniej. Korzystajac z wyznaczonych wartos§ci Rl komoérek na  poszczegdlnych
tomogramach obliczylam kolejny parametr, jakim jest gesto$¢ suchej masy. Fotoinaktywacja
ma wplyw na sklad chemiczny struktur komoérkowych, a w konsekwencji na gesto$¢ suchej masy
(Lam et al., 2014). Spadek gestosci suchej masy zaobserwowano w przypadku wszystkich grup
poddanych naswietlaniu po dodaniu PS, najwigksza warto$¢ uzyskalam dla kombinacji PS,

co oznacza, ze proces fotoinaktywacji w tej grupie zachodzil z najwicksza skutecznoscia.
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Poréwnawcza analiza danych ilo§ciowych jednoznacznie wskazala, ze skuteczno$¢ terapii
fotodynamicznej opartej na kombinacji Chlorin e6 i Pheophorbide a byla poréwnywalna z suma
efektow uzyskiwanych dla kazdego fotosensybilizatora stosowanego oddzielnie, co pozwala uznaé
uzyskany efekt za co najmniej addytywny. Bazujac na zmianach gestosci suchej masy komorek
bakteryjnych, ktéra odzwierciedla zmiany zachodzace w wyniku fotoinaktywacji, wyznaczylam
efektywnos¢ terapii: w przypadku mieszanki PS wyniosta ona 29,45%, natomiast dla pojedynczych
PS 13,77% (Chlorin e6) oraz 16,15% (Pheophorbide a). Warto réwniez podkreslic, ze jeden
z zastosowanych PS — Pheophorbide a zaliczany jest do EPIs, co pozwala na zwigkszenie penetracii
komorek przez PS, ktoéra jest ograniczona w przypadku bakterii Gram-ujemnych, a tym samym
osiagniecie lepszego efektu terapeutycznego. Uzyskane rezultaty stanowia uzasadnienie hipotezy
H1, zgodnie z ktéra kombinacja dwdch odpowiednio dobranych PSs przyczynia si¢ do zwigkszenia
akumulacji zwiazkéw wewnatrz komorek bakteryjnych i1 wplywa na osiagniecie co najmniej
addytywnego efektu terapii fotodynamiczne;.

Innowacyjno$¢ zaproponowanego rozwiazania polega nie tylko na zastosowaniu strategii
terapii kombinowanej, lecz przede wszystkim na iloSciowym potwierdzeniu jej skutecznosci
z wykorzystaniem DHT, co znaczaco wykracza poza standardowe podejscia stosowane
w klasycznych badaniach nad aPDT. Warto podkresli¢, ze analiza tomograméw RI dostarczyla
informacji niedostepnych w  klasycznych technikach obrazowania fluorescencyjnego czy
konfokalnego, poniewaz umozliwila ilo§ciowe 1 bezznacznikowe poréwnanie wlasciwosci
fizycznych komorek w czasie rzeczywistym, z zachowaniem ich zywotnodci. Taki poziom
szczegblowoscl 1 ilo§ciowego opisu zmian w odpowiedzi na terapi¢ fotodynamiczng stanowi
istotny krok naprzéd w badaniach nad mechanizmami akumulacji PS i ich wplywu na efekt
terapeutyczny, znacznie przewyzszajac tradycyjne metody. W odréznieniu od wigkszo$ci doniesien
literaturowych opartych na testach przezywalnosci populacyjnej (Salam et al., 2023; van Dun et al.,
2025), przeprowadzone przeze mnie badania umozliwily analize mechanizméw dzialania terapii na
poziomie pojedynczych komorek, dostarczajac nowych informacji na temat zaleznosci pomiedzy

akumulacja PS a efektem terapeutycznym.
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Abstract: The prevention of biofilm formation is crucial for the limitation of bacterial infections typi-
cally associated with postoperative infections, complications in bedridden patients, and a short-term
prognosis in affected cancer patients or mechanically ventilated patients. Antimicrobial photody-
namic therapy (aPDT) emerges as a promising alternative for the prevention of infections due to the
inability of bacteria to become resistant to aPDT inactivation processes. The aim of this study was
to demonstrate the use of a functionalized combination of Chlorin e6 and Pheophorbide as a new
approach to more effective aPDT by increasing the accumulation of photosensitizers (PSs) within
Escherichia coli cells. The accumulation of PSs and changes in the dry mass density of single-cell
bacteria before and after aPDT treatment were investigated by digital holotomography (DHT) using
the refractive index as an imaging contrast for 3D label-free live bacteria cell imaging. The results
confirmed that DHT can be used in complex examination of the cell-photosensitizer interaction and
characterization of the efficiency of aPDT. Furthermore, the use of Pheophorbide a as an efflux pomp
inhibitor in combination with Chlorin e6 increases photosensitizers accumulation within E. coli and
overcomes the limited penetration of Gram-negative cells by anionic and neutral photosensitizers.

Keywords: antimicrobial photodynamic therapy; photodynamic inactivation; digital holotomography;
quantitative phase imaging; Chlorin e6; Pheophorbide a; E. coli

1. Introduction

Biofilms are responsible for up to 80% of all causes of chronic and recurrent bacterial
infections in humans [1]. The presence of biofilms has been confirmed on more than 90%
of dry healthcare surfaces in intensive care units [2]. Currently, the presence of antibiotic-
resistant bacteria and the infections caused by them are a huge threat to public health.
This condition is mainly due to the overuse of antibiotics [3]. Microbes are capable of
attaching to surfaces and forming a biofilm. Mature biofilms are up to 1000 times less
susceptible to dehydration, phagocytosis, metal toxicity, acid exposure, antibiotics, and
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biocides than bacteria in planktonic culture [4]. Biofilms are generally associated with
wet and damp surfaces and may be difficult to remove with the current decontamina-
tion process [5]. These complex three-dimensional structures may comprise the same
or different bacteria species. Microbial cells constitute 2-5% of the biofilm, other major
components are water (up to 97%), polysaccharides, proteins and enzymes, DNA, and
RNA. Approximately 80% of surgical site infections (SSIs) are caused by biofilm-forming
bacteria. E. coli belongs to the group of microorganisms related to this common postopera-
tive occurrence [6]. In particular, Gram-negative bacteria are considered more pathogenic,
since Gram-positive bacteria are more susceptible to antibiotics because they do not contain
an outer membrane. The main difference between these types of bacteria is that Gram-
positive bacteria have a thick cell wall made of peptidoglycans, with teichoic acid found in
some bacteria, while Gram-negative bacteria have a relatively thin wall without said acid.
Additionally, lipopolysaccharide chains are a characteristic feature of the outer membrane
of Gram-negative bacteria [7].

The mechanism of antimicrobial photodynamic therapy (aPDT) is based on the se-
lective accumulation by the bacterial cell of a nontoxic dye called photosensitizer (PS), its
activation by light of a specific wavelength in the visible range in the presence of oxygen
resulting in the formation of highly harmful and reactive oxygen species [8]. In the context
of the worldwide rise of bacterial antibiotics, photodynamic therapy may be a beneficial
alternative to the conventional treatment method [9]. Moreover, photodynamic therapy
is considered to be a novel strategy to control biofilm-associated SSIs [6]. Over 50% of
the bacteria on the NIAID list of critical pathogens have been treated with this strategy at
least one time [10]. Its main advantage is the inability of bacteria to become resistant to
inactivation processes [11-13]. It is commonly assumed that the bacteria inactivation from
aPDT is resulting by either cytoplasmic membrane or DNA damage, depending on place
of PS accumulation. In [14], three hypotheses on damage to bacterial cells were described:

e The photosensitizer is in close proximity to the bacteria but is not related in any way.
In this way, damage to the structural elements of the bacteria is limited.

e The photosensitizer binds to the bacteria as a result of electrostatic, van der Waals,
or hydrogen bonding interactions. Then the chance of damage to even the outer
membrane increases.

e The photosensitizer penetrates the bacteria in several steps. The first is membrane
binding, then active transport or diffusion into the cytoplasm. Such a location even
allows DNA damage.

Recently, the main objective of aPDT is to increase the efficiency of bacteria cells by
PSs, which depends not only on the structure and chemophysical properties of PSs, but also
on the structure of the bacterial cell, mainly the structure of the call wall. Not all available
photosensitizers can be used for aPDT. There are many properties of photosensitizers that
affect their accumulation in cells and the efficiency of aPDT, including chemical purity,
stability, low price, highest absorption in the visible range, high quantum efficiency, and,
most importantly, it cannot be toxic in the dark [15]. New compounds that could be used in
photodynamic therapy are constantly searched for. One of the promising prospects is the
use of metallodrugs as photosensitizers. Ru(Il) polypyridyl complexes are characterized
by a variety of electronic configurations of the metal in the excited state accessible with
near-infrared and visible light. Furthermore, configurations may be tunable by ligand
tailoring [16]. Ruthenium-based metal complexes and ruthenium nanoparticles have also
found application in photodynamic antimicrobial studies [17,18].

However, the mechanisms of cell penetration by PS also differ significantly in the
context of planktonic cells or biofilms. In the case of the biofilm structure, its penetration
by PS is limited by extracellular polymeric substances [19]. In the 1990s, a difference in
the effectiveness of photodynamic therapy was observed in the case of Gram-positive
and Gram-negative bacteria. Anionic and neutral photosensitizers bind to Gram-positive
bacteria and therapies are highly effective, but in the case of Gram-negatives, they do not
bring the expected results. Itis related to the structure of bacteria. Gram-positive cells have
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a cytoplasmic membrane with porous peptidoglycan and lipoteichoic acid, which allows
noncharged molecules to bind to them. Negatively charged lipopolysaccharide molecules
weaken the possibility of adsorption of neutral photosensitizers on the membrane and
repel anionic photosensitizers as a result of electrostatic interactions. Therefore, they are
not inactivated [20]. For these reasons, numerous studies are being carried out in order
to develop new PSs that will be able to accumulate more effectively in Gram-negative
bacteria cells.

The cell wall of Gram-negative bacteria is characterized by low permeability, so only
selected photosensitizers have the ability to penetrate the cell wall. This is related to the
electric charge of the PS and the cell membrane. Cationic porphyrin can be adsorbed
on the anionic outer membrane; amphiphilic porphyrin has the ability to interact with
parts of the outer and inner membranes. Ultimately, the compound has the potential to
pass through both membranes and into bacteria [21]. In addition, the penetration of the
photosensitizer into bacteria may be related to a specific uptake pathway (self-promotion
mechanism). The cationic photosensitizer binds to lipopolysaccharides, which displaces
Ca?* and Mg?* cations and creates gaps in the outer membrane. It is with their help that the
cationic compound is incorporated into the bacteria. It was also confirmed that increasing
the amount of Mg?* cations reduces photosensitizer uptake [19]. Therefore, control of the
mechanism of action of membrane efflux pumps required for the extrusion of substrates
from the cellular interior to the surrounding medium can also affect the accumulation of PS.

The main objective of this study was to demonstrate the increase in PS accumulation
within bacteria single-cells by using the functionalized combination of anionic Chlorin
e6 (Ce6) and cationic Pheophorbide a (Pheo) PS instead of each individual. As will be
demonstrated, Pheo exhibits a lower accumulation within the cell than Ce6, but, being
the efflux pump inhibitor (EPI) [22,23] it can be used in combination with anionic Ce6 to
improve Ce6 accumulation within the bacteria cell and consequently also to perform a
more effective aPDT. The examination was carried out on Escherichia coli bacteria belonging
to Gram-negative bacteria, as its cell membrane restricts cell penetration by anionic and
neutral photosensitizers [24]. The accumulation of PSs was investigated by digital holoto-
mography (DHT) using the refractive index (RI) as an imaging contrast for 3D label-free
live bacteria cell imaging, since Rl is related to the optical density of cells related to their
mass and the cellular concentration of individual components [25]. As confirmed, the
accumulation of photosensitizers within bacteria cells leads to changes in cell density and,
consequently, to changes in RI values [25,26]. In a recent study, it was demonstrated that
DHT is able to indicate, in a quantitative, nondestructive, and label-free manner, the differ-
ence in PS accumulation inside the bacteria cells with the use of each PS individually and in
combination. Furthermore, DHT-derived RI data will be demonstrated to provide insight
into differences in the dry mass density of individual cells related with the effectiveness of
aPDT treatment. The results suggest that the use of functionalized photosensitizer mixtures
can contribute to an increase in the efficiency of bacterial cell penetration and can create
new perspectives for more efficient aPDT in the case of Gram-negative bacteria species,
which was confirmed based on E. coli examination.

2. Results and Discussions
2.1. Photosensitizers’ Spectroscopic Properties

The representative absorption spectra of the PS are presented in Figure 1. For Ce6
and Pheo, the relevant spectral bands were used for antimicrobial photodynamic therapy
(aPDT) of cells, and the photodynamic diagnosis (PDD). PDD was used for evaluation
of the efficiency of cells penetration by PS, since the intensity of the photosensitizer flu-
orescence is directly correlated with its concentration and can be examined by confocal
fluorescence microscopy.
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Figure 1. The structure and absorption of (A) Chlorin e6 and (B) Pheophorbide a in PBS buffer with
indication of the used wavelengths for PDD and aPDT.

The absorption spectrum of Ce6 and Pheo shows a strong band at 397 nm and 402 nm,
respectively. This allowed the visualization of PS accumulation inside the cell by fluo-
rescence imaging with a 405 nm laser. The second absorption band was used for aPDT
treatment and photosensitizer excitation by the laser diode (A = 655 nm). The PS photoex-
citation wavelength used for aPDT was the same in the case of all photosensitizers: Ce6,
Pheo, and Ceb6 + Pheo.

2.2. Study of the Photosensitizers Interaction with Bacteria by Confocal Microscopy

Examination of the photosensitizer interaction with cells was performed by scanning
fluorescence confocal microscopy. E. coli cells incubated for 24 h with PS were examined to
prove whether PSs were accumulated on the cell’s wall or inside cell. The colocalization
of fluorescence and bacteria cell is in this case used as an indicator of PS’s accumulation
inside the bacteria cell. As can be seen, PS fluorescence was observed in all samples with
added PS solution, which confirms the presence of the nonaggregated form of PS. Selected
slices from the Z-scan are shown in Figure 2.

The results confirm the ability of all the used PSs to penetrate the bacteria cells, but
with different efficiency. Pheo belongs to the cationic PS and its transport is mediated by
electrostatic interactions and self-promoted uptake pathways [27]. Anionic PSs (Ce6) can
be mediated into bacterial cells through a combination of electrostatic charge interaction
and protein transporters. The lowest fluorescence in the case of Pheo indicates that cell
penetration by this PS was significantly lower than in the case of Ce6 or combination of PS.
The highest fluorescence signal and accumulation inside the cell were observed in case of
the combination of PSs. Moreover, the confocal microscopic examination did not indicate
changes in the morphology of bacteria cells under 405 nm radiation in the DIC mode, which
corresponds also to the lack of changes in the cell density or dry mass density due to the
possible photoinactivation.
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Figure 2. The PS localization performed by fluorescence confocal microscopy for E. coli with accumu-
lated (A) Ce6 + Pheo, (B) Ce6, (C) Pheo—the combined fluorescence-DIC images with axial cross
sections: X-Z/Y-Z (the yellow lines indicate the cross section through a cell).

2.3. Bacterial Cell Penetration by Photosensitizers
2.3.1. The Examination of the Possible PSs Accumulation Inside the Bacteria Cells by DHT

The impact of accumulation of PSs on the cell wall or penetration of the cell interior
and aPDT on the averaged RI value of the cells was analyzed. Variation of local RI values is
associated with the examined cell physiology but also with local fluctuations of its density,
dependent on the chemical composition and external factors. In our approach, the increase
in the average RI value of bacteria cells was related to the increase in cell density caused by
the accumulation of PS. The accumulation of PS in the cell interior or cell membranes leads
to an increase in RI value but can also be associated with physiological processes such as
cell division [26]. To obtain a representative set of data for this analysis, 20 tomograms
(3D-RI) of each group were examined. For all examined photosensitizers, an increase in
the averaged RI values of cells was observed (see Figure 3). The averaged Rl value was
higher in the case of cells with PSs rather than the control sample without PS, what suggest
that such significant increase in RI value has to be related with the accumulation of PS
and not cell division. Furthermore, the greatest difference in the averaged RI value was
observed for Ce6 + Pheo, indicating a more effective cell penetration by such a combination
of PSs. This process may be caused by the use of Pheo as an efflux pump inhibitor [22,23],
which contributed to a more effective accumulation of photosensitizers within bacteria cells.
Differences in medians between PS— and Pheo + Ce6, Ce6, Pheo were 0.00108, 0.00088,
0.00053, respectively.

For confirmation of PS (Ce6 + Pheo, Ce6, Pheo) inside bacteria cells after 24 h of
incubation, 2D-RI maps were used to colocalize the region of cells with the highest RI
values. Each 2D-RI map represents the lateral RI distribution in the plane corresponding to
the maximum of a single bacteria cell. The results are shown in Figure 4. As a reference,
single E. coli cells not incubated with any photosensitizers were used (see Figure 4A). For
all examined cells incubated with photosensitizers, an increase in RI values was observed
in the intracellular region. Representative 2D-RI maps confirm that the highest RI values
were obtained for the combination of both photosensitizers Ce6 + Pheo (see Figure 4B),
which is related to the increase in density inside the cells caused by accumulation of PSs.
The DHT results correlate with the results of the confocal microscopic examination.
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Figure 3. The change of RI values of cells with and without PS after 24 h incubation.

Rl[a.u]
1348

1342
1338
1334

1.330

PAT 2 pym

Figure 4. The representative 2D-RI maps of E. coli cells incubated without PS (A) and incubated with
Ceb + Pheo (B), Ce6 (C), or Pheo (D).

To determine whether the observed changes in the averaged RI value of cells caused
by the interaction of PS with cells were statistically significant, a one-way ANOVA was
performed. The normality assumption of the average RI values of cells was confirmed by
the Kolmogorov-Smirnov test at the 5% significance level. The ANOVA results are shown
in Table 1. The estimated p-value for the F-statistic is significantly smaller (6.827 x 10~11)
than the significance level (0.05), which means that the test rejected the null hypothesis that
all means of the group were equal.

Table 1. The results of the ANOVA, where each of the 4 groups (Ce6 + Pheo, Ce6, Pheo, PS—)
represent the set of average RI of E. coli cells after 24 h incubation.

Source of

1 1 1 1
Variability Ss df MS F Prob >F
Group (between)  1.254 x 10— 3 4.180 x 10— 23586 <<0.05
Error (within)  1.347 x 10— 76 1.772 x 10~
Total 2,601 x 1075 79

1 85—is a sum of squares due to each source, df—degree of freedom associated with each source, MS—mean
squares for each source, F—F-statistics, Prob > F—p-value which is the probability that F-statistic can take a value
larger than computed F-statistic value.
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Furthermore, the variability between groups was higher than the variability within the
groups. It indicates that the accumulation of the PSs significantly influenced the averaged
RI value of the bacterial cells. Therefore, the analysis performed showed that the 3D-RI
data provided by DHT could be used to visualize local density changes related to the
accumulation of PS inside the cells.

2.3.2. The Examination of Antibacterial Efficiency of PSs by DHT

The examinations were performed before and 24 h after the irradiation of the bacterial
cells. The 3D-RI values of the bacteria cells (the averaged 3D-RI values of the voxels of the
cell) were determined by averaging the RI values of the pixels of the region occupied by
bacteria cells for each of the 2D-RI maps (cross sections) through the cell. It should be noted
that bacteria cells are an object in which the spatial distribution of the refractive index is
related not only to the specific concentration of chemical components, such as proteins
or sugars, but also made of the structures such as DNA material, cell walls/membranes,
flagella, pili, etc. However, the determination of the minimal local changes of the RI values
that indicate these structures is limited by the lateral /axial resolution of the DHT which
was already indicated in [28,29].

The variation of the 3D-RI values among different kinds of analyzed samples is shown
in Figure 5. The black boxes represent the distribution of the RI values before irradiation
after 24 h of incubation with (see Figure 5B-D) or without photosensitizer (see Figure 5A)
and the red boxes are 24 h after irradiation (hv+) or dark-control (hv—).
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Figure 5. Representative box plots of 3D-RI values of E. coli cells 24 h (black boxes) and 48 h (red
boxes) after incubation without PS (A) or with Ce6 + Pheo (B), Ce6 (C), and Pheo (D) (hv+: irradiated,
hv—: non irradiated).

In case of non-irradiated samples without PS, it can be seen that the average RI value
of bacteria cells present in this sample is slightly decreasing over time, which may be
related to the beginning of the process of death of bacterial cells. Some population of
bacteria cells started to die due to the lack of any nutrients in the NaCl solution, which
led to the decrease of the averaged RI of these cells. For the nonirradiated samples with
PS, the opposite tendency is observed. The increase in the averaged RI value may suggest
further process of accumulation of PS over time, but not only, which will be discussed
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further in this section. However, in the case of irradiated samples with PS (after aPDT
treatment), the decrease of the averaged RI values in time can be observed. This decrease
related to the decrease in cellular density can be caused by the photodynamic inactivation
of bacteria. This local decrease in intracellular density caused by aPDT may be related to
ultrastructural changes in bacterial cells such as reactive oxygen species (ROS)/free radical-
induced destruction of bacteria cell structures (DNA, cell wall, or ribosomes), protein and
enzyme denaturation, inhibition of protein synthesis, or the aggregation of cytoplasmic
macromolecules [14]. Therefore, it is possible to distinguish photoinactivated cells by their
RI value [24].

Moreover, the change of RI values before and after irradiation can be used to evaluate
the efficiency of bacteria photoinactivation. Comparison of the averaged RI values of
bacteria cells (incubated with PS) before and 24 h after irradiation is shown in Figure 6.
The greatest change in the averaged RI values was observed in cells before irradiation
and 24 h after irradiation for Ce6 + Pheo. The differences for Pheo + Ce6, Ce6, and Pheo
were 0.00116, 0.00050, and 0.00058, respectively. Only for Ce6 + Pheo do the error bars not
overlap. The lower averaged RI value corresponds to the lower intracellular density related
to the more effective photoinactivation of bacteria cells by this PS combination.

1.3395
1.3390

1.3385 |

Rl [a.u)

1.3380 -

1.3375

1.3370 -+ v . - .
Ce6+Pheo Ce6 Pheo

Figure 6. Column plot with error bar (standard deviation) showing the average RI values of cells
before irradiation (black column) and 24 h after irradiation (red column).

Some additional observations occur after the analysis of the time-dependent differ-
ences of RI values between the samples. After 48 h of incubation with PS and without
irradiation for all examined samples, an increase in the average RI of cells was observed.
However, the greatest change was observed between the average RI value between 24 and
48 h of incubation for Ce6 and the smallest change was observed for Pheo (see Figure 7).
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Figure 7. The changes of RI values of cells with accumulated photosensitizer and without PS after
48 h incubation in the case of non-irradiated samples.

This large change in Rl in the case of Ce6 samples may be related not only to the more
effective accumulation of PS within bacteria cells, as previously suggested, but also with
the process of aggregation of PS in the case of the use of aqueous solvents. After 48 h of
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incubation with Ce6 a significant concentration of aggregated PS was observed near the
bacterial cells. It was most visible in the case of the Ce6 group (see Figure 8A), while in
the case of Ce6 + Pheo, and Pheo, this process was weaker since only large aggregates
were present (see Figure 8B,C). On the basis of this observation, it can be concluded that PS
aggregates located in the immediate surroundings of cells may overestimate the obtained
averaged RI value. This effect can be limited in the case of Ce6 + Pheo, and Pheo, when
large aggregates make it easier to eliminate them from the analysis. However, in the case
of Ce6, which forms smaller aggregates, the limited lateral resolution of DHT can lead to
artificial increase in the average RI value of cells, but not related to the accumulation of PS.

Figure 8. Digitally stained (based on the RI values) photosensitizer aggregates (A) Ce6 + Pheo,
(B) Ce6, and (C) Pheo after 48 h incubation with PS.

This effect can be explained by the mutual adhesion of cells and Ce6. The greater
number of PS aggregates observed in the case of Ce6 may be caused by the mechanism of
action of the efflux pump mechanism, which removes toxic substances from the cell into the
surrounding medium and forms aggregates in the surroundings of the cells. Tetrapyrrolic
compounds usually aggregate in aqueous media due to their low water solubility. This
process is co-related with aggregation-caused quenching, the intensity of fluorescence, and
the effectiveness of aPDT decreases. The aggregate states are caused by 7— stacking [30].
As can be seen in Figure 9, PS fluorescence was not observed in photosensitizer aggregates
(non-emissive black structures). It should be noted that PS’s aggregation process can be
limited by the use of different solvents.

To determine whether the observed changes of the averaged RI of cells caused by
irradiation were statistically significant, a one-way ANOVA was performed. The normality
assumption of the average Rl values of cells was confirmed by the Kolmogorov-Smirnov
test at 5% significance level. The ANOVA results are depicted in Table 2.
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Figure 9. Ce6 aggregates localization performed by fluorescence confocal microscopy for E. coli cells
after 48 h incubation with PS.

Table 2. The results of the ANOVA, where each from 2 groups represent the set of average RI of E.
coli cells after irradiation/bright-control (hv+) and dark-control (hv—) samples.

o
-
Lo}

Source of variability SS MS Prob >F
Group (between) 2.337 x 1077 1 2.337 x 1077 2,538 0.119
Error (within) 3.499 x 10-6 38 9.207 x 10-8
Total 3.732 x 1076 39
Source of variability SS l df l MS l F l Prob > F
Group (between) 2.903 x 10~ 1 2.903 x 10~3 57.539 <<0.05
Error (within) 1917 x 10~ 38 5.045 x 1077
Total 4.820 x 10-5 39
Source of variability SS l df l MS ! F l Prob >F
Group (between) 8.265 x 10— 1 8.265 x 10— 249 346 <<0.05
Error (within) 1.260 x 105 38 3.315 x 1077
Total 9.525 x 10~ 39
Source of variability SS l df l MS l F l Prob > F
Group (between) 9.604 x 10~ 1 9.604 x 10~° 36.623 <<0.05
Error (within) 9.965 x 10-6 38 2.622 x 10-7
Total 1.957 x 105 39

1 85—is a sum of squares due to each source, df—degree of freedom associated with each source, MS—mean
squares for each source, F—F-statistics, Prob > F—p-value which is the probability that F-statistic can take a value
larger than computed F-statistic value.

The estimated p-value for the F-statistic is significantly lower than the significance level
(0.05) for the Ce6 + Pheo, Ce6, and Pheo groups, which means that the test rejected the null
hypothesis that all the means of the group were equal. For PS group, the estimated p-value
for the F-statistic is higher (0.119, see Table 2) than the significance level (0.05). The test
cannot reject the null hypothesis that the means of two groups are equal. It indicates that
irradiation has no stimulating effect on the growth of bacterial cells, because the significant
change in the RI value after irradiation related to the cell division process (local increase in
density) is not observed.
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2.4. Analysis of the Dry Mass Density of Bacteria Cells

To determine the efficiency of the antimicrobial photodynamic therapy after photoex-
citation of the cells incubated with PS, the 3D-RI distributions of E. coli biofilms that were
reconstructed by DHT were used. The exemplary visualization of the digitally stained cells
based on Rl values of single cells are shown in Figure 10. The efficiency of aPDT is based
on photoinactivation of cells by the laser-induced release of free radicals by accumulated
PS. It is directly related to the dry mass density before and after photoexcitation. Based
on the reconstructed 3D-RI tomograms by DHT and proposed algorithm for processing to
obtain median RI value of cells, it was possible to determine the dry mass density of cells.

z x, Ce6+Pheo Ceb6 Pheo

Figure 10. Representative digitally stained (based on the RI values) E. coli cells incubated with
photosensitizers before (A) and 24 h after irradiation (B).

Photoinactivation of bacterial cells by PS leads to changes in the morphology of cellular
structures. aPDT has an impact on the concentration of substances related to the chemical

composition of these structures and, consequently, also the dry mass density of the cells.

The cell survival rate can be confirmed by the dry mass test [31]. The results obtained
from the dry mass density analysis are shown in Figure 11. The black boxes represent the
density of the dry mass before irradiation (after 24 h of incubation with (see Figure 11B-D)
or without photosensitizer (see Figure 11A)) and the red boxes are 24 h after irradiation
(hv+) or dark-control (hv—). The average dry mass densities are shown in Table 3.
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Figure 11. Representative box plots of dry mass density of biofilms of E. coli after incubation
(A) without PS or with (B) Ce6 + Pheo, (C) Ce6, (D) Pheo, hv+: irradiated, hv—: not irradiated. The
black boxes represent the distribution of RI values after 24 h, and the red boxes 48 h after the start of
the experiment.
Table 3. The averaged dry mass density with standard deviation before and after irradiation for all
analyzed photosensitizers.
Photosensitizers Ce6 + Pheo Ceb Pheo
Grsiss Before After Before After Before After
3 irradiation irradiation irradiation irradiation irradiation irradiation
I;":;’;;’é‘;‘;i; 1.46 +0.20 1.03 + 0.12 1.38+0.15 1.19 + 0.20 130+ 0.17 1.09 + 0.20

Antimicrobial photodynamic therapy is accompanied by a change in the dry mass
density of the cell [31], which is related to cell membrane damage and loss of cell integrity
or to the DNA damage caused by the free radical. The decrease in dry mass density could
be observed only in the case of the Ce6 hv+, Ce6 + Pheo hv+, and Pheo hv+ groups after
laser light irradiation. Dark-control (hv—) groups are characterized by an increase in dry
mass density between 24 h (black box) and 48 h (red box) of the experiment. It is related
to processes such as cell division and further accumulation of PS within the bacteria. This
demonstrates the lack of toxicity without irradiation. In the case of the PS group, it can be
shown, as in the case of changes in bacterial RI, that irradiation has no stimulating effect on
bacterial cells, which is manifested by the lack of significant differences in dry mass density
between irradiated and non-irradiated cells (see Figure 11A).

Based on the averaged dry mass density before and 24 h after irradiation, it was
possible to evaluate the aPDT efficiency that was expressed as the difference between the
dry mass density before irradiation and after irradiation, which is normalized, respectively,
to the dry mass density before irradiation. For all analyzed samples with obtained aPDT,
efficiency was equal to 29.45% for Ce6 + Pheo, 13.77% for Ce6, and 16.15% for Pheo. It
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can be seen that the aPDT efficiency was highest for the combination of PSs, and lowest
for Pheo.

3. Materials and Methods
3.1. Bacterial Sample Preparation

In all experiments, the bacterial culture of E. coli (ATCC 25922) was used. E. coli was
inoculated in tryptic soy agar (TSA) medium at 37 °C. The overnight culture stock was
dissolved in NaCl (0.9% solution, Poch Basic, Gliwice, Poland), and the MacFarland scale
(McF) was measured with a densitometer (DEN-1B, Biosan, Jozefow k Otwocka, Poland).
A total of 0.5 McF was taken, which is approximately 1.5 x 108 bacterial cells per mL. The
bacteria culture was suspended in NaCl. For cell culture, the dish p-Dish 35 low (IBIDI
GmbH, Gréfelfing, Germany), was used. The refractive index of NaCl (0.9%) in which
bacteria were suspended was equal to 1.335 and was measured with the Abbe refractometer
(NAR-2T, minimum scale: 0.001, ATAGO Co. Ltd., Tokyo, Japan) at 20 °C.

Chlorin e6 (Ce6) [32], Pheophorbide a (Pheo) [33] (manufacturer Santa Cruz Biotech-
nology Inc., Dallas, TX, USA), and their combination were used as photosensitizers (PSs).
Stock solutions of 0.84 x 10~3 M photosensitizer were prepared by dissolving the photo-
sensitizer in NaCl. In this study, eight groups were examined: Ce6 hv+ (photoexcited), Ce6
hv— (dark-control), Ce6 + Pheo hv+ (photoexcited), Ce6 + Pheo hv— (dark-control), Pheo
hv+ (photoexcited), Pheo hv— (dark-control), PS— hv+ (bright-control), and PS— hv—
(dark-control). For each group, 24 samples were examined. The experiment was divided
into three parts. On the first day, photosensitizing solutions were added to the parts of
the samples. For samples with one photosensitizer, 100 uL of PS solution was added;
when using a mixture of photosensitizers, 100 uL of each (Ce6 and Pheo) were added.
In the next step, all samples were incubated for 24 h at 37 °C. Before imaging by digital
holotomography and confocal microscopy, each sample was rinsed twice with 0.9% NaCl
solution to remove PS from the medium. It was assessed whether the photosensitizer
interacted with the cells. After assessment, part of the samples had been exposed to
laser light (655 nm—wavelength used for aPDT). Subsequently, all samples were placed
in a refrigerator for 24 h at 4 °C. The samples were rinsed again, and then the samples
were imaged.

3.2. Spectrophotometric Measurements

All absorption spectra were recorded in the wavelength range 200-1100 nm by means
of the AVA-Spec 3648 spectrophotometer (Avantes Inc., Apeldoorn, The Netherlands)
equipped with a deuterium-halogen lamp (Avalight-DH-S-BAL, Avantes Inc., Apeldoorn,
The Netherlands) as a light source. As the excitation source in the luminescence measure-
ment, the continuous wave semiconductor laser A = 405 nm (TOPGaN, Warsaw, Poland)
was used. For spectroscopic studies, the PSs solutions in PBS were measured in standard
UV cuvettes.

3.3. Irradiation Source for Bacteria Photoinactivation

The photoexcitation setup included a laser diode (A = 655 nm) with an adjustable
power control unit coupled to the optical fiber system (FC-655nm-1W-15070826, New
Industries Optoelectronics Tech. Co., Ltd., Changchun, China). Exposure parameters
have been determined experimentally. The most important element was that the sample
(r =7 mm) was exposed throughout the surface. The distance from the light source from
the sample was set at 55 mm. The duration of exposure was set at 240 s; this is the longest
possible time without heating the sample. The power density emitted by the laser was
equal to 420 mW/cm? and the energy density was equal to 12.5]/cm?.

The energy density H and the power density E were set experimentally. The power den-
sity was measured by integrating a sphere photodiode power sensor (5142C, 350-1000 nm,
1 uW-5 W, Thorlabs, Newton, NJ, USA) and a compact power and energy meters console
(PM100D, Thorlabs, Newton, NJ, USA). All exposures were continuously monitored by
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temperature measurement with a thermal imaging camera (FLIR E6, FLIR Systems, Inc.,
Wilsonville, OR, USA).

3.4. Confocal Laser Microscopy

Fluorescent or confocal microscopes are commonly used in studies of course, uptake
of photosensitive compounds, and the effectiveness of photodynamic therapy; in addition,
the morphology of bacterial cells is evaluated [19,34,35]. In comparison to digital holoto-
mography (DHT), these microscopes are much more expensive because it is necessary to
use fluorescence markers /probes and it is much more time-consuming since the process of
scanning the sample takes longer.

The images of bacterial cells were collected on a Leica TCS SPE confocal laser mi-
croscope (Leica, Wetzlar, Germany) using a 63 x high-numerical-aperture oil-immersion
objective. This microscope was working in the fluorescence and differential interference
contrast (DIC) modes. Furthermore, X-Z and Y-Z cross sections were recovered to obtain
3D information indicating PS uptake. The image size was set to 512 x 512 pixels. For
excitation of the PS laser line at 405 nm, it was operated at 10% of the maximum power.

In the first stage of the study, the bacterial samples were examined by confocal mi-
croscopy to confirm the lack of the autofluorescence of bacterial biofilm. After photoexci-
tation of the PS by laser light with the wavelength equal to 405 nm (corresponding to the
PDD absorption bands of both photosensitizers), confocal microscopic images indicating
the cell penetration by PS were registered.

3.5. Digital Holographic Tomography and RI Data Processing

In this study, a DHT was used for examination of the accumulation of photosensitizers
inside the bacteria cells and changes in cell density related to the aPDT treatment, since,
contrary to the fluorescence confocal microscopy, it allows for a quick and non-invasive
process of scanning a sample, and the obtained results in the form of a spatial distribution
of the refractive index may give equally interesting results.

A digital holotomograph (3D Cell Explorer, Nanolive, Ecublens, Switzerland) using a
dry microscope objective (60x, numerical aperture NA = 0.8, Nikon) was used to visualize
the spatial distribution of the refractive index (RI) in the form of 3D-RI tomograms. During
the scanning of the sample, multiple two-dimensional RI measurements are made, which,
when numerically reconstructed, give a 3D distribution of the RI examined sample.

Numerically reconstructed 3D-RI tomograms were imported from STEVE software
(version 1.6.3496, Nanolive, Ecublens, Switzerland) to MATLAB® software (version R2021b,
MathWorks, Natick, MA, USA). To obtain the RI values of the bacteria cells, a single 2D-RI
tomogram was selected, representing the single slice of 3D-RI tomogram for which the best
contrast of the examined cells was obtained. The applied algorithm performed median
filtering to reduce artifacts that were present in the selected 2D-RI tomograms. In the next
step, a contour mask was created that was based on the specified polygonal region of
interest. This region was matched by appropriately specifying a threshold for the RI values,
which exceeded the RI of the medium. The contour mask was fitted on the original data (a
series of 2D-RI tomograms), enabling automatic distinguishing of the regions that were
occupied by the cells and to directly determine the RI values of each cell that is present in
the sample. As a result, the RI values of the pixels of the regions that were occupied by
cells were obtained. A median RI value was determined for each tomogram. To obtain
a representative set of data for this analysis, 20 tomograms (3D-RI) of each group were
examined. Then, the data were analyzed.

RIis one of the physical parameters that can be correlated with biophysical parameters
such as dry mass density. Significant changes in protein composition and other cell compo-
nents can be detected by changes in the RI values. This could be related to abnormality and
dysfunction, showing intrinsic dynamics in cells [36].
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The dry mass density of the cell (Myy) can be expressed as [37,38]:
RI 1
Moy = (e 1) % @

where RI is the median of the refractive index of the cells, RInj,c is RI of the environment
(1.335), and k is the absorption constant; for material that has no specific light absorbance
characteristic, k = 0.002.

3.6. Statistical Analysis

Statistical analyses were performed using Origin 2021 (OriginLab Corporation, Northa-
mpton, MA, USA). The significance of RI value was assessed by one-way analysis of
variance (ANOVA). A value of p < 0.05 was considered as statistically significant.

4. Conclusions

A combined therapy becomes the most common strategy in modern treatment. Its
greatest advantages are using different pathways, achieving higher efficacy and minimizing
side effects. Furthermore, the possibility of developing resistance is reduced. This strategy
allows to obtain the additive or synergistic effect of treatment using smaller doses of
each substance. The use of two photosensitizers in a single treatment is considered to
be a basic aPDT combination. Other strategies are based on combinations of aPDT with
antibiotics, other antimicrobial compounds, or physical treatments (sonodynamic therapy
and electrochemotherapy) [10].

The results obtained in this in vitro study show that the use of the functionalized
combination of two photosensitizers, Ce6 and Pheo, in which Pheo acts as an efflux pomp
inhibitor, enables the penetration of increase of the E. coli (Gram-negative bacteria) cells by
PSs, which is significantly higher than in case of the use of each of PS individually. The
increase in PS accumulation was indicated by the increase of the RI values of individual
cells related to the increase in cell density in the presence of PSs, which was confirmed by
the additional confocal fluorescence microscopy. Moreover, the decrease of the RI values of
bacteria cells after aPDT treatment can indicate the efficiency of E. coli inactivation related
to the decrease of the cell density and dry mass density obtained from RI data, which
may be correlated with the loss of the integrity of cells membrane, increase in membrane
permeability, or DNA damage characteristic for aPDT. The results suggest that when a
functionalized combination of PSs was used, the efficacy of the photodynamic effect was
significantly higher than when each of the sensitizers was used alone. Furthermore, the
use of the developed functional combination of PSs can contribute to a more efficient
photoinactivation of Gram-negative bacteria cells, which have a lower permeability to
single anionic and neutral photosensitizers compared to those of Gram-positive bacteria
cells. However, the results indicate the PS aggregation in the used NaCl suspension, so
future works should focus on the elimination of this effect by the use of a different solvent
that can enhance the photodynamic inactivation of Gram-negative bacteria.

Digital holotomography (DHT), using the refractive index as an imaging contrast
for 3D label-free live bacteria cell imaging and providing quantitative information about
biophysical properties of the specimen, can be used in complex examination of the single-
cell-photosensitizer interaction and characterization of the efficiency of aPDT as a low-
cost, label-free, nondestructive alternative to commonly used techniques such as confo-
cal microscopy.
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3.2. Publikacja 2 - Efflux pump inhibitors from plant
compounds: A new strategy to modulate bacterial growth

and morphology

Badania przedstawione w tej publikacji ukierunkowatam na weryfikacj¢ hipotezy H2, zgodnie
z ktora zastosowanie celowanych EPIs ogranicza formowanie si¢ struktur przestrzennych
tworzonych przez bakterie.

W cze¢sci eksperymentalnej niniejszej rozprawy przeprowadzitam kompleksowe badania nad
wplywem wybranych naturalnych EPIs na dynamike rozwoju oraz formowanie si¢ skupisk
bakteryjnych wybranych gatunkéw bakterii: Profeus mirabilis, Escherichia coli, Enterococcus faecalis oraz
Bacillus - cerens. Podjecie tego zagadnienia jest uzasadnione doniesieniami literaturowymi,
wskazujacymi ze pompy efflux odgrywaja kluczowa role nie tylko w mechanizmach opornosci
wielolekowej, lecz takze w procesach wymiany substancji przez blon¢ komoérkows oraz
w tworzeniu si¢ struktur komérkowych, takich jak biofilm czy inne formy skupisk bakteryjnych
(Alav etal., 2018; Nishino et al., 2021). Ograniczenie efektywnosci tych pomp za pomoca substancji
modyfikujacych ich ekstruzj¢ stanowi obiecujacyq strategie zaburzenia fizjologii bakterii,
potencjalnie przekladajaca si¢ na ograniczenie kolonizacji powierzchni przez bakterie, co ogranicza
rozwdj biofilméw, co moze by¢ istotne w zakresie np. szpitalnych zakazen bakteryjnych.

Jak wspomniano, pomiary prowadzilam na 4 gatunkach: bakterie Gram-dodatnie (Enterococcus
faecalis 1 Bacillus cerens) 1 bakterie Gram-ujemne (Proteus mirabilis 1 Escherichia coli). Uzyskane
finansowanie w ramach Minigrantu dla doktorantéw Politechniki Wroctawskiej (wewnetrzna
inicjatywa Uczelni, pozwalajaca na pozyskanie finansowania na realizacj¢ wlasnego projektu
badawczego) pozwolilo mi na realizacje pierwszej czesci pomiardw, tj. zbadania wplywu EPIs
na kinetyke wzrostu bakterii w pozywce plynnej. Ze wzgledu na niska rozpuszczalnos¢ EPIs
(zwlaszcza w stezeniach przekraczajacych 1 mg/ml), zbadatam zywotno$¢ bakterii w pozywce
z r6zna domieszka DMSO (z ang. DiMethyl SulfOxide, dimetylosulfotlenek). Powyzsze
eksperymenty pozwolily stwierdzi¢, ze 5% stezenie DMSO nie ma wplywu na zywotno$¢ bakterii,
a pozwala zwigkszyé rozpuszczalno$¢ zastosowanych zwigzkéw. Potwierdzaja to réwniez
doniesienia literaturowe (Alharthi et al., 2021). Na wysokie st¢zenie DMSO w pozywce bardziej
wrazliwe sa bakterie Gram-dodatnie, np. w przypadku B. cerens 20% DMSO w TSB (z ang. Tryptic
Soy Broth, bulion tryptono-sojowy) widocznie zahamowuje wzrost po calonocnej inkubacji.
W ramach tego zadania badawczego wyznaczylam MIC substancji pochodzenia naturalnego
zaliczanych do EPIs (berberyna, palmatyna, piperyna, kapsaicyna, kumaryna 1 kurkumina). Wybor

EPI uwarunkowany byl réznorodnoscia mechanizméw blokowania pomp efflux oraz
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powinowactwa do inhibicji pomp nalezacych do réwnych rodzin. Przeprowadzone badania
literaturowe potwierdzily, ze berberyna, kurkumina i palmatyna moga dziala¢ réwniez jako
inhibitory Sortazy A (SttAl, z ang. Sortase A inhibitor) (Alharthi et al., 2021, 2023; Guo et al., 2015;
Nitulescu et al., 2017). Sortaza A to transpeptydaza cysteinowa, ktérej zadaniem jest przylaczanie
biatek odpowiedzialnych za adhezj¢ i tworzenie biofilmu do $ciany komoérkowej bakterii Gram-
dodatnich. Zbadatam stezenia EPI (5% v/v DMSO w TSB) od 4096 pg/ml do 8 pg/ml (2-krotnie
malejace). Po calonocnej inkubacji wykonalam zmodyfikowany test resazuryny (Sarker et al., 2007).
Wszystkie badania zwigzane z zywotnoscia wykonane zostaly w co najmniej 3 powtorzeniach.
W wyniku przeprowadzonych dos$wiadczen stwierdzitam, Ze zadne z badanych stezen EPI nie
spowodowalo widocznego zahamowania wzrostu dla P. mirabilis (gatunek zostal odrzucony
w dalszej czesci badan, gdyz nie bylo mozliwe wyznaczenie wymaganych stezen EPI), w przypadku
B. cerens brak zmiany zabarwienia zostal zaobserwowany dla kurkuminy (128 ug/ml), palmatyny
(2048 pg/ml) i berberyny (1024 ng/ml), dla E. co/i zahamowanie wzrostu spowodowala inkubacja
z roztworem palmatyny (4096 ng/ml), natomiast w przypadku E. faecalis mozliwe byto wyznaczenie
MIC dla palmatyny (4096 ng/ml) i berberyny (2048 pg/ml). Zaobserwowane stezenia EPI byly
nizsze dla bakterii Gram-dodatnich niz dla bakterii Gram-ujemnych, co wynika z faktu, iz bakterie
Gram-dodatnie posiadaja zewnetrzna warstwe peptydoglikanu, ktéra zapewnia jedynie ograniczona
odpornos¢ na przepuszczalnosé (Bamoniri et al., 2010; Rajagopal & Walker, 2017). Wartosci MIC
pozwolily na okreslenie stezen EPI, ktére zostaly wykorzystane w dalszych badaniach.
Zdecydowalam si¢ na stezenie 4-krotnie mniejsze niz MIC, ktére nie powodowalo pelnej inhibicji
wzrostu. To wlasnie takie st¢zenie jest wybierane w testach potencjalizaciji (Stavri et al., 2007).
Kolejnym etapem byla obserwacja dynamiki namnazania si¢ bakterii w pozywce plynnej (TSB)
z wykorzystaniem biorekatora z odwroconym wirowaniem. Bazuje on na spektrofotometrycznych
pomiarach gestosci optycznej (OD, z ang. Optical Density) zawiesiny w czasie, co pozwolilo
na uzyskanie krzywych wzrostu i identyfikacje potencjalnych zmian w poszczegdlnych fazach. Jako
przygotowanie do rejestracji kinetyki wzrostu wykonalam kalibracje urzadzenia dla 3 wybranych
gatunkow, tj. bakterie Gram-dodatnie: B. cereus oraz E. faecalis; bakterie Gram-ujemne: E. coli.
Zarejestrowalam kontrolne krzywe wzrostu wymienionych gatunkéw (co najmniej 12 godz.
pomiary w 3 powtdrzeniach). Kolejno okreslitam zalezno§¢ wartosci OD zawiesiny bakteryjnej
od stezenia EPI (4-krotnie mniejszego niz MIC). Szczegélowej analizie poddane zostaly
logarytmiczne fazy wzrostu. Poza analiza czasu trwania logarytmicznej fazy wzrostu porownatam
réwniez: maksymalne tempo wzrostu, czas podwojenia oraz maksymalne OD. W przypadku
B. cerens zaobserwowa¢ mozna, ze im nizsze tempo wzrostu, tym krotszy czas trwania

logarytmicznej fazy wzrostu. Spowodowane jest to zaburzeniem proporcji pomigdzy fazami
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wzrostu — skroceniu ulega faza logarytmiczna, wydtuzeniu natomiast faza hamowania. Wynika
to ze stosowania substancji wykazujacej wlasciwosci przeciwbakteryjne w stezeniu nizszym niz
MIC, co wplywa bezposrednio na zmiany dlugosci poszczegdlnych faz (Pedreira et al., 2022).
Mozna zatem zaobserwowacd, ze jedynie przez krotki czas nastepuje intensywny wzrost hodowli.
Dla E. faecalis tendencja byla odwrotna, tj. im nizsze tempo wzrostu tym dluzszy czas trwania fazy
logarytmicznej, podobna tendencja jest obserwowana réwniez dla E. ¢/, co $wiadczy o tym,
ze rozwoj zostal spowolniony. Najwickszy spadek §redniej warto$ci maksymalnego tempa wzrostu
zaobserwowalam w przypadku komorek E. faecalis inkubowanych z berberyna 1 wyniést on 53,8%.
Czas podwojenia byt odwrotnie proporcjonalny do maksymalnego tempa wzrostu. W przypadku
zmian w maksymalnej warto$ci OD dla B. cereus oraz E. faecalis mozna stwierdzi¢, ze im wicksze
zmiany w tempie wzrostu, tym wigksze zmiany w maksymalnym OD. W przypadku obu gatunkéw
obserwowany jest spadek tej warto$ci. Dla E. cw/i po inkubacji z palmatyna nastapil wzrost
maksymalnego OD, co moze $wiadczy¢ o zmianach w morfologii komérki tj. zmniejszeniu
rozmiaréw komorek, by ograniczy¢ zapotrzebowanie na sktadniki odzywcze w ramach odpowiedzi
na niekorzystne warunki srodowiskowe (Serbanescu et al., 2021).

Po 24 godz. inkubacji bakterii z EPI przeprowadzono obserwacj¢ rozwoju mikrokolonii
(w 3 powtorzeniach), by okresli¢ jak inkubacja z EPI wplywa na zdolnos§¢ oraz dynamike rozwoju
struktur bakteryjnych bezposrednio na powierzchni, na ktérej si¢ one formuja. Aby iloSciowo
1 jakosciowo oceni¢ wplyw EPIs na formowanie si¢ skupisk bakteryjnych, zastosowalam DHT —
zaawansowang technike obrazowania fazowego, umozliwiajaca tréjwymiarows rekonstrukcje RI
zywych komorek 1 ich skupiskach bez koniecznosci stosowania barwienia biochemicznego lub
znakowania fluorescencyjnego. Przygotowanie probek mikrobiologicznych uwzgledniato
inkubacj¢ zawiesiny bakteryjnej z roztworem EPI przez 24 godz. w temperaturze 37°C, a nast¢pnie
naniesienie tak przygotowanej zawiesiny na warstwe agaru tryptozowo-sojowego, Umieszczonego
w ramce na szkietku podstawowym. Nalezy podkresli¢, Zze na potrzeby obserwacji wzrostu skupisk
bakteryjnych opracowano procedure przygotowania probki, umozliwiajaca monitorowanie
zachodzacych zmian na cienkiej warstwie podloza agarowego, ktérej opis znajduje si¢ w publikacii
(Pietrowska et al., 2025). Obserwacja formowania irozwoju struktur bakteryjnych zostala
przeprowadzona z wykorzystaniem cyfrowego holotomografu iinkubatora pozwalajacego na
utrzymanie stalej temperatury probki w komorze pomiarowej, co mialo okresli¢ wpltyw EPI na
rozwoj skupisk bakteryjnych, adhezje komoérek do podloza iinnych bakterii. Tomogramy
poszczegdlnych etapéw tego procesu rejestrowane byly w 5-minutowych interwatach czasowych

przez 90 minut. Przeprowadzenie stalej, dlugoterminowej obserwacji rozwoju struktur od
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pojedynczych bakterii inkubowanej z EPI oraz komoérek nieinkubowanych, az do mikrokolonii,
pozwolilo na uzyskanie informacji na temat dynamiki rozwoju struktur.

Seri¢ numerycznie zrekonstruowanych tomograméw 3D-RI (19 tomograméw dla kazdego
pomiaru), ktére uzyskano z poszczegolnych probek, zaimportowano z oprogramowania
STEVE do oprogramowania MATLAB. Wykorzystano protokoét opisany w przypadku Publikacji
1, uzupelniajac go o dodatkowy filtr niwelujacy szum w zarejestrowanych tomogramach — filtr
otwarcia (z ang. opening filter). Wyznaczono dodatkowo dane na temat objetosci zajmowanej przez
komorki i tworzone przez nie struktury, co w polaczeniu z wyznaczona gestoscia suchej masy
pozwolilo na okreslenie suchej masy komorek tworzacych analizowane struktury przestrzenne.

Wyniki uzyskane dla komoérek inkubowanych z EPI zostaly poréwnane z pomiarami
kontrolnymi. Analizowatam mediang wartosci RI komoérek bakteryjnych, objeto$¢ struktur i suchg
masg¢ bakterii wchodzacych w sktad tych struktur. Analiza tomograméw wykazala, ze w probkach
kontrolnych obserwowane byly rozwinigte, zwarte struktury skupisk komérkowych o relatywnie
wysokiej suchej masie 1 wigkszej objetosci niz pozostale traktowane EPI. W przeciwienstwie
do tego, w obecnosci EPIs, tj. w przypadku palmatyny, berberyny i kurkuminy, odnotowatam
wyrazne zmniejszenie objetosci 1 suchej masy skupisk komoérkowych, a takze zaburzenia ich
struktury przestrzennej, w tym brak tworzenia skupisk, spowolnione podzialy komoérkowe
1 wydluzenie komorek. Zaobserwowane réznice w rozwoju mikrostruktur bakteryjnych wynikaja
z faktu, iz zmiany morfologiczne stanowia jedna z najwazniejszych strategii przetrwania bakterii
patogennych. Wiele gatunkéw bakterii w obecnosci stresora przeksztalca sie do nitkowatych form,
gdzie wystepuje jedynie elongacja komorki bez podziatu (Cayron et al., 2023; Khan et al., 2022).
Najmniejszy wzrost objetosci oraz wydluzanie si¢ komorek (bez ich podziatu) odnotowano dla
B. cerens (1,12 dla kurkuminy, 1,13 dla berberyny i 1,16 dla palmatyny), potencjalnie ze wzgledu na
podwojne dziatanie tych zwigzkéw jako EPI i SrtAl, prowadzace do utrudnionej adhezji bakterii
do agaru.

Wyniki potwierdzily, ze dodanie EPI do pozywki wplywa na dynamike podzialéw
komoérkowych, zatem moga zostaé wykorzystane do ograniczenia wzrostu bakterii. Dodatkowo,
komorki po 24 godz. inkubacji z EPI zmieniajq charakterystyke rozwoju struktur bakteryjnych
(nastgpuje spowolnienie podzialow, wydtuzanie komoérek bez podzialéw) badz rozwéj skupisk nie
nastepuje. Badanie to wykazalo, Zze sposréd przebadanych EPIs pochodzenia naturalnego
to palmatyna, berberyna i1 kurkumina moga by¢ obiecujacymi substancjami w  terapii
antybakteryjnej, rowniez jako skladnik terapii skojarzone;j.

Uzyskane wyniki potwierdzily spelnienie postawionej hipotezy badawczej H2, zgodnie z ktora

uzycie celowanych inhibitoréw pomp efflux pozwala na ograniczenie formowania si¢ struktur
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przestrzennych tworzonych przez bakterie. Wyniki badan $wiadcza, ze EPIs moga petni¢ role
regulatoréw tworzenia si¢ skupisk bakterii, co ma istotne konsekwencje zaréwno w kontekscie
zrozumienia mechanizméw biologicznych lezacych u podstaw formowania przez komorki
bakteryjne struktur przestrzennych, jak i potencjalnych zastosowan praktycznych — na przyktad
w ograniczaniu dynamiki kolonizacji 1 zastosowaniach w przemysle, gdzie wymagane jest
utrzymanie bezpieczenistwa mikrobiologicznego produktow. W odréznieniu od wigkszosci
dotychczasowych doniesien, ktére koncentrowaly sie¢ gléwnie na roli EPIs w poprawianiu
skutecznosci antybiotykéw lub w hamowaniu pomp efflux jako mechanizmu opornosci, moja
analiza wykazala, ze EPIs, stosowane w stezeniu znacznie nizszym niz MIC (0,25 MIC), maja
bezposredni wplyw na formowane przez bakterie struktury przestrzenne, co stanowi istotny wktad
w literatur¢ naukowsa dotyczaca molekularnych i fenotypowych (zmiany morfologii, objgtosci oraz
RI komoérek i ich struktur przez nich tworzonych) konsekwencji hamowania aktywnosci
transporteréw blonowych, jakimi sa pompy efflux. Obnizone st¢zenia EPI pozwalajg na redukcije
stezenia substancji w produktach i ograniczenie potencjalnych skutkéw ubocznych lub interakeji
z innymi skladnikami. Takie podejscie, wykorzystujace zaawansowane techniki ilo§ciowego
obrazowania fazy, jak DHT, pozwala na precyzyjna, nieniszczaca i bezkontaktowg oceng wplywu
inhibitoréw na zachowanie si¢ bakterii na poziomie pojedynczych komorek 1 niewielkich struktur
bakteryjnych, co znacznie wykracza poza tradycyjne metody oceny MIC czy proste pomiary OD.
Ponadto praca zwraca uwage na fakt, ze wybrane zwiazki roslinne moga petni¢ podwdjng role
biologiczng — zaréwno jako inhibitory pomp efflux, jak i inhibitory Sortazy A — co otwiera
perspektywy ich uzycia nie tylko w terapii laczonej z antybiotykami, ale rowniez jako dodatkéw
funkcjonalnych (np. wydluzajacych okres przydatnosci produktu) w przemysle spozywczym,

farmaceutycznym czy kosmetycznym.
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Antidrug resistance remains a major therapeutic challenge, with combination therapies, often enhanced by plant-
derived compounds, gaining popularity due to their increased efficacy in antibacterial treatments. This study
focused on the effects of plant-derived efflux pump inhibitors (EPIs) on bacterial growth in liquid medium and
the ability of cells incubated with selected inhibitors to form bacterial clusters on solid medium. Minimum
inhibitory concentrations (MICs) of berberine, capsaicin, coumarin 6, curcumin, palmatine, and piperine were
determined against P.mirabilis, E.coli, E.faecalis, and B.cereus using a modified resazurin assay. Antimicrobial
activity was shown by palmatine, curcumin, and berberine. Literature studies confirmed that these compounds
also belong to the Sortase A inhibitors. Next, how the addition of a specific concentration of EPI affects the
change in optical density of the bacterial suspension over time was investigated in a bioreactor. The results
confirm that the addition of EPI to the medium changes the characteristics of the growth curve, in particular the
logarithmic phase. Digital holotomography was used to investigate EPI-induced changes in bacterial cluster
growth dynamics. Median RI values of bacterial cells, volume of structures and dry mass were analyzed. Sig-
nificant changes in the characteristics of clusters development on agar medium were observed between groups,
including lack of cluster development, slowing of divisions, and elongation of cells. This study showed that
palmatine, berberine, and curcumin could be promising substances for antimicrobial therapy, also as a
component of combination therapy. In addition, they can find applications as preservatives used in the food,
pharmaceutical and cosmetic industries.

1. Introduction formation, including cell adhesion to surfaces and the formation of

extracellular polymeric substance (EPS) production. Extracellular

Antimicrobial resistance (AMR) is a major global health challenge of
the 21st century. It is predicted to be responsible for 10 million deaths
per year worldwide by 2050 (Tang et al., 2023). The main reasons for
this is the overuse of antibiotics and other antimicrobial agents in many
areas of life (Llor and Bjerrum, 2014). Single cells are more susceptible
to drugs, antibiotics, or other bactericides. In the case of cellular struc-
tures (clusters, microcolonies, biofilms), the outer cells are most sus-
ceptible to antimicrobial compounds. Many factors influence biofilm
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polymeric substance plays at least several roles in the biofilm formation
process. In addition to its protective functions, it provides stability to the
overall structure and facilitates cell-to-cell and cell-to-surface adhesion.
Cells that are part of a complex structure can use chemical communi-
cation among themselves, as a result of which the direction of their
development can be changed when a toxic agent is present. In the case of
single cells, a change in morphology can be observed by elongation of
the cell without division (Cayron et al., 2023; Khan et al., 2022).
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Formation of biofilm, other spatial structures (clusters, micro-
colony), the difficulty in effectively disinfecting, and the accumulation
of bacteria in hard-to-reach areas are a few of the reasons for the com-
mon presence of bacterial infections. Methods currently used are char-
acterized by insufficient decontamination efficiency. The study showed
that standard procedures do not allow for eradication of bacterial bio-
film accumulated in both endoscope channels. Both chemical and me-
chanical cleaning do not bring the expected results (Pajkos et al., 2004).
Another difficulty is the removal of bacterial structures from dry sur-
faces. Biofilms are present on up to 90 % of surfaces in intensive care
units, and selected species can survive for more than a year without
nutrients. It has been confirmed that they are much more resistant to
disinfection and sterilization. 50 times wiping using standard procedure
allowed the removal of approximately 97 % of the biofilm (Parvin etal.,
2019). Based on conducted research using various methods, procedures,
and antibacterial compounds, it can be concluded that methods is sought
to increase the effectiveness of antibacterial therapies (Otter et al.,
2015). Contamination problems with various pathogens also affect
cosmetics (Alshehrei, 2024; Kim et al., 2020; Nusrat et al., 2023) and
food (Alves et al., 2021; Sunarti, 2024; Zavisi¢ et al., 2024). Contami-
nation can occur at various stages of the production process or during
use, which poses a huge safety challenge.

One mechanism of antimicrobial drug resistance is the efflux pump.
In this mechanism, the extrusion time of the drug is shorter than the time
required for its diffusion into the bacterial cell. The result is an insuffi-
cient accumulation inside the cell of the substance, which leads to
ineffective therapy (ithameneh et al., 2019). The role of efflux pumps in
vivo is very complex, they play an important role in bacterial physi-
ology, metabolism, and pathogenicity (Nishino et al., 2021). At least
four tasks have been identified in which efflux pumps are involved in
biofilm development. The most important are facilitation of EPS for-
mation, affecting quorum sensing and quorum quenching, and removal
of toxic substances, initiation and inhibition of adhesion (Alav et al.,
2018). To prevent the mechanism of efflux pumps, it is possible to block
them using EPI. Disrupting biofilm formation, especially in the early
stages, can contribute to the effectiveness of therapy.

A variety of available EPIs, of synthetic and natural origin, allows for
their wide application in antibacterial therapy. Naturally derived in-
hibitors are of particular interest (Khameneh et al., 2019; Stavii et al.,
2007). This is supported by the fact that over the past 30 years, almost
75 % of approved antimicrobial drugs have been of natural origin
(Prasch and Bucar, 2015). Recent studies on plant molecular mecha-
nisms, such as m6A RNA modification, have also highlighted strategies
to optimize the biosynthesis and functional quality of plant-derived
bioactive compounds, further supporting their potential in therapeutic
applications (Shan et al., 2025). The use of naturally occurring sub-
stances would ensure a reduction in toxicity to healthy eukaryotic cells.
Many studies indicate that substances of natural origin exhibit anti-
bacterial activity and may play the role of EPIs, contributing
re-sensitization of bacteria to substances to which they have been
resistant and enhancing the effect of the therapy used, acting as anti-
biotic potentiators (Kalia et al., 2012; Negi et al., 2014; Prasch et al.,
2019; Setiawan et al., 2021). Notably, plant-derived compounds such as
alginate oligosaccharides have also been shown to elicit defense re-
sponses in plants, underscoring their broader bioactive potential in both
antimicrobial and host resistance contexts (Peng et al., 2025).

The bacterial species used in this research are common and clinically
relevant. Escherichia coli is important member of normal human and
mammalian intestinal microflora and is a commensal bacterium found
in the gastrointestinal tract that can cause opportunistic infections
through migration (Kaper et al., 2004). Multidrug-resistant E.coli strains
necessitate the search for new methods and compounds to overcome
resistance (Cerceo et al., 2016; Walker et al., 2022). Proteus mirabilis is
considered an integral part of the faecal flora and is therefore mainly
found in the gastrointestinal tracts of humans and animals (Armbruster
and Mobley, 2012; Govindarajan and Kandaswamy, 2022). Infection can
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cause urinary tract and gastrointestinal tract infections. P.mirabilis can
also be found in a variety of environments, including soil, water, and
wastewater, where it plays a key role in the decomposition of organic
matter (Armbruster et al., 2018). Genome analysis revealed the presence
of genes responsible for antibiotic resistance, which poses a challenge
for new antimicrobial therapies (Adamus-Bialek et al., 2013; Chaklour
et al., 2024). Environmental interactions, such as those mediated by
rhizosphere metabolites and microbial communities under stress con-
ditions, further highlight the adaptability of bacteria and the potential of
plant-derived compounds to modulate microbial behavior (Yuan et al.,
2024). E.faecalis is the best-known Enterococci species. In recent years,
enterococci have become the source of a significant number of nosoco-
mial infections which occur through gut translocation (Said et al.,
2024). Enterococci virulence is due to other properties such as persis-
tence, structure, and antibiotic resistance. Vancomycin-resistant strains
are of particular concern as they pose a huge clinical challenge
(Cetinkaya et al., 2000; Miller et al., 2016). Bacillus cereus belongs to the
Gram-positive bacterial group and shows close phenotypic and genetic
affinity with several other Bacillus species, especially B.anthracis (Ash
et al., 1991). B.cereus is widely distributed in food and can cause food
poisoning, butalso serious infections such as pneumonia (Bottone, 2010;
Rahnama et al, 2023; Yu et al., 2020). The pathogenicity of B.cereus is
closely related to the production of tissue-damaging exoenzymes
(Bottone, 2010). The ability to form spores that are resistant to extreme
environmental conditions significantly reduces the effectiveness of the
therapy (Bottone, 2010; Periferakis et al., 2023).

The aim of this study was to prove the feasibility of the potential use
of plant-derived compounds (berberine, capsaicin, coumarin 6, curcu-
min, palmatine, piperine) in the food and cosmetic industries to prevent
bacterial growth in products and in the pharmaceutical industry as po-
tentiators of compounds used in antibacterial therapy by determining
their effect on bacterial growth and morphology (Proteus mirabilis,
Enterococcus faecalis, Escherichia coli, Bacillus cereus). MIC values were
determined for individual compounds and bacterial species, the effect of
specific concentrations of EPI on bacterial culture development in liquid
medium and the ability of cells incubated with EPI on solid agar medium
to develop bacterial clusters was observed. It was decided to observe the
development of bacterial clusters due to the fact that this is an early and
also a key step leading to biofilm formation. The changes observed at
this stage will be directly related to the ability to form a biofilm. The
research presented is a comprehensive approach that considers bacterial
growth in both liquid and solid environments, allowing for the potential
use of these compounds in a wide range of industries. The EPI concen-
trations used are 0.25 MICs, which allows for the reduction of substances
in the products and limits potential side effects or interactions with other
ingredients. The study also highlights how incubation with these com-
pounds affects the ability to form bacterial clusters, which is highly
relevant to the risks posed by biofilms. Given the natural origin of the
substances, their cost, and the inability of bacteria to become resistant to
them, they become excellent candidates as preservatives or antimicro-
bial substances on their own but also as an additional ingredient to
enhance the effect of other substances. The expected result is the iden-
tification of the substance that, for the selected bacterial species, con-
tributes most to slowing down the growth of the bacterial culture in the
liquid medium and the formation of bacterial clusters. This will make it
possible to determine the suitability of EPI for industrial applications,
both in liquid products (food and cosmetics) and solid products, taking
into account product packaging and the surfaces of various equipment.
The identification of specific compounds for a bacterial species can
contribute to reducing contamination, prolonging the shelf life of
products and slowing the growth of bacteria that may enter the product.
The study used both qualitative (modified resazurin assays) and quan-
titative (growth kinetics measurements and time-lapse imaging using
digital holotomography) methods supported by statistical analysis.
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2. Materials and methods
2.1. Bacterial strains

Four reference strains Proteus mirabilis ATCC 25212, Escherichia coli
ATCC 25922, Bacillus cereus PCM 1948, Enterococcus faecalis ATCC
29212 obtained from the American Type Culture Collection (ATCC) and
Polish Collection of Microorganisms (PCM) were used in presented
research. These strains are representative of Gram-positive and Gram-
negative bacteria.

2.2. Efflux pump inhibitors

Due to the popularity of EPIs of natural origin, this study selected the
popular EPIs from plant sources. Berberine Hydrochloride (BER),
Capsaicin (CAP), Coumarin 6 (COU), Curcumin (CUR), Palmatine (PAL),
Piperine (PIP) (manufacturer Santa Cruz Biotechnology Inc., Dallas, TX,
USA) were used in the experiment.

2.3. Preparation of bacterial suspension

Overnight cultures of bacterial strains were prepared. The optical
density at 600 nm (OD600) was adjusted to 0.6, and serial 10-fold 1ol-
10*) dilutions were subsequently prepared in Tryptic Soy Broth (TSB)
(Biomaxima, Lublin, Poland).

2.4. MIC evaluation

The minimum inhibitory concentrations (MICs) of EPIs were deter-
mined in TSB (BioMaxima, Lublin, Poland) according to the Clinical and
Laboratory Standards Institute (CLSI) guidelines for broth microdilution
susceptibility testing. The CLSI's protocols are accepted world-wide for
testing of antibiotics. Mueller-Hinton cation-adjusted broth (MHB) is
used as a suitable growth medium for the broth dilution technique, but
other broths and agars are also commonly used (Kowalska-Krochmal
and Dudek-Wicher, 2021). The most important factors causing differ-
ences in the MIC between studies have been identified, including inoc-
ulum size, endpoint determination, incubation conditions, culture
media, and the use of emulsifiers or solvents (Balouiri et al., 2016; Van
de Vel et al., 2019). Based on the results (Hulankova, 2022) it was
confirmed that the MIC values obtained by diluting the broth using
highly nutritious media such as TSB and Brain-Heart Infusion medium
are fully comparable.

Inhibitors are characterized by relatively low solubility in water,
therefore the addition of DMSO is necessary. The poor aqueous solubi-
lity of each naturally derived EPI affects their activity, bioavailability,
and ability to be assessed for antimicrobial activity (Ubeyitogullari and
Ciftei, 2019). Viability tests were performed using resazurin for DMSO at
different concentrations (final DMSO v/v concentrations in TSB were
10 %, 5 %, 2.5 %, and 1.25 %). Resazurin sodium salt (R7017, manu-
facturer Sigma-Aldrich, St. Louis, MO, USA) was used in this research. In
the resazurin cell viability method, 90 pl of TSB+DMSO and 10 pl of
bacterial suspension were added to 96-well plates. A final bacterial
suspension concentration of 5 x 10° CFU/ml in each well was adopted
for this assay. The samples were incubated at 37 °C in the dark for 24 h,
then 20 pl of resazurin (0.15 mg/ml) was added to each well. Any color
changes from purple to pink or colorless after 1 h were recorded as
positive. Three independent experiments were performed for each bac-
terial species. Even at a concentration of 10 %, DMSO does not prevent
visible microbial growth. Referring to (Alharthi et al., 2021), a con-
centration of 5 % was used as it has been shown to have optimal solu-
bility with minimal impact on bacterial viability.

Bacterial suspension was prepared in TSB and further diluted to
approximately 5 x 10° CFU/ml. Substances were individually diluted in
TSB with DMSO addition. The EPIs were further diluted to a working
concentration (final DMSO v/v concentrations in TSB was 5 %). The
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dilutions of EPIs were mixed 9:1 with the inoculum in a 96-well
microplate. A final concentration of 5 x 10° CFU/ml was adopted for
this assay. Both positive (without EPI) and negative (uninoculated TSB)
controls were included. The plates were prepared in triplicate and
placed in an incubator set at 37 °C for 18-24 h. After incubation to
facilitate reading in the broth microdilution method, resazurin (20 pl of
resazurin/well (0.15 mg/ml)) was used, which is reduced by active
bacteria to fluorescent resorufin (pink). A modified resazurin method
(Sarker et al., 2007) was used, which only incorporates changes in the
concentration of the test material (EPI concentration). The color change
was then assessed visually. Any color changes from purple to pink or
colorless were recorded as positive. The lowest concentration at which
color change occurred was taken as the MIC value.

2.5. Growth kinetics measurements

The growth curves were constructed based on optical density (OD)
measurement at 850 nm in Personal Bioreactor RTS-1 (Biosan, Riga,
Latvia). A calibration was performed for each species as recommended.
Both control measures and measures in media with EPI (approx. 25 % of
MIC) were performed. The measurement parameters were chosen in
accordance with the manufacturer’s recommendations (vessel spinning
speed 2000 rpm, reverse spin interval 1 s, socket temperature 37 °C,
sample volume in testing vessel 10 ml, measurement frequency 10 min.).
The sample was incubated in the bioreactor until the stationary phase
was achieved. If the recorded measurement required smoothing, this
was performed in the dedicated RTS control program software (v.
2.7.6.0, Biosan, Riga, Latvia). The doubling time was estimated based on
the maximum growth rate (Wang et al., 2015):

In2
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@ - maximum growth rate

7 - doubling time

The medium was inoculated with a bacterial suspension - the initial
bacterial concentration in the test vessel was approximately 5 x 10°
CFU/ml. Each measurement was performed three times.

2.6. Agar medium and sample preparation for digital holotomography

First, a microscopic slide on which the bacterial cells were growing
into cluster was prepared. A Gene Frame (125 pl, 1.7 x 2.8 cm, Thermo
Scientific™, Waltham, Massachusetts, USA) was attached in the middle
of microscopic slide. The slides and frames were sterilized in a steam
autoclave at 121 °C. 300 pl of dissolved agar medium (TSA with 2 % low
melting agarose (UltraPure™ LMP Agarose, Invitrogen Life Technolo-
gies, UK), RI = 1.343) was pipetted into the frame. It was ensured that
the entire volume of the frame was filled with agar. The frame was then
covered with a second microscope slide and placed in the refrigerator
(4 °C) for at least one hour. Next, the upper glass was carefully slide off
and plastic cover was removed to expose the sticky side. The side pieces
of agar were removed and filled with 30 pl of 0.9 % NaCl solution. 1 pl
of bacterial suspension was placed on a solid medium. Microscopic slide
with frame was covered by coverslip and sample was incubated at 30 °C
for 15 min.

2.7. Quantitative assessment of bacterial cluster development

Quantitative time-lapse imaging and analysis of bacterial clusters
was performed to assess the effect of 24 h incubation with EPI on the
physiology of bacteria. Adequately prepared agar medium enabled
visualization and measurement of bacterial division using digital hol-
otomography (DHT). Measurements were performed with the use of the
DHT system (3D Cell Explorer, Nanolive, Ecublens, Switzerland) with
using top-stage incubator (Okolab for Nanolive, Pozzuoli, Italy) and the
spatial distribution of the refractive index (RI) was obtained as the
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measurement result. Cells were incubated at 30 °C and 3D-RI tomo-
grams were acquired at 5-min intervals. For each group, three time-lapse
movies (1.5 h, 19 frames) were recorded, resulting in a total of 57 3D-RI
tomograms and 5472 2D-RI tomograms per group.

The series of numerically reconstructed 3D-RI tomograms that were
obtained from individual samples was imported from STEVE software
(version 1.6.3496, Nanolive, Ecublens, Switzerland) to MATLAB® soft-
ware (version R2023b, MathWorks, Natick, MA, USA). To determine the
RI values of the bacteria cells, a single 2D-RI tomogram was selected,
representing the single slice of 3D-RI tomogram with the highest
contrast for the examined cells. Next, a contour mask was generated

2-fold dilution; pg/mL
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based on a defined polygonal region of interest. This region was iden-
tified by setting an RI threshold exceeding that of the surrounding me-
dium. The contour mask was then applied to the original data (a series of
2D-RI tomograms), allowing for automatic segmentation of cell-
occupied regions and direct determination of the RI values of bacterial
clusters in the sample. To minimize noise in the recorded tomograms, an
opening filter was applied. As a result, RI values for the voxels corre-
sponding to cell-occupied areas were accurately obtained.

The collected data provided the basis for further analysis, focusing on
the determination of cell volume and dry mass. Cell volume was esti-
mated by counting the voxels corresponding to bacterial cells and
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Fig. 1. Test plates after 24 h in modified resazurin assay using the CLSI broth microdilution (BMD) method in the presence of 5% (v/v) DMSO in TSB. (A) Visual
representation of a control plate (without bacteria) after 24 h incubation, (B) Investigation of MIC values for Proteus mirabilis, Escherichia coli, Enterococcus faecalis,
Bacillus cereus. After 24 h, the plate was imaged (left panel) and resazurin was added (right panel). The MIC determined after resazurin addition is indicated by yellow
squares. Lanes marked ‘+' contain bacteria, but no EPI. Lanes marked ‘-’ contain media with no bacteria or EPI added.
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adjusting the values according to voxel resolution. To assess the dry
mass parameter, the dry mass density was first calculated as the differ-
ence between the median RI of bacterial cells and the median RI of the
surrounding medium (Friebel and Meinke, 2006):

RI 1 1
= ——m— °—
P Rlogor medium k

where Rl is the median of the refractive index of the cells, Rlygar medium iS
RI of the environment, k is the absorption constant.

An absorption constant of 0.185ml/g was adopted for bacteria,
representing their cellular structure, which contains proteins, nucleic
acids, sugars, and salts (Oh et al., 2020). Using the dry mass density, the
dry mass of the bacterial cluster was determined, calculated based on the
following formula:

My, =peV
where p is the density of dry mass, V is the volume of bacterial cluster.
2.8. Statistical analysis

All experiments were conducted in triplicate. Statistical analysis was
performed using the Origin Software (OriginPRO 2023b, OriginLab
Corporation, Northampton, MA, USA). Normality of distribution was
analyzed using the Kolmogorov-Smirnov test, homogeneity of variance
was assessed using the Brown-Forsythe test. Statistical analysis was
performed using one-way ANOVA with Tukey’s post-hoc tests for mul-
tiple comparisons. When the assumptions of ANOVA were not met the
Kruskal-Wallis test followed by Dunn’s multiple comparison test was
used. A Student’s t-test was used to compare the two groups. Statistical
significance was evaluated at the 95 % confidence level.

3. Results and discussion
3.1. MIC evaluation

Determination of MIC is necessary to find out the concentration of
the substance that can be used in the potentiation process. The MIC is
defined as the lowest concentration of the antimicrobial substance that
prevents visible growth of a microorganism under specific conditions
(Wiegand et al., 2008). In this study TSB was used to determine the MIC
instead of MHB.

Fig. 1 shows a representative test plate demonstrating the turbidity
and color change in the resazurin test caused by bacterial growth.

The experiments showed that none of the EPI concentrations (up to
4096 mg/ml) caused visible growth inhibition for P.mirabilis, in the case
of B.cereus, no change in color was observed for CUR (128 pg/ml), PAL
(2048 pg/ml), and BER (1024 pg/ml), for E.coli growth inhibition was
caused by incubation with PAL solution (4096 pg/ml), while for E.fae-
calis it was possible to determine the MIC for PAL (4096 pg/ml), and BER
(2048 pg/ml). The required EPI concentrations were lower for Gram-
positive bacteria than for Gram-negative bacteria. This may be due to
differences in bacterial structure. In Gram-positive bacteria, the outer
peptidoglycan layer provides limited resistance to permeability
(Bamoniri et al., 2010; Rajagopal and Walker, 2017). The MIC values
obtained are relatively high compared with other studies focusing on
plant-derived compounds. As mentioned earlier, MIC value can be
affected by the solvent used. Using a higher concentration of DMSO than
5 %, ethanol or methanol as a solvent may result in different MIC values
for the same substances (Matzneller et al., 2011; Nascimento et al.,
2014; Ozcelik et al, 2011). This is due to the combination of the anti-
bacterial properties of the solvent and the compound used (Alharthi
et al, 2021). Studies by other researchers have confirmed that some
bacteria can use capsaicin as a nutrient for growth, which may explain
the inability to determine MIC values (Flagan and Leadbetter, 2006).

The compounds that have shown antibacterial activity are PAL, BER,
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and CUR. They are also Sortase A inhibitors (SrtAls) (Alharthi et al.,
2023, 2021; Guo et al., 2015; Nitulescu et al., 2017). Sortase A (SrtA) isa
membrane-bound cysteine transpeptidase which attaches proteins to the
Gram-positive bacterial cell wall. The proteins anchored by this enzyme
play an important role in bacterial adhesion and biofilm formation,
which is an important virulence mechanism. SrtA is not required for
microbial growth, viability, and additionally does not occur in eukary-
otic cells, so inhibitors of this enzyme will have no toxic effects on these
cells (Cascioferro et al., 2014; Guo et al., 2015). SrtA is therefore an ideal
target for designing new drugs and therapies that do not contribute to
the development of a resistance mechanism.

3.2. Growth kinetics measurements

EPI and SrtAl can induce changes in the development of a bacterial
culture due to its broad spectrum of action, as mentioned previously.
This may include disruption of cell division, changes in growth curve
characteristics, and changes in cell morphology.

A concentration 4 times lower than the MIC was selected for growth
kinetics measurements (see Fig. 3 A). This concentration is normally
chosen during a potentiation assay (Stavri et al., 2007). Potentiators,
also known as adjuvants, are active compounds that have little or no
antimicrobial activity on their own. When combined with antibiotics or
other antimicrobial agents, they can lead to an additive or synergistic
effect of therapy. Mechanisms of action include inhibition of the efflux
pump, suppression of a drug-modifying enzyme, and enhanced mem-
brane permeability (Paul et al., 2023).

During the measurement, the change in OD values over time was
recorded. From this, the growth rate (first derivative) was determined.
By examination the increase of the OD value, it is not possible to
determine unambiguously when the logarithmic phase ends. It was
decided to superimpose two curves (Fig. 2). It can be seen that the part of
the graph with a positive slope for the growth rate defines the loga-
rithmic phase in the graph of the time dependence of OD changes
(marked part between the vertical dashed lines). The first non-zero OD
value was considered to be the beginning of the logarithmic phase of
growth, while the last point of this phase was the OD corresponding to
the highest value of the growth rate.

Fig. 3 shows the concentrations of EPIs used in measurements
(Fig. 3A), maximum OD, maximum growth rate, doubling time, and log
phase duration values for the 3 species and selected EPIs (Fig. 3B,C,D).
The duration of the logarithmic growth phases shown for each group is
the maximum duration of one of the repetitions.

Smoothing was necessary for measurements of B.cereus and CUR and
E.coli and PAL. A specific turbidity was noted in the testing vessel sug-
gesting clustering of cells in suspension that may interfere with the OD
measurements. Averaging allowed the deviating individual measure-
ment points to be compensated for. This type of turbidity was not

0D [a.u.]
Growth rate [h ]

Time [h]
—— OD ——Growthrate

Fig. 2. Graphic representation of bacterial growth curve in culture medium:
OD (left axis), growth rate (right axis).
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Fig. 3. (A) Concentrations of EPIs used in measurements of bacterial growth kinetics and bacterial growth curves for: (B) B.cereus, (C) E.faecalis, and (D) E.coli. The

values represent the means+SDs from three independent experiments.

observed for the other study bacterial species incubated with EPL

Comparing the control group and the groups with the addition of EPI,
there are differences in the length of the logarithmic phase and the
achieved OD value at the end of this phase. Table 1 summarizes the
determined parameters of the recorded growth curves.

In addition to the analysis of the duration of the logarithmic growth
phase, the maximum growth rate, doubling time, and maximum OD
were also compared. It can be seen that the highest growth rate value
occurs E.coli, then B.cereus, the lowest by E.faecalis. This confirms that
the growth of Gram-negative bacteria is faster compared with Gram-
positive bacteria. Incubation with EPI resulted in a decrease in the
value of the maximum growth rate, with a consequent increase in the
doubling time.

The data in graphical form are shown in Fig. 4. Statistical analysis
was performed using one-way ANOVA with Tukey’s post-hoc tests for
multiple comparisons. When the assumptions of ANOVA were not met
the Kruskal-Wallis test followed by Dunn’s multiple comparison test was
used. A Student’s t-test was used to compare the two groups. Statistical
significance was defined as p < 0.05. The graphs indicate statistically
significant differences between the groups. All values are expressed as
the means + SDs.

In the case of B.cereus, it can be observed that the lower the growth
rate, the lower the maximum OD value. The Kruskal-Wallis test showed
that for maximum OD, statistically significant differences between
groups were only found for Control and CUR. Changes are also observed
in log phase duration. This is caused by a proportion disruption between

Table 1
Parameters determined from bacterial growth curves. All values are expressed as the means+SDs (n = 3).
Strains Group Maximum growth rate Doubling time Log phase duration
™" [
B.cereus Control 1.413 = 0.045 1.67 = 0.29
PAL 1.023 = 0.042 3.06 = 0.75
BER 0.980 = 0.040 2.56 = 0.48
CUR 0.840 = 0.036
E.faecalis Control 1.277 + 0.095
PAL 0.870 = 0.000
BER 0.590 = 0.044
E.coli Control 2,143 + 0.015
PAL 2.120 = 0.085 0.33 = 0.01 11.50 = 0.10 4.44 £ 0.10

PAL - Palmatine, BER - Berberine Hydrochloride, CUR - Curcumin.
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Fig. 4. Comparison of the determined parameters from the recorded growth curves: (A) Maximum growth rate, (B) Doubling time, (C) Maximum OD and (D) Log
phase duration. The values represent the means+SDs from three independent experiments. (*) results of ANOVA with Tukey's post-hoc tests for multiple comparisons
and Student’s t-test (E.coli), (#) results of Kruskal-Wallis test followed by Dunn’s multiple comparison test.

the growth phases: the logarithmic phase is shortened, while the inhi-
bition phase is lengthened. As (Pedreira et al., 2022) showed, when
substances showing antibacterial activity are used at concentrations
lower than the MIC, changes in the dynamics of bacterial growth can be
observed, leading to changes in the length of the various growth phases.
In the case of PAL and BER, an increase in log phase duration can be
observed: 3.06 + 0.75h and 2.56 + 0.48 h, respectively. However,
there are no statistically significant differences between this groups. For
CUR, the value is similar to the log phase duration of the Control group
(approximately 1.67 h), however, the OD value at its end is significantly
lower. ANOVA confirmed that statistically significant differences
occurred between Control and PAL (p = 0.2987) and PAL and CUR
(p = 0.2987). The highest growth rate value was obtained for the Con-
trol group (1.413). A decrease in the average growth rate was observed
for PAL, BER, and CUR of 27.6 %, 30.5 %, 40.6 %, respectively. This
shows the rate at which bacterial divisions occur, so it can be concluded
that the division processes were most affected by CUR. In addition, it can
be observed that only for a short period of time does intensive growth of
the culture occur in group of cells incubated with CUR. For the
maximum growth rate, no statistically significant differences can be
found only between the PAL and BER groups, for the other groups there
are statistically significant differences (p < 0.05). Analogous statistical
analysis results were obtained for doubling time.

In the case of E.faecalis, the following tendency can be observed: the
lower the maximum growth rate, the longer the log phase. The
maximum growth rate value for bacteria incubated with PAL decreased
by 31.9 %, while that for BER decreased by 53.8 % compared with the
value for the Control group. Differences in the maximum OD value

compared with the Control group are 0.39 for PAL and 1.05 for BER.
Statistically significant differences can only be found between Control
and BER (p = 0.1905). Also for log phase duration, the Kruskal-Wallis
test showed statistically significant differences between Control and
BER. The bacterial division process is inhibited by EPI and entry into the
stationary phase occurs at a lower OD value than for Control. By
comparing the maximum OD values between the groups, it was found
that there were statistically significant differences between the groups
for each combination (p < 0.0001). Also in the case of this bacterial
species, as for B.cereus, differences in the growth curve can be observed,
which are due to the presence of EPI in the medium. EPI therefore affects
the division processes taking place by delaying them. For log phase
duration, ANOVA confirmed that there were statistically significant
differences between control and PAL (p = 0.0389) and PAL and BER
( = 0.002).

For E.coli cells incubated with PAL, a slight decrease (not statistically
significant, see Fig. 4A) in maximum growth rate can be observed
(2.120 £ 0.085 h™! for PAL, 2.143 + 0.015h™ for Control). Log phase
duration increased by about 0.55 h after incubation with PAL. However,
there was an increase in maximum OD after incubation with PAL In
samples in which bacterial cells were incubated with PAL, their size was
smaller, as discussed in the next section. E.coli has the ability to adapt its
cellular morphology in response to changing environmental conditions,
in this case the presence of PAL. When conditions are unfavorable, the
bacteria can slow down their rate of division and reduce their size.
Smaller cells can thus reduce their nutrient requirements because
metabolic processes occur on a smaller scale. This is in accordance with
the bacteria’s general strategy of resource allocation (Serbanescu et al.,
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2021). The volume of medium in both groups was the same, so the
higher value of maximum OD for cells incubated with PAL may be due to
differences in resource management (TSB). The increase in the
maximum OD value may be due to the presence of bacterial clusters
appearing after several hours of incubation. These weaken the intensity
of the light transmitted through the sample, resulting in an increased OD
value. Statistically significant differences between the values of the
determined parameters between the Control and PAL groups are found
for maximum OD (p < 0.0001) and log phase duration (p = 0.01106).

3.3. Quantitative assessment of bacterial clusters development

Monitoring the development of bacterial clusters, allows morpho-
logical and biochemical parameters to be measured over time. In this
study, the focus was on median RI values, cellular dry mass, and cell
volume to indicate differences in the development of structures formed
by bacteria incubated and not incubated with EPI. Measurements were
performed three times independently.

In each group for each measurement and each frame, the median RI
was determined (57 3D-RI tomograms/group in total). During mea-
surements of bacterial cluster development, there were changes in the
position of bacterial cluster reconstruction (Z-axis position), which also
affected the ranges of Rl values of the bacterial cells. Different stages of
the cell cycle were taken into account, which provided comprehensive
information on the range of RI values of the cells in each group. This
made it possible to obtain information on the mass concentration in the
sample. The results are shown in Fig. 5.

Based on the quantitative analysis of the bacteria, it was possible to
determine the median RI values associated with the bacterial clusters. It
should be noted that Gram-positive bacteria have a higher median RI
value than Gram-negative bacteria.

For B.cereus, a decrease in median RI was observed for cells incu-
bated with EPI relative to Control (1.35338). The differences for PAL,
BER, and CUR are 0.00238, 0.00282, 0.00248 respectively. A one-way
ANOVA confirms that there are statistically significant changes in me-
dian RI values between the control and EPl-incubated samples at the
0.05 significance level. The observed decrease in median RI may be due
to the effect of PAL, BER, or CUR. As indicated previously, it was
confirmed that these belong to EPIs and SrtAls. It can therefore be
concluded that the plant-derived compounds used have two targets:
efflux pump and SrtA. Sortase A is a characteristic enzyme of Gram-
positive bacteria. It is responsible for anchoring surface proteins on
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Fig. 5. Box plots of the median RI of B.cereus, E.faecalis, and E.coli bacterial
cells. Bacterial cells were incubated with EPI for 24 h. (*) results of ANOVA
with Tukey's post-hoc tests for multiple comparisons, (#) results of Kruskal-
Wallis test followed by Dunn’s multiple comparison test.
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the cell wall that promote cell adhesion. In control cells, SrtA promoted
the anchoring of surface proteins in the bacterial cell wall, resulting in a
higher RI value of the cells. The decrease in RI values in the case of cells
incubated with PAL, BER, and CUR is due to a decrease in cell density
probably due to blockage of surface protein attachment. The RI values
obtained also suggest that the EPIs did not accumulate inside the bac-
teria, in which case an increase in RI value would be observed due to
increased density inside the cell. Higher RI values may also be associated
with the cell's ability to divide (Buzalewicz et al., 2024). A decrease in
Rl values may suggest a disruption of this process. This is also confirmed
by the results from the Bioreactor, for each of the EPIs a decrease was
observed in the growth rate value compared with the Control.

In the case of E.faecalis, the median RI for Control cells was 1.35066.
For BER, an increase in median RI of 0.00026 was observed, while for
PAL there was a decrease of 0.00018. As the assumption of normality of
distribution was not met, the Kruskal-Wallis test was performed. The test
showed that there were statistically significant changes in the median RI
values of Control cells and cells incubated with BER (p = 0.04859) and
cells incubated with BER and cells incubated with PAL (p = 0.00011).
The increase in the median of the RI values corresponds to an increase in
the density of the cells, which may be related to the accumulation of BER
inside bacteria. This demonstrates a different mechanism of action for
the PAL and BER. It can be concluded that PAL acts as an SrtAl, whereas
for BER the predominant mechanism is to act as an EPL

In the case of E. coli, the range of variation of RI values was
1.3466-1.3515 for Control cells, 1.3471-1.35091 for cells incubated
with PAL. Statistical analysis, Student’s t-test at the 0.05 significance
level, showed no statistically significant differences between the groups.
The median RI values for Control cells and cells incubated with PAL
were 1.34972 and 1.34928, respectively. The difference in median RI
value (0.00044) and the development of bacterial clusters (see Fig. 8)
suggest that there is a disturbance in the cell division process due to a
change in environmental conditions (addition of PAL to the medium).

The volume and Rl value depend on the cell cycle and environmental
conditions. Environmental stress cause many bacterial species to grow
into filamentous cells. The morphological changes constitute one of the
most significant survival strategies for pathogenic bacteria. Filamentous
cells are formed as a result of cell elongation, however, no cell division
occurs (Cayron et al., 2023; Khan et al., 2022). Anincrease in Rl values is
observed before cell division, then division occurs, resulting in an in-
crease in the volume of the analyzed bacterial structure. The fluctuations
in volume and RI values that occur may be also related to the numerical
reconstruction of the recorded tomograms or to changes in the Z-axis
position of bacterial clusters, as indicated earlier. In the context of the
development of bacterial clusters, the affiliation of all the compounds
used (PAL, BER, CUR) to both EPI and SrtAl is important. Inhibition of
SrtA induces anti-adhesion and anti-biofilm effects, making it difficult
for bacterial clusters to attach to the surface and develop bacterial
clusters starting from a single cell. EPIs also exhibit similar effects.

Representative Rl-based results are shown in Fig. 6 (B.cereus), Fig. 7
(E.faecalis), Fig. 9 (E.coli). Bacterial cell visualizations are shown using
maximum intensity projection (MIP).

Analyzing the recorded long-term measurements of the development
of B.cereus clusters, it was found that the development of the structure
associated with division could only be observed for the control group.
This was manifested in increasing volume and dry mass values over
time. In other cases, elongation of the cell into a filamentous form is
evident. This indicates that incubation with PAL, BER, and CUR repre-
sented unfavorable environmental conditions. By analyzing the initial
volumes of the cells, it can be concluded that after incubation with CUR
the cells are the smallest, while cells incubated with PAL increase their
length the most, however, without any division. This may indicate that
24-h incubation with the indicated EPI influences the division processes,
disrupting them. In some cases, it leads to elongation of the cell or, as in
others, to no change in cell size. This may also be related to impaired
adhesion to the agar medium of cells incubated with PAL, BER, and CUR
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Fig. 6. (A) MIP visualization and quantitative analysis of 3D RI tomograms: (B) Volume, (C) Dry mass of B.cereus in agar medium. Bacterial cells were incubated with
EPI for 24 h. The values represent the means+SDs from three independent measurements.

caused by SrtA inhibition. For Control cells, a 9.37-fold increase in
bacterial cluster volume was recorded. For cells after 24 h incubation for
PAL, BER, and CUR, this value was 1.16, 1.13, 1.12, respectively.
Referring to the results obtained from the growth curves, it can be
concluded that the decreased value of the maximum growth rate results
in a slower elongation of the bacteria.

In the case of E.faecdlis for all groups and all measurements, the
development of bacterial clusters was observed, however with different
characteristics. E.faecalis is less susceptible to decreased structure for-
mation following 24 h incubation with the plant-derived compounds
used in this study compared with B.cereus. This is confirmed by the
recorded tomograms showing the development of bacterial clusters. In
the case of E.faecalis, divisions of cells incubated with both PAL and BER
are observed. The volume of the bacterial cluster for Control cells
increased 4.14-fold, for PAL 2.43-fold and for BER 3.27-fold. Cells
incubated with PAL are smaller in size compared with control cells, also
their RI values are lower, as described earlier. In the case of cells incu-
bated with PAL, it can be observed that the volume of the bacterial
cluster increases most intensively up to the first division. This process is
shown in detail in Fig. 8. A smaller increase in volume is observed from
45 min onwards. At this point, separated daughter cells are visible,
which are characterized by a higher RI value. Due to the slowest growth
rate, the indicated differences can be observed. In the case of cells
incubated with BER, an increase in RI over time can be observed, which
manifests itself in the final stage of measurement as a greater increase in
dry mass than in the control group, despite the smaller volume of

bacterial clusters. As mentioned earlier in the case of E.faecalis, two
mechanisms can be distinguished that induce anti-adhesion and anti-
biofilm activity. Both have the effect of slowing down the growth of
bacterial clusters on the agar medium.

For E.coli cells incubated with PAL, bacteria have a lower RI value
than the Control group. Based on the time-dependent changes in vol-
ume, it can be concluded that the rate of bacterial cluster development is
much slower than for the Control. The average volume of the bacterial
cluster for Control cells increased 5.36-fold, while for PAL it only
increased 1.54-fold. For the Control group, up to 4 divisions can be
observed in 1.5 h, whereas for cells incubated with PAL at most one
division can be observed. In the E.coli Control sample, the bacteria
measured 4.5-5.5 um in length (Fig. 10A). In bacterial cultures incu-
bated with PAL E. coli cells demonstrated a mean length of 2-2.5 ym
(Fig. 10B) and approximately 4 um (Fig. 10C). For B cells, no clusters
growth was observed in any of the cases. This suggests that a reduction
in the size of the bacteria incubated with PAL, as part of the response to
changing environmental conditions, also affects the ability to cell divi-
sion. It is noticeable that they have a higher RI than cells from the
control group. For C cells, their Rl is lower than that of the control cells,
and bacterial cluster growth was only seen in one of the three mea-
surements. It was therefore confirmed that PAL can inhibit bacterial
growth and division using mechanisms specific to EPI.
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Fig. 7. (A) MIP visualization and quantitative analysis of 3D RI tomograms: (B) Volume, (C) Dry mass of E.faecalis in agar medium. Bacterial cells were incubated
with EPI for 24 h. The values represent the means+SDs from three independent measurements.
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Fig. 8. Representative example of E.faecalis cell division incubated for 24 h
with PAL.

4. Conclusion

Increasing drug resistance and the rapid spread of bacterial
contamination pose many challenges for researchers. The solution may
be to use antibacterial-enhancing compounds in therapy or to re-
sensitize the bacteria to antibacterial compounds. The use of plant-
derived EPIs can make a significant contribution to the efficacy of the
therapy by affecting the ability of the bacteria to grow, as demonstrated
in this article. In the case of Gram-positive bacteria, the action of two
mechanisms can be observed, as CUR, BER, and PAL also belong to
SrtAls. Inhibition of bacterial growth at the clusters stage counteracts
the formation of biofilm, which is more resistant to antibacterial com-
pounds due to its structure and the presence of EPS.

As the study showed, the determined concentrations of EPIs for
Gram-positive bacteria were lower than those required for visible
growth inhibition for Gram-negative bacteria. The effects of EPIs on
bacterial growth in liquid medium (TSB) and on the growth of bacteria
incubated with them for 24 h in solid medium were investigated. In-
cubation of bacteria in TSB containing 0.25 MIC of these compounds
significantly affected growth characteristics and the development of
bacterial clusters from a single cell after 24 h of incubation was modi-
fied, i.e. inhibited or reduced. This therefore inhibits colonization, bio-
film formation, and EPS production.

By examining the effects of CUR, PAL, and BER on B.cereus, PAL and
BER on E.faecalis and PAL on E.coli, it was proven that they have a
significant effect on growth kineties in liquid medium, reduce the
maximum growth rate, and slow down bacterial growth. For E.faecalis
cells incubated with BER, a decrease in the mean value of the maximum
growth rate of 53.8 % was observed. Cells incubated for 24 h in medium
supplemented with EPI/SrtAl do not develop bacterial clusters at the
same rate as Control cells. Both slowing of cell divisions and inhibition of
divisions in favor of bacterial elongation (in the case of B.cereus) are
observed. The smallest increase in volume was observed for B.cereus
(1.12 for CUR, 1.13 for BER, and 1.16 for PAL), which may be due to the
action of the compounds as EPIs and SrtAls and impaired adhesion to the
agar.

Comparing the obtained results, it can be seen that the choice of
substance is important, due to its mechanism of action (EPI or SrtAl) and
the medium in which the bacteria grow (liquid or solid medium).
Knowledge of growth kinetics in a liquid medium may contribute to the
design of antimicrobial therapies used to slow down the growth of
bacteria developing in systems in which liquid flows, e.g. during the
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Fig. 9. (A) MIP visualization and quantitative analysis of 3D RI tomograms: (B) Volume, (C) Dry mass of E.coli in agar medium. Bacterial cells were incubated with
EPI for 24 h. The values represent the means+SDs from three independent measurements.
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Fig. 10. MIP visualization of 3D RI tomograms of E.coli in agar medium: (A)
Bacteria in control sample, (B) The smallest cells found in the sample after 24-h
incubation with PAL, (C) Bacteria after 24-h incubation with PAL for which
long-term measurements were recorded.

disinfection process of endoscopic tubes. Substances exhibiting EPI
properties can find application in food, pharmaceuticals, and cosmetics
industries. In addition to the previously mentioned re-sensitization of
bacteria to antimicrobial substances, they can also contribute to
reducing the use of synthetic preservatives and thus creating new clean-
label product formulations, which fits perfectly with consumer expec-
tations and current market trends (Chauhan and Rao, 2024). Many of
them are safe for food contact and inexpensive. As indicated in this
article, bacteria incubated with EPI do not form, or form much more
slowly, bacterial clusters, which can develop into a biofilm, which is the
most difficult form formed by bacteria to eradicate, as the cells that
make up the biofilm can be up to 1 000 times less susceptible to

antimicrobial agents compared to planktonic cells (Otter et al., 2015).
This applies to equipment surfaces as well as product packaging. The
identification of substances and concentrations that potentially impede
biofilm formation can contribute to the creation of special aerosols,
coatings, or materials appropriately doped with the indicated
substances.

Our study used four bacterial species (P.mirabilis, E.coli, E.faecalis,
and B.cereus) and specific concentrations of EPI conditioned on their
solubility. Observations were conducted under specific environmental
conditions, which, as indicated earlier, also affect the cellular
morphology of the bacteria. Changing any of the conditions (tempera-
ture, pH, aerobiosis, medium, or solvent) can significantly affect the
results obtained (Amaral et al., 2014; Hurton et al., 2025; Martins et al.,
2009, 2013; Nguyen et al., 2023). It is therefore necessary to determine
the environmental conditions under which a given EPI would be applied
and then to carry out measurements with these in mind. This will allow
the conditions under which the compound could be used in industrial
applications to be simulated, which will translate into its effectiveness.
The selection of the compound should be done carefully, ensuring that
the best possible results are obtained for the chosen bacterial species.
Nevertheless, the research presented here can provide a starting point
for the study of other plant-derived compounds and their effects on other
bacterial species that were not included in this study.

The observed changes induced by the addition of EPI to the medium
and a 24-h incubation showed promising results in the context of using
these compounds at concentrations 4-times lower than the MIC to limit
bacterial growth. It would be worthwhile to continue measurements
taking into account the combination of the indicated EPI/SrtAl and
antibioties or other compounds with antimicrobial properties (also in
the context of different formulations) in order to determine whether the
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effects obtained meet the objectives of combination therapy, i.e. at least
additive effects. It would also be necessary to analyze products in which
the indicated compounds would find industrial application, i.e. food
packaging, antibacterial coatings, or new cosmetic formulations. Future
research should also focus on additional testing methods to determine
the detailed mechanisms of action of EPI/SrtAl on bacterial cells
belonging to both Gram-negative and Gram-positive bacteria. In addi-
tion, it is necessary to emphasize the importance of genetic and mo-
lecular studies in the optimization of plant metabolites for antimicrobial
applications, allowing a better understanding of the processes involved
and contributing to the best possible results (Yang et al., 2019). Sus-
tainability is one of the driving forces of today’s economy and a source of
real benefits, including resource savings. Overall, our findings indicate
that efflux pump inhibitors affect microbial communities, which has
implications for potential applications in the cosmetics industry, spe-
cialty nutrients, and general human health. Of course, research in
detailed studies and specific applications requires financial and human
resources, but our report provides a road map.
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3.3. Publikacja 3 - Plant-derived efflux pump inhibitors
potentiate Chlorin e6-based antimicrobial photodynamic

therapy against Bacillus cereus and Escherichia coli

Trzecia publikacja z cyklu miala na celu zweryfikowanie hipotezy H3, Ze zastosowanie
wybranych inhibitoréw pomp efflux (EPIs) zwicksza wewnatrzkomérkowa akumulacje
fotouczulacza.

Badania dotyczyly analizy wplywu EPIs na skutecznos¢ aPDT opartej na zastosowaniu PS
Chlorin e6, wykorzystujac dwa gatunki bakterii Bacillus cerens (Gram-dodatnia) oraz Escherichia coli
(Gram-ujemna), aby uwzgledni¢ wplyw budowy strukturalnej ich S§cian komodrkowych.
W badaniach wykorzystano nastgpujace EPIL: kapsaicyna, piperyna, kurkumina, berberyna,
palmatyna i kumaryna. Podjecie tego zagadnienia bylo uzasadnione licznymi doniesieniami
literaturowymi wskazujacymi, ze aktywno$¢ pomp efflux stanowi istotna barier¢ ograniczajaca
skuteczno$¢ terapii fotodynamicznej, szczegélnie poprzez aktywne usuwanie PSs z wnetrza
komorek bakteryjnych do przestrzeni zewnatrzkomoérkowej (da Cunha et al.,, 2025; Sheng et al.,
2022; Zhou et al., 2025). W konsekwencji prowadzi to do obnizenia lokalnej generacji ROS oraz
wymusza stosowanie wyzszych stezen PS, co moze zwicksza¢ ryzyko dzialan niepozadanych
1 obniza¢ selektywnos¢ terapii.

Badania przeprowadzilam na dwoch gatunkach bakterii Bacillus cereus oraz Escherichia coli. Dobor
gatunkéw bakterii uwarunkowany byl ekspresja pomp efflux z okreslonych rodzin: B. cereus
wykazuje ekspresje¢ ponad 50 pomp z rodziny MFS, 28-30 z rodziny ABC oraz 3-5 pomp z rodziny
RND, MATE oraz SMR (Hassan et al., 2017), w przypadku E. co/i scharakteryzowano pompy efflux
z rodzin RND oraz MFS (Chetri et al, 2019; Chowdhury et al., 2019; Ciusa et al., 2022).
Przygotowanie probek mikrobiologicznych oraz roztworéw PS i EPI zostalo nieznacznie
zmodyfikowane w stosunku do Publikacji 1, tj. jako rozpuszczalnik wykorzystany zostal PBS
(z ang. Phosphate Buffered S aline, s6l fizjologiczna buforowana fosforanem), ponadto do sporzadzenia
roztworéw PS oraz EPIs zastosowano dodatek DMSO (1% v/v DMSO w PBS). Zmiana pozwolita
na ograniczenie agregaciji PS 1 EPI oraz zwickszyta ich rozpuszczalno$é w roztworze.

Przeprowadzone  zostaly = pomiary  wlasciwosci  absorpcyjno-emisyjnych  EPIs
z wykorzystaniem spektrofotometrii UV-VIS. Poszerzylam badania o testy MIC (wykonane
zgodnie z procedurg opisana w Publikacji 2) oraz testy zywotnosci z wykorzystaniem resazuryny,
uprzednio testujac kilka réznych protokotéw. Pozwolily one potwierdzi¢, ze EPIs w stezeniach

zastosowanych w badaniach nie hamujgq wzrostu bakterii po calonocnej inkubacji, co oznacza,
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ze nie s toksyczne w wybranych przeze mnie stezeniach. Poza wizualna ocena zmiany zabarwienia
(z niebieskiej  resazuryny na rézowa rezorufing), wykonalam pomiary absorbancji
z wykorzystaniem czytnika plytek Infinite M Nano+ (Tecan). Ste¢zenia roztworéw EPIs dobratam
nastepujaco: kapsaicyna, kumaryna ipiperyna 25 pg/ml, kurkumina 50 pg/ml, berberyna
i palmatyna 250 pg/ml.

Do zbadania akumulacji PS we wnetrzu komorek bakteryjnych inkubowanych z EPI oraz
w jego nieobecnosci wykorzystatam fluorescencyjny mikroskop konfokalny oraz cyfrowy
holotomograf. Procedura pomiarowa opiera si¢ na wczesniej zaproponowanej przez mnie
procedurze opisanej w Publikacji 1. Obrazy z mikroskopu konfokalnego umozliwily ocene
poziomu akumulacji Chlorin e6 wewnatrz komoérek bakteryjnych w obecnosci poszczegolnych
EPIs. Przeprowadzilam réwniez analize iloSciowa zintegrowanego natgzenia fluorescencii
(catkowita ilo$¢ emitowanej fluorescencencji w odniesieniu do powierzchni komorki).
Stwierdzitam, ze akumulacja PS zachodzi skuteczniej w bakteriach Gram-dodatnich, co przejawia
si¢ wyzsza wartoscia natgzenia fluorescencji. Dla bakterii Gram-ujemnych wartosci mieszcza si¢
w zaktesie od ok. 20 a.u./um® do ok. 140 a.u./um’ natomiast w przypadku bakterii Gram-
dodatnich osiagaja wartoéci bliskie 220 a.u./um® Sz za to odpowiedzialne: grubsza warstwa
porowatego peptydoglikanu i brak dodatkowej blony zewnetrznej (Rajagopal & Walker, 2017).
W przypadku B. cerens najwyzsze wartosci natezenia fluorescencji  uzyskano dla bakterii
inkubowanych z piperyna i Chlorin e6. Wartosci wyzsze niz dla grupy kontrolnej (z Chlorin e6)
uzyskano réowniez dla kapsaicyny i Chlorin e6 oraz kumaryny i Chlorin e0, ale réznice te nie
sq statystycznie istotne, co potwierdza test Kruskala-Wallisa wraz testem post-hoc (Dunn).
Uzyskana warto$¢ p byla wyzsza (0,49 dla kapsaicyny i Chlorin e6 oraz 1 dla kumaryny i Chlorin
e0) od przyjetego poziomu istotnosci (0,05). W przypadku bakterii E. co/i dodanie berberyny
i palmatyny najskuteczniej sprzyjalo gromadzeniu si¢ Chlorin e6 w komoérkach. Wynik ten
zinterpretowalam jako dowdd zwickszonej akumulacji PS wewnatrz komorek bakteryjnych
w wyniku ograniczenia jego aktywnego usuwania przez pompy efflux.

Kluczowym  elementem  analizy iloSciowej byla DHT, ktéra zastosowalam
do tréjwymiarowego, bezznacznikowego obrazowania zywych komoérek oraz do ilo§ciowej analizy
zmian RI komérek. Parametr ten jest bezposrednio powiazany z gestoscia suchej masy komorki
oraz rozkladem substancji wewnatrz komorki, dzigki czemu umozliwia posrednia oceng zaréwno
akumulacji PS i/lub EPI, jak i zmian strukturalnych wywotanych aPDT (Oh et al., 2020; Pietrowska
et al,, 2022). W tym celu wykorzystalam 20 tomograméw z kazdej grupy. Zarejestrowane

tomogramy przeanalizowalam w oprogramowaniu Image], wykorzystujac algorytm MIP (z ang.

Maximum Intensity Projection) 1 proces segmentacji wraz z maska konturowa. We wszystkich
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analizowanych grupach, wylaczajac grupe kontrolna, zaobserwowatam wzrost wartosci RI, ktory
wywolany byt lokalnymi zmianami gestosci, zaleznymi od stopnia akumulacji PS. Najwigkszy
wzrost wartosci RI zaobserwowalam dla kombinacji piperyny z Chlorin e6 w przypadku B. cereus
oraz kombinacji palmatyny i Chlorin e6 w przypadku E. w/, co wskazuje na najefektywniejsza
penetracj¢ komoérek przez zaproponowany zestaw PS+EPI dla poszczegdlnych gatunkow bakterii.

Analiza tomogramoéw, zarejestrowanych 48 godz. po rozpoczeciu eksperymentu, pozwolita
réwniez na pozyskanie danych na temat efektywnosci aPDT. W przypadku préobek bez PS
1 niepoddanych naswietlaniu warto§¢ RI maleje w czasie, co spowodowane moze by¢ brakiem
dostepu do substancji odzywczych, natomiast probki niena$wietlane, ale inkubowane z PS
charakteryzuja si¢ wzrostem RI. W przypadku naswietlanych probek inkubowanych z PS
zaobserwowalam spadek RI, co moglo by¢ wywotane przez ich fotoinaktywacje i zachodzace w jej
wyniku zmiany w strukturze komorki (Buzalewicz, Ulatowska-Jarza, et al., 2021). Najwieksza
réznice w wartosci Rl przed naswietlaniem oraz 24 godz. po nim zaobserwowano w przypadku
piperyny i Chlorin e6 (B. cerens) oraz berberyny i Chlorin e6 (E. ¢/), co sugerowaé moze,
ze w przypadku polaczenia dwoch substancji proces fotoinaktywacji przebiegl najefektywniej.
Korzystajac z wyznaczonych wartosci RI komérek na poszczegdlnych tomogramach, obliczylam
kolejny parametr, jakim jest gesto§¢ suchej masy. Fotoinaktywacja bakterii ma wplyw na sklad
struktur komoérkowych, gdyz w jej wyniku zniszczeniu ulegaja m.in. §ciana komoérkowa i rybosomy.
Ostatecznie zmianie ulega réwniez gestos¢ suchej masy komorek (Pietrowska et al., 2022). Spadek
warto$ci tego parametru zaobserwowalam w przypadku wszystkich grup poddanych naswietlaniu
po dodaniu PS. Analiza poréwnawcza skutecznosci terapii wykazala, ze zastosowanie naturalnych
EPIs prowadzito do znaczacego wzrostu efektywnosci aPDT — zaréwno w modelu bakterii Gram-
dodatnich (Bacillus cereus), jak i Gram-ujemnych (Escherichia coli).

Bazujac na zmianach gestosci suchej masy wyznaczylam efektywno$¢ terapii w poréwnaniu do
monoterapii z wykorzystaniem samego Chlorin e6: w przypadku B. cereus wzgledna zmiana gestosci
suchej masy wyniosta 273,9% (piperyna i Chlorin e06), 234,77% (berberyna i Chlorin e6) oraz
211,58% (palmatyna i Chlorin e6), w przypadku E. c/i najwyzsza wartos¢ — 227,72%
zaobserwowana zostala dla mieszanki berberyny i Chlorin e6, kolejno dla kumaryny i Chlorin e6
(172,77%) oraz palmatyny i Chlorin e6 (148,02%). Zaobserwowany wzrost skutecznosci, siegajacy
kilkukrotnego zwigkszenia efektu terapeutycznego w poréwnaniu z monoterapia Chlorin e6,
jednoznacznie potwierdzil, ze zwigkszona wewnatrzkomoérkowa akumulacja PS przeklada sig
bezposrednio na intensyfikacj¢ dziatania fotodynamicznego. Co istotne, uzyskane wyniki wskazuja,
ze dzigki zastosowaniu odpowiednio dobranych EPIs mozliwe jest osiagniecie wysokiej

skuteczno$ci terapeutycznej przy potencjalnie nizszych stezeniach PS  w  przestrzeni
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zewnatrzkomoérkowej, co stanowi istotny krok w kierunku ograniczenia dzialan niepozadanych
terapii fotodynamicznej. Wowczas istnieje niewielkie prawdopodobienstwo uszkodzenia pobliskich
komorek.

Znaczace zredukowanie gestosci suchej masy podkresla istotng role EPI w przeciwdziataniu
mechanizmom opornosci bakterii. Poprzez hamowanie pomp efflux uniemozliwiaja usuwanie
substancji antybakteryjnych z wnetrza komoérek bakteryjnych, co prowadzi do zwigkszenia ich
stezenia wewnatrzkomorkowego 1 przywrocenia skutecznodci juz istniejacych $rodkow
terapeutycznych. Uzyskane wyniki wskazuja, ze EPI moga pelni¢ funkcje wartosciowych
adiuwantéw w profilaktyce oraz zwalczaniu infekceji wywolanych przez bakterie wielolekooporne.
Ponadto badania potwierdzaja potencjal fotoinaktywacji komoérek bakteryjnych przy uzyciu
proponowanych kombinacji substancji w polaczeniu z naswietlaniem aPDT. Otrzymane rezultaty
stanowig solidna podstawe do dalszych prac nad opracowywaniem nowych kombinacji zwigzkdw
pochodzenia rodlinnego o dzialaniu przeciwbakteryjnym.

Innowacyjno$¢ zaproponowanego rozwiazania polega na polaczeniu naturalnych EPI z terapia
fotodynamiczng zaréwno w przypadku bakterii Gram-ujemnej, jak i Gram-dodatniej, oraz
na wykorzystaniu techniki ilo§ciowego obrazowania fazy jako narzedzia do oceny mechanizméw
lezacych u podstaw zwickszonej skutecznodci terapii. W przeciwienstwie do wickszosci
dotychczasowych doniesien, ktére koncentruja si¢ gloéwnie na pomiarach przezywalnosci
populacyjnej, przeprowadzone przeze mnie badania umozliwily bezposrednia analiz¢ zmian
wewnatrzkomoérkowych na poziomie pojedynczych komorek, dostarczajac nowych dowoddow
potwierdzajacych role pomp efflux w regulacji akumulacji PSs. Uzyskane wyniki potwierdzaja
spelnienie postawionej hipotezy badawczej H3 1 wskazuja, ze celowane wykorzystanie EPIs
stanowi oblecujaca strategic zwickszania efektywnosci 1 selektywnosci terapii fotodynamicznej
poprzez zwigkszenie akumulacji PS, wpisujac si¢ w aktualne, Swiatowe trendy badad nad

alternatywnymi metodami zwalczania zakazen bakteryjnych.
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ARTICLE INFO BSTRACT

Antimicrobial resistance: especially via efflux pump-mediated multidrug resistance is a major factor limiting
antibacterial therapy efficacy. Antimicrobial photodynamic therapy (aPDT) is a non-antibiotic strategy that
overcomes resistance through generation of reactive oxygen species. Plant-derived compounds exhibit efflux
pump inhibitory activity and potential photosensitizing capabilities. This study evaluated the use of plant-
derived efflux pump inhibitors (EPIs): berberine, capsaicin, coumarin 6, curcumin, palmatine, and piperine in
combination with Chlorin e6 and aPDT against Bacillus cereus (Gram-positive) and Escherichia coli (Gram-
negative). The aim was to enhance Chlorin e6 accumulation and reduce bacterial dry mass density. Both qual-
itative and quantitative methods were used in the study. Minimum inhibitory concentrations (MICs) of EPIs were
determined to guide treatment concentrations. A modified resazurin assay assessed bacterial viability after 24-h
incubation with EPIs. Speetroscopic propertics of all compounds were recorded using UV-VIS spectroscopy.
Digital holotomography (DHT) was applied to monitor changes in refractive index (RI) of bacterial cells induced
by incubation and treatment, and results were validated using confocal fluorescence microscopy. Changes in RI
values indicated structural and compositional changes in the bacteria. Naturally derived EPIs cffectively
potentiated aPDT by promoting photosensitizer uptake and induced a measurable reduction in dry mass density.
Treatment efficacy using combination therapy for B.cereis and E.coli improved 273.90 % and 227.72 %,
respectively. These findings suggest naturally derived EPIs effectively potentiate Chlorin c6-mediated aPDT and
improve bactericidal capacily against bacteria. The study offers mechanistic insight into photodynamic
enhancement via plant-based inhibitors and supports potential applications in clinical antimicrobial therapy,
food safety, and industrial decontamination.
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1. Introduction therefore being sought to overcome this barrier. A promising alternative

is antimicrobial photodynamic therapy (aPDT). aPDT is a treatment

The presence of antibiotic-resistant bacteria and the infections they
cause is currently a major threat to public health [1,2]. The microbio-
logical safety of food is also an important aspect of the industry.
Drug-resistant bacteria are particularly dangerous, as in their case the
treatment applied is often not effective [3]. Therapeutic strategies are

* Corresponding author.

modality based on the synergistic action of three components: a
photosensitizer (PS), light of an appropriate wavelength, and molecular
oxygen [4]. Upon light activation, the PS transitions to an excited state
and transfers energy to oxygen, generating reactive oxygen species
(ROS), which cause damage to cellular components and ultimately lead
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to cell death [5]. The internalization of the photosensitizer into the cell
is of crucial importance, as ROS possess a very short diffusion radius and
a limited lifetime [6-9]. Consequently, they can affect only those
cellular structures located in close proximity to their site of generation.
Therefore, the efficacy of aPDT largely depends on the localization and
intracellular accumulation of the PS within specific organelles, which
determines both the mechanism and the overall effectiveness of target
cell destruction. Its effectiveness depends on the intracellular concen-
tration of the photosensitizer, so strategies to increase the uptake of the
PS by cells are also being sought [10]. Importantly, bacteria do not
develop resistance mechanisms against aPDT, but it has been indicated
that, as a result of oxidative stress, the survivors can activate efflux
pumps and remove accumulated PS from inside the cells, significantly
affecting the effectiveness of the therapy [11]. Our approach uses a
combination therapy, one component of which is plant derived efflux
pump inhibitor (EPI), which counteract the removal of accumulated PS
to achieve improved photoinactivation effects.

Combination treatment, which is an enhancement of current bacte-
rial treatments [12], may contribute to increasing treatment efficacy.
Combined photodynamic therapy is constantly evolving and one of its
improvements is combining photodynamic therapy with other ther-
apies/substances to increase its effectiveness [13], prevent development
of resistance [14,15], and eliminate the side effects of the treatment.
This approach allows to obtain an additive or synergistic effect
compared with the effects of each therapy separately. New therapeutic
approaches are being developed, with particular emphasis on substances
of natural origin [16,17].

The main reason for bacterial resistance to the treatment is the ac-
tivity of efflux pumps [18]. Efflux pumps are bacterial transmembrane
proteins that actively transport antimicrobials and other toxic sub-
stances from inside the cell to the surrounding environment [19]. If
these efflux channels are blocked or inhibited, an increase in drug
concentration can be achieved in a bacterial cell with an optimal drug
dose [20]. The in vivo role of efflux pumps is considered highly complex
[21], as they significantly contribute to bacterial physiology, meta-
bolism, and pathogenicity [22,23]. The use of the EPI of natural origin in
combined antimicrobial therapies may lead to an increase in their
effectiveness. Many studies indicate that substances of natural origin can
play the role of EPIs, contributing to the enhancement effect of the
applied treatment and to re-sensitize bacteria to substances to which
they were resistant [24-28].

A variety of EPIs are available, both synthetic and natural. Naturally
origin EPI show little or no toxicity to eukaryotic cells. Their undoubted
advantages are safety, low cost, and availability [16,22]. This allows
their wide application in antibacterial treatment [29]. In our research
we used two bacteria species as model organisms: Gram-positive bac-
teria Bacillus cereus and Gram-negative bacteria Escherichia coli. B.cereus
expresses over 50 pumps from the MFS family, 28-30 from the ABC
family and 3-5 pumps from the RND, MATE, and SMR families [30]. In
the case of E.coli, efflux pumps from the RND and MFS families have
been characterized [31-33]. The reasons discussed above were the main
motivation for the proposed research, which focuses on examining the
effect of natural origin EPIs (berberine [34], capsaicin [35], coumarin
[36], curcumin [24], palmatine [26], piperine [37]) on effectiveness of
combined photodynamic therapy. Several of the substances indicated as
EPIs (palmatine, berberine, curcumin) are also Sortase A inhibitors
(SrtAl) [38-41]. This enzyme is responsible for anchoring proteins to the
cell wall of Gram-positive bacteria. Proteins that are attached by Sortase
A (SrtA) play an important role in cell adhesion and biofilm formation
[42]. It was also indicated that, due to its properties, SrtA is an ideal
target for the design of new drugs and therapies [40]. Thus, it can be
concluded that, in the case of Gram-positive bacteria, the compounds
used may utilize two mechanisms to enhance the efficacy of antimi-
crobial treatment.

The potential of such combination therapy has been recognized [43],
but few studies have combined natural EPIs with aPDT to enhance PS
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accumulation and bactericidal activity in both Gram-positive and
Gram-negative bacteria. The present study addresses this gap by eval-
uating the effect of six plant-derived EPIs in combination with Chlorin
e6-mediated aPDT against Bacillus cereus and Escherichia coli. The effects
on Gram-positive and Gram-negative bacteria were compared using the
same set of compounds, which allowed differences in the mechanisms of
PS accumulation and cellular response to be demonstrated. In this study,
we used a combination of aPDT with an EPI of natural origin, which at
low concentrations are not toxic to bacteria, but can affect the efficiency
of PS accumulation inside the bacterial cell or cause changes in their
growth. The aim of this research was to demonstrate that a properly
selected EPI contributes to more effective photoinactivation of bacteria.
Both quantitative and qualitative methods were used in the presented
research. It was confirmed using a modified resazurin assay that the
compounds at concentrations significantly lower than the minimum
inhibitory concentration (MIC) did not significantly inhibit bacterial
growth, moreover, the effect on the efficiency of PS and EPI accumu-
lation within the bacteria was investigated using digital holotomog-
raphy (DHT). The feasibility of using this technique to assess the
accumulation of compounds inside cells was confirmed in Refs. [44-46].
In addition, the effect of aPDT on the refractive index (RI) of bacteria
was quantitatively analyzed and the effectiveness of photoinactivation
was assessed following the application of combinations of selected
compounds. The use of combined therapy could bring significant prog-
ress in antimicrobial therapy in the treatment of bacterial infections,
disinfection of medical surfaces and ensuring the microbiological safety
of food, which could find application in the food processing environ-
ment. This could be used to increase protection levels, particularly in
countries with poor infrastructure.

2. Materials and methods

For measurements made in several repetitions, the following nota-
tion was used:

n=XxY )

n is the number of obtained measurements, X is the number of prepared
samples, Y is the number of measurements made per sample.

2.1. Bacterial strains and bacterial suspension preparation

Two reference strains Escherichia coli ATCC 25922 as Gram-negative
bacteria and Bacillus cereus PCM 1948 as Gram-positive bacteria, ob-
tained from the American Type Culture Collection (ATCC) and Polish
Collection of Microorganisms (PCM), respectively, were used in pre-
sented research. These strains are frequently referenced in publications
as examples of Gram-positive and Gram-negative bacteria.

For MIC evaluation overnight cultures of bacterial strains were pre-
pared. The optical density at 600 nm (OD600) was adjusted to 0.6, and
serial 10-fold (10 '-10 %) dilutions were subsequently prepared in
Tryptic Soy Broth (TSB) (Biomaxima, Lublin, Poland).

For the other tests bacteria was inoculated in tryptic soy agar (TSA)
medium at 37 °C and its density was determined using a densitometer
(DEN-1B, Biosan, Poland) based on the MacFarland scale (McF). A sus-
pension of 0.5 McF, corresponding to approximately 1.5 x 10® bacterial
cells per ml, was prepared. The bacterial culture was then suspended in
phosphate buffered saline (PBS). For cell culture, the glass p-dish (29
mm dish with 14 mm bottom well, Cellvis, Mountain View, CA, USA),
was used. The refractive index of PBS suspension was equal to 1.335 and
was measured with the Abbe refractometer (NAR-2T, minimum scale:
0.001, ATAGO Co. Ltd., Tokyo, Japan) at 20 °C.

2.2. Photosensitizer and efflux pump inhibitors

Chlorin e6 (Ce6), (Santa Cruz Biotechnology Inc., Dallas, TX, USA),
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was used as a PS. Stock solutions of 0.84 x 10> M PS were prepared by
dissolving the PS in 1 % v/v DMSO in PBS. Berberine Hydrochloride
(BER), Capsaicin (CAP), Coumarin 6 (COU), Curcumin (CUR), Palmatine
(PAL), Piperine (PIP) (Santa Cruz Biotechnology Inc., Dallas, TX, USA)
were used in the experiment as EPIs. For CAP, COU and PIP, a concen-
tration of 25 pg/ml was used, for CUR the concentration was 50 pg/ml,
while for BER and PAL 250 pg/ml. It should be noted that EPI concen-
trations do not exceed 0.5 MIC. As shown in previous studies [47]
concentrations 4 times lower than the MIC do not cause any visible in-
hibition of bacterial growth in the liquid medium, however, they slow
down the growth of the culture. For the current study, the final con-
centration of EPI in the sample did not exceed 0.25 MIC.

In this study, sixteen groups were examined for each bacterial spe-
cies: PS-, Ce6, and EPI + Ce6 (BER + Ce6, CAP + Ce6, COU + Ce6, CUR
+ Ce6, PAL + Ce6, PIP + Ce6), for each combination there were
photoexcited (hv+) and dark-control (hv-) samples. Four samples were
prepared for each group.

For samples with the PS, 100 pl of its solution was added. When using
a mixture of the PS and EPI, 100 pl of each (Ce6 and EPI) was added. All
samples were then incubated for 24 h at 37 °C. Before imaging with DHT
and confocal microscopy, each sample was rinsed twice with PBS to
remove any unbound PS from the medium. The interaction between the
PS and the cells was assessed. Following this assessment, a part of the
samples was exposed to laser light (655 nm — the wavelength used for
aPDT). Subsequently, all samples were stored at 4 °C in a refrigerator for
24 h, rinsed again, and then imaged.

2.3. MIC evaluation

Determination of MIC is necessary to find out the concentration of
the substance that can be used in the combination treatment. The MICs
of EPIs were determined using the protocol described in Ref. [47].

2.4. Resazurin assay

Following the use of significantly lower concentrations of EPI
compared with the MIC values obtained, it was decided to test the
viability of the bacteria after incubation to determine whether the
nontoxicity assumption was met. The resazurin assay is based on the
reduction of the oxidized blue dye by living cells to a pink fluorescent
resorufin product. Resorufin exhibits an absorption peak at 570 nm and
an excitation peak at 530-560 (emission 590 nm) which can be used to
quantify the number of viable bacteria in a sample. This viability test is
commonly used to determine antibacterial activity [48-50]. Resazurin
sodium salt (R7017, manufacturer Sigma-Aldrich, St. Louis, MO, USA)
was used in this research. In the resazurin cell viability method, 100 pl of
the test samples and controls were collected into 96 well plates and 20 pl
of resazurin (0.15 mg/ml) were added to each well. The samples were
incubated at 37 “C in the dark for 24 h. The ability of bacteria to reduce
resazurin into resorufin was measured by plate reader (Infinite M
Nano+, Tecan, Switzerland) in absorbance mode (570 nm). Additional
control absorbance measurements were performed for each compound
under identical conditions as in the resazurin test, but without the
presence of cells and resazurin. All absorbance readings were corrected
for the background characteristic of a given compound, which elimi-
nated the possible influence of self-absorption. Three independent ex-
periments were performed for each group (n = 24 (3 x 8)).

2.5. Spectrophotometric measurements

To examine the absorption and emission spectra (n = 10 (1 x 10)) of
the tested PS and EPI, spectroscopic measurements were performed
using the AVA-Spec 3648 spectrophotometer (spectral resolution 2 nm,
Avantes Inc., Apeldoorn, The Netherlands). The light source was a
deuterium-halogen lamp (Avalight-DH-S-BAL, Avantes Inc., Apeldoorn,
The Netherlands). A continuous-wave semiconductor laser (. = 405 nm,
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TOPGaN, Warsaw, Poland) was used as the excitation source for lumi-
nescence measurements. Standard UV cuvettes were used for spectro-
scopic measurements.

2.6. Irradiation source for bacteria photoinactivation

The photoexcitation setup consisted of a laser (A = 655 nm) con-
nected to an optical fiber system (FC-655nm-1W-15070826, New In-
dustries Optoelectronics Tech. Co., Ltd., Changchun, China) with an
adjustable power control unit. The parameters for bacteria photo-
inactivation were chosen experimentally, as previously described in
Ref. [44]. The laser emitted an energy density of 12.5 J/cm? (exposure
time was 240 s).

2.7. Confocal laser microscopy and quantification of intracellular
fluorescence intensity

Confocal microscopy was used to confirm whether PS interacts with
bacterial cells and as a validation of DHT measurements. Measurements
were carried out in two modes: fluorescent and differential interference
contrast (DIC). Images of bacterial cells were collected on a Leica TCS
SPE confocal laser microscope (Leica, Wetzlar, Germany) using a 63 x
high numerical aperture oil immersion objective (NA = 1.3). A 405 nm
laser was used for photoexcitation of the PS (corresponding to the PDD
absorption band of PS) and a halogen lamp was used as the light source
in DIC mode. Measurements were performed for all groups after 24 h of
incubation (control, PS-only, PS + EPI, EPI-only). The imaging param-
eters were set in dedicated software (LAS AF V.3.1). The laser was set at
10 % of its maximum power (2.5 mW), the image size was set to 1024 x
1024 pixels, and the pinhole diameter was 1 AU. The emission detection
window was set in the range of 700-790 nm. For fluorescence mea-
surements, a gain of 1100 V and an offset of —60 % were used, while for
measurements in DIC mode, a gain of 519 V and an offset of —5.7 % were
set. For imaging cells without added PS, the gain was reduced to 473 V.
Spectroscopic measurements performed previously confirmed that the
PS emission signal does not overlap with that of EPIs, so the fluorescence
is related to PS accumulation inside the bacterial cells.

To obtain a representative set of data for this analysis, 20 bacteria of
each group of samples were analyzed. The images were processed using
ImageJ (version 1.54d, National Institutes of Health, Bethesda, Mary-
land, USA). For each image, individual cells were manually segmented.
The following parameters were measured for each ROI using the
“Measure” function: Integrated Density (ID), Area (A), and Mean Grey
Value (MGV). Background fluorescence was determined by selecting a
cell-free region of the images. Integrated fluorescence intensity (CTCF)
was quantified in ImageJ as background-corrected integrated density for
each segmented cell. Background-corrected fluorescence for each cell
was calculated using the standard CTCF formula:

CTCF =ID — (A x Background MGV) 2

ID is integrated density of cell, A is the area of the cell, Background MGV
is the mean grey value of the background. Due to the different sizes of
the cells, the CTCF value was divided by their area.

2.8. Digital holographic tomography and RI-data processing

DHT was used to assess the effect of EPIs on bacterial cell penetration
efficiency using Ce6. A digital holotomograph (3D Cell Explorer,
Nanolive, Ecublens, Switzerland) using a dry microscope objective (60
x , numerical aperture NA = 0.8, Nikon) was used to visualize the spatial
distribution of the refractive index (RI) in the form of 3D-RI tomograms.
The digitally reconstructed spatial distribution of the RI can provide
information on changes in cell density. As indicated in Refs. [44,46],
RI-based measurements can be used to assess both the efficiency of the
process of compound accumulation inside the cells, in which case an
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increase in RI values is observed, and the efficiency of ongoing therapies,
where a decrease in RI values is observed. The decrease in RI can also be
caused by cell death, as shown in Ref. [51]. For each group, 20 3D-RI
tomograms were recorded. Each 3D-RI tomogram contains 96 slices
(2D-RI) tomograms. To assess the effectiveness of Ce6 and/or EPI
accumulation within the bacteria, a total of 320 3D-RI tomograms were
performed (160 per bacterial species), while 640 recorded 3D-RI to-
mograms were used to assess the effectiveness of aPDT (320 per bacte-
rial species).

Numerically reconstructed 3D-RI tomograms were imported from
STEVE software (version 1.6.3496, Nanolive, Ecublens, Switzerland) to
ImageJ (version 1.54d, National Institutes of Health, Bethesda, Mary-
land, USA). To obtain the RI values of the bacteria cells the Maximum
Intensity Projection (MIP) method was used. The MIP method is a 3D
data projection technique that visualizes only the highest RI values from
all parallel 3D data planes relative to the visualization plane. Then
bacterial cells were segmented using a contour mask. This region was
identified by setting a threshold for RI values that exceeded the RI of the
surrounding medium. A contour mask was applied to the MIP projection,
allowing for the automatic differentiation of cell-occupied regions and
the direct determination of their RI values. A median RI value of cells
was determined for each tomogram. In addition, the area occupied by
the bacterial cells was also determined. To obtain a representative set of
data for this analysis, 20 tomograms (3D-RI) were performed of each
group of samples (n = 20 (4 x 5)).

Based on the MIP projection and the proposed algorithm for pro-
cessing to obtain the median RI value of the cells, it was possible to
determine the dry mass density of the cells. Changes in RI values can
indicate significant changes in the composition of proteins and other
cellular components, potentially reflecting changes occurring due to
compound accumulation and photoinactivation of bacterial cells as a
result of aPDT [52]. The dry mass density of the cell (p) can be expressed
as [53]:

RI 1
p= (R,m— 1)»E ®

where RI is the median of the refractive index of the cells, Rlpps is RI of
the environment (1.335), k is the refraction increment k = 0.002 dl/g.
Refraction increment values vary in the range of 0.0018-0.0021 dl/g
[54].

In the case of the p-dishes used, there is a characteristic pattern of
bacteria attaching themselves to the surface of the glass (see Supple-
mentary Fig. 1). The greatest number of bacteria accumulate on the
periphery of the glass surface and at the interface between glass and
plastic [55]. The closer to the center, the lower the number of bacteria
attached to the glass can be observed. During the rinsing process, cells
from the central part are also more likely to be removed from the
sample. This may be due to different stages of biofilm formation. At its
initial stage, cells reversibly attach to surfaces via hydrophobic in-
teractions and weak interactions. Only at the next stage does this
bonding become irreversible [56]. Therefore, it was decided to deter-
mine the dry mass density and, based on its reduction, conclude on the
susceptibility of the cells to aPDT-induced photoinactivation. This
parameter describes the intensity of structural and morphological
changes occurring in bacterial cells. The following formula was used to
estimate the effectiveness (E) of changes induced by combination ther-
apy (EPI + PS) against therapy with PS alone:

E— (Phi (EPI+PS) — Pai 4m+m:> .100% (4)

Phi ps) ~ Pai (ps)

where py; gpr.ps) is median value of dry mass density of cells before
irradiation using the combination of EPI + PS, p; zp;. pg, is median value
of dry mass density of cells after irradiation using the combination of
EPI + PS, py; ps) is median value of dry mass density of cells before
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irradiation using PS alone, p,; (s, is median value of dry mass density of
cells after irradiation using PS alone.

2.9. Statistical analysis

Statistical analyses were conducted using Origin Software (Origin-
PRO 2023b, OriginLab Corporation, Northampton, MA, USA). The
normality of data distribution was assessed with the Kolmogorov-
Smirnov test, and the homogeneity of variances with the Brown-
Forsythe test. One-way ANOVA followed by Tukey’s post-hoc test was
applied for multiple comparisons. When ANOVA assumptions were not
met, the Kruskal-Wallis test with Dunn’s post-hoc analysis was used.
Comparisons between the two groups (hv™ and hv-) were performed
using Student’s t-test or the non-parametric Mann-Whitney test. Statis-
tical significance was determined at the 95 % confidence level.

3. Results
3.1. MIC evaluation

The MIC is defined as the lowest concentration of the antimicrobial
substance that prevents visible growth of a microorganism under spe-
cific conditions [57]. Combination therapies use a concentration at least
4 times lower than the designated MIC value [54,58]. When using a
compound as potentiators, the concentration should be chosen so as to
exhibit little or no antimicrobial effect. Supplementary Fig. 2 shows a
representative test plate demonstrating the color change in the modified
resazurin test caused by bacterial growth after 24 h incubation with
EPIs.

The experiments showed that in the case of B.cereus the determined
MICs were for CUR (128 pg/ml), PAL (2048 pg/ml), and BER (1024 pg/
ml), for E.coli only incubation with PAL (4096 ug/ml) solution caused
visible growth inhibition. It can be seen that for species belonging to the
Gram-positives, the determined MICs are lower than Gram-negative
species. This is due to the differences in permeability or penetration of
cells wall by EPI caused by differences in cell wall structure [59,60]. The
thicker layer of porous peptidoglycan and the lack of an additional outer
membrane results in Gram-positive bacteria being more permeable to
chemicals.

3.2. Resazurin assay

In resazurin assay the absorbance value is correlated to the number
of living cells in the sample [61]. The EPIs concentrations used in this
research are lower than the determined MIC values, so in order to limit
the effect of DMSO on bacterial viability, its concentration was reduced
to 1 %. Firstly, the calibration curves were determined. Bacterial sus-
pensions with resazurin solution were incubated in dark at 37 °C for 24 h
then the absorbance measurements were performed. Linear regression
was fitted from measurement points. The results are presented in Sup-
plementary Fig. 3.

Then, 1200 pl of bacterial suspensions 1 McF (3 x 108 CFU/ml) were
incubated with 600 pl EPIs solution for 24 h in 37 °C (ratio 2:1, bacterial
suspension: EPI solution). The final concentration of bacteria in the
sample was 2 x 10® CFU/ml. Samples were incubated with resazurin
solution in dark for 24 h in 37 °C, then the measurements were per-
formed. The calculated absorbance value using linear regression equa-
tion for the bacterial suspension concentration of 2 x 10® CFU/ml is
marked with a dashed line (reference absorbance value corrected for
solvent absorbance) in Fig. 1. On this basis, it was possible to determine
how individual EPIs affect bacterial growth. An increase in absorbance
value was observed for all samples in comparison with the reference
absorbance estimated at a concentration of 2 x 10® CFU/ml. This is
associated with an increase in the number of cells in the suspension over
24 h of incubation, demonstrating the lack of bactericidal properties of
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Fig. 1. Absorbance values measured at 570 nm for resorufin for (A) E.coli, (B) B.cereus, n = 24 (3 x 8)

(*) results of Kruskal-Wallis test followed by Dunn’s multiple comparison test.

EPI. The lowest increase in absorbance was observed in both species for
bacteria incubated with BER and CUR.

The results of the normality test (Kolmogorov-Smirnov) and homo-
geneity of variance (Brown-Forsythe) for the analyzed data set are
presented in Supplementary Table 1. They determined whether a
parametric or nonparametric test was used. The Kruskal-Wallis test
showed that there were no statistically significant differences between
the 1 % DMSO v/v PBS and Control groups (p > 0.05). For E.coli, sta-
tistically significant differences (p < 0.05) exist between BER and the
other groups. It can also be indicated that there are statistically signif-
icant differences between PAL and CAP (p = 0.0129), CAP and CUR (p =
0.0009), COU and CUR (p = 0.0065), CUR and PIP (p = 0.0318), CUR
and Control (p = 0.0.0011), and PAL and Control (p = 0.0154). For B.

cereus, statistically significant differences (p < 0.05) are found between
BER and other groups without CUR, CAP and CUR, COU and CUR, COU
and PAL, PIP and COU.

3.3. Photosensitizer’s and efflux pump inhibitors’ spectroscopic properties

The representative absorption spectra of the PS and EPIs are pre-
sented in Fig. 2A and B, respectively. For Ce6 the relevant spectral bands
were used for aPDT, and the photodynamic diagnosis (PDD). PDD has
been used to assess the cell penetration capacity of PS, as the fluores-
cence of a Ce6 indicates its ability to accumulate inside the cell and can
be examined by confocal fluorescence microscopy. The absorption
spectrum of Ce6 exhibits a strong band with maximum at 397 nm, which
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Fig. 2. The averaged normalized absorbance spectra (n = 10 (1 x 10)) of (A) Ce6, (B) EPIs (1 % v/v DMSO in PBS) with indication of the used wavelengths for PDD
and aPDT, and the averaged luminescence spectra of Chlorine e6 and FPIs after 405 nm laser excitation.
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enabled the visualization of PS accumulation inside the cell through
confocal fluorescence microscopy using a 405 nm laser. The second
absorption band (654 nm) was used for aPDT treatment and PS excita-
tion by the laser (A = 655 nm). To exclude luminescence of EPIs in the
same range as Ce6 (405 nm), luminescence spectra were recorded
(Fig. 20).

The wavelength used for PS photoexcitation in aPDT treatment was
the same for all groups. Absorption spectra were also measured for EPIs
solutions. The graphs in Fig. 2B include two lines: blue and red corre-
sponding to wavelengths of 405 nm for PDD and 655 nm for aPDT,
respectively. It was most important to determine whether the com-
pounds were characterized by peaks in the same ranges as the PS. It can
be seen that some compounds show a peak around 405 nm. Upon
excitation at 405 nm (see Fig. 2C), the emission spectrum of Ce6
exhibited a strong maximum above 700 nm. In the case of BER and PALa
band in the range of 500-600 nm was observed, while for the other
compounds no luminescence was observed. It was therefore confirmed
that the observed fluorescence signal during scanning confocal micro-
scopy measurements was from PS. None of the EPIs showed an ab-
sorption band with a peak at 655 nm, which is specific for Ce6.

itizer acci

34. E ion of ph
confocal microscopy

inside bacteria by

The measurements confirmed that there was no fluorescence in
samples without added PS. Representative confocal microscopic images
(combined DIC-fluorescence images) of E.coli and B.cereus cells are
presented in Fig. 3. The lack of a fluorescent signal in the case of cells
from the control group and those incubated with EPI is consistent with
the results obtained in luminescence measurements of the compounds.
In a specific emission range, i.e., 700-790 nm, only the fluorescent
signal from Ce6 is received. The interaction of the PS with cells was
examined using scanning fluorescence confocal microscopy also as a
quantitative method. E.coli and B.cereus cells, incubated for 24 h with
the PS alone or in combination with an EPI, were analyzed to determine
whether the PS accumulated inside the cell. The confocal microscope
images revealed fluorescence in samples with the PS and with the
combination of the PS and EPI, indicating their ability to penetrate the
bacteria. The use of the DIC mode enabled co-localization of the area

Biochemical and Biophysical Research Conununications 797 (2026) 153214

occupied by the bacteria with the fluorescence signal. Selected bacteria
are presented in Fig. 4.

Fluorescence images confirm that Ce6, which is a cationic com-
pound, can penetrate bacterial cells. The mechanism of entry for such
compounds occurs through a combination of electrostatic charge in-
teractions and protein transporters [62]. Blocking efflux pumps with EPI
may prevent the removal of PS from cellular interior.

After quantitative analysis of CTCF, it can be concluded that PS
accumulation occurs more effectively in Gram-positive bacteria, which
is manifested by a higher fluorescence value. As in the case of deter-
mining the MIC value, this is related to the structure of the bacteria and
the permeability of the membrane and cell wall. In the case of Gram-
negative bacteria, the determined fluorescence value is significantly
lower.

The results of the normality test (Kolmogorov-Smirnov) and homo-
geneity of variance (Brown-Forsythe) for the analyzed data set are
presented in Supplementary Table 2. They determined whether a
parametric or nonparametric test was used. The analysis showed that the
highest CTCF per area value for B.cereus was obtained for bacteria
incubated with PIP and Ce6. Values higher than those for the Ce6 group
were also obtained for CAP + Ce6 and COU + Ce6, but these differences
are not statistically significant, as confirmed by the Kruskal-Wallis test.
A lower value CTCF per area than for PS alone was obtained for cells
incubated with BER and Ce6, PAL and Ce6, CUR and Ce6. All these
compounds caused visible inhibition of cell growth in the MIC test (see
Supplementary Fig. 1). Reduced PS accumulation in their presence may
be related to changes in cell metabolism or a greater predisposition of
cells to accumulate EPI compared to PS.

In the case of E.coli, the addition of BER and PAL most effectively
promoted the accumulation of Ce6 in bacterial cells. Statistical analysis
(Kruskal-Wallis test) also indicated the presence of statistically signifi-
cant differences. In the case of cells incubated with CUR and Ce6, it was
impossible to perform a quantitative CTCF analysis due to the compa-
rable fluorescence intensity of the cells and the background. An analogy
can therefore be drawn with B.cereus, where the CTCF values achieved
for the CUR + Ce6 group were also the lowest among all the groups
analyzed.

A Escherichia coli
Control BER CAP COou CUR PAL PIP
B Bacillus cereus

Control BER CAP

COU CUR PAL

PIP

Fig. 3. Representative confocal microscopic images of control cells and cells after 24 h incubation with EPI (combined DIC-fluorescence images) of (A) E.coli and (B)

B.cereus. Scale bar 50 pm.
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Fig. 4. (A) Representative example of the fluorescence signal of Ce6 performed by fluorescence confocal microscopy for E.coli and B.cereus. Representative box plots
of integrated fluorescence intensity of Ce6 per area for (B) F.coli and (C) B.cereus cells.

(#) results of Kruskal-Wallis test followed by Dunn’s multiple comparison test.

3.5. Effects of incubation with photosensitizers and efflux pump inhibitors
on bacterial cells

The effect of incubation with PS and/or EPI on median of RI values of
single cells and the area occupied by bacterial cells was analyzed.
Changes in density within the cell induce changes in RI values. The
range of RI values of bacterial cells depends on both the cell division
process of living cells and possible cell death, as shown by the decrease
in the RI value corresponds to a process of death or photoinactivation of
the bacterial cell [44,46,51]. In this research, the increase in the median
RI value of bacteria cells was due to PS and/or EPI accumulation. For all
examined samples with added PS or PS + EPI, an increase in the median
RI values of the cells was observed, indicating the accumulation of
substances inside the cells.

To obtain a representative set of data for this analysis, 20 tomograms
(3D-RI) of each group were examined. For all examined groups, an in-
crease in the averaged RI values of cells after 24 h incubation was
observed (see Fig. 5). A larger increase in the RI value indicates a more
efficient accumulation process. The smallest differences in RI value

compared with the control group for both bacterial species can be seen
for PS itself. In the case of Gram-negative bacteria (E.coli), smaller
changes in the RI value can be observed after PS and/or EPI accumu-
lation. It is related to the fact that the cell wall of Gram-negative bacteria
is characterized by low permeability [63-65]. The highest increase in
the RI value was observed for the combination of PIP with Ce6 in the
case of B.cereus and the mixture of PAL and Ce6 in the case of E.coli.
The results of the normality test (Kolmogorov-Smirnov) and homo-
geneity of variance (Brown-Forsythe) for the analyzed data set are
presented in Supplementary Table 3. They determined whether a
parametric or nonparametric test was used. Carried out statistical
analysis for E.coli (Kruskal-Wallis test, p < 0.005) showed that there
were statistically significant differences between the Control and cells
incubated with PS and PS + EPI excluding CUR + Ce6. There were no
statistically significant differences between Control and Ce6, despite an
increase in the average RI value, suggesting that PS alone cannot
accumulate effectively enough in Gram-negative bacterial cells due to
their structure, as discussed earlier. Differences between data obtained
for cells incubated with PS only and those incubated with PS + EPI were
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Fig. 5. The change of RI values of cells with and without PS or PS and EPI after 24 h incubation (A) Escherichia coli, (B) Bacillus cereus, n = 20 (4 x 5).
(*) results of ANOVA with Tukey’s post-hoc tests for multiple comparisons, (#) results of Kruskal-Wallis test followed by Dunn’s multiple comparison test.

also analyzed. Statistically significant differences were found between
Ce6 and BER + Ce6, CAP + Ce6, COU + Ce6, PAL + Ce6. ANOVA with
Tukey’s post-hoc tests for multiple comparisons for B.cereus showed that
there were statistically significant differences between Control and all
other groups. For comparisons between Ce6 and Ce6 -+ EPI, the observed
differences are also statistically significant except for CUR + Ce6.

The no statistically significant difference in RI values between Ce6
and EPI + Ce6 may suggest that EPIs do not penetrate cells, but lead to a
reduction in bacterial cell adhesion properties. Therefore, after 24 h of
incubation, the area occupied by the bacterial cells was also analyzed. As
mentioned earlier, many factors can influence the result obtained. The
analysis aimed to provide information on whether there are significant
changes in occupied surface area after 24 h of incubation with EPI and/
or PS due to the ability of the bacteria to adhere to the dish. The results
are shown in Supplementary Fig. 4. It should be noted that the results
obtained may be influenced by the rinsing process and the characteristic
placement of the bacteria in the vessels, as indicated earlier (see Sup-
plementary Fig. 1). It was noted that incubation with PS + EPI had a
greater effect on the area occupied by bacterial cells in the case of E.coli,
which may be due to the bacteriostatic effect of EPI. In the case of B.
cereus, it was noted that the scatter of values was much larger.

3.6. The examination of susceptibility to photoinactivation by DHT

Bacterial cells exhibit a spatial RI distribution influenced by their
components such as the cytoplasm, nucleotide and cell membranes/
walls. To determine the efficiency of the aPDT after photoexcitation, the
3D-RI distributions of bacterial cells that were reconstructed by DHT
were analyzed. The examinations were performed before and 24 h after
the irradiation of the bacterial cells.

The variation of the RI values among different kinds of analyzed
samples for E.coli and B.cereus are shown in Figs. 6 and 7, respectively.
The black boxes represent the distribution of the RI values before

irradiation after 24 h of incubation with or without PS and the red boxes
are 24 h after irradiation (hv+) or dark-control (hv—).

In case of non-irradiated and irradiated samples without PS, the
average RI values of bacteria are slightly increasing over time. In both
cases (E.coli and B.cereus), the decrease in RI values after 48 h of incu-
bation with Ce6 without irradiation (Ce6 hv—) was observed. In the case
of Ce6 hv+ samples, a decrease in RI higher than that of the non-
irradiated group was observed. In the case of the E.coli species, non-
irradiated samples had comparable RI values at 24 and 48 h. For the
nonirradiated B.cereus samples after 48 h incubation with PAL + Ce6,
COU + Ce6, CUR + Ceb6, a slight increase in RI values was observed. The
opposite tendency was observed for the remaining B.cereus groups. In all
irradiated samples with PS or PS and EPI (after aPDT treatment), a
decrease in the averaged RI values over time was observed. It was
significantly higher in the case of E.coli. As shown in Fig. 5A, the highest
accumulation of compounds inside E.coli bacterial cells was observed for
PAL + Ce6, COU + Ce6, and BER + Ce6, respectively. The RI values of
the cells 24 h after irradiation indicated that the greatest decrease in
median value occurred for BER + Ce6 (0.0023), COU + Ce6 (0.00175),
and PAL + Ce6 (0.0015). For B.cereus after 24 h incubation (see Fig. 5B),
the highest RI values were obtained for PIP + Ce6, BER + Ce6, and PAL
+ Ce6, respectively. This correlated with the greatest decrease in RI after
irradiation: 0.00094 for PIP + Ce6, 0.00084 for BER + Ce6, and 0.00074
for PAL + Ce6. The decrease in RI values caused by irradiation for Gram-
positive bacteria was noticeably smaller than for Gram-negative
bacteria.

To determine whether the observed changes in the averaged RI of
cells caused by combined aPDT were statistically significant (between
hv+ and hv—), a Student’s t-test or Mann-Whitney test was performed.
The results of the normality test (Kolmogorov-Smirnov) and homoge-
neity of variance (Brown-Forsythe) for the analyzed data set are pre-
sented in Supplementary Table 4. They determined whether a
parametric or nonparametric test was used. Interpreting the results of
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version of this article.)
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the statistical analysis for E.coli, it was found that there were significant
differences for each group between irradiated and non-irradiated cells.
In the case of Ce6 and Ce6 + EPI, a p < 0.0001 result was obtained by
Student’s t-test or Mann-Whitney test. Statistically significant differ-
ences were also found between irradiated and non-irradiated cells from
the Control sample (p = 0.0005). For B.cereus, statistically significant
differences are found between the irradiated and non-irradiated for BER
+ Ce6, COU + Ce6, CUR + Ce6, PAL + Ce6, PIP + Ce6 (p < 0.0001).

3.7. Analysis of the dry mass density of bacteria cells

To determine the efficiency of the aPDT after photoexcitation of the
PS accumulated inside the cell, the dry mass density of E.coli and B.ce-
reus cells were used. In the case of samples where there is not a homo-
geneous distribution of bacterial cells on the surface, as indicated in
Supplementary Fig. 1, dry mass density analysis allows to obtain
quantitative data on the changes occurring in the cells. The efficiency of
aPDT is based on photoinactivation of cells by the laser-induced release
of the ROS by accumulated PS. It is directly related to changes in dry
mass density before and after aPDT as a result of photoinactivation. As
indicated in Ref. [66], the cell death process can be described quanti-
tatively using the obtained dry mass density values. Two key stages can
be distinguished: the initial one is characterized by a linear decrease in
dry mass density and, over time, a plateau value is reached. Such
changes are caused by micro-ruptures and possible leakage of cell con-
tents into the surrounding medium. Changes in dry mass density and the
results of the statistical analysis are shown in Fig. 8. For both bacterial

wkkk

p<0.0001

R
p <0.0001

wxnn

P <0.0001

Dry mass density [g/dI]
NN
(-]

p<0.0001

=

Biochemical and Biophysical Research Conununications 797 (2026) 153214

species and all groups with added PS or PS -+ EPI, a decrease in dry mass
density after irradiation was observed. The smallest decrease in mean
dry mass density was observed for Ce6: 0.35 g/dl for E.coli, 0.15 g/dl for
B.cereus. For E.coli, the greatest reduction in mean dry mass density
occurred for BER + Ce6 (from 2.81 + 0.12 g/dl to 1.94 + 0.05 g/dl),
COU -+ Ce6 (from 2.82 + 0.08 g/dl to 2.18 + 0.06 g/dl), and PAL + Ce6
(from 2.87 =+ 0.06 g/dl to 2.30 + 0.06 g/dl). In the case of B.cereus, the
groups for which there was the greatest reduction in mean dry mass
density were PIP + Ce6, BER + Ce6, PAL + Ce6, with differences of 0.33
g/dl, 0.29 g/dl, and 0.26 g/dl, respectively.

To determine whether the observed changes in the averaged RI of
cells caused by combined aPDT were statistically significant, a Student’s
t-test or Mann-Whitney test was performed. The results of the normality
test (Kolmogorov-Smirnov) and homogeneity of variance (Brown-For-
sythe) for the analyzed data set are presented in Supplementary Table 5.
They determined whether a parametric or nonparametric test was used.
Only for CUR + Ce6 (B.cereus) the p-value was 0.0002, for the other
groups a p < 0.0001 was obtained.

Based on the median value of dry mass density before and 24 h after
irradiation, it was possible to evaluate the effectiveness (E) of changes
induced by combination therapy compared to treatment with PS alone.
The results are presented in Table 1.

Ce6 — Chlorin e6, BER - Berberine Hydrochloride, CAP - Capsaicin,
COU - Coumarin 6, CUR - Curcumin, PAL - Palmatine, PIP — Piperine.

The aPDT efficiency was higher for the combination of PS and EPI
than for Ce6 alone, the only exception being CUR + Ce6 for E.coli (59.90
%). As can be seen in Fig. 5A, this is the only combination for which a
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Fig. 8. Representative box plots of dry mass density of (A) E.coli and (B) B.cereus cells after 24 h incubation (black boxes) and 24 h after irradiation (red boxes), n =

20 (4 x 5).

(*) results of Student’s t-test, (#) results of Mann-Whitney test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Table 1
Effectiveness (E) of changes induced by combination therapy compared to treatment with PS alone (hereinafter referred to as aPDT efficiency).
Groups BER + Ce6 CAP + Ceb COU + Ceb CUR -+ Ceb PAL + Ce6 PIP + Ceb
E [%] B.cereus 234.77 112.02 104.35 117.38 211.58 273.90
E.coli 227.72 111.06 172.77 59.90 118.02 115.35

lower RI value was observed after 24 h incubation than for Ce6 alone. It
can therefore be concluded that CUR does not promote increased Ce6
accumulation for E.coli, which was also confirmed by CTCF measure-
ments. In the case of B.cereus, the highest efficiency were 273.90 % (PIP
+ Ceb6), 234.77 % (BER + Ce6) and 211.58 % (PAL + Ce6), in the case of
E.coli the highest value (227.72 %) was observed for the mixture of BER
+ Ce6, followed by COU + Ce6 (172.77 %) and PAL + Ce6 (148.02 %).

4. Discussion

The development of new, more effective antimicrobial therapies is of
interest not only in clinical applications, but also in industrial applica-
tions. The trend towards the use of substances of natural origin is also
becoming increasingly popular, with such compounds gaining ground,
resulting in more environmentally friendly therapies being used. EPIs
can be used as potentiators in antimicrobial photodynamic therapy, as
indicated earlier. The studies presented here confirmed that the addition
of an appropriately selected EPI contributes to increased PS accumula-
tion inside bacterial cells. Changes were observed in both B.cereus and E.
coli bacterial species. It is most important to select the EPI considering
the efflux pumps that can be blocked by the compound.

EPIs can affect bacterial viability, as indicated by the determination
of the MIC (see Supplementary Fig. 2), and successively in the resazurin
assay, where concentrations of at most 0.5 MIC were used. Based on the
resazurin assays results (see Fig. 1), it can be concluded that the bac-
terial growth was observed for each group. Use of 1 % v/v DMSO in PBS
as a solvent for EPIs and PS also did not affect the growth of bacteria in
the solution. This is confirmed by the comparable absorbance value of
this group compared with the Control. Despite the lack of MIC deter-
mination for BER in the case of E.coli, it can be concluded that it in-
fluences bacterial growth. For PAL, the MIC was 4096 pg/ml, however,
even more than 16 times lower concentrations also affect bacterial
growth. It can therefore be concluded that BER and PAL for both
analyzed species cause the greatest differences in the number of viable
cells after incubation with EPI. This corresponds to the antimicrobial
effect observed when determining the MIC for these compounds. The
condition for the use of EPIs as potentiators was therefore met, at these
concentrations they show little antibacterial effect. EPI at concentra-
tions below the MIC have a bacteriostatic effect, i.e. the bacteria remain
alive, while their growth is inhibited, as evidenced by the decrease in
absorbance values in comparison to the Control [67]. This may be
related to a change in the efflux of quorum sensing and quorum
quenching molecules as a result of blocked efflux pumps [23]. In the
presented research, one concentration of EPI was used, however, it is
worth noting that the use of a different concentration may result in
different efficacy of photodynamic therapy. As indicated -earlier,
depending on the concentration used, a given compound may inhibit
bacterial growth (high concentration, MIC), while using the same
compound at a lower concentration, this growth may only be slowed
down [47]. This will certainly affect the results obtained.

The CTCF analysis confirmed that the selected EPIs can increase the
accumulation of photosensitizer inside bacterial cells. In the case of B.
cereus, the best result was achieved for PIP and Ce6, while in the case of
E.coli, it was PAL and Ce6. However, it should be emphasized that in the
case of combination therapy, the interaction of the compounds used and
the effects they cause is important. Not every EPI increased PS accu-
mulation inside the cell or in its immediate surroundings. Some of them,
on the contrary, limited its accumulation, but the effectiveness of the
combination therapy remained high.
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By using DHT, it was possible to quantitatively analyze the changes
occurring in the RI of bacterial cells after incubation with EPI and/or PS.
The observed changes in RI values (see Fig. 5) may result from the
accumulation of substances within both PS and EPI cells, leading to an
increase in the intracellular density of bacterial cells. Changes in RI
values can be influenced by EPIs and SrtAls through their properties. Itis
related to blocking the attachment of surface protein, anti-adhesion
properties, and the response to changing environmental conditions
[23,42,68]. For all analyzed groups (with PS or PS + EPI), an increase in
the RI value was observed, which was caused by local changes in density
depending on effectiveness of PS and/or EPI accumulation. For E.coli, an
increase in median RI was observed for cells incubated with PS or PS and
EPI relative to Control (1.3415). The largest differences were recorded
for PAL + Ce6, COU + Ce6 and BER + Ce6 were 0.00115, 0.00106,
0.00097 respectively. This indicates the most effective penetration of
cells by these sets of substances. According to literature research, these
EPIs are able to block pumps from the RND and MFS families, which are
characteristic for E.coli [31-33]. For B.cereus, the increase in RI values
was higher than for Gram-negative bacteria, suggesting a more effective
accumulation of PS and/or EPI inside cells. The median RI for Control
cells was 1.34085. An increase in median RI of 0.00333 was observed for
PIP + Ce6, 0.00266 for BER + Ce6, and 0.00244 for PAL + Ce6 was. As
mentioned earlier B.cereus expresses over 50 pumps from the MFS family
[30]. The greatest increase in the RI value was observed for PIP + Ce6,
which may be due to the fact that PIP has the ability to block efflux
pumps from this family. Statistical analysis of the area occupied by
bacterial cells after 24 h incubation showed that there are no statistically
significant differences between Control and the other groups in the case
of B.cereus, which may indicate a less effective adhesion process to the
surface compared with E.coli. In the case of Gram-positive bacteria, the
compounds used may act via two mechanisms EPI and SrtAl. For B.ce-
reus, one-way ANOVA showed no statistical differences between groups.
For E.coli, Kruskal-Wallis test followed by Dunn’s multiple comparison
test showed that there were statistically significant differences between
Control and BER (p < 0.0001), CAP (p = 0.0182), CUR (p = 0.0080). This
may be indicative of the anti-adhesive properties of the indicated EPI,
whereby fewer cells adhere to the glass and are removed from the
sample during the washing process.

The RI values obtained after 24 h of incubation and 24 h after irra-
diation allowed monitoring the changes occurring in the bacterial cells
as a result of the photoinactivation process (see Figs. 6 and 7). The
observed slight increase in RI in nonirradiated and irradiated samples
without PS may be related to bacterial cell division [51]. The decrease in
RI after 48 h of incubation with Ce6 hv— might result from nutrient
depletion and removal of previously accumulated Ce6 by efflux pumps.
Washing the samples twice after 24 h could have enhanced efflux ac-
tivity, leading to these observations. In Ce6 hv+ samples, the greater RT
decrease is attributed to photoinactivation. Irradiated cells undergo
structural damage such as genetic material destruction or cell wall
disintegration, which compromises membrane integrity and reduces
intracellular density, thus decreasing RI. In E.coli, stable RI values be-
tween 24 and 48 h in non-irradiated samples suggest minimal changes,
possibly due to EPIs disrupting quorum sensing and quorum quenching
[23]. The slight decreases in RI may be also related to cell cycle [69] and
the change in density inside the bacterial cells induced by lack of any
nutrients in the PBS solution [70]. For B.cereus, the increase in RI with
PAL + Ce6, COU + Ce6, and CUR + Ce6 may relate to ongoing PS
accumulation. Differences between B.cereus groups can result from
distinct mechanisms of action of substances, some acting as both EPIs
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and SrtAls. PBS washing also removes EPIs and Ce6, possibly reducing
internal accumulation. The greater decrease in RI in E.coli than B.cereus
after aPDT may be explained by the compound properties and higher
accumulation. the conducted MIC assays showed that a lower concen-
tration is needed for the apparent growth inhibition of B.cereus than for
E.coli. This suggests a greater susceptibility of B.cereus to the EPIs used,
including their anti-adhesive properties. The sample preparation pro-
cedure includes rinsing the samples (2 times before each imaging), so
some of the cells that accumulated PS and/or EPI were removed from the
sample. The observed reduction in RI value following aPDT likely re-
flects ultrastructural alterations within bacterial cells, manifested as
ROS-induced damage to cellular structures, protein and enzyme dena-
turation, inhibition of protein synthesis, and aggregation of cytoplasmic
macromolecules [71]. Previous study showed that the decrease in the RI
value was related to susceptibility of bacterial on photoinactivation
[44]. The decrease in RI value may be also related to a disruption of cell
division processes or progressing process of cell death as a result of the
therapy. This is confirmed by studies of bacterial cell’s death after
antibiotic treatment [72]. The difference in the RI values of bacterial
cells before and after irradiation can serve as an indicator of bacterial
susceptibility to photoinactivation, as lower RI values correspond to
reduced intracellular density. The only combination for which there is a
change in median RI between light-exposed and unexposed B.cereus cells
is CAP + Ce6. This may indicate the ineffectiveness of Ce6 accumulation
inside the cell and therefore the inability of CAP to block efflux pumps.
The most significant difference in the RI value before and 24 h after
irradiation was observed in the case of PIP + Ce6 (B.cereus) and BER +
Ce6 (E.coli), which may suggest that when these two substances are
combined, the photo-inactivation process was most effective.

Antibacterial photodynamic therapy induces a wide range of changes
in bacterial cells, in their morphology and chemical composition of
structures, which results in changes in cell dry mass density [73]. A
significant decrease in dry mass density could only be observed in the
case of photodynamic combination treatment (see Fig. 8). It has been
shown in Ref. [74] that changes in dry mass density can be used in
antimicrobial susceptibility testing. The decrease in dry mass density
values suggests that there have been changes in the biochemical prop-
erties of the bacteria as a result of the treatment. The differences be-
tween E.coli and B.cereus in dry mass reduction follow the same trends as
in RI changes. E.coli consistently showed more pronounced responses,
suggesting greater susceptibility to photoinactivation with these com-
pound combinations. Referring to Fig. 5, the highest RI value indicating
the most effective accumulation of substances inside the cell is not al-
ways associated with achieving the greatest reduction in dry mass
density. This may be caused by the fact that both PS and EPI can accu-
mulate inside the cell. Both compounds can affect the dry mass density
of bacterial cells, but the effectiveness of photoinactivation depends on
the accumulated PS. The highest reduction in dry mass density indicates
the combination of compounds that can give the best therapeutic effect.
Furthermore, attention should be paid to the properties of EPIs, in
particular anti-adhesion and the susceptibility of selected bacterial
species to their action. Even small concentrations of EPI (much lower
than the MIC) can have a bacteriostatic effect, which directly affects the
effectiveness of the combined therapy.

5. Conclusion

The presented results are preliminary data studies indicating the
potential use of the selected compound combinations, however, the
further detailed studies are required. Full validation of the bactericidal
effect, especially in the context of application, should include a CFU test
or live/dead cell staining. In the case of Gram-positive bacteria, some of
the proposed substances (BER, CUR, PAL) may act as both EPI and SrtAl,
which affects the complexity of the observed effects and may hinder the
analysis of the results obtained. Therefore, it is necessary to analyze the
properties of EPI in detail, including its bacteriostatic properties, as
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these may influence the effectiveness of photoinactivation.

Integrating EPIs into antibacterial treatment regimens has substan-
tially enhanced their efficacy against B.cereus (PIP + Ce6) and E.coli
(BER + Ce6), with increases of 273.90 % and 227.72 %, respectively.
This significant improvement highlights the pivotal role of EPIs in
counteracting bacterial resistance mechanisms. By inhibiting efflux
pumps, EPIs prevent antimicrobial substances from being expelled from
bacterial cells, thereby increasing their intracellular concentrations and
restoring the effectiveness of existing antimicrobial agents. These find-
ings suggest that EPIs could be valuable adjuvants in the control or
eradication of multidrug-resistant bacteria. The results demonstrate the
potential for the photoinactivation of bacterial cells by the proposed
substance combinations in conjunction with aPDT.

This study provides a comprehensive knowledge base for further
research into developing plant-derived combinations of PS and EPI that
could contribute to implementing aPDT in clinical practice and industry
to reduce bacterial contamination of products.
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Supplementary Materials

Plant-derived efflux pump inhibitors potentiate Chlorin e6-based antimicrobial
photodynamic therapy against Bacillus cereus and Escherichia coli

Supplementary Figure 1 Location of bacteria in the sample after at least 24 hours incubation.
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Supplementary Figure 2 Test plates after 24 h in modified resazurin assay using the CLSI broth microdilution (BMD)
method in the presence of 5% (v/v) DMSO in TSB. The MIC determined after resazurin addition is indicated by yellow
squares for (A) Escherichia coli, (B) Bacillus cereus. Lanes marked ‘+’ contain bacteria, but no EPI. Lanes marked ‘-’
contain media with no bacteria or EPI added,n=3 (3 x 1)
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Supplementary Figure 3 The standard calibration for the quantification of resorufin product. The absorbance
measurement was performed at 570 nm for (A) Escherichia coli, (B) Bacillus cereus,n= 6 (1 X 6).

Supplementary Table 1 The p-values obtained by testing the assumptions of normality of distribution and homogeneity
of variance for resazurin absorbance values.

1%
Control BER CAP COU CUR PAL PIP  DMSO
v/v PBS
Normality test
. 0.98 0.30 0.03 0.56 0.03 0.14 1 0.50
(Kolmogorov-Smirnov)
E.coli
Homogeneity of variance
0.002
(Brown-Forsythe)
Normality test
. 0.002 0.23 0.33 0.10 0.30 0.23 0.55 0.38
(Kolmogorov-Smirnov)
B.cereus

Homogeneity of variance

0.002
(Brown-Forsythe)

Supplementary Table 2 The p-values obtained by testing the assumptions of normality of distribution and homogeneity
of variance for CTCF per area.

BER+ CAP+ COU+ CUR+ PAL+ PIP+

Ceb6
Ceb Ceb Ceb Ceb Ceb Ceb
Normality test
. 0.36 0.36 0.85 0.96 - 0.43 0.47
(Kolmogorov-Smirnov)
E.coli
Homogeneity of variance
< 0.0001
(Brown-Forsythe)
Normality test
;s 0.90 0.56 1 0.83 0.41 0.90 0.86
(Kolmogorov-Smirnov)
B.cereus
Homogeneity of variance
0.001

(Brown-Forsythe)

Supplementary Table 3 The p-value obtained by testing the assumptions of normality of distribution and homogeneity
of variance for RI value of the cells.
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BER+ CAP+ COU+ CUR+ PAL+ PIP+
Ceb Ceb Ceb Ceb Ce6 Ce6

Control  Ce6

Normality test
0.40 0.48 0.17 0.37 0.86 0.68 1 1

(Kolmogorov-Smirnov)

E.coli
Homogeneity of variance
genelty 43 % 10%
(Brown-Forsythe)
Rommaliy el 1 0.85 058 022 037 043 1 0.51
(Kolmogorov-Smirnov) ' ' ’ ' ’ '
B.cereus
Homogeneity of variance 0108
(Brown-Forsythe) '
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Supplementary Figure 4 The changes of areas occupied by cells after 24 h incubation with and without PS or PS and
EPI (A) Escherichia coli, (B) Bacillus cereus, n=20 (4 x 5).
(#) results of Kruskal-Wallis test followed by Dunn’s multiple comparison test.

Supplementary Table 4 The p-value obtained by testing the assumptions of normality of distribution and homogeneity
of variance for refractive index value of the cells 24 h after irradiation (hv+) and dark-control (hv—).

E.coli B.cereus

Homogeneity of Homogeneity of

Normality test Normality test

variance
(Brown-Forsythe)

variance

Kol -Smi
(Kolmogorov-Smirnov) {Brown-Foreyihe)

(Kolmogorov-Smirnov)

hv— 0.49 0.86
Control <0.0001 0.73
hv+ 0.83 0.97
hv— 1 1
Ceb6 0.52 <0.0001

hv+ 1 0.90
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BER + Ce6

CAP + Ceb6

COU + Ce6

CUR + Ce6

PAL + Ce6

PIP + Ce6

hv+

hv—

hv+

hv—

hv+

hv—

hv+

hv+

hv—

hv+

0.41

0.53

0.17

0.78

0.36

0.48

0.30

0.65

0.71

<0.0001

<0.0001

0.78

1.6 x 10"

0.71

0.11

0.89

0.60

0.65

0.71

0.59

0.89

0.19

0.053

0.047

0.03

0.48

Supplementary Table 5 The p-value obtained by testing the assumptions of normality of distribution and homogeneity
of variance for dry mass density of the cells after 24 h incubation and 24 h after irradiation.

Normality test

E.coli

Homogeneity of

variance

(Kolmogorov-Smirnov)

(Brown-Forsythe)

Normality test

B.cereus

Homogeneity of
variance

(Kolmogorov-Smirnov)

(Brown-Forsythe)

Ceb6

BER + Ce6

CAP + Ceb6

COU + Ceb6

CUR + Ce6

hv+

hv—

hv+

hv—

hv+

hv+

hv—

0.18

0.54

0.50

0.34

0.80

0.92

0.65

0.16

<0.0001

0.15

0.45

0.005

0.57

0.89

0.98

0.23

0.40

0.74

0.41

0.01

0.16

0.25

0.49

0.006
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PAL + Ce6

PIP + Ce6

hv+

hv—

hv+

hv—

hv+

0.40

0.58

0.7162

0.72

0.43

0.74

0.51

0.61

0.71

0.82
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4. Podsumowanie i kierunek przysztych badan

Publikacje wchodzace w sklad cyklu odnosza si¢ bezposrednio do hipotez badawczych
przedstawionych w niniejszej rozprawie doktorskiej, ktérych celem bylo opracowanie
alternatywnych strategii przeciwbakteryjnych w oparciu o zwiazki pochodzenia naturalnego,
ukierunkowanych na modulacje fizjologii bakterii poprzez hamowanie aktywnosci pomp efflux
oraz iloSciowa ocen¢ skutkéw tych oddzialywan na poziomie pojedynczych komorek
z wykorzystaniem DHT.

Punktem wyjscia prowadzonych badan bylo zalozenie, ze pompy efflux pelnig w komérkach
bakteryjnych role znacznie szersza niz jedynie mechanizm opornosci na antybiotyki, a ich
czg$ciowe hamowanie moze prowadzi¢ do istotnych zmian w morfologii i rozwoju struktur
bakteryjnych, niewymagajacych stosowania dawek bakteriobojczych.

Badania przeprowadzono na wybranych gatunkach bakterii Gram-ujemnych (Escherichia coli,
Proteus mirabilis) oraz Gram-dodatnich (Bacillus cereus, Enterococcus faecalis), co umozliwilo analize
wplywu proponowanych terapii w odniesieniu do drobnoustrojéw o odmiennej budowie $ciany
komoérkowej, morfologii oraz zréznicowaniu w wystepujacych pompach efflux. W przypadku
gatunkow nalezacych do bakterii Gram-ujemnych dominujaca rodzing pomp efflux jest RND,
natomiast w przypadku E. /i mozna wyr6zni¢ réwniez pompy efflux z rodzin MFS oraz MATE.
B. cerens posiada gtéwnie pompy efflux z rodzin MES 1 ABC, jednakze wystepuja w przypadku tego
gatunku réwniez pompy nalezace do RND, MATE oraz SMR. Wybrane gatunki sa powszechnie
spotykane zaréwno w zakazeniach klinicznych, jak i w §rodowisku naturalnym oraz klasyfikowane
jako patogeny kategorii 11, co dodatkowo uzasadnia ich dobér jako modeli badawczych.

W ramach cyklu publikacji zaproponowano zastosowanie terapii kombinowanych opartych
na PSs — anionowym Chlorin e6 oraz kationowym Pheophorbide a — a takze inhibitorach pomp
efflux pochodzenia naturalnego. Dobdér EPI wynikal z ich udokumentowanej aktywnosci
biologicznej, niskiej toksycznosci oraz potencjalu do dziatania w stezeniach subinhibitoryjnych.
Do ilo$ciowej analizy efektow oddzialywania EPI oraz terapii skojarzonych zastosowano zestaw
komplementarnych metod pomiarowych, obejmujacych bioreaktor z odwréconym wirowaniem
do monitorowania dynamiki wzrostu populacji bakteryjnych oraz DHT do bezznacznikowego
obrazowania i analizy zmian biofizycznych na poziomie pojedynczych komorek.

Zaproponowano wykorzystanie terapii kombinowanej w oparciu o dwa fotouczulacze
anionowy Chlorin e6 i kationowy Pheophorbide a (Publikacja 1), jak i sze$¢ EPI pochodzenia
naturalnego w polaczeniu z PS (Publikacja 3). Ponadto, korzystajac z bioreaktora, ilosciowo

przeanalizowano jak dodatek EPI wplywa na rozwdj hodowli bakteryjnej czterech gatunkéw
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bakterii oraz zbadano zdolno§¢ inkubowanych komorek bakteryjnych do tworzenia skupisk
na podtozu agarowym, wykorzystujac DHT (Publikacja 2).

Najwazniejsze wyniki cyklu publikacji wykazaly, ze kombinacja PSs o uzupelniajacych si¢
wladciwosciach fizykochemicznych prowadzi do zwigkszonej akumulacji PSs wewnatrz komorek
bakteryjnych, co przeklada si¢ na wyzsza efektywnos¢ terapii. Potwierdzitam, ze skutecznosé
terapii kombinowanej, wynoszaca 29,45%, przewyzsza skuteczno$¢ monoterapii: uzyskano
skuteczno$¢ wynoszaca 13,77% w przypadku Chlorin e6 1 16,15% w przypadku Pheophorbide a.
Potwierdzitam réwniez, ze EPI stosowane w stezeniach znacznie nizszych niz MIC wywieraja
bezposredni wplyw na rozwdj populacji bakteryjnych oraz organizacje przestrzenng struktur
tworzonych przez bakterie. W przeciwienstwie do wickszosci dotychczasowych doniesien,
koncentrujacych si¢ na roli EPIs gtéwnie jako adiuwantow antybiotykowych, przeprowadzone
badania potwierdzily, ze czgsciowe hamowanie aktywnosci transporteréw btonowych prowadzi
do istotnych zmian fenotypowych niezaleznych od efektu zahamowania wzrostu. Tym samym
wykazalam, ze pompy efflux odgrywaja kluczows role w formowaniu struktur przestrzennych.
W trzeciej publikacji udowodnitam, ze wykorzystanie niskich stezen wybranych EPIs (< 0,25 MIC)
prowadzilo do bardziej efektywnej akumulacji PS wewnatrz komorek bakteryjnych, co przelozylo
sie na wyrazny wzrost skutecznosci aPDT. W przypadku Bacillus cerens zastosowanie piperyny
w polaczeniu z Chlorin e6 prowadzilo do istotnego zwickszenia skutecznosci terapii
fotodynamicznej, ktore wynosito 273,90% wzgledem strategii opierajacej si¢ wylacznie na PS.
Z kolei u Escherichia coli kombinacja berberyny z Chlorin e6 skutkowala wzrostem efektu
terapeutycznego o 227,72% w poréwnaniu z terapia oparta jedynie na PS. Istotnym elementem
nowosci zaproponowanego podejscia bylo réwniez wykorzystanie DHT jako ilosciowej techniki
pomiarowej w badaniach nad aPDT 1 EPIL.

Wyniki te zostaly opublikowane w czasopismach o zasiggu migdzynarodowym oraz
zaprezentowane na konferencjach krajowych i miedzynarodowych, a ich realizacja byta mozliwa
dzigki interdyscyplinarnej wspolpracy 2z zespolami mikrobiologicznymi  Uniwersytetu
Przyrodniczego we Wroclawiu.

Wykorzystanie technik takich jak DHT, mikroskopia konfokalna czy bioreaktor z odwréconym

wirowaniem, ktore s3 stosunkowo proste w adaptacji w laboratoriach biologicznych,
toksykologicznych i medycznych, co moze umozliwi¢ szerokie zastosowanie metod ilo§ciowej
analizy zmian wewnatrzkomoérkowych bez koniecznosci stosowania znacznikéw, co mogloby
uprosci¢ protokoly badawcze i skréci¢ czas diagnostyczny, zaréwno w warunkach badawczych, jak

1 diagnostyki klinicznej i weterynaryjnej. Te metody moga by¢ alternatywa w kontekscie klasycznych

technik mikrobiologicznych. Zaproponowane w publikacjach nowe strategie walki z bakteriami
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oraz zastosowanie techniki pomiarowej dotychczas nie stosowanej w tym kontekscie — DHT, moga
przyczyni¢ si¢ do opracowania skutecznej metody inaktywacji komorek 1 §ledzenia zachodzacych
zmian na poziomie pojedynczych komérek, a co za tym idzie — moglyby przynies¢ znaczacy postep
w rozwoju nowych kierunkéw terapii przeciwbakteryjnej.

Stworzona na potrzeby tych obserwacji procedura przygotowania probki moze zostaé
wykorzystana w innych badaniach, w ktérych istotne jest §ledzenie zmian zachodzacych juz od
pojedynczej komorki bakteryjnej (Pietrowska et al., 2025). Wykorzystanie zwiazkéw pochodzenia
naturalnego jest widocznym trendem w badaniach naukowych poswigconych nowym strategiom
terapeutycznym, nie tylko w kontekscie infekcji bakteryjnych (Choi et al., 2025; Liu et al., 2025; Uc-
Cachon et al., 2025). Przeprowadzone badania wpisuja si¢ w priorytetowe kierunki rozwoju terapii
przeciwbakteryjnych, a prezentowane wyniki udowadniaja, ze zaproponowane kombinacje
wykazujg potencjal w zastosowaniach antybakteryjnych, nie tylko w kontekscie klinicznym, ale
réwniez przemystowym.

Zastosowanie terapii kombinowanej w leczeniu infekcji bakteryjnych mogloby przynies¢
ZNaczacy postep w rozwoju terapii przeciwbakteryjnej. Wiele badan wskazuje, Ze substancje
pochodzenia naturalnego wykazuja dzialanie przeciwbakteryjne i moga pelni¢ role EPI,
przyczyniajac si¢ do ponownego uwrazliwienia bakterii na substancje, na ktére byly oporne
1 wzmacniajac efekt stosowanej terapii, dzialajac jako adiuwanty antybiotykowe (Kalia et al., 2012;
Negi et al., 2014; Prasch et al., 2019; Setiawan et al., 2021). Z punktu widzenia praktyki kliniczne;
proponowane podejécia maja potencjal skrocenia czasu leczenia i zwigkszenia skutecznosci
leczenia przewleklych zakazen bakteryjnych. Dalsze prace moga prowadzi¢ do opracowania
zestawéw PS + EPI celowanych w konkretne gatunki bakterii w celu zwalczania zakazen
szpitalnych, pielegnacji ran (stopa cukrzycowa, odlezyny), tworzenia opatrunkow antybakteryjnych
czy dezynfekcji powierzchni. Potencjalnym obszarem zastosowan tak opracowanych zestawow sq
fotoaktywne masci 1 zele do stosowania na rany zewnetrzne oraz powloki powierzchni
medycznych.

W kontekscie zdrowia publicznego oraz srodowiskowym, zastosowanie EPIs 1 aPDT moze
mie¢ wplyw na ograniczenie transmisji zakazen poprzez dezaktywacje patogenow w §rodowisku —
na przyklad w kontekscie uzdatniania wody, dezynfekcji powierzchni publicznych czy kontroli
mikrobiologicznej w systemach wentylacyjnych i uzdatniania Scieckéw. Metody te moga byc
stosowane jako alternatywa lub uzupelnienie klasycznych §rodkéw chemicznych, ktére bywaja
nieskuteczne wobec bakterii lub pozostawiaja toksyczne produkty. Dzigki zastosowaniu
zaproponowanych metod ryzyko rozprzestrzeniania si¢ opornych szczepéw w §rodowisku moze

ulec znacznemu ograniczeniu.
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EPIs znalez¢ moga réwniez zastosowanie w przemysle, jako skladnik produktéw majacy
za zadanie ogranicza¢ rozwoj bakterii 1 przedtuzajacy ich trwalos¢. W ten sposéb mozliwe bedzie
zastapienie syntetycznych konserwantéw zwiazkami pochodzenia roslinnego, co wpisuje si¢ w ideg
czystej etykiety (Vashisht et al., 2025). Moga zosta¢ rowniez wykorzystane jako zwiazki, ktorymi
beda domieszkowane opakowania produktéw badZz powloki réznych urzadzen. Ponadto
kombinowana terapia fotodynamiczna z wykorzystaniem EPI moze znalezé zastosowanie
w przemysle spozywczym, zarowno w zaktadach produkcyjnych, jak i przetwarzajacych zywnos¢.
Pozwoli to na ograniczenie kontaminacji produktéw na jakimkolwiek etapie ich wytwarzania, przez
co zostanie zwickszone bezpieczenstwo mikrobiologiczne zywnosci.

W celu wprowadzenia zaproponowanych kombinaciji do uzytku komercyjnego, konieczne jest
prowadzenie dalszych badan, ktére potwierdza ich skutecznosé dla konkretnych gatunkéw bakterii,
ale i ich warunkéw $rodowiskowych. Istotne jest réwniez szczegblowe poznanie mechanizméw
dziatania EPI na komorki bakteryjne.

Podsumowujac, wyniki uzyskane w oparciu o trzy analizowane publikacje wskazuja, ze strategia
taczaca celowane EPI z aPDT oraz zaawansowane techniki ilo§ciowego obrazowania moga znalez¢é
zastosowanie w znacznym zwigkszeniu skutecznosci terapii przeciwbakteryjnych, ograniczeniu
formowania si¢ struktur bakteryjnych oraz redukcji transmisji zakazen w szerokim spektrum
kontekstow zdrowotnych i $§rodowiskowych. Realizacja tych podejs¢ moze przyczynic¢ si¢
do bardziej efektywnej kontroli zakazen bakteryjnych, ograniczenia stosowania antybiotykdw oraz

wspierania zrownowazonych praktyk w ochronie zdrowia ludzi, zwierzat, roélin oraz srodowiska.
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Wyksztatcenie

Wyksztatcenie

Tytuty zawodowe

2021 — obecnie

2020 — 2021

2016 — 2020

Politechnika Wroctawska, Szkota Doktorska, dziedzina nauk inzynieryjno-

technicznych, dyscyplina inzynieria biomedyczna.

Politechnika Wroclawska, Wydzial Podstawowych Probleméw Techniki,
studia II stopnia (magisterskie) na kierunku inzynieria biomedyczna

w specjalnosci  optyka  biomedyczna. Uzyskanie tytulu  magistra

z wyrdznieniem w dniu 9 lipca 2021 r.
Praca magisterska ,,Wykorgystanie mikroskopu holograficznego do badania biofilyn
bakteryjnego”

Promotor: dr inz. Iwona Holowacz, prof. uczelni

Politechnika Wroctawska, Wydzial Podstawowych Probleméw Techniki,
studia stacjonarne I stopnia (inzynierskie) na kierunku inzynieria
biomedyczna w specjalnosci optyka biomedyczna. Uzyskanie tytulu

inzyniera z wyréznieniem w dniu 6 lutego 2020 r.

Praca inzynierska ,,Wykorgystanie mikroskopu holograficznego do roznicowania

thanek wierzecych”

Promotor: dr inz. Iwona Holowacz, prof. uczelni
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Publikacje

1.

Pietrowska, A., Holowacz, 1., Ulatowska-Jarza, A., Guzniczak, M., Matczuk, A. K,
Wieliczko, A., Wolf-Baca, M., & Buzalewicz, 1. (2022). The Enhancement of Antimicrobial

Photodynamic Therapy of Escherichia Coli by a Functionalized Combination
of Photosensitizers: In Vitro Examination of Single Cells by Quantitative Phase Imaging.
International Journal of Molecular Sczences, 23(11), 6137.
https://doi.org/10.3390/ijms23116137

Ionzzt 5,6
MNiSWzozzZ 140 pkt

Liczba cytowan (wedlug bazy Web of Science, bez autocytowan): 5

Rusak, A., Buzalewicz, 1., Mrozowska, M., Wiatrak, B., Haczkiewicz-Les$niak, K.,
Olbromski, M., Kmiecik, A., Krzyzak, E., Pietrowska, A., Moskal, J., Podhorska-Okotow,
M., Podbielska, H., & Dziggiel, P. (2023). Multimodal study of CHI3L1 inhibition and its

effect on angiogenesis, migration, immune response and refractive index of cellular
structures in glioblastoma. Biomedicine & pharmacotherapy, 161, 114520.
https://doi.org/10.1016/j.biopha.2023.114520

IFZ()23Z 6,9
MNiSW2023Z 140 pkt

Liczba cytowan (wedlug bazy Web of Science, bez autocytowan): 7

Buzalewicz, 1., Kaczorowska, A., Fijatkowski, W., Pietrowska, A., Matczuk, A. K.,
Podbielska, H., Wieliczko, A., Witkiewicz, W., & Jedruchniewicz, N. (2024). Quantifying

the Dynamics of Bacterial Biofilm Formation on the Surface of Soft Contact Lens Materials
Using Digital Holographic Tomography to Advance Biofilm Research. International Journal
of Molecular Sciences, 25(5), 2653. https://doi.org/10.3390/ijms25052653

IF2024: 4,9
MNiSWz(JyZ 140 pkt

Liczba cytowan (wedtug bazy Web of Science, bez autocytowan): 7

Pietrowska, A., Guzniczak, M., Kublicka, A., Matczuk, A., Wieliczko, A., Ulatowska-Jarza,

A., & Buzalewicz, I. (2025). Efflux pump inhibitors from plant compounds: A new strategy


https://doi.org/10.3390/ijms23116137
https://doi.org/10.1016/j.biopha.2023.114520
https://doi.org/10.3390/ijms25052653
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to modulate bacterial growth and morphology. Industrial Crops and Products, 233, 121378.
https://doi.org/10.1016/j.indcrop.2025.121378

IF20242 6,2
MNiSW2024I 200 pkt

Liczba cytowan (wedlug bazy Web of Science, bez autocytowan): 0

5. Talarczyk, A., Kublicka, A., Matczuk, A., Wieliczko, A., Ulatowska-Jarza, A., & Buzalewicz,
L. (2026). Plant-derived efflux pump inhibitors potentiate Chlorin e6-based antimicrobial
photodynamic therapy against Bacillus cereus and Escherichia coli. Biochemzical and Bigphysical

Research Communications, 797, 153214. https://doi.org/10.1016/j.bbrc.2025.153214

IF2024: 2,2
MNiSW2024Z 100 pkt

Liczba cytowan (wedtug bazy Web of Science, bez autocytowan): 0

Dane na 22.02.2026 r.:

e Sumaryczny Impact Factor publikacji (zgodnie z rokiem publikacji): 25.8
e Sumaryczna liczba punktéw MNiSW publikacji (zgodnie z rokiem publikacii): 720 pkt
e Sumaryczna liczba cytowan (wedtug bazy Web of Science, bez autocytowan): 19

e Indeks Hirscha (wedlug bazy Web of Science): 3
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Konferencje

Konferencje o zasiggu krajowym:

1.

Prezentacja referatu ustnego pt. "Combined antimicrobial photodynamic therapy: a new
approach for modern treatment", XXIII Polish Conference on Biocybernetics and
Biomedical Engineering (PCBBE 2023): 27-29.09.2023, £.6dz.

(Autorzy: Aleksandra Pietrowska, Agnieszka Ulatowska-Jarza, Iwona Holowacz, Anna K.

Matczuk, Alina Wieliczko, Igor Buzalewicz)

Prezentacja referatu ustnego pt. "Perspektywy wykorzystania inhibitoréw pomp efflux
pochodzenia rodlinnego w terapii antybakteryjnej”, VI Ogolnopolska Konferencja
Naukowa ,,Perspektywy wykorzystania roélin w nauce i przemysle”: 23.11.2024.

(Autorzy: Aleksandra Pietrowska, Agnieszka Ulatowska-Jarza, Anna K. Matczuk, Alina

Wieliczko, Igor Buzalewicz)

Prezentacja referatu ustnego pt. ,,Efflux pump inhibitors from plant compounds: A new
strategy to modulate bacterial growth and morphology”, Conference for Young Biomedical
Engineering Researchers (CYBER 2025): 23.06.2025, Wroctaw.

(Autorzy: Aleksandra Pietrowska, Guzniczak Mateusz, Kublicka Agata, Anna K. Matczuk,

Agnieszka Ulatowska-Jarza, Igor Buzalewicz)

Konferencje o zasiggu migdzynarodowym:

4. Prezentacja referatu ustnego pt. "Multifunctional phenotyping of bacteria by digital

5.

holotomography and Kelvin probe microscopy: a new approach for multipurpose
diagnostics", 2022 2nd International Symposium on Biomedical Engineering and
Computational Biology (BECB 2022) : 13-15.08.2022, Nanchang, China, online.

(Autorzy: Aleksandra Pietrowska, Agnieszka Ulatowska-Jarza, Iwona Holowacz, Pawel

Zylka, Alina Wieliczko, Igor Buzalewicz)

Wspotautorka badan przedstawianych w formie referatu (prezentacja ustna) pt. ,,New
perspectives in bacteria sensing based on label-free, multiparametric, optical phenotyping
of single cells by quantitative phase imaging”, Biosensors 2023 : 33rd Anniversary World
Congtress on Biosensors: 5-8.06.2023, Busan, South Korea.

(Autorzy: Igor Buzalewicz, Agnieszka Ulatowska-Jarza, Aleksandra Pietrowska, Anna K.

Matczuk, Mirela J. Wolf-Baca, Alina Wieliczko)
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0. Prezentacja referatu ustnego pt. "Ocena efektywnosci przeciwdrobnoustrojowej terapii
fotodynamicznej z wykorzystaniem ilo§ciowego obrazowania fazy”, InterTechDOC24: IX
Miedzynarodowa Interdyscyplinarna Konferencja Uczelni Technicznych: 20-21.05.2024,

Ustron.

(Autorzy: Aleksandra Pietrowska, Agnieszka Ulatowska-Jarza, Mateusz Guzniczak, Anna
K. Matczuk, Alina Wieliczko, Igor Buzalewicz)

7. Wspotautorka badan przedstawianych w formie referatu (prezentacja ustna) pt. ,,Analiza
biomechaniki struktur przestrzennych tworzonych przez bakterie po zastosowaniu terapii
przeciwdrobnoustrojowych” InterTechDOC’24: IX Miedzynarodowa Interdyscyplinarna
Konferencja Uczelni Technicznych: 20-21.-05.2024, Ustron.

(Autorzy: Mateusz Guzniczak, Agnieszka Ulatowska-Jarza, Kamila Korzekwa, Igor

Buzalewicz, Aleksandra Pietrowska)
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Projekty badawcze

1. Stypendystka w projekcie OPUS21: Wieloparametryczne fenotypowanie bakterii
i formowanych przez nie struktur przestrzennych (nr rej.. 2021/41/B/ST7/04002),
12.2022 — 12.2024

Zakres prac obejmowal: wykonywanie eksperymentéw skupionych na optycznych pomiarach
struktur przestrzennych (pojedyncze komorki, mikrokolonie, biofilmy) tworzonych przez
bakterie wybranych gatunkéw z wykorzystaniem cyfrowej tomografii holograficznej,
mikroskopii konfokalnej, w tym optymalizacja warunkéw pomiaru, wstepna analiza wynikéw,
gromadzenie danych zgodnie z planem zarzadzania danymi, sporzadzanie zestawien 1 raportow.
W ramach tego projektu wykonalam pomiary z wykorzystaniem cyfrowego holotomografu,

ktérych wyniki zostaly oméwione w niniejszej rozprawie.

2. Kierownik projektu Minigranty (edycja 2024) dla doktorantéw Szkoly Doktorskiej
Politechniki Wroctawskiej: Wplyw inhibitoréw pomp efflux pochodzenia naturalnego na
kinetyke wzrostu bakterii w pozywce plynnej, 04.2024-12.2024.

Przygotowany przeze mnie wniosek uzyskal finansowanie w trybie konkursowym, co
pozwolilo na zakup odczynnikéw i materialéw zuzywalnych, niezbednych do realizacji
pomiaréw z wykorzystaniem bioreaktora. Oczekiwanym rezultatem bylo ustalenie st¢zenia
poszczegdlnych inhibitoréw pomp efflux, ktére wplywaja na charakterystyke rozwoju hodowli.
W ramach projektu wykorzystano 6 inhibitoréw pomp efflux. Byly to: kapsaicyna, piperyna,
kurkumina, berberyna, palmatyna ikumaryna. Kazdy gatunek bakterii, w zaleznosci od
warunkéw inkubacji, cechuje si¢ swoista krzywa kinetyczna. Z tego wzgledu przeprowadzona
zostala obserwacja kinetyki wzrostu w celu pozyskania informacji na temat zmian w jej
charakterystyce wywolanych obecnoscia EPI. Badania wykazaly, ze wykorzystujac inhibitory

pomp efflux mozna modulowac wzrost i morfologie bakterii.
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Ukonczone szkolenia i kursy

1. Certyfikowane, praktyczne warsztaty on-line, organizowane przez firme¢ Merck dotyczace
filtracji analitycznej, oceny stanu higienicznego powierzchni produkcyjnych, justowania
przyrzadéw do pomiaru objetosci, cytometrii przeptywowej, filtracji membranowej oraz
chromatografii cieczowej, marzec-czerwiec 2022.

2. Webinarium edukacyjne, organizowane przez firme Thorlabs dotyczace wykorzystania
OCT w obrazowaniu biofilmu bakteryjnego, 13.03.2022.

3. Kurs ,Dydaktyka Szkoly Wyzszej”, organizowany przez Wydzial Zarzadzania Politechniki
Wroctawskiej, 22.06.2022.

4. Kurs szkoleniowy ,,Quantitative Phase Imaging at Cellular Level”, skladajacy si¢
z programu praktycznego 1 laboratoryjnego zorganizowany na Wydziale Mechatroniki
Politechniki Warszawskiej w ramach programu PhotonHub Europe Demo Centre,
23.09.2022.

5. Webinar organizowany przez Narodowe Centrum Nauki — Szkolenie dla wnioskodawcow:
Oferta konkursowa NCN. Konkursy krajowe 1 miedzynarodowe, 21.03.2023.

6. Udzial w seminarium ,,Najnowsze trendy w badaniach biologicznych”, organizowane przez
firme Altium oraz Instytut Immunologii 1 Terapii Doswiadczalnej im. Ludwika Hirszwelda
Polskiej Akademii Nauk, 12.09.2023, Wroctaw.

7. Warsztaty z mikroskopii holotomograficznej, organizowane przez firme¢ Altium, firme
Tomocube oraz Instytut Immunologii i Terapii Do$wiadczalnej im. Ludwika Hirszwelda
Polskiej Akademii Nauk, 13.09.2023, Wroctaw.

8. Warsztaty , Raman Spectroscopy of carbon materials” 1 ,,The use of fluorescence
microscopy”’, organizowane jako wydarzenie towarzyszace XXIII Polish Conference
on Biocybernetics and Biomedical Engineering (PCBBE 2023), 26.09.2023, Y.6dz.

9. Kurs ,,ABC promocji nauki”, organizowany przez Os$rodek Przetwarzania Informacji —
Panstwowy Instytut Badawczy, 15.01.2025.

10. Kurs ,,Wstep do badan klinicznych”, organizowany przez AstraZeneca, 16.01.2025.
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Praktyka zawodowa

1. Przygotowanie materiatéw dydaktycznych (wprowadzenia teoretyczne, listy projektow)
dotyczacych 6 zaje¢ oraz 6 zadan projektowych do realizacji w oprogramowaniu OSLO
EDU w ramach kursu Przyrzady i Uklady Optyczne dla studentow studiéw I stopnia
na kierunku Inzynieria biomedyczna.

2. Wspolautorstwo karty przedmiotu Projektowanie Przyrzadow i Ukladéow Optycznych dla
studentéw studiow I stopnia na kierunku Inzynieria biomedyczna.

3. Prowadzenie zaje¢ dydaktycznych dla studentéw studiow I stopnia na kierunku Inzynieria
biomedyczna:

e Rok akademicki 2021/2022
v" Podstawy Biofotoniki — laboratorium, 30 godzin
e Rok akademicki 2022/2023
V" Przyrzady i Uklady Optyczne — projekt, 60 godzin
e Rok akademicki 2023/2024
V" Przyrzady i Uklady Optyczne — projekt, 30 godzin
v" Optyczne Czujniki Chemiczne i Biosensory — projekt, 15 godzin
v" Podstawy Biofotoniki — laboratorium, 15 godzin
e Rok akademicki 2024/2025
V" Przyrzady i Uklady Optyczne — projekt, 30 godzin
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Nagrody/stypendia

1. Laureatka konkursu na stypendium o zwigckszonej wysokosci na rok akademicki 2022/2023
dla doktorantéw Szkoly Doktorskiej Politechniki Wroclawskie;.

2. Laureatka konkursu na stypendium o zwigkszonej wysokosci na rok akademicki 2024/2025
dla doktorantéw Szkoly Doktorskiej Politechniki Wroclawskie;.

3. Nagroda JM Rektora Politechniki Wroctawskiej w programie PRIMUS — premiowanie
publikacji najwyzej punktowanych w calej uczelni (artykul w czasopi§mie naukowym,
ktéremu przypisano 200 pkt w wykazie) za drugi kwartal 2025 r.

4. Nagroda JM Rektora Politechniki Wroclawskiej w programie PRIMUS 3 — aktywnos¢
publikacyjna doktorantéw Politechniki Wroclawskiej za czwarty kwartat 2025 r.



