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III. WYKAZ STOSOWANYCH SKROTOW

AACs
ABC -
ACB -
AFM —
AHL -
AMP —
AmpC
ANTs
APHs
ATCC —
BMP -
CarO

CFU -
CRAB -

CSA -

CTX-M -

EGF -

ang. aminoglycoside acetyltransferases

ang. ATP binding cassette

kompleks Acinetobacter calcoaceticus-Acinetobacter baumannii

mikroskop sit atomowych (ang. atomic force microscope)

laktony acylo-homoserynowe (ang. acyl-homoserine lactones)

peptydy przeciwdrobnoustrojowe (ang. antimicrobial peptides)

ang. chromosomal Ambler class C -lactamase

ang. aminoglycoside nucleotidyltransferases

ang. aminoglycoside phosphotransferases

ang. American Type Culture Collection

biatko morfogenetyczne kosci (ang. bone morphogenetic protein)

biatko blony zewngtrznej zwigzane 2z opornoscia na karbapenemy
(ang. carbapenem resistance-associated outer membrane protein)

jednostka tworzaca koloni¢ (ang. colony forming unit)

oporny na karbapenemy Acinetobacter baumannii (ang. carbapenem-resistant
Acinetobacter baumannii)

cerageniny (ang. ceragenins, cationic steroid antibiotics)

ang. cefotaximase

epidermalny czynnik wzrostu (ang. epidermal growth factor)

ESKAPE — Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,

FBS -
FPRL1-
GES -
HAP -
HMP -
IL-8 —
IMP -
KPC -
LPS -

Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp.
ptodowa surowica bydlgca (ang. fetal bovine serum)

receptor peptydu formylowego 1 (ang. formyl peptide receptor 1)

ang. Guiana extended-spectrum B-lactamase

szpitalne zapalenie ptuc (ang. hospital-acquired pneumonia)

ang. heat-modifiable protein

interleukina- 8 (ang. interleukin 8)

imipenemaza (ang. imipenemase)

ang. Klebsiella pneumoniae carbapenemase

lipopolisacharyd (ang. lipopolysaccharide)



MALDI-TOF MS — spektrometria masowa z desorpcja/jonizacja laserem wspomagana
matrycg (ang. Matrix-Assisted Laser Desorption/lonization-Time of Flight Mass
Spectrometry)

MATE — ang. multidrug and toxic compounds extrusion

MBC - najmniejsze st¢zenie bakteriobdjcze (ang. minimum bactericidal concentration)

MFS — ang. major facilitators superfamily

MH - agar Muellera-Hintona

MIC - najmniejsze stezenie hamujace (ang. minimum inhibitory concentration)

MTT - bromek 3-(4,5-dimetylo-tiazoly-2-ylo)-2,5-difenylotetrazolu
(ang. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

NDM - ang. New Delhi metallo B-lactamase

Omp - biatko btony zewngtrznej (ang. outer membrane protein)

OMV — pecherzyki btony zewnetrznej (ang. outer membrane vesicles)

OprD

ang. outer membrane porin protein
OXA - oksacylinaza (ang. oxacillinase)

P2Y6, P2X7 —receptory purynergiczne typu P2Y6, P2X7 (ang. purinergic receptors subtype

P2Y6, P2X7)
PBP — biatko wigzace penicyling (ang. penicillin-binding protein)
PBS - sdl fizjologiczna buforowana fosforanami (ang. phosphate buffered saline)
PER — ang. Pseudomonas-extended-resistant

PLC - fosfolipaza C (ang. phospholipase C)
PLD - fosfolipaza D (ang. phospholipase D)
QI — obrazowanie trybowo-ilo§ciowe za pomocg NanoWizard (ang. mode-quantitative

imaging with the NanoWizard)

QS - zjawisko komunikacji bakterii z pomoca czastek sygnalowych (ang. quorum
sensing)

RND - ang. resistance-nodulation-cell division

ROS - reaktywne formy tlenu (ang. reactive oxygen species)

SHV — ang. sulthydryl variable

SIM - ang. Seoul imipenemase
SMR - ang. small-multidrug resistance
TEM - ang. Temoniera -lactamase

TNF-alfa — czynnik martwicy nowotwordéw (ang. Tumour Necrosis Factor alpha)



VAP — zapalenie pluc zwigzane z mechaniczng wentylacja phluc (ang. ventilator-
associated pneumonia)

VEB - ang. Vietnamese extended-spectrum B-lactamase

VIM - ang. Verona integron—encoded metallo B-lactamase

WHO — Swiatowa Organizacja Zdrowia (ang. World Health Organization)



IV. WSTEP

4.1. Znaczenie Kkliniczne bakterii z rodzaju Acinetobacter oraz gatunku

Acinetobacter baumannii

Acinetobacter baumannii (A. baumannii) nalezy do rodziny Moraxellaceae 1 rodzaju
Acinetobacter. Ksztalt jego komorek zblizony jest do formy przejsciowej miedzy kulistym
ziarenkowem (coccus) a wydtuzong pateczka (bacillus), okreslang coccobacillus [1].
Gdy bakteria ta jest hodowana w temperaturze 37°C, tworzy na podtozu statym §luzowate,
gladkie, szaro-biate kolonie [1]. Klinicznie istotne Acinetobacter spp., ktore najczesciej
wywoluja infekcje w $rodowisku szpitalnym, nalezag gléwnie do kompleksu
Acinetobacter calcoaceticus — Acinetobacter baumannii (ACB), obejmujacego takie gatunki
jak: A. baumannii, A. pittii, A. nosocomialis, a takze nowo zidentyfikowane A. seifertii
i A. dijkshoorniae [2]. W ciagu ostatniej dekady rozw6j metod molekularnych znacznie
poprawit identyfikacje szczepow Acinetobacter. Wsrod dostepnych metod, spektrometria
masowa z desorpcja/jonizacja laserem wspomagana matryca (MALDI-TOF MS) okazala si¢
najbardziej pomocna [3].

Ta Gram-ujemna, katalazo-dodatnia, oksydazo-ujemna, bezwzglednie tlenowa,
niefermentujgca bakteria jest szeroko rozpowszechniona w r6znych srodowiskach. Bakterie
z rodzaju Acinetobacter wystgpuja w wodzie, glebie, Zzywnosci, $ciekach, bytuja roéwniez
u zwierzat (koty domowe, psy) i u ludzi. U oséb zdrowych bakterie te moga kolonizowac
skore, spojowke oka, blong Sluzowa jamy ustnej, przewodu pokarmowego i narzadow
moczowo-ptciowych [4]. Tak szerokie rozpowszechnienie oraz narastajagca opornosc¢
A. baumannii na antybiotyki, stanowi powazne zagrozenie dla zdrowia ludzi [1].
W medycynie, najwigksze znaczenie ma wystepowanie A. baumannii w Srodowisku
szpitalnym. Ten oportunistyczny drobnoustrdj moze by¢ izolowany ze sprz¢tu medycznego
wielokrotnego uzytku (np. urzadzenia do monitorowania cis$nienia, stetoskopy,
laryngoskopy, nawilzacze), z bielizny szpitalnej, ze zlewow, klamek do drzwi, a nawet
rekawiczek 1 fartuchow personelu szpitalnego [5]. Acinetobacter baumannii moze zaro6wno
kolonizowaé pacjentéw, jak roéwniez by¢ przyczyna trudnych w leczeniu zakazen
przebiegajacych z wysokg $Smiertelnoscig. Wewnatrzszpitalna transmisja 4. baumannii, tak
jak w przypadku wielu innych drobnoustrojow powodujacych zakazenia szpitalne, nastgpuje
najczesciej przez rece personelu medycznego (spowodowana nieprzestrzeganiem procedury
higieny rak) lub przez kontakt pacjentow 2z zanieczyszczonymi powierzchniami

w $rodowisku szpitalnym [6]. Warto zauwazy¢, ze niektore badania sugerujag mozliwos¢
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transmisji A. baumannii takze droga kropelkowa [7, 8]. Czynniki ryzyka zakazenia
A. baumannii obejmuja: hospitalizacje na oddziatach intensywnej terapii, oddziatach
leczenia oparzen, neonatologii, a takze przerwanie cigglosci powierzchni skory/bton
sluzowych, immunosupresj¢, obecnos¢ cewnikoOw wewngtrznaczyniowych, stosowanie
inwazyjnych procedur medycznych, zaawansowany wiek pacjenta, obnizenie odpornosci
zwigzanej np. z terapia nowotwordw zlosliwych, stosowanie wentylacji mechanicznej,
wczesniejszg kolonizacje tym drobnoustrojem, przedtuzony pobyt w szpitalu, oraz cigzki
stan ogolny pacjenta [9].

Badania materialu genetycznego i analiza ekspresji genow A. baumannii pozwolity
stwierdzi¢, ze bakteria ta zawiera 16 wysp genowych kodujacych réznorodne czynniki
zjadliwo$ci [4], posrod ktorych liczne najprawdopodobniej pozostaja nadal nieznane.
Jednym z wazniejszych czynnikdéw zjadliwosci tej bakterii jest zdolnos¢ do tworzenia
biofilmu. Do innych istotnych czynnikow zjadliwo$ci naleza: biatka blony zewngtrznej
OmpA, Omp 33-36, Omp 22, uczestniczace w inwazji komorek gospodarza i indukcji
procesu apoptozy [10, 11]; lipopolisacharyd (LPS) stymulujacy odpowiedZ immunologiczng
w komorkach gospodarza; system pozyskiwania zelaza, magnezu i cynku, ktory w wyniku
konkurencji o mikroelementy prowadzi do $mierci komorek gospodarza; fosfolipazy C i D
(PLC 1 PLD) uczestniczace w procesie inwazji; pile typu IV uczestniczace w procesie
rozpoznawania wlasciwosci reologicznych $rodowiska zewnetrznego 1 procesie tworzenia
biofilmu, a takze uklad wydzielniczy typu II, V 1 VI uczestniczacy w regulacji procesu
adherencji do komorek gospodarza i procesie tworzenia biofilmu [12].

A. baumannii cechuje si¢ duza opornoscig na srodki dezynfekcyjne oraz odpornoscia
na wysuszenie, przez co moze przetrwac¢ nawet kilka miesiecy na powierzchniach urzadzen
medycznych, klamkach, materacach, w tazienkach czy na dozownikach mydel/plynow
dezynfekcyjnych [13-15]. Naturalnie wystepujace w materiale genetycznym A. baumannii
geny kodujace P-laktamazy AmpC oraz OXA-51 warunkuja oporno$¢ na niektore
antybiotyki B-laktamowe, a zdolno$§¢ do nabywania kolejnych mechanizméw opornosci
powoduje, ze Acinetobacter baumannii jest jednym z najbardziej opornych drobnoustrojow
wywotujacych zakazenia u cztowieka [1, 13]. Bakterie te zdolne sg do horyzontalnego
transferu gendw opornosci w obrgbie wiasnego gatunku, a takze do pozyskiwania genéw
oporno$¢ od innych bakterii. Transfer moze odbywac si¢ przez koniugacje, transformacje,
transdukcje lub za posrednictwem pecherzykow btony zewnetrznej (OMV) [16, 17].
Wielolekooporne szczepy Acinetobacter baumannii dysponuja szerokim arsenatem

réznorodnych mechanizmdw opornos$ci na rézne grupy antybiotykdéw. Najwazniejsze z nich
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to: wytwarzanie enzymdéw rozktadajacych/modyfikujacych antybiotyk, obnizenie
przepuszczalnos$ci btony zewngtrznej, zwigkszona ekspresja pomp usuwajacych antybiotyk
z komorki, modyfikacja miejsca docelowego dzialania antybiotyku [8]. Przykladowo,
oporno$¢ A. baumannii na fluorochinolony moze by¢ spowodowana mutacjg w genach gyr4
i parC, ktéore koduja odpowiednio gyraz¢ DNA i topoizomeraze IV [18], opornos¢
na aminoglikozydy moze wynika¢ z enzymatycznej modyfikacji antybiotyku i/lub metylacji
16S rRNA, a w przypadku karbapenemow istotne znaczenie majg karbapenemazy, z ktérych
najczegsciej wystepuja enzymy zwane oksacylinazami (OXA), zaliczane do klasy D
B-laktamaz [4]. Z klinicznego punktu widzenia szczegdlnie niepokojaca jest narastajaca
oporno$¢ na karbapenemy, ktore do pewnego czasu byly skutecznymi lekami, czgsto
wykorzystywanymi w leczeniu zakazen wywotanych przez 4. baumannii [19]. Mechanizmy

opornosci u Acinetobacter baumannii przedstawia Rycina 1.

klasa A wg Amblera: TEM, SHY,
CTX-M, PER, KPC, GES, VEB

B-laktamazy klasa B wg Amblera: NDM, IMP,

VIM, SIM

m:g:gg;:ﬂ: I?A'\lg caro klasa C wg Amblera: AmpC
P?mpa Nadrodzina ABC Eleavmt?ﬁg HMP klasa D wg Amblera: OXA
Wyptywowa | Rodzina MATE °
Rodzina SMR '.. : OprD Metylaza 16S rRNA
[ AACs

Enzymy modyfikujace ANTs
aminoglikozydy (AMEs)

APHs

Gyraza DNA
Topoizomeraza IV

Y l
\ )

Biatko wigzace
penicyling Horyzontalny Formowanie
transfer genow biofilmu

opornosci

Rycina 1. Gtowne mechanizmy opornosci A. baumannii. Zaadaptowano na podstawie

publikacji [4].
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Aktualnie jako leczenie pierwszego wyboru w przypadku zakazen wywotanych
przez Acinetobacter baumannii zaleca si¢ zastosowanie leczenia skojarzonego, najlepiej
z udzialem preparatow zawierajacych sulbaktam [20]. Nalezy jednak zaznaczy¢, ze szczepy
wielolekooporne A. baumannii czgsto wykazujg wrazliwos¢ jedynie na kolistyne. Kolistyna
jest antybiotykiem bakteriobdjczym skladajacym si¢ z 10 aminokwaséw (sekwencja:
KTKKKLLKKT; MW = 1145) i czasteczki kwasu ttuszczowego (kwas 6-metylooktanowy).
Szes¢ aminokwasow sktadowych ma tadunek dodatni, a zawarto$¢ hydrofobowa wynosi
20% [21]. Mechanizm dzialania kolistyny polega na oddzialywaniu z blong komodrkowa
i blong zewngtrzng bakterii. Kolistyna wigzac si¢ z lipidem A powoduje destabilizacje
i uszkodzenie bton komodrkowych, co w efekcie prowadzi do $mierci komorki. Niestety
coraz liczniejsze doniesienia informujg o opornos$ci Acinetobacter baumannii na kolistyne.
Mechanizm oporno$ci polega na modyfikacji lipidu A, ktora jest wynikiem mutacji
punktowych w operonie pmrAB i genach mcr [19, 22, 23]. Przedstawione dane ukazuja
wyjatkowo niebezpieczng sytuacje zwigzang z bardzo ograniczonymi mozliwo$ciami

leczenia zakazen wywotywanych przez A. baumannii.

4.2. Zakazenia wywolane przez Acinetobacter baumannii jako globalny problem
wspolczesnej medycyny

A. baumannii nalezy do grupy bakterii okreslanej akronimem ,ESKAPE”
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa i Enterobacter spp.). Jest to grupa bakterii, ktora
w skali globalnej lekoopornosci wywotuje zakazenia bedace istotnym zagrozeniem dla zycia
1 zdrowia, zwlaszcza u pacjentow hospitalizowanych z czynnikami ryzyka zakazen [24].
Wigkszo$¢ bakterii tej grupy to mikroflora fizjologiczna (E. faecium, Enterobacter spp.) lub
bakterie ze srodowiska zewnetrznego (P. aeruginosa, A. baumannii) stanowiace bakterie
oportunistyczne. Grupe ,,ESKAPE” wyr6zniono ze wzgledu na tatwos$¢ nabywania przez
te bakterie genéw opornosci [13].

Oporny na karbapenemy A. baumannii (CRAB) powoduje ciezkie, czgsto $miertelne
zakazenia szpitalne i z tego powodu jest klasyfikowany jako patogen krytyczny na liscie
patogendw priorytetowych Swiatowej Organizacji Zdrowia (WHO) w zakresie badan
1 rozwoju nowych antybiotykéw. Na liscie opublikowanej w 2017 r. przez WHO znajduje
si¢ 56 bakterii, ktore ze wzgledu na oporno$¢ na antybiotyki stanowia powazne zagrozenie
dla zdrowia publicznego [25]. Do zakazen o etiologii 4. baumannii dochodzi przede

wszystkim u pacjentow hospitalizowanych w oddziatach intensywnej terapii 1 wiaze si¢
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z wysoka $miertelnoscig [13, 24, 26]. Stosowanie inwazyjnych procedur prowadzacych
do naruszalno$ci cigglosci barier anatomicznych (np. cewnikowanie naczyn, stosowanie
cewnikoéw urologicznych, respiratoroterapia) oraz szeroko stosowana antybiotykoterapia
zaburzajaca naturalng mikrobiote gospodarza stanowig istotne czynniki ryzyka zakazen
wywotywanych przez ten drobnoustrdj [13]. Zakazenia obejmuja najczesciej szpitalne
zapalenie pluc (HAP), zapalenie ptuc zwigzane z wentylacja mechaniczng pluc (VAP),
zakazenie tozyska naczyniowego, zakazenie ran chirurgicznych i oparzeniowych oraz
uktadu moczowego [13, 27, 28]. Z przeprowadzonej metaanalizy wynika, ze 80% szczepow
A. baumannii odpowiedzialnych za HAP oraz VAP na calym $wiecie to szczepy
charakteryzujace si¢ wielolekoopornos$cia, natomiast w Europie Zachodniej to az 91% [29].

Szczepy A. baumannii dzigki obecno$ci biatek adhezyjnych moga przylegaé¢ do
komorek lub powierzchni abiotycznych i tworzy¢ biofilm [30]. Wystgpowanie tych bakterii
w postaci skupiska mikroorganizméw otoczonego macierzg zewnatrzkomorkowa zapewnia
znaczng oporno$¢ na antybiotyki. Komorki w strukturze biofilmu staja si¢ od 10 do 1000
razy mniej wrazliwe na $rodki przeciwdrobnoustrojowe w porownaniu do tych samych
bakterii wystepujacych w formie planktonicznej [31, 32]. Wchodzace w sktad blony
zewnetrzne] tych Gram-ujemnych bakterii lipopolisacharydy (LPS) indukuja reakcje
zapalng poprzez aktywacje receptora TLR4, prowadzac do zwigkszonego wytwarzania
1 wydzielania cytokin prozapalnych, takich jak: TNF-a i IL-8 [33, 34]. Ze wzgledu na
wielolekooporno$¢ A. baumannii walka z tym patogenem jest niezmiernie trudna,
a ograniczona liczba efektywnie dziatajagcych antybiotykéw sktania do poszukiwania

bardziej skutecznych alternatywnych metod leczenia [25].

4.3. Naturalne peptydy przeciwdrobnoustrojowe i ich wykorzystanie w rozwoju
nowych lekow przeciwbakteryjnych i immunomodulujacych
Wielu  badaczy  podejmuje  proby  opracowania  nowych lekéw
przeciwdrobnoustrojowych i1 metod terapii zakazen wywolywanych przez szczepy bakterii
opornych na obecnie stosowane leki przeciwdrobnoustrojowe. W ostatnim dwudziestoleciu
duze nadzieje wigze si¢ z opisaniem wlasciwosci przeciwdrobnoustrojowych naturalnych
peptydow (AMP) stanowigcymi element wuktadu odpornosciowego wiekszosSci
organizméw [35]. Organizmy zywe, funkcjonujgce w tancuchu pokarmowym sg caty czas
narazone na agresj¢ ze strony innych form zywych. W procesie ewolucyjnego wspotistnienia
bylo to 2z pewno$cia jedng z przyczyn rozw6j ukladu odpornosciowego.

Juz u najwczesniejszych form zywych w tym bakterii, owaddéw 1 roslin istotnym elementem
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niespecyficznej obrony s3 wspomniane wyze] peptydy przeciwdrobnoustrojowe.
U czlowieka sg one istotng grupg substancji funkcjonujacych w pierwszej linii obrony, to jest
na powierzchni skory i bton §luzowych [36, 37].

Zaktadajac, iz peptydy przeciwdrobnoustrojowe sg ewolucyjnie stare, interesujace
jest pytanie dotyczace opornosci bakterii na ich dziatanie lub braku mozliwosci
drobnoustroju do wytworzenia mechanizméw umozliwiajacych taka opornos¢. Na bazie
tych dwoch pytan w okresie ostatnich 20 lat przeprowadzono duza ilo§¢ badan celem
identyfikacji AMP u roznych gatunkéw roslin i zwierzat, a takze poznania ich natury
fizykochemicznej i mechanizméw dziatania [38]. Dzi§ wiemy, ze wickszo$¢ AMP to kroétkie,
amfipatyczne tancuchy peptydowe zawierajace od 10 do 100 aminokwasow, posiadajace
dodatni tadunek umozliwiajacy elektrostatyczne oddziatywanie z negatywnie natadowang
powierzchnig bakterii, w wyniku ktérego dochodzi do polaczenia czasteczek peptydow
z powierzchnig zewnetrzng bakterii a nastepnie wbudowania peptydu w struktury btony
komoérkowej. Spowodowane t3 interakcja uszkodzenie blony plazmatycznej komorki
bakterii skutkuje utrata funkcji btony powierzchniowe;j (utrata kontroli wymiany substancji
pomiedzy cytoplazma komorki a Srodowiskiem zewne¢trznym) w wyniku czego dochodzi
do $mierci komorki [39-41]. AMP uszkadzajg blone przez ,,zerwanie wigzan lipidowych”,
podobnie jak to si¢ dzieje pod wptywem detergentow. Dochodzi rowniez do tworzenia miceli
z fragmentow blony po zniszczeniu dwuwarstwy lipidowej [42].

Warto zaznaczy¢, ze poza bezposrednim dziataniem przeciwdrobnoustrojowym
naturalne AMP wykazujg réwniez zdolnos$¢ aktywacji roznorodnych receptorow btonowych
(np. receptorow FPRL1, EGF, P2Y6, P2X7) 1 wielokierunkowe dzianie immunomodulujace,
przeciwnowotworowe i regeneracyjne [43-46]. Dlatego nalezy przypuszczac, ze syntetyczne
peptydy, jak 1 ich lipidowe mimetyki moga sta¢ si¢ zrodlem nowych lekow, w ktorych
poszczegbdlne wymienione powyzej efekty dziatania beda spotencjalizowane. Zaktada si¢
roOwniez, ze w procesie syntezy peptydow bedzie mozna wyeliminowaé ich dziatanie
hemolityczne, za ktére najprawdopodobniej odpowiadaja odmienne sekwencje
aminokwasowe [47].

AMP pomimo szerokiego spektrum dziatania przeciwdrobnoustrojowego maja
istotne ograniczenia wynikajace z ich natury chemicznej. Jako peptydy sa rozktadane przez
proteazy, a ich produkcja jest stosunkowo droga [48]. Ze wzgledu na te ograniczenia zaczgto
poszukiwania alternatywnych rozwigzan, w wyniku ktérych opracowano syntetyczne
lipidowe analogi AMP. Kationowe lipidy, ktérych przyktadem sa cerageniny (CSA), bedace

mimetykami AMP, ktore pod wzgledem fizykochemicznym odzwierciedlajg nature,
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tj. s zwigzkami amfipatycznymi, posiadajagcymi ladunek dodatni i majacymi zdolnosci
insercji btonowej. Nalezy podkresli¢, ze cerageniny wykazuja potencjal aplikacyjny jako

antybiotyki drobnoczasteczkowe [49, 50].

4.4. Cerageniny jako potencjalne czynniki terapeutyczne w zwalczaniu szczepow
bakterii wielolekoopornych

Struktura chemiczna ceragenin oparta jest na kwasie cholowym 1 zapewnia
im stabilno$¢ w obecnosci proteaz [51]. Cerageniny oznaczone numerycznie od CSA-1
do CSA-50 naleza do I generacji, natomiast pozostate do II generacji [52]. W pierwszej
generacji tych zwiazkéw znajduja si¢ substancje o wigkszej aktywnos$ci w stosunku
do ziarenkowcoéw Gram-dodatnich, natomiast w drugiej te o wigkszej aktywnoSci
w stosunku do pateczek Gram-ujemnych; np. CSA-131 cechujacy si¢ duza aktywnoscia
w stosunku do Pseudomonas aeruginosa. Roznice aktywnos$ci CSA wynikaja w duzej czesci
z obecnosci réznych podstawnikow acylowych przy atomach wegla i r6znic w dtugosci ich
fancuchéw [53]. CSA-131, zawierajacy tancuch lipidowy sktadajacy si¢ z 12 atomow wegla,
wykazuje najwyzsza aktywno$¢ w stosunku do pateczek Gram-ujemnych, CSA-13
1 CSA-44 posiadajace tancuchy lipidowe sktadajace si¢ z 8 atoméw wegla cechuje nizsza
w porownaniu do CSA-131 aktywnos$¢ wobec pateczek Gram-ujemnych [54-57]. Obecno$¢
réznych podstawnikow stanowi takze o roznicy ilosci tadunkéw dodatnich i ich dystrybucji
(rozna gesto$¢ tadunku) w réznych czasteczkach CSA. Warto wspomnie€, iz niedawno
przeprowadzone badanie, w ktérym aktywnos$¢ przeciwdrobnoustrojowa CSA-13, CSA-142
1 CSA-192 badano wobec 20 szczepow Escherichia coli, Acinetobacter baumannii,
Pseudomonas aeruginosa, Staphylococcus aureus i Candida albicans wykazato, ze CSA-13
ma najmniejsze wartosci MIC. W analizie wynikéw przeprowadzonych badan autorzy
podkreslili, ze CSA-142 1 CSA-192 wykazaty rowniez dobra aktywno$¢ wobec badanych
mikroorganizméw, a wiasciwosci bakteriobdjcze 1 grzybobojcze CSA-142 i CSA-192
pokazuja, ze mogg one by¢ dobrg alternatywa dla CSA-13 [58].

Cerageniny jako zwiazki nasladujace dziatanie AMP, wykazuja szerokie spektrum
dzialania przeciwdrobnoustrojowego, przy niskim potencjale toksycznego wplywu
na organizm gospodarza [48, 59, 60]. Niewielkie roznice pomiedzy MIC 1 MBC §wiadcza
o dziataniu bakteriobojczym ceragenin [61], a ich dziatanie przeciwdrobnoustrojowe jest
znacznie silniejsze niz AMP [62]. Poza dziataniem przeciwbakteryjnym cerageniny
ograniczaja odpowiedZ zapalng przez sekwestracje endotoksyn (CSA hamujg taczenie LPS

z TLR4) [33], wykazuja dziatanie przeciwnowotworowe [63], jak rowniez dzialanie
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przeciwwirusowe, przeciwpierwotniakowe [64, 65] 1 grzybobojcze [51, 64-66].
Te wlasciwosci zapewniajg rowniez skutecznos¢ wobec mikroflory mieszanej [60]. Mozna
przypuszczaé, iz szerokowachlarzowa aktywno$¢ CSA pozwoli na ich wykorzystanie
w terapii empirycznej zakazen. Cerageniny, nasilajagc angiogenez¢ wspomagajg gojenie ran

[67], a poprzez wzrost ekspresji BMP-2 stymulujg osteogeneze (Rycina 2) [68].
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Rycina 2. Wielokierunkowe dziatanie ceragenin.

Ze wzgledu na znacznie prostsza strukture, koszty syntezy ceragenin sg znacznie
nizsze od kosztow syntezy AMP, co stanowi istotng zalete i daje potencjalnie mozliwos¢
szerokiego zastosowania tych zwigzkow [48].

Dziatanie ceragenin jest podobne do dziatania AMP [49]. Warto réwniez zwrdcié
uwage na analogie¢ w mechanizmie dziatania CSA 1 kolistyny. Badania mikroskopowe
potwierdzaja zdolno$¢ CSA do interakcji z blonami plazmatycznymi, o czym $wiadczy
obecno$¢ znieksztalcen, mikropgknie¢ oraz zmian powierzchni komoérek w obecnosci tych
zwiazkow (Rycina 3) [55]. Poprzez zwigkszenie przepuszczalnosci btony, cerageniny moga
uwrazliwi¢ bakterie na hydrofobowe antybiotyki, ktore samodzielnie nie s3 w stanie
skutecznie przeniknag¢ przez blong [69]. Opisywane zastosowanie ceragenin

z konwencjonalnymi antybiotykami wykazuje dziatanie synergistyczne lub addytywne [50,
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56, 61, 70, 71]. Dziatanie synergistyczne opisano mi¢dzy innymi dla CSA-13 i kolistyny w
stosunku do klinicznych szczepow A. baumannii opornych na karbapenemy [72].
Warto zauwazy¢, ze w dotychczasowych badaniach nie wykazano efektu antagonistycznego
[56, 59, 72]. Dodatkowo zaobserwowano zwigkszong ilo§¢ wytwarzania reaktywnych form

tlenu (ROS) w komérkach bedacych pod wplywem dziatania ceragenin [73].
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Rycina 3. Schemat przedstawiajqcy dzialanie ceragenin.

Kolejng wazng cechg ceragenin jest ich aktywno$¢ w stosunku do biofilmu
drobnoustrojéw. Prace do$wiadczalne wskazuja na potencjalng mozliwos¢ wykorzystania
CSA zar6wno w prewencji powstawania biofilmu na powierzchniach abiotycznych, jak
1 eradykacji juz uformowanych biofilméw [48]. CSA wplywaja na zwigkszenie jego
,»ptynnosci” oraz obnizenie lepkosci [74]. Mozliwym wydaje si¢ zastosowanie
na silikonowych wyrobach medycznych powtoki ceragenin, zapobiegajacej przed lokalnym
wzrostem flory bakteryjnej i grzybiczej [75].

Jedng z gléwnych zalet ceragenin jest jak dotad niezaobserwowane powstawanie
oporno$ci w warunkach in vitro [76, 77]. Obiecujace wyniki przedstawiajag badania
dotyczace braku nabywania opornosci na cerageniny przez bakterie Gram-ujemne. Stanowi

to ogromng przewage nad antybiotykami stosowanymi konwencjonalnie [48]. Dzieki
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nasladowaniu mechanizmu dziatania AMP, ktéry skutecznie funkcjonuje od miliondéw lat
toczacego si¢ procesu ewolucji, istnieje nadzieja na opracowanie skutecznych lekow
o znikomym potencjale wytworzenia przez drobnoustroje opornosci na te zwigzki [78].

Aktywno$¢ ceragenin moze by¢ modulowana po ich przytaczeniu do powierzchni
nanoczastek metali. Nanoczastki charakteryzuje rozmiar w przedziale 1-100 nm,
w co najmniej jednym wymiarze [79]. Wiaczenie ceragenin do nanosystemow typu rdzen-
powtoka poprawia ich aktywno$¢ biologiczna; tj. ich wtasciwosci przeciwdrobnoustrojowe
1 przeciwnowotworowe. Dodatkowo cerageniny jako sktadniki nanosystemow wykazuja
mniejszg toksycznos¢ w stosunku do komorek gospodarza. [80, 81]. Nanosystemy moga
zosta¢ wykorzystane w kontrolowanym systemie dostarczania lekéw. Nanostruktury moga
otacza¢ 1 dostarcza¢ cerageniny do miejsc infekcji, zwigkszajac w ten sposob ich lokalne
stezenie 1 skuteczno$¢ [82, 83]. Wlaczenie ceragenin do nanosysteméw zawierajacych
magnetyczne nanoczasteczki tlenku zelaza ogranicza ich toksyczno$é, redukujac hemolizg
oraz zwigksza wlasciwosci przeciwdrobnoustrojowe. Ze wzgledu na mechanizm
oddziatywania z blonami plazmatycznymi, zastosowanie ceragenin w wysokim stezeniu
powoduje uszkodzenie krwinek czerwonych. Zastosowanie nanoczasteczek tlenku zelaza
znaczaco redukuje hemolize mimo stosowania wysokich stezen ceragenin [84]. Sprzezenie
ceragenin z nanoczgstkami zlota zwigksza aktywno$¢ przeciwdrobnoustrojowa
w porownaniu z ich dziataniem bez potaczenia z nanoczastkami ztota, wykazujac przy tym
minimalny efekt hemolityczny [85]. Nanoczastki ztota charakteryzuja si¢ wysoka penetracja
do komorek, zdolnoscig generowania ROS, dobra biokompatybilnoscia oraz niska
toksyczno$cig [86-88]. Warto zaznaczy¢, ze aktywno$¢ przeciwdrobnoustrojowa
nanoczastek ztota jest zalezna od ich ksztattu [89].

Mozna przypuszczaé, ze kontynuacja badan aktywno$ci biologicznej ceragenin
1 nanosystemow zawierajacych te pochodne kwasu cholowego stanie si¢ Zrédtem nowych
lekow przeciwdrobnoustrojowych znajdujacych praktyczne zastosowanie w leczeniu
zakazen. Warto doda¢, ze dotychczas cerageniny zostaty dopuszczone do uzycia jako
substancje do powlekania rurek intubacyjnych i1 s3 to produkty dostepne na rynku
w Kanadzie 1 kilku krajach Ameryki Lacinskiej. Trwaja tez badania kliniczne celem

potwierdzenia korzysci z ich stosowania [90].
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V. OMOWIENIE PRAC SKEADAJACYCH SIE NA PRACE DOKTORSKA

5.1. Cel pracy

Narastajagca oporno$¢ na antybiotyki prowadzi do ograniczenia mozliwosci

skutecznego leczenia zakazen, zwlaszcza u pacjentow hospitalizowanych. Konieczne staje

si¢ poszukiwanie nowych metod zwalczania zakazen wywolywanych przez bakterie

lekooporne.

Gtownym celem pracy byta ocena dzialania przeciwbakteryjnego ceragenin, jako

potencjalnych substancji do opracowania nowych metod leczenia zakazen o etiologii

Acinetobacter baumannii. Badania przeprowadzono w gléwnej mierze na wyizolowanych

szczepach z materialu diagnostycznego pobranego od pacjentow.

Cele szczegotowe niniejszej pracy byly nastepujace:

1. Ocena aktywnosci ceragenin CSA-13, CSA-44 i CSA-131 wobec laboratoryjnych

i klinicznych szczepow A. baumannii izolowanych od pacjentéw oddziatow

intensywnej terapii.

2. Porownanie aktywnosci bakteriobojczej CSA-13, CSA-44 1 CSA-131 z obecnie

stosowanymi lekami przeciwdrobnoustrojowymi (ciprofloksacyna, kolistyna,

meropenem) w terapii zakazen o tej etiologii.

3. Ocena aktywnosci ceragenin CSA-13, CSA-44 i1 CSA-131 wobec biofilmu

A. baumannii utworzonego na powierzchni silikonu oraz w zapobieganiu jego

tworzenia.

4. Ocena wplywu ceragenin CSA-13 oraz CSA-131 na morfologie¢ komodrek

A. baumannii z wykorzystaniem mikroskopii sit atomowych.

5. Ocena cytotoksyczno$ci ceragenin wobec komorek nablonkowych ludzkiego

nowotworu ptuc linii A549.

6. Ocena wplywu CSA-13 na adhezj¢ A. baumannii do komodrek nabtonkowych

ludzkiego nowotworu pluc linii A549.
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5.2. Materialy i metody
5.2.1. Materialy badawcze

Badania przeprowadzono z wykorzystaniem szczepu laboratoryjnego (wzorcowego)
pochodzacego z American Type Culture Collection (ATCC 19606, USA) oraz 65 (S01-S65)
szczepow klinicznych wyizolowanych z poptuczyn oskrzelowych, plwociny, wymazu
zgardla i1 wymazu z rany. Izolaty A. baumannii hodowano na ptytkach agarowych
1 analizowano przy uzyciu systemu VITEK®2 (bioM¢érieux, Marcy-I'Etoile, Francja).
Szczepy oznaczone kolejno SO1, S02, S04, S05, S06 1 SO8 zostaty zidentyfikowane jako
szczepy A. baumannii oporne na karbapenemy (CRAB). Dodatkowo w badaniach
wykorzystano komorki nabtonkowe ludzkiego nowotworu ptuc linii A549.

W trakcie realizacji badan wykorzystano cerageniny (CSA-13, CSA-44 oraz
CSA-131) pozyskane w ramach wspotpracy z prof. Paulem B. Savagem z Brigham Young
University (Provo, USA). Konwencjonalne leki przeciwdrobnoustrojowe, tj. kolistyna
(#C4461), ciprofloksacyna (#17850) oraz meropenem (#PHR1772), uzyskano z Sigma
Aldrich (USA). Wszystkie badane zwiazki przygotowano w sterylnym roztworze soli
fizjologicznej 1przechowywano w temperaturze 4°C do czasu przeprowadzenia
eksperymentdw. Sterylne rurki dotchawicze pochodzity od firmy Zarys (Polska).

Badania stanowigce przedmiot niniejszej rozprawy doktorskiej uzyskaty pozytywna
opini¢  Komisji  Bioetycznej  Uniwersytetu =~ Medycznego ~w  Bialymstoku

(nr: APK.002.406.2023).

5.2.2. Ocena aktywno$ci przeciwbakteryjnej badanych ceragenin oraz

konwencjonalnych lekow przeciwbakteryjnych

Celem oceny wlasciwosci  przeciwbakteryjnych  badanych  zwigzkow,
przeprowadzono pomiar najmniejszego st¢zenia hamujacego (MIC, ang. minimum
inhibitory concentration) oraz najmniejszego stezenia bakteriobojczego (MBC,
ang. minimum bactericidal concentration) stosujgc metod¢ mikrorozcienczen w bulionie.
Stezenia badanych zwigzkow wahaty sie od 0,125 do 256 pg/ml. MIC okres$lono jako
najnizsze stezenie ceragenin lub lekoéw przeciwbakteryjnych, ktore hamowalo wzrost
bakterii. MBC okreslono jako redukcje co najmniej 99,9% zywych komorek bakterii
na agarze stalym. Celem dalszego okres$lenia aktywnos$ci bakteriobojczej zastosowano test
zliczania kolonii (ang. killing assay) wobec komoérek A. baumannii opornych
na karbapenemy (S02, S04, S06) oraz szczepu laboratoryjnego (ATCC19606). Podczas tego

badania wykorzystano zawiesing bakterii, do ktorej dodano badane substancje w stezeniach
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1-5 pg/ml. Po godzinnej inkubacji w temperaturze 37°C, zawiesiny rozcienczano
10-1000-krotnie w soli fizjologicznej buforowanej fosforanami (PBS), ptytki umieszczano
na lodzie, nast¢gpnie pobierano po 10 pul zawiesiny i1 wysiewano na ptytkach agarowych
Muellera-Hintona (MH) celem okreslenia liczby uformowanych kolonii (CFU). Liczbe

kolonii okreslono po catonocnej hodowli w poréwnaniu z kontrolg (0 pg/ml).

5.2.3. Ocena zdolnoSci ceragenin do hamowania tworzenia biofilmu A. baumannii
Skutecznos¢ ceragenin (CSA-13, CSA-44 1 CSA-131) i konwencjonalnych lekow
przeciwbakteryjnych (kolistyny, ciprofloksacyny i meropenemu) w zapobieganiu tworzenia
biofilmu badano inkubujac oporne na karbapenemy szczepy A. baumannii (S02, S04, S06)
w dawkach 1-50 pg/ml badanych zwigzkow przez 72 godziny w temperaturze 37°C.
Po okresie inkubacji pozywka zawierajaca bakterie planktoniczne zostata usunigta,
a studzienki delikatnie przeptukano trzykrotnie PBS. W celu zabarwienia biofilmu (ocena
wzglednej masy biofilmu) uzyto resazuryng w koncowym stezeniu 200 pg/ml
1 pozostawiano do dalszej inkubacji na jedng godzing. Aby oceni¢ Zywotno$¢ komorek

bakterii w obrebie biofilméw, zastosowano analiz¢ fluorymetryczng (Aex/em = 520/590 nm).

5.2.4. Ocena zdolnosci ceragenin do zwalczania biofilmu 4. baumannii na rurkach

intubacyjnych

Sterylne rurki intubacyjne pocig¢to na ~50 mm segmenty. Przygotowano zawiesing
bakterii zawierajaca 10° CFU/ml 4. baumannii (S02, S04, S06 oraz ATCC). Fragmenty rurek
umieszczono we wczesniej przygotowanej zawiesinie, w objetosci 1,5 ml, w studzienkach
ptytek do hodowli komoérkowych. Nastepnie dodano CSA-13 i CSA-131 w dawkach
od 0 do 20 pg/ml. Po 24 godzinach segmenty rurek intubacyjnych przeniesiono
do studzienek zawierajacych PBS. Delikatnie przemyte sterylnym PBS fragmenty rurek
intubacyjnych poddawano sonikacji przez 15 minut celem usunigcia bakterii przylegajacych
do ich powierzchni. Kolonie bakteryjne zliczono po seryjnym rozcienczeniu otrzymanych

zawiesin 1 hodowli na agarze MH przez ~18 godzin w temperaturze 37°C.
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5.2.5. Badania komorek A. baumannii poddanych dzialaniu ceragenin

z wykorzystaniem mikroskopii sil atomowych

Do pomiarow wykorzystano szczep A. baumannii oporny na karbapenemy (S02).
Zawiesine A. baumannii (ODeoo ~0,1) inkubowano z cerageninami CSA-13 1 CSA-131
ostezeniu 5 pg/ml i 10 pg/ml. Nastgpnie 200 pl badanych probek przenoszono
na powierzchni¢ miki, uprzednio sfunkcjonalizowanej poli-L-lizyna; 100 ul 0,01% roztworu
poli-L-lizyny (Sigma-Aldrich, #25988-63-0), inkubowano z pocigtymi plastrami miki.
Przyleganie komorek bakteryjnych do powierzchni miki osiggni¢to podczas 30 minutowej
inkubacji. Obrazy komoérek bakteryjnych i charakterystyke ich wtasciwo$ci mechanicznych
wykonano z wykorzystaniem mikroskopu sil atomowych NanoWizard 4 BioScience
(AFM-JPK/Bruker, MA, USA). Ze wzgledu na sily boczne wystepujace podczas
gromadzenia danych, ktore mogly powodowaé przemieszczanie si¢ komorek
po powierzchni, skanujacy AFM dziatat w trybie QI (Bruker/JPK QI™ mode-Quantitative
Imaging). Wsporniki AFM z azotku krzemu (Bruker, MSCT-A) mialy nominalng stalg
sprezystosci 0,07 N/m 1 zmierzong stala sprezysto$ci w zakresie 0,067-0,099 N/m, przy
uzyciu metody dostrajania termicznego. Komorki bakteryjne zostaty zlokalizowane przy
uzyciu map 20 x 20 um; nastgpnie utworzono mapy topografii o rozmiarze 3 pm x 3 pum,
z rozdzielczoscig 128 pikseli na lini¢, w warunkach wilgotnych. Mapy QI wykorzystano
do okreslenia sztywnosci powierzchni bakterii (tryb JPK Slope) 1 sil adhezji miedzy
komorkami a sonda AFM (tryb JPK Adhesion). Sztywnos$¢ komorek bakterii obliczono na
podstawie krzywych sita-odksztalcenie z map QI. Nachylenie krzywych sity zarejestrowano
na mice, a powierzchnie bakterii dopasowano za pomocg regresji liniowej 1 wykorzystano

jako parametr sztywnoS$ci (nN/um) odzwierciedlajacy sztywnos$¢ bakterii.

5.2.6. Ocena cytotoksycznosci ceragenin wobec komorek nablonkowych raka phluc

linii A549 przy uzyciu testu MTT

Aby oceni¢ cytotoksyczne dzialanie badanych ceragenin (CSA-13, CSA-44
1 CSA-131) przeprowadzono test MTT z wykorzystaniem komorek nabtonkowych
ludzkiego nowotworu ptuc linii A549. Komoérki hodowano na ptytkach 48-dotkowych
dodajac w czasie rozpoczecia hodowli 15-20 x 10° komérek na studzienke. Nastepnie
komorki poddawano dzialaniu ceragenin w stg¢zeniu od 1 do 50 pg/ml przez 24 godziny.
Po okresie inkubacji komorki delikatnie przemywano PBS celem usunigcia wszelkich
pozostalo$ci ceragenin. Po etapie ptukania Zywotno$¢ traktowanych cerageninami komorek

oceniano za pomocg testu MTT. Do kazdej studzienki dodano roztwér MTT o koncowym
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stezeniu 0,5 mg/ml, a nastgpnie plytki inkubowano przez dodatkowe 4 godziny
w standardowych warunkach hodowli komoérkowej. Po zakonczeniu okresu inkubacji,
krysztaty formazanu utworzone przez metabolicznie aktywne komorki byly rozpuszczane
przy uzyciu etanolu. Absorbancj¢ rozpuszczonego formazanu oceniano przy dtugosci fali
550 nm, przy uzyciu czytnika mikroptytek Varioskan Lux. Uzyskane warto$ci absorbancji
wykorzystano nastepnie do ilosciowego okresSlenia wzglednej zywotnosci komorek
w porownaniu z komoérkami hodowanymi bez dodatku ceragenin. Wszystkie eksperymenty
przeprowadzono w trzech powtorzeniach. Nastepnie przeprowadzono analize statystyczng

w celu oceny istotno$ci zaobserwowanych réznic migdzy badanymi grupami.

5.2.7. Ocena adhezji szczepéw A. baumannii do komérek nablonkowych raka pluc

linii A549

Celem oceny adhezji bakterii do komodrek nabtonka ptuc traktowanych CSA,
komorki nabtonkowe ludzkiego nowotworu ptuc linii A549 inkubowano z CSA-13 przez
1 godzing w stezeniach od 0 do 10 pg/ml a nastepnie dodawano bakterie 4. baumannii —
laboratoryjny szczep ATCC19606 oraz szczepy oporne na karbapenemy (S02, S04, S06) —
w ilosci 108 CFU/ml i kontynuowano inkubacje przez dwie godziny w 37°C w 5% COx.
Zakazone komorki nabtonkowe ludzkiego nowotworu pluc linii A549 poddano
pieciokrotnemu ptukaniu PBS, a do ich lizy uzyto 0,5% Triton X-100. Liczbe bakterii, ktore
przylaczyly si¢ do powierzchni komoérek nablonkowych ludzkiego nowotworu ptuc linii
A549 zliczono po umieszczeniu rozcienczonych lizatdow na agarze z krwig (Blood-Agar
Columbia, Becton Dickinson Microbiology Systems, East Rutherford, NJ, USA) i inkubacji

w temperaturze 37°C przez 24 godziny.
5.2.8. Analiza statystyczna

Zebrane dane 1 réznice okreslono za pomocg jednostronnego testu t-Studenta.

Za warto$¢ istotng statystycznie uznano p<0,05. Wyniki stanowig $rednig z trzech pomiaréw.
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5.3. Wyniki

5.3.1. Porownanie aktywnosci  przeciwbakteryjnej badanych ceragenin

do konwencjonalnych lekéw przeciwbakteryjnych stosowanych w leczeniu

zakazen o etiologii A. baumannii

Wartosci MIC szczepu laboratoryjnego A. baumannii ATCC 199606 mieszcza si¢
w zakresie od 0,5 do 1 pg/ml, a MBC wynosi 2 pg/ml dla konwencjonalnych lekow
przeciwbakteryjnych, co wskazuje na jego wrazliwos¢ na ciprofloksacyng, meropenem
1 kolistyne. Podczas analizy wrazliwosci na leki przeciwbakteryjne izolatéw klinicznych
zaobserwowano, ze wartosci MIC dla ciprofloksacyny w wigkszos$ci przypadkow wahaly si¢
od 16 do 256 pg/ml, podczas gdy jeden szczep kliniczny mial warto§¢ MIC wynoszaca
1 pg/ml. Zakres wartosci MIC dla meropenemu wynosit 4-256 pg/ml. Wigkszos¢ bakterii
miata wartoSci MBC wyzsze niz 256 ng/ml. Zakres wartosci MIC dla kolistyny wynosit
0d 0,5 do 64 pg/ml, przy czym wartosci MBC dla wigkszosci szczepow miescity sie
w przedziale od 1 do 16 ug/ml. Wskazuje to na niskg wrazliwo$¢ na ciprofloksacyne oraz
meropenem wigkszosci badanych szczepow. Kolistyna wykazuje dobrg skutecznosé
przeciwko badanym szczepom bakterii.

Wartosci MIC testowanych ceragenin (CSA-13, CSA-44 i CSA-131) dla szczepoéw
A. baumannii opornych na karbapenemy (SO01, S02, S04, S05, S06 1 S08) wynosily
1-4 pg/ml dla CSA-13, 0,5-8 ng/ml dla CSA-44, i 1-4 pg/ml dla CSA-131. Szczegotowo,
warto$ci MIC dla cerageniny CSA-13 zawieraly si¢ w zakresie st¢zen od 1 do 8 png/ml, przy
czym wigkszos¢ szczepow wykazywata wartosci MIC od 1 do 4 pg/ml. Wartosci MBC dla
cerageniny CSA-13 wahaly si¢ od 2 do 16 pg/ml, przy czym wigkszo$¢ szczepow
wykazywata wartosci MBC od 2 do 8 pg/ml. Co wazne, sposrod 66 testowanych izolatow
tylko trzy szczepy wykazywaty podwyzszone wartosci MIC 1 MBC wynoszace odpowiednio
8 ng/ml oraz 16 pg/ml, co sugeruje ich nizsza wrazliwo$¢ na CSA-13. Podobnie zakres
wartosci MIC dla CSA-44 zawieral si¢ w zakresie od 0,5 do 4 pg/ml oraz MBC
od 1 do 8 pg/ml dla wigkszos$ci szczepdw; tylko trzy szczepy wykazywaly wyzsze wartosci
MIC/MBC wynoszace 8-16 pg/ml. Analogicznie wartosci MIC CSA-131 zawierata sie
w przedziale od 1 do 4 pg/ml, a wartosci MBC pomiedzy 1 a 8 pg/ml dla przewazajacej
liczby szczepdw, a maksymalne wyzsze MIC/MBC wynoszace 8/16 ug/ml wykazaty trzy
szczepy. Potwierdza to wysoka wrazliwos¢ wigkszosci badanych szczepow na badane
cerageniny.

W tescie zliczania kolonii dla szczepu laboratoryjnego efekt bakteriobojczy

zaobserwowano przy zastosowaniu CSA-13, CSA-131 oraz kolistyny w stezeniu 0,5 pg/ml
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oraz CSA-44, ciprofloksacyny i meropenemu w stezeniu 2 pg/ml. Dla uzytych w tescie
zliczania kolonii szczepéw A. baumannii opornych na karbapenemy (S02, S05, S06) efekt
bakteriobojczy uzyskano przy zastosowaniu stezen CSA-13 0,5-1 pg/ml, CSA-44
2-5 png/ml, CSA-131 0,5-1 pug/ml oraz kolistyny 0,1-1 pg/ml, natomiast przy zastosowaniu
ciprofloksacyny i meropenemu nie osiagnigto efektu bakteriobdjczego przy najwyzszym
badanym st¢zeniu 5 pg/ml. W niniejszym badaniu najlepszym efektem bakteriobojczym
cechujg sie¢ CSA-13, CSA-131 oraz kolistyna, dobry efekt bakteriobdjczy uzyskano przy
uzyciu cerageniny CSA-44, natomiast ciprofloksacyna i meropenem nie wykazaty

wlasciwosci bakteriobdjczych w stosunku do badanych szczepow.

5.3.2. Hamowanie tworzenia biofilmu przez A. baumannii w obecnoS$ci ceragenin

i konwencjonalnych lekéw przeciwbakteryjnych

CSA-13 w stezeniu 5 pg/ml skutecznie hamowata powstawanie biofilmu badanych
szczepow A. baumannii opornych na karbapenemy. CSA-44 oraz CSA-141 skutecznie
zahamowaly tworzenie biofilmu przy stgezeniu 20 pg/ml. Rownie skuteczna okazala si¢
kolistyna, ktora w zalezno$ci od szczepu wykazata efekt hamowania powstawania biofilmu
przy stezeniach 0,5-5 pg/ml. Ciprofloksacyna hamowala tworzenie biofilmu szczepu
laboratoryjnego przy stezeniu 2 pg/ml oraz szczepu S06 przy stezeniu 50 pg/ml, natomiast
szczep S02 oraz S04 hamowata tylko czgsciowo. Ze wzgledu na oporno$¢ badanych
szczepow, meropenem nie zahamowat tworzenia biofilmu szczepdéw S02, S04 oraz S06
w maksymalnym badanym stezeniu 50 pg/ml.

Wyniki naszych badan wskazuja, ze CSA-13 wykazuje najwyzszy poziom
aktywnosci przeciwbiofilmowej, zaréwno przeciwko szczepowi laboratoryjnemu, jak
1 szczepom opornym na karbapenemy (S02, S04, S06). Co istotne, catkowity brak tworzenia
biofilmu zaobserwowano przy stezeniu 5 pg/ml CSA-13 1 20 pg/ml CSA-44 oraz CSA-131.
Wszystkie badane cerageniny wykazywaty wiekszg aktywno$¢ w zapobieganiu tworzeniu
si¢ biofilmu anizeli ciprofloksacyna i meropenem, a tylko kolistyna miata porownywalne
wlasciwosci przeciwbiofilmowe do CSA-13. Wyniki wskazuja, ze CSA-13 ma obiecujace
wlasciwos$ci przeciwbiofilmowe 1 moze by¢ bardzo skutecznym elementem przysztych
terapii zakazen CRAB. Ponadto duza skuteczno$¢ CSA-44 1 CSA-131 w eliminowaniu
biofilméw A. baumannii sugeruje, ze zwiazki te moga by¢ uzytecznymi substytutami innych

terapii.
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5.3.3. Potencjal eradykacyjny ceragenin przeciwko A. baumannii tworzacym biofilm

na powierzchni rurek intubacyjnych

Zgodnie z wczesniejszymi obserwacjami, A. baumannii tworzy biofilm
na silikonowych powierzchniach rurek dotchawiczych. Zastosowanie ceragenin (CSA-13
1 CSA-131) w takiej hodowli wykazato silng aktywnos$¢ eradykacyjng biofilmu komorek
A. baumannii opornych na karbapenemy. W stezeniu 10 pg/ml CSA-13 skutecznie
wyeliminowata komorki bakteryjne w biofilmie na badanych segmentach rurek
intubacyjnych. Ponadto zastosowanie 5 pug/ml CSA-13 doprowadzito do zmniejszenia masy
biofilmu o okoto 80% w przypadku laboratoryjnego i klinicznych szczepow A. baumannii.
Takze zastosowanie CSA-131 wykazalo zalezny od st¢zenia efekt eradykacji biofilmu
na rurkach silikonowych. Jego skuteczno$¢ okazala si¢ jednak nieznacznie mniejsza

w poréwnaniu z CSA-13.

5.3.4. Zmiany morfologii komorek A. baumannii poddanych dzialaniu ceragenin

zaobserwowane z wykorzystaniem mikroskopii sil atomowych

Wyniki obrazowania AFM przedstawiaja reprezentatywna morfologie¢ komorek
bakteryjnych po dodaniu CSA-13 i CSA-131 w dawce 5 oraz 10 pg/ml. W komoérkach
bakteryjnych 4. baumannii poddanych dziataniu cerageniny CSA-13 1 CSA-131
zaobserwowano zmiany morfologiczne, tj. mikropgknigcia, w pordwnaniu z komorkami
kontrolnymi, zwtaszcza w dawce 10 pg/ml. Analiza AFM nie wykazala istotnych zmian
w morfologii bakterii poddanych dziataniu ceragenin w dawce 5 pg/ml. W przypadku
zastosowania CSA-13 ksztalt bakterii stat si¢ bardziej owalny. Sztywnos¢ powierzchni
bakterii zmniejszyta si¢ po dodaniu testowanych ceragenin. W przypadku CSA-13 (w dawce
10 pg/ml) sztywno$¢ komodrek bakteryjnych zmniejszyta si¢ o okoto 46% w poréwnaniu
z komoérkami kontrolnymi, a w przypadku CSA-131 (w dawce 10 pg/ml) sztywno$¢
zmniejszyta si¢ o okoto 32%. Wyniki wskazuja, ze zmiany w organizacji lipidow blony
plazmatycznej moga by¢ zwigzane ze zmianami wtasciwosci mechanicznych powierzchni
komorek. Warto podkresli¢, iz po dodaniu CSA-13 (w maksymalnej dawce 10 pg/ml) sity
adhezji powierzchni bakteryjnych zmniejszyly si¢ o 6,1%.
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5.3.5. Cytotoksycznos¢ ceragenin wobec komorek nablonkowych linii AS549
w stezeniach bakteriobdjczych
Zgodnie z przeprowadzonym testem MTT wobec ludzkich komérek raka ptuc linii
A549, cerageniny CSA-13, CSA-44 1 CSA-131 wykazywaly dziatanie zalezne od dawki.
Zmnigjszaly one znaczaco zywotno$¢ komorek przy wyzszych stgzeniach (20 pg/ml
150 pg/ml) w porownaniu z grupa kontrolng. CSA-44 i CSA-131 wykazywaly tagodny
spadek zywotnosci komoérek w wyzszych st¢zeniach (powyzej 20 ug/ml), z mniej

zauwazalng cytotoksycznos$cig.

5.3.6. Wlasciwosci antyadhezyjne CSA-13

Test adhezji przeprowadzony przy uzyciu komorek nablonkowych Iludzkiego
nowotworu phuc linii A549 wykazal, ze CSA-13 znaczaco wptywa na adhezj¢ szczepu
laboratoryjnego ATCC19606 i opornego na karbapenemy 4. baumannii (S02, S04, S06)
do komorek gospodarza. Skutecznos¢ CSA-13 w hamowaniu adhezji bakterii wzrastata
proporcjonalnie do jej stezenia. W zakresie badanych ste¢zen CSA-13 wykazywata znaczacy
efekt hamujacy, z najbardziej widocznym efektem w stezeniu 10 pg/ml, w ktorym adhezja
bakterii byta $rednio o 11% nizsza po dodaniu CSA-13 w poréwnaniu z kontrola.
Wyniki te podkreslaja, jak skutecznie CSA-13 hamuje przyleganie A. baumannii do komorek
nabtonka, wskazujac, ze CSA-13 moze by¢ stosowana jako substancja powstrzymujaca

inwazj¢ A. baumannii do komorek gospodarza.
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VI. DYSKUSJA

Ze wzgledu na wielolekooporno$¢ szpitalnych szczepdw Acinetobacter baumannii
leczenie zakazen o tej etiologii jest duzym wyzwaniem dla wspotczesnej medycyny. Leki
przeciwbakteryjne uzywane w terapii CRAB maja ograniczone dzialanie zpowodu
nabytych i1wrodzonych mechanizméw opornosci drobnoustroju [91-93]. W przypadku
wielolekoopornych szczepéw A. baumannii (MDR-AB), skojarzone leczenie z uzyciem
kolistyny czgsto jest terapig ostatniej szansy, a i tak moze zakonczy¢ si¢ niepowodzeniem
ze wzgledu na mozliwos$¢ pojawienia si¢ opornosci w trakcie leczenia oraz liczne dziatania
niepozadane leku takie jak nefrotoksycznos$¢ [19, 22, 23]. Poszukiwanie innowacyjnych
metod leczenia staje si¢ kluczowe dla skutecznej walki z zakazeniami wywotywanymi przez
ten drobnoustrdj. Przyktadem tych dzialan sa obecnie badane dwie potencjalne metody
leczenia zakazen wywotanych przez CRAB: terapia fagowa oraz zastosowanie AMPs
iich mimetykéw [94, 95]. Glownym celem badan przeprowadzonych w ramach
prezentowanej rozprawy doktorskiej byta ocena skuteczno$ci dziatania ceragenin
w stosunku do wielolekoopornych szczepdw A. baumannii pochodzacych od pacjentow.
Wyniki jednoznacznie wskazuja na potencjat ceragenin do klinicznego zastosowania
w terapii infekcji o etiologii A. baumannii.

Badanie wlasciwos$ci przeciwbakteryjnych CSA-13, CSA-44 oraz CSA-131 wobec
65 szczepow A. baumannii potwierdza niezwykla skuteczno$¢ przeciwdrobnoustrojowa
ceragenin, czgsto przewyzszajaca skutecznos¢ tradycyjnych lekow
przeciwdrobnoustrojowych, takich jak ciprofloksacyna 1 meropenem, szczegodlnie
w zwalczaniu szczepdw CRAB. Uzyskane wyniki sa spojne z danymi opisanymi
w literaturze, wskazujagcymi na skuteczno$¢ CSA-13 1 CSA-131 wobec szczepow
A. baumannii opornych zaré6wno na kolistyne, jak i1 karbapenemy [58, 72, 96]. Uzyskane
warto$ci MIC wsrod badanych szczepow dla CSA-13 1 CSA-131 nie przekraczaly 4 pg/ml,
a dla CSA-44 — 8 ug/ml, a efekt bakteriobdjczy wobec testowanych szczepéw CRAB
w tescie zliczania kolonii uzyskano podczas zastosowania CSA-13 i CSA-131 w stezeniach
0,5-1 pg/ml, a CSA-44 2-5 pg/ml.

Rozw¢j biofilmu bakteryjnego, bedacy formg adaptacji, pozwala patogenom
na przetrwanie w niesprzyjajacych warunkach. Proces ten znaczaco zwigksza opornos¢
drobnoustrojéw na standardowe terapie antybiotykowe [97]. Zdolno§¢ A. baumannii
do tworzenia biofilmu zaré6wno na powierzchniach biotycznych, jak i1 abiotycznych

bez watpienia przyczynia si¢ do przetrwania drobnoustroju w warunkach szpitalnych,
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co znaczaco zwigksza ryzyko wystapienia zakazen szpitalnych oraz szpitalnych ognisk
epidemicznych.  Przeprowadzone  badania  podkreslaja  skuteczne  dzialanie
przeciwbiofilmowe CSA-13. W niskiej dawce 5 pg/ml, CSA-13 catkowicie zahamowatla
tworzenie biofilmu zarowno przez badany szczep laboratoryjny, jak i kliniczne szczepy
oporne na karbapenemy. Do uzyskania poréwnywalnego efektu nalezato uzy¢ CSA-44
1 CSA-131 w stezeniach 20 pg/ml. Otrzymane wyniki poréwnujace roézne cerageniny
wskazujg, ze CSA-13 jest szczeg6lnie skuteczna w zapobieganiu tworzeniu biofilmu nawet
w niskich stezeniach. Podobne dane z r6znymi szczepami bakterii i grzybow zostaty opisane
w literaturze [49, 74, 98, 99]. Warto zaznaczy¢, ze CSA-13 byta tak samo skuteczna
jak kolistyna, ktora jest dobrze znana z wlasciwosci przeciwbiofilmowych.

Wyniki potwierdzajace wilasciwosci przeciwbiofilmowe ceragenin w stosunku
do szczepow szpitalnych wskazuja na potencjalne mozliwosci wykorzystania tych
zwigzkéw w zapobieganiu infekcjom zwigzanych ze stosowaniem ciat obcych. Szczegdlnie
godna uwagi jest zdolno$¢ ceragenin do hamowania rozwoju biofilmu na rurkach
tracheostomijnych [100]. Z klinicznego punktu widzenia biofilm na biomaterialach
wprowadzanych do organizmu czlowieka jest problemem gtownie ze wzgledu na wieksza
oporno$¢ na antybiotyki oraz trudno$ci w eradykacji zakazenia bez konieczno$ci usunigcia
ciata obcego.

Quorum sensing (QS) odgrywa kluczowa role w powstawaniu biofilmu, w tym
biofilmu tworzonego przez A. baumannii i1 stanowi istotny mechanizm zapewniajacy
przetrwanie, patogenno$¢ iopornos¢ bakterii na antybiotyki [101-104]. A. baumannii
wykorzystuje system QS oparty na przekazywaniu sygnatow za pomocag laktonow
acylo-homoserynowych (AHL), ktore koordynuja ekspresj¢ gendéw odpowiedzialnych
zatworzenie biofilmu [105]. Cerageniny maja zdolno$¢ hamowania procesu
komunikacyjnego opartego na AHL, co ogranicza koordynacje bakterii niezbedna
do inicjowania i podtrzymania wzrostu biofilmu. Dziatanie to moze wynikac z bezposredniej
interakcji ceragenin z czasteczkami QS lub ich receptorami, co z kolei prowadzi do zaburzen
w przekazywaniu sygnatéw. W rezultacie nast¢puje zmniejszenie produkcji biofilmu oraz
zwigkszenie podatnosci bakterii na stres $rodowiskowy 1 dziatanie $rodkow
przeciwdrobnoustrojowych.

Obecnos¢ pili u A. baumannii zwigksza zdolnos¢ bakterii do wywotywania infekcji,
poprzez ulatwienie procesu adhezji, ktory jest niezbednym etapem w kolonizacji
1 rozwijaniu zakazen [106]. Regulacja ekspresji pili jest warunkowana przez ztozong sie¢,

ktora obejmuje sygnalizacje c-di-GMP 1 niektore biatka regulatorowe, takie jak PdeB [107,
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108]. Bialka te odgrywaja role¢ w kontrolowaniu tworzenia i aktywnos$ci pili. Cerageniny
mogg potencjalnie zakldca¢ tworzenie lub dziatanie pili, a tym samym ogranicza¢ zdolno$¢
adhezji 4. baumannii do powierzchni. Dziatanie to moze wynika¢ z mechanizmu
bezposredniej interakcji  poprzez wigzanie ceragenin z biatkami pili oraz
ich podjednostkami, uposledzajac ich funkcje Iub ingerencj¢ w szlaki regulacyjne
odpowiedzialne za ekspresje pili, takie jak sygnalizacja c-di-GMP lub aktywnos$¢ PdeB.
Wykonane badania wskazuja, ze badane bakterie byly w stanie tworzy¢ biofilm
na powierzchni silikonowych segmentow rurek dotchawiczych. Z kolei cerageniny
skutecznie eliminujg taki biofilm, co wskazuje na potencjalng mozliwo$¢ zastosowania
CSAs jako s$rodkéw do powlekania powierzchni roéznych biomaterialdéw szeroko
stosowanych w medycynie. Wyniki te s3a spdjne z wczesniejszymi raportami
opublikowanymi w literaturze. Pollard 1 wsp. opisali skuteczno$¢ CSA-13 w eliminowaniu
biofilmu tworzonego w wyniku wzrostu zaré6wno bakterii Gram-dodatnich,
jak 1 Gram-ujemnych w stezeniach poréwnywalnych do ciprofloksacyny [109]. W innym
badaniu CSA-13 wykazala wysoka skuteczno$¢ w eliminowaniu biofilméw z udzialem
A. baumannii, zardbwno jedno-, jak 1 wielogatunkowych, natomiast CSA-131 wykazata nieco
nizszg skutecznos$¢, co jest zgodne z przeprowadzonymi badaniami wiasnymi [110]. Badanie
obejmujace eradykacje biofilmu 20 szczepow Legionella pneumophila wskazato
skuteczno$¢ badanych ceragenin, a wymagane st¢zenia CSA-13 1 CSA-131 do osiagnigcia
celu byly zblizone [111]. Wysoka skuteczno§¢ CSA-13 w eradykacji biofilmu P. aeruginosa
potwierdza badanie Bozkurt Giizel’a 1 wsp. [99] Powtloki zawierajace CSA-13 zostaly
z powodzeniem zastosowane w roznych materiatach medycznych, takich jak: stalowe plytki
do stabilizacji ztamaf, implanty tytanowe czy soczewki kontaktowe, gdzie skutecznie
hamowaty powstawanie biofilmu i1 zapobiegaty infekcji Pseudomonas aeruginosa oraz
Staphylococcus aureus. Wskazuje to na mozliwo$¢ wykorzystania CSA w rdéznych
sytuacjach klinicznych wymagajacych uzycia biomateriatéw [112-114]. Wszechstronne
wlasciwosci  ceragenin, w  tym  silna  aktywno$¢ = przeciwdrobnoustrojowa
1 przeciwbiofilmowa, wysoka stabilno§¢ w ptynach ustrojowych oraz wtasciwosci fizyczne,
czynig je cennymi kandydatami do zastosowan medycznych. Literatura wskazuje, Ze cienkie
warstwy zawierajace CSA-131 moga chroni¢ rurki dotchawicze, protezy glosowe jak i porty
naczyniowe przed formowaniem biofilméw P. aeruginosa, E. coli, Klebsiella pneumoniae,
Candida albicans i Candida auris [75, 100, 115, 116]. W literaturze s3 nieliczne badania
dotyczace 4. baumannii, co podkresla potrzebe poglebionych analiz i dalszych prac w tym

obszarze.
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Wyjatkowo$¢ badan wlasnych polega na wykorzystaniu mikroskopii sit atomowych
(AFM) celem rejestrowania obrazéw i1 pomiaru zmian wlasciwosci fizycznych komoérek
A. baumannii po dodaniu ceragenin. Metodologia ta uzupelnia tradycyjne testy
mikrobiologiczne, poszerzajac wiedz¢ o sposobie dziatania bakteriobojczego ceragenin.
Kilka opisanych w literaturze badan z obrazowaniem AFM dotyczyto wptywu $rodkow
przeciwdrobnoustrojowych, takich jak AMP i ich pochodnych, na strukture powierzchni
bakterii 1 grzybow z rodzaju Candida [117-119]. Badania te znacznie poglebily zrozumienie
mechanizmow dziatania badanych substancji. Badania stanowigce przedmiot rozprawy
doktorskiej wykazaty, ze cerageniny CSA-13 1 CSA-131 w stezeniach 51 10 pg/ml powoduja
uszkodzenia btony zewnetrznej komoérek A. baumannii. Podobny efekt pokazano w pracy
[55], w ktorej badano wptyw wybranych ceragenin na morfologie komoérek K. pneumoniae
BAA-2473. Insercja ceragenin w struktur¢ lipidowa blony bakteryjnej skutkuje zmiang
organizacji dwuwarstwy lipidowej btony, prowadzac do jej uszkodzenia, co prowadzi do lizy
komorki. Wiasne oraz przytoczone wyniki badan pokazuja, ze AFM moze shuzy¢
do precyzyjnego obrazowania wplywu testowanych zwigzkoéw przeciwdrobnoustrojowych
na komorki drobnoustrojow. Przeprowadzony eksperyment pokazat, ze CSA-13 1 CSA-131
wyraznie obnizaja sztywno$¢ komoérek. Wyniki te sugeruja, ze cerageniny wplywaja
na organizacj¢ lipidow w blonach komodrkowych, co zmienia mechaniczne wlasciwosci
powierzchni bakterii. W przypadku CSA-13 zaobserwowano wigkszy spadek sztywnos$ci
w porownaniu do CSA-131, co wskazuje na rézny ilosciowo efekt dzialania badanych
substancji. Kolejnym aspektem, na ktory zwrdcono uwage, jest wyrazny wpltyw cerageniny
na zdolno$¢ bakterii do przylegania do powierzchni. Zastosowanie CSA-13 spowodowato
redukcje sit adhezji bakterii o 6,1%, co wskazuje na obnizenie zdolno$ci adhezji komorek
bakteryjnych do powierzchni abiotycznych, co moze sprzyja¢ zapobieganiu powstawania
biofilmu. Z kolei zastosowanie CSA-131 spowodowato wzrost sit adhezji o 13,3%,
co sugeruje sposob oddziatywania z blong bakteryjng o innym mechanizmie molekularnym.
Redukcje sit adhezji podczas stosowania ceragenin zaobserwowano roOwniez w innych
badaniach [55, 99]. Zgodnie z wcze$niej opublikowanymi wynikami badan, bakterie
w obecnos$ci ceragenin przechodza przez rozne stadia w zalezno$ci od czasu dzialania
ceragenin 1 zastosowanego stezenia. Poczatkowo, po dodaniu do zawiesiny komorek bakterii
ceragenin w niskim stezeniu (ponizej wartosci MIC) dochodzi do zwigkszenia sztywnosci
powierzchni komorkowej, a pozniej, gdy pojawiaja si¢ morfologiczne oznaki uszkodzenia,

sztywnos¢ ta maleje [120]. Obserwacje wiasne wzbogacaja rosnacy zbior dowodow
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potwierdzajacych terapeutyczny potencjat ceragenin w zwalczaniu bakterii lekoopornych,
co odpowiada na istotne potrzeby wspodiczesnej medycyny.

Potencjalne bezpieczne zastosowanie terapeutyczne ceragenin potwierdza fakt,
1z dawki konieczne do uzyskania efektu bakteriobdjczego wobec A. baumannii mieszczg si¢
w znanych granicach biokompatybilno$ci. Nalezy jednak zauwazy¢, ze linia komdrkowa
A549, wykorzystana w niniejszym badaniu, pochodzi z ludzkich komorek raka phuc,
co moze zwigkszaé cytotoksyczno$¢ ceragenin w porOwnaniu z pierwotnymi liniami
komorkowymi. Wynika to z faktu, iz zar6wno AMP, jak i cerageniny sg uznawane za $rodki
przeciwnowotworowe, wykazujac podwyzszong aktywnos¢ cytotoksyczng wobec komorek
nowotworowych [66, 121]. Komdrki nowotworowe roznig si¢ sktadem btony komdrkowe;j
od pierwotnych, nietransformowanych komorek. Niemniej jednak, badania
z wykorzystaniem komorek nabtonkowych raka ptuc linii A549 dostarczaja informacji
o minimalnym poziomie aktywnos$ci przeciwbakteryjnej, ktory nie powoduje uszkodzenia
komorek eukariotycznych. Przeprowadzony test adhezji przy uzyciu komorek
nabtonkowych raka ptuc linii A549 wskazuje na silne wlasciwosci antyadhezyjne CSA-13.
Ceragenina ta wyraznie ograniczyla adhezj¢ szczepu laboratoryjnego ATCC19606
i opornych na karbapenemy szczepow A. baumannii (S02, S04, S06) do badanych komorek.
Hamowanie adhezji bakterii bylo zalezne od st¢zenia cerageniny, a najwigkszy efekt
zaobserwowano przy stezeniu 10 pg/ml, gdzie adhezja byla mniejsza o okoto 11%
w porownaniu do kontroli. Wyniki te wskazuja, ze CSA-13 moze odgrywaé role
W opracowywaniu nowych terapii zakazen 4. baumannii opornych na karbapenemy, poprzez
zapobieganie przyleganiu bakterii do komorek nablonka, co stanowi wazny etap w procesie
inwazji komorek gospodarza i rozwoju infekcji.

Wyniki badan przeprowadzonych w ramach niniejszej rozprawy doktorskiej
wskazuja na obiecujaca skutecznos$¢ ceragenin wobec szczepow Acinetobacter baumannii
oraz potencjalng mozliwo$¢ wykorzystania tych zwigzkéw w zapobieganiu 1 leczeniu

zakazen wywolywanych przez ten wielolekooporny drobnoustro;.
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VII.

WNIOSKI

. Cerageniny wykazuja wysoka skuteczno$¢ przeciwbakteryjng przeciwko badanym

szczepom klinicznym A. baumannii.

Najsilniejsze dziatanie bakteriobdjcze w stosunku do A. baumannii wykazuje
ceragenina CSA-13 i CSA-131, i jest ono porownywalne do dziatania kolistyny.
Cerageniny zapobiegaja tworzeniu biofilmu A. baumannii.

CSA-13 oraz CSA-131 cechuje wysoka zdolno$¢ eradykacji biofilmu utworzonego
przez A. baumannii na powierzchni silikonowych rurek dotchawiczych.

Cerageniny powoduja zmniejszenie sztywnosci komorek A. baumannii.

CSA-13, CSA-44 oraz CSA-131 w najnizszych skutecznych ste¢zeniach
bakteriobojczych wobec badanych szczepow A. baumannii wykazuja niska

cytotoksycznos$¢é w stosunku do komorek nablonkowych raka ptuc linii A549.
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Abstract: A growing body of experimental data indicates that ceragenins (CSAs), which mimic
the physicochemical properties of the host’s cationic antimicrobial peptide, hold promise for the
development of a new group of broad-spectrum antimicrobials. Here, using a set of in vivo experi-
ments, we assessed the potential of ceragenins in the eradication of an important etiological agent of
nosocomial infections, Acinetobacter baumannii. Assessment of the bactericidal effect of ceragenins
CSA-13, CSA-44, and CSA-131 on clinical isolates of A. baumannii (n = 65) and their effectiveness
against bacterial cells embedded in the biofilm matrix after biofilm growth on abiotic surfaces showed
a strong bactericidal effect of the tested molecules regardless of bacterial growth pattern. AFM
assessment of bacterial cell topography, bacterial cell stiffness, and adhesion showed significant
membrane breakdown and rheological changes, indicating the ability of ceragenins to target surface
structures of A. baumannii cells. In the cell culture of A549 lung epithelial cells, ceragenin CSA-13 had
the ability to inhibit bacterial adhesion to host cells, suggesting that it interferes with the mechanism
of bacterial cell invasion. These findings highlight the potential of ceragenins as therapeutic agents in
the development of antimicrobial strategies against bacterial infections caused by A. baumannii.

Keywords: Acinetobacter baumannii; ceragenins; biofilm; atomic force microscopy; antimicrobial;
anti-adhesive strategies

1. Introduction

Due to the increasing number of infections caused by bacteria with various resistance
mechanisms, there is an urgent need to conduct research aimed at the synthesis of new
antibiotics. An important area of research in this field is the search for natural antimicrobial
peptides and the synthesis of their improved mimics. Ceragenins are an example of
such a group of compounds. Although ceragenins are non-peptide, cholic acid-based
compounds, they imitate the action of antimicrobial peptides and exhibit a wide spectrum
of antimicrobial effects [1-3]. The mechanism of action of ceragenins is determined by
the positive charge, which, through physical interactions with the negatively charged
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cell membrane of microorganisms, results in ceragenin incorporation into the bilayer
structure, followed by its disruption and microorganism death. The mechanism of action
can be explained by the “carpet” hypothesis, which suggests that antimicrobial molecules
rupture the bacterial membrane and produce micelles due to the tension generated by
the antimicrobial once it reaches its critical concentration on the membrane surface [4].
Moreover, ceragenins were reported to bind to lipopolysaccharide (LPS) and lipoteichoic
acid (LTA) of Gram-negative and Gram-positive bacteria, and for this reason they inhibit
innate immune recognition. A mechanism of membrane disruption based on the production
of reactive oxygen species has also been described [5]. These compounds show low potential
for toxic effects against host cells at concentrations of effective bactericidal activity, making
them relatively safe substances [6,7]. Due to the much simpler structure, the cost associated
with the ceragenins’ synthesis is much lower compared to AMPs or their amino acid-based
mimics. This is an important feature in terms of the possibility of using ceragenins on
a large scale. Additionally, ceragenins as cholic acid derivatives are not enzymatically
inactivated by proteases, retaining their activity at bacterial infection sites in proteolytic
enzymes released mostly from neutrophils [6]. Ceragenins show synergistic or additive
effects with conventional antibiotics or with other ceragenins. It is noteworthy that, so far,
an antagonistic effect was not observed [7,8]. An important feature of ceragenin is its anti-
biofilm activity—both inhibiting its formation (preventive) and eradicating bacterial cells in
pre-form biofilm mass (curative) [9]. The possibility of resistance generation to ceragenins
is small compared to conventionally used antibiotics. Bacteria are able to develop adaptive
resistance mainly through modification of lipid A, while in the absence of ceragenins’
effects on their cells, they revert to susceptible forms [10].

On a global scale, the clinical significance of this pathogen results from its outstanding
ability to develop and acquire various mechanisms of antibiotic resistance [11]. These
aerobic, pleomorphic, and non-motile bacteria are resistant to all f-lactams, including
carbapenems, and display a strong ability to rapidly change under selective environmental
pressures [12]. In most cases, a significant proportion of A. baumannii clinical isolates
originated from respiratory samples of hospitalized patients, and this etiology is of particu-
lar importance in the individual diagnosis of ventilator-associated pneumonia (VAP) in
the ICU [13-15]. A. baumannii is equipped with various virulence factors, including LPS,
siderophore-mediated iron acquisition systems, and factors regulating biofilm formation
and adhesion [16]. The ability of A. baumannii to adhere and form biofilms on various sur-
faces (pili formation and exopolysaccharide production, respectively) largely determines its
importance in the hospital setting [17,18]. Interestingly, its adherence to host cells can cause
Omp38-mediated apoptosis [19]. Here, we present experimental evidence from in vitro
studies demonstrating the potent bactericidal activity of ceragenins against various clinical
isolates of A. baumannii, the ability of ceragenins to combat A. baumannii biofilm on abiotic
surfaces, and the ability to prevent its attachment to host cell surfaces.

2. Results
2.1. Ceragenins CSA-13 and CSA-131 Showcase Potent Antibacterial Efficacy against
A. baumannii and CRAB Strains

The microdilution method was used to evaluate the MIC and MBC of ceragenins (CSA-13,
CSA-44, and CSA-131; Figure 1) and conventional antibiotics (ciprofloxacin, meropenem, and
colistin) against a single laboratory strain and 65 clinical strains of A. baumannii (Figure 2).

As demonstrated, the MIC values of laboratory strain ATCC 199606 range between
0.5 and 1 pg/mL, and the MBC is 2 pg/mL, showing a high level of susceptibility to
ciprofloxacin, meropenem, and colistin. When analyzing the antibiotic susceptibility of
clinical isolates, it was noted that the MIC values for ciprofloxacin ranged in a majority of
cases from 16 to 256 ug/mL, while one clinical strain had a significantly low MIC value of
1 ug/mL, which indicates a high susceptibility to ciprofloxacin. In the same way, the MBC
for these bacteria was found to be 2 tg/mL, showing that it can kill bacteria effectively at a
low dose. There was a range of MIC values for meropenem of 4-256 p1g/mL. Most bacteria
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had MBC values higher than 256 pg/mL. Colistin demonstrated a range of MIC values of
0.5-64 ug/mL, with MBC values for a majority of strains ranging from 1 to 16 pg/mL.
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Figure 1. Structural formulae of ceragenins CSA-13, CSA-44, and CSA-131.
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Figure 2. Minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations
(MBCs) of ceragenins (CSA-13, CSA-44, and CSA-131) and conventional antibiotics (ciprofloxacin,
meropenem, colistin) against laboratory (ATCC 199606) and clinical strains of A. baumannii (n = 65).
* Indicates the carbapenem-resistant A. baumannii strains tested here in other experimental settings.
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In contrast to the variable susceptibility of isolates to conventional antibiotics, cera-
genins had effective antibacterial action against the majority of tested strains. The MIC
values of tested ceragenins (CSA-13, CSA-44, and CSA-131) for carbapenem-resistant
A. baumannii strains (S01, S02, S04, S05, S06, and S08) were assessed. MIC values of
1-4 pug/mL for CSA-13, 0.5-8 pug/mL for CSA-44, and 1-4 pg/mL for CSA-131 were ob-
served. Remarkably, these values were found to be in alignment with the low MICs
observed for A. baumannii strains not resistant to carbapenems. In detail, the MIC values
for ceragenin CSA-13 ranged from 1 to 4 pg/mL, with most strains showing MIC values
within this range. Importantly, among the 66 isolates tested, only three strains exhibited
elevated MIC values of 8 pg/mL, suggesting a lower susceptibility to CSA-13. Similarly,
the strains exhibited MBC values of 16 ug/mL. Similarly, the CSA-44 displayed a range
of MIC values, varying from 0.5 to 4 ug/mL for a majority of strains; only two strains
had higher MIC/MBC values of 8/16 pg/mL. Typically, CSA-131 showed MBC values
between 1 pg/mL and 16 ug/mL and MIC values between 1 ug/mL and 8 ug/mL. Overall,
the low MIC values of the ceragenins demonstrated a considerable efficacy in inhibiting
bacterial growth against a broad spectrum of A. baumannii strains, including those present
in clinical environments.

In order to assess the bactericidal effects of ceragenins and conventional antibiotics
on CRAB strains, we employed a standard bacteria-killing assay experiment. The sus-
ceptibility data obtained from our research clearly indicate that ceragenins exhibit more
potent bactericidal activity against CRAB strains compared to standard antibiotics such as
ciprofloxacin and meropenem (Figure 3).
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Figure 3. Bactericidal activities of ceragenins (CSA-13, dark blue stars; CSA-44, blue circles; CSA-
131, grey triangles) and conventional antibiotics (ciprofloxacin, orange triangles; meropenem, pink
squares; colistin, green rhombus) against A. baumannii (ATCC 19606) (A) and clinical strains of
carbapenem-resistant A. baumannii (S02, (B); S04, (C); S06, (D)) determined with use of colony
counting assay (killing assay).

Furthermore, CSA-13 and CSA-131 exhibited significantly greater efficacy against
A. baumannii strains (Figure 3A-D), within the concentration range of 0.5-1 pg/mL. Con-
versely, no significant bactericidal effect was noted for CRAB strains after treatment with
ciprofloxacin and meropenem, even at a concentration of 5 pug/mL (Figure 3A-D).
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2.2. Atomic Force Microscopy Measurements of A. baumannii Cells Subjected to Deragenin Addition

Visualization of the morphological alteration of A. baumannii cells subjected to cera-
genins CSA-13 and CSA-131 using AFM is shown in Figure 4.

Topography Edge Detection Slope Adhesion

Control

CSA-13
Spg/mL

10pg/mL

Sug/mL

CSA-131

10pg/mL

Figure 4. Atomic force microscopy measurements (JPK QI'™ mode—Quantitative Imaging) of
carbapenem-resistant A. baumannii cells (clinical strain No. 2) subjected to ceragenin treatment.
Examination of AFM topography, cell stiffness (Slope), and adhesion upon addition of CSA-13 and
CSA-131 at 5 pg/mL and 10 pug/mL, respectively.

An AFM study was performed to confirm the antibacterial effect of selected ceragenins
on A. baumannii cells and the destruction of cell membranes caused by ceragenins. Figure 4
presents the representative morphology of bacterial cells after CSA-13 and CSA-131 treat-
ment. The obtained results indicate that the mechanism of ceragenins action consists of
their interaction with the bacterial membrane. Morphological alterations in bacterial A.
baumannii cells subjected to ceragenin CSA-13, and CSA-131, i.e., microcracks, were ob-
served compared to the untreated cells, especially at a dose of 10 ug/mL (Figure 41,R).
AFM analysis showed no significant change in the morphology of the treated bacteria using
ceragenins at a lower dose of 5 pug/mL. In the case of CSA-13 treatment, the shape of the
bacteria became more oval (Figure 41). The stiffness of the bacterial surface decreased upon
tested ceragenin addition. In the case of CSA-13 (at a dose of 10 ug/mL), the stiffness of
bacterial cells decreased by 45.9% compared to the untreated cells; in the case of CSA-131
treatment (at a dose of 10 pg/mL), the stiffness decreased by 32.3%. The results indicate that
changes in the of membrane lipid organization may be related to changes in the mechanical
properties of cell surfaces. In case of CSA-13 treatment (at a maximum dose of 10 pug/mL),
the adhesion forces of bacterial surfaces decreased by 6.1%. In the case of CSA-131, the
adhesion forces increased by 13.3% (Figure 4U).

2.3. Biofilm Eradication of Carbapenem-Resistant A. baumannii after CSA-13 Addition at
Low Concentration

The results of our study indicate that CSA-13 showed the highest level of antibiofilm
activity against both the laboratory strain and carbapenem-resistant A. baumannii (502, S04,
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S06) that were evaluated. Significantly, the complete elimination of biofilm was observed at
a concentration of 5 pg/mL of CSA-13 or 20 pg/mL of CSA-44 or CSA-131. It is important
to note that all ceragenins were better at preventing biofilm formation than ciprofloxacin
and meropenem (Figure 5A-D), and only colistin had comparable antibiofilm properties
to CSA-13.
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Figure 5. Anti-biofilm effects of ceragenins and conventional antibiotics against A. baumannii. Increas-
ing concentrations (0-50 pg/mL) of ceragenins (CSA-13, dark blue columns; CSA-44, blue columns;
CSA-131, grey columns) and conventional antibiotics (ciprofloxacin, orange columns; meropenem,
pink columns; colistin, yellow columns) were used to treat laboratory (ATCC 19606, (A)) and clinical
strains of carbapenem-resistant A. baumannii (S02, (B); S04, (C); S06, (D)). After treatment, the remain-
ing biofilm was stained with resazurin to assess its viability. The results are presented as mean + SD.
* Indicates statistical significance (p < 0.05) when compared to control.

The results show that CSA-13 has promising antibiofilm qualities and could be a very
effective way to treat CR A. baumannii infections. Furthermore, the great effectiveness of
CSA-44 and CSA-131 in eliminating A. baumannii biofilms suggests that they may be useful
substitutes for other therapies.

2.4. Ceragenins Exhibited Significant Potential as Antibiofilm Agents against A. baumannii
Forming Biofilm on Tracheostomy Tube Surface

As anticipated, A. baumannii grows in biofilm formed on silicone endotracheal tube
surfaces. The application of ceragenins (CSA-13 and CSA-131) to such a culture revealed
strong antibiofilm activity against CR A. baumannii cells. More precisely, at a concentration
of 10 pug/mL, CSA-13 effectively eradicated bacterial cells within biofilm on the tested
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tube segments (Figure 6A). In addition, the application of 5 pg/mL of CSA-13 led to a
decrease in biofilm by about 80% or more in the case of laboratory and clinical strains of
A. baumannii. Additionally, the application of CSA-131 showed a concentration-dependent
antibiofilm effect on silicone tube biofilm growth (Figure 6B). Its effectiveness was found
to be marginally less than that of CSA-13, though. However, CSA-131 demonstrated a
noteworthy decrease in biofilm eradication even at reduced concentrations, indicating its
promise as an antibiofilm agent against A. baumannii on tracheostomy tubes.
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Figure 6. Decrease of A. baumannii cell viability in the biofilm pre-formed on the surface of silicone
biomedical tubes after CSA-13 (A) and CSA-131 (B) treatment. The percentage of biofilm-embedded
bacteria for laboratory strain (ATCC 19606, black columns) and carbapenem-resistant clinical strains
of A. baumannii (S02, purple columns; S04, green columns; S06, white columns) was estimated after
sonication of the preformed biofilm attached to the surface in the final moment of exposure to the
tested ceragenin. The results are presented as mean =+ SD. * Indicates statistical significance (p < 0.05)

when compared to control.

2.5. Ceragenins Display Low Cytotoxicity against A549 Cells at Bactericidal Concentrations

The MTT assay was used to evaluate the cytotoxicity of ceragenins towards A549
epithelial cells. As demonstrated, CSA-13, CSA-44, and CSA-131 displayed dose-dependent
effects. To be more precise, ceragenins significantly reduced cell viability at higher con-
centrations (20 ug/mL and 50 pg/mL) as compared to the control group (Figure 7). On
the other hand, CSA-44 and CSA-131 exhibited a mild decline in cell viability at higher
concentrations (beyond 20 pug/mL), with less noticeable cytotoxicity.

-
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o ©o © © o

Cell viability (% of control)
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Figure 7. Viability of lung epithelial A549 cells upon 24 h exposure to ceragenins (CSA-13, dark
blue columns; CSA-44, blue columns; CSA-131, grey columns) at doses ranging from 1 to 50 pg/mL.
The viability of cells was determined using MTT assay. The results are presented as mean =+ SD.
* Indicates statistical significance (p < 0.05) when compared to control.
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2.6. Anti-Adhesive Properties of CSA-13

The adhesion assay performed using the A549 cell line revealed that CSA-13 signifi-
cantly affected the laboratory strain ATCC19606 and carbapenem-resistant A. baumannii’s
(502, S04, S06) adherence to the host cells (Figure 8). The effectiveness of CSA-13 in inhibit-
ing bacterial adhesion increased proportionally to its concentration. At different doses,
CSA-13 exhibited a significant inhibitory effect, with the most prominent effect at 10 ug/mL,
where bacterial adhesion was, on average, 11% lower upon CSA-13 treatment compared
to the untreated control. These results highlight how well CSA-13 inhibits A. baumannii
attachment to epithelial cells, indicating that CSA-13 may be used as a therapeutic drug to
stop carbapenem-resistant A. baumannii cell invasion.
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Figure 8. The impact of ceragenin CSA-13 on the adherence of the laboratory strain of A. baumannii
(ATCC 19606, black columns) and clinical strains of carbapenem-resistant A. baumannii (502, purple
columns; S04, green columns; S06, white columns) to lung epithelial A549 cells. The adherence of
bacterial cells to A549 was determined after 2 h exposure. The results are presented as mean + SD.
* Indicates statistical significance (p < 0.05) when compared to control.

3. Discussion

Carbapenem-resistant A. baumannii (CRAB) causes severe, often fatal nosocomial
infections, and for this reason it is classified as a priority pathogen 1 (critical) on the World
Health Organization’s (WHO) list of priority pathogens for research and development
of new antibiotics [20]. Very few antimicrobials available for clinical use are effective
against it—in monotherapy, sulbactam is one drug used to treat A. baumannii; most other
treatment options include the combination of different medications with sulbactam [21-24].
For this reason, there is a need for the advancement or revelation of novel treatments,
meticulously conducted clinical studies of current antimicrobial treatment strategies, and
combinations to limit the spread of MDR A. baumannii infection in healthcare settings.
Phage therapy and small molecules are two potential treatments for CRAB that are currently
under investigation [25,26]. Moreover, the antibacterial alternatives available to CRAB are
severely limited by acquired and inherent resistance mechanisms [24,27,28]. For multidrug-
resistant A. baumannii (MDR-AB), the colistin (Polymyxin E; produced by P. polymyxa
var. colistinus) is presently used as an initial treatment option [29]; however, due to the
negative consequences of nephrotoxicity and the increasing incidence of resistance, its use
poses significant challenges [30]. The primary objective of our study was to assess the
efficacy of ceragenin in combating A. baumannii infection, particularly carbapenem-resistant
A. baumannii. The results unambiguously demonstrate the favorable potential of ceragenins
for clinical utilization against A. baumannii infections.

An investigation into the antibacterial properties against 65 strains of A. baumannii
revealed that ceragenins have remarkable antimicrobial efficacy, frequently surpassing that
of traditional antibiotics like ciprofloxacin and meropenem, particularly when combating
CRAB strains. The unique thing about our study is that we tested the antibacterial abilities
of ceragenins against a large group of clinical strains of A. baumannii. Our findings are
consistent with previous research demonstrating the effectiveness of CSA-13 and CSA-131
against isolates of A. baumannii that are resistant to both colistin and carbapenem [31].
Additionally, it was shown that, with a MICsp value of 2 ug/mL, CSA-13 and CSA-131
were effective against resistant A. baumannii [31]. The findings from the killing assay
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study demonstrate that both CSA-13 and CSA-131 show substantial antibacterial efficacy
against the laboratory strain and all the clinical strains of A. baumannii that were evaluated.
Moreover, one noteworthy advantage of ceragenins is that they are soluble in water, in
contrast to many antimicrobial peptides (AMPs), which precipitate in aqueous solutions.
This characteristic guarantees that ceragenins will keep their antibacterial effectiveness
without aggregation-related problems. Thus, the solubility of ceragenins represents a
significant advancement in the development of AMP-mimetic compounds, providing a
more reliable and effective therapeutic option.

Our study’s uniqueness consists of utilizing atomic force microscopy to record bacte-
rial images in live settings and measure physical alterations in bacterial cells of A. baumannii
after ceragenin addition. This methodology improves traditional microbiological testing by
providing a more thorough understanding of how tested antibiotics carry out their bacterici-
dal effects. Moreover, our data about the mechanical characteristics of treated cells provide
an understanding of the biophysical impacts of ceragenins, which could aid in developing
and enhancing these drugs for therapeutic use. Several AFM investigations have examined
the impact of antibiotics, such as antimicrobial peptides, on the bacterial surface [32-34].
This research, conducted over time, has significantly enhanced our understanding of the
mechanisms by which different antibiotics work. The study demonstrated that exposure to
CSA-13 and CSA-131 at doses of 5 and 10 ug/mL caused damage to the outer membrane of
A. baumannii cells, resulting in observable alterations in the topography of CR A. baumannii
cells. This is confirmed by the results in [35], where the effect of selected ceragenins on
the morphology of Klebsiella pneumoniae BAA-2473 cells was studied. Interaction between
ceragenins and bacterial membrane affects membrane molecule rearrangement, leading to
its disruption. Consistent with prior hypotheses that suggest AFM should be regarded as
a precise instrument for assessing pathogens’ susceptibility to antimicrobial agents, our
investigations demonstrated the pathogens” membrane damage, which was further accom-
panied by intracellular content leakage or even complete cell lysis [36]. Our study showed
that both CSA-13 and CSA-131 resulted in substantial decreases in cell stiffness. These
results strongly suggest that ceragenins induce substantial alterations in the arrangement of
membrane lipids, leading to modifications in the mechanical characteristics of the bacterial
cell surface. CSA-13 exhibits a more significant decrease in stiffness, suggesting that it has
the potential to produce a more noticeable disruption in the integrity of the membrane
when compared to CSA-131. In addition, our data uncovered a distinct impact of ceragenin
on the bacterial ability to adhere to surfaces. Administration of CSA-13 resulted in a 6.1%
drop in adhesion forces, suggesting a decline in the capacity of bacterial cells to attach to
surfaces. This could be advantageous in the prevention of biofilm development. Conversely,
the addition of CSA-131 resulted in a 13.3% increase in adhesion forces, indicating a distinct
stage of interaction with the bacterial membrane. The observed increase in adhesion forces
may be attributed to the reorganization of membrane components, which enhance surface
binding capabilities, in agreement with our previous observation that bacteria, upon cer-
agenins addition, undergo different stages, from increasing bacteria wall stiffness at the
initial stage to its decrease later, when morphological manifestation of bacterial cell damage
is visible [37]. These findings add to the increasing amount of evidence that supports
the therapeutic potential of ceragenins against antibiotic-resistant bacteria, addressing an
important requirement in contemporary healthcare.

A cellular adaptation known as bacterial biofilm development enables pathogens to
endure in hostile environments, especially by fortifying their resistance to conventional an-
tibiotic treatment [38]. The unique characteristics of ceragenins demonstrate their promise
as a successful strategy for treating bacterial infections like CR A. baumannii. The demon-
strated abilities of A. baumannii strains to form biofilms on both living and non-living
surfaces, which shields them from antibacterial and antiseptic treatments as well as the host
immune response, are particularly noteworthy. Undoubtedly, the capacity of A. baumannii
to thrive as a biofilm can potentially enhance its endurance in the hospital setting, hence ele-
vating the probability of nosocomial infections and outbreaks. Our research also highlights
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CSA-13's remarkable antibiofilm action. At a low dosage of 5 ug/mL, CSA-13 completely
eradicated carbapenem-resistant A. baumannii biofilms; greater concentrations of CSA-44
and CSA-131 (20 ug/mL) were required to obtain comparable outcomes (Figure 5). Com-
paring CSA-13 to other ceragenins, the data collected indicate that CSA-13 is particularly
effective at preventing and disrupting biofilm formation at lower concentrations. Other
works also present similar data with different strains of bacteria and fungi [39,40]. It is
remarkable that CSA-13 was just as effective as colistin, which is well-known for having
potent antibiofilm capabilities, at preventing the formation of biofilms.

The results proving the antibiofilm characteristics of ceragenins in medical appli-
cations fill a vital gap in the management of infections related to medical equipment.
Especially remarkable is the ability of ceragenins to disrupt biofilm development on tra-
cheostomy tubes [41]. Clinically, biofilm on medical devices is a major concern because of
its importance in chronic infections and antibiotic resistance. A. baumannii’s potential for
pathogenicity is dictated by multiple characteristics, including as putative virulence factors
like outer membrane protein A (OmpA), lipopolysaccharides, K1 capsular polysaccharide,
and external appendages like pili [42—44]. Moreover, A. baunannii’s capacity for virulence
has been linked to plasmids carrying genes for organic peroxide resistance [45,46]. One of
the most persistent and antibiotic-resistant infections is due in large part to its improved
capacity to form biofilms and its ability to colonize and survive on a wide variety of biotic
and abiotic surfaces [47]. Quorum sensing (QS) is critical for the production of biofilms in A.
baumannii, which is a mechanism necessary for the survival, pathogenicity, and resistance
to antibiotics of the bacteria [48-51]. The immune system and antibiotics are just two
of the hostile environments that bacteria are protected from by biofilms. A. baumannii’s
QS system uses signaling molecules such acyl-homoserine lactones (AHLs) to coordinate
the expression of genes involved in the creation and maintenance of biofilms [52]. One
proposed mechanism by which ceragenins may exert their antibacterial and anti-adhesive
properties is by disrupting quorum sensing signals. Ceragenins may potentially hinder the
communication process mediated by AHL, impeding the coordinated behavior necessary
for creating and maintaining biofilms. This interference might be caused by the direct bind-
ing of the substance to QS molecules or their receptors, inhibiting the pathways responsible
for signal transduction. Consequently, ceragenins cause a decrease in the production of
biofilms and an increase in the vulnerability of bacteria to environmental pressures and
antimicrobial substances.

The Csu pili in A. baumannii play a crucial role in the production of biofilms on both
abiotic surfaces, like medical equipment, and biotic surfaces, like epithelial cells [53]. The
Csu pili also enhance virulence by facilitating bacterial adhesion, a critical process for
colonization and infection [54]. The regulation of Csu pili expression is governed by a
complex network that involves c-di-GMP signaling and certain regulatory proteins such
as PdeB [55]. These proteins play a role in controlling the formation and activity of pili.
Ceragenins might have the potential to interfere with the formation or operation of Csu
pili, hence impeding the capacity of A. baumannii to attach to surfaces and create biofilms.
This interruption could arise from various mechanisms: (i) direct interaction via binding of
ceragenins directly to the pili or their subunits, preventing proper assembly or function;
and (ii) interfering with the regulatory pathways controlling pili expression, such as the
c-di-GMP signaling network or PdeB activity. Ceragenins may have the potential to impact
these pathways, resulting in a decrease in the generation or effectiveness of pili. By affecting
these pathways, ceragenins could reduce the production or functionality of pili, leading to
diminished adhesion and biofilm formation.

Our findings indicate that CR A. baumannii was able to easily build biofilms on silicone
tube segments, indicating the biomedical surfaces’ vulnerability to bacterial colonization
(Figure 6). On the other hand, ceragenin presence successfully eradicates biofilm, indicating
the potential as a medical device protection agent. Our observation is in great agreement
with previous reports. For example, Pollard et al. described the efficacy of CSA-13 in
eliminating both Gram-positive and Gram-negative biofilms at concentrations comparable
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to ciprofloxacin while still killing drug-resistant pathogens [56]. Moreover, ceragenins have
been effectively used in fracture fixation plates and contact lenses to stop and eradicate
Pseudonionas aeruginosa and Staphylococcus aureus biofilms, demonstrating their adaptability
in a range of medical settings [57]. The versatile characteristics of ceragenins, including
strong antibacterial and antibiofilm properties, high stability in body fluids, and physical
properties, make them valuable candidates for medical applications. Thin films containing
CSA-131 may protect endotracheal tubes from microbial colonization, preventing infection
and irritation linked to intubation, according to recent research by Hashemi et al. [58].

The potential, safe therapeutic application of ceragenins is indicated by the fact that
the doses needed for bactericidal action against A. baumannii are within well-recognized
biocompatibility ranges. Since the A549 cell line used in our study is a human lung
cancer cell line, cytotoxicity with ceragenins may be higher than with primary cell lines
because both AMPs and ceragenins are thought to be anticancer agents because they exhibit
increased cytotoxic activity against transformed cells like cancer cells [59,60]. Cancer cells
have a different membrane makeup than primary, non-transformed cells. As such, data on
the cytotoxicity of ceragenins may not be entirely reliable when derived from experiments
conducted on transformed cancer cells. Research utilizing primary cells might yield more
accurate cytotoxicity measurements. However, these investigations using the A549 cell
line reveal details regarding a minimum window of activity against bacteria that does
not cause damage to eukaryotic cells. Particular consideration should be taken regarding
CSA-13's anti-adhesive qualities. Ceragenin CSA-13 considerably reduced the adhesion
of laboratory strain ATCC19606 and carbapenem-resistant A. baumannii (502, S04, S06) to
host cells, according to an adhesion assay using the A549 cell line. Bacterial adherence
was inhibited concentration-dependently; the greatest effect was seen at 10 ug/mL, at
which point bacterial adhesion was around 11% less than in the control. These results show
how CSA-13 may be explored in developing new methods to treat carbapenem-resistant A.
baumannii infections by preventing the microorganism from attaching to epithelial cells, an
essential stage in the infection process.

4, Materials and Methods
4.1. Clinical Bacterial Isolates and Antimicrobial Compounds

The study utilized a laboratory strain of A. baumannii was purchased from American
Type Culture Collection (ATCC 19606, USA) and 65 clinical strains of A. baumannii isolated
from the bronchial lavage, sputum, throat swab, and swab from a tracheostomy wound
that tested positive in conventional diagnostic microbiology laboratories. The isolates were
cultured on agar plates and analyzed using the VITEK® 2 system (bioMérieux, Marcy-
I’Etoile, France). Ceragenins, namely CSA-13, CSA-44, and CSA-131, were synthesized
using the method reported previously [14]. Colistin (#C4461), ciprofloxacin (#17850),
and meropenem (#PHR1772) from Sigma Aldrich (USA) were the conventional, control
antibiotics used in this study. All agents were dissolved in sterile saline and stored at a
temperature of 4 °C until the experiments were conducted. Sterile endotracheal tubes were
sourced from Zarys company (Poland).

4.2. Mechanisms of Resistance of the Tested Clinical Strains of A. baumannii

Strains S01 (S-strain; 02-number 2), S02, S04, S05, S06 and S08, isolated from sputum,
were identified as carbapenem-resistant A. baumannii (CRAB) strains were tested using a
combination disc assay, following the guidelines outlined by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST; www.eucast.org) (accessed on 12 May 2023).

4.3. Antimicrobial Activity Assessment

The minimum inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) of ceragenins (CSA-13, CSA-44, and CSA-131) and conventional antibiotics
(colistin, ciprofloxacin, and meropenem) were assessed against laboratory (1 = 1) and clini-
cal strains (1 = 65) of A. baumannii and carbapenem-resistant A. baumannii in Muller-Hinton
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broth using the microdilution method with concentrations of the drugs varied between
0.125 pg/mL and 256 pg/mL. The lowest concentration of ceragenins and antibiotics that,
during an overnight culture, produced no discernible growth was known as the MIC. Each
dilution series of the overnight MIC had samples quantitatively plated on agar to obtain
the MBC values. At least 99.9% of the viable counts were reduced by the MBC, the lowest
concentration of antimicrobial agents. In another series of tests, the killing assay method
was used to investigate the capacity of treated carbapenem-resistant A. baumannii (S02, S04,
506) cells to form colonies after incubation with investigated substances at doses between
1 and 5 pg/mL. Following a 1 h incubation at 37 °C, the suspensions were diluted 10- to
1000-fold in PBS, the plates were placed on ice, and 10 uL aliquots were plated on MH agar
to measure the CFUs. Cell survival was expressed upon overnight culture when compared
to untreated controls (0 pg/mL).

4.4. Atomic Force Microscopy Measurements of A. baumannii Cells Subjected to Ceragenin Treatment

A. baumannii carbapenem-resistant strains (S02) grown on MacConkey agar were
resuspended in PBS (OD600: ~0.1), followed by incubation with 5 pg/mL and 10 pg/mL of
CSA-13 and CSA-131 ceragenins. Next, 200 uL of bacterial samples was transferred onto the
mica surface previously functionalized with Poly-L-lysine; —100 uL of 0.01% Poly-1-lysine
solution (Sigma-Aldrich, #25988-63-0) was incubated with cut mica slices. The attachment
of bacterial cells to the mica surface was achieved during a 0.5 h incubation. Images of
bacterial cells and characterization of their mechanical properties were collected using a
NanoWizard 4 BioScience atomic force microscope (AFM-JPK/Bruker, MA, USA) equipped
with a liquid cell setup. Because of the lateral forces occurring during data collection, which
may have caused cells to move across the surface, the contact mode scanning AFM was
operated in QI mode (Bruker/JPK QI™ mode—Quantitative Imaging). Silicon nitride AFM
cantilevers (Bruker, MSCT-A) had a nominal spring constant of 0.07 N/m and measured
spring constant in the range of 0.067-0.099 N/m, using the thermal tune method. The
bacterial cells were located using 20 x 20 um maps; then, topography maps with a size of
3 um x 3 um were created, with a resolution of 128 pixels per line, in wet conditions. QI
maps were used to determine bacteria surface stiffness (JPK Slope Mode) and adhesion
forces between the cells and the AFM probe (JPK Adhesion Mode). The rigidity of bacteria
cells was calculated based on force-indentation curves from QI maps. The slope of the force
curves was recorded on mica, and bacterial surfaces were fitted using linear regression and
used as a stiffness parameter (nN/pum) reflecting bacterial stiffness.

4.5. Activity against Biofilms

The effectiveness of ceragenins (CSA-13, CSA-44, and CSA-131) and conventional
antibiotics (colistin, ciprofloxacin, and meropenem) to prevent biofilm formation was inves-
tigated by incubating carbapenem-resistant A. baumannii (S02, S04, S06) with varying doses
(1-50 pg/mL) of the studied compounds for 72 h at 37 °C. An overnight pathogen culture
was diluted to 10° CFU/mL before the antimicrobial exposition. After the incubation
period, the planktonic bacteria-containing growth media was removed, and the wells were
gently washed three times with PBS. To stain the biofilm, resazurin at a final concentration
of 200 pg/mL was utilized and left for further incubation for 1h. To ascertain the viability
of biofilms, fluorometric analysis (A = 520/590 nm) was employed.

4.6. Evaluation of Ceragenins’ Antibiofilm Capabilities on Tracheostomy Tubes

Sterile culture tubes were utilized to place 50 mm segments of silicone tracheostomy
tubes. Inoculation solutions containing 10° CFU/mL of laboratory and carbapenem-
resistant A. baumannii (502, S04, S06) were prepared and used to inoculate the tracheostomy
segments in a volume of 1.5 mL. CSA-13 and CSA-131 were then introduced at doses
ranging from 0 to 20 pg/mL. After 24 h, the tracheostomy segments were removed, gently
washed with sterile PBS, and sonicated for 15 min using a bath sonicator to detach the
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bacteria adhered to the tubes’ surface. Colonies were counted after the resultant solutions
were serially diluted, plated on MH agar, and incubated for 24 h at 37 °C.

4.7. Cell Culture

Pneumocyte cell line A549, type II, obtained from a human lung carcinoma (LGC
Standards, UK) was cultured in DMEM medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 1% Antibiotic Antimycotic Solution (Sigma Aldrich). The
culture was maintained at 37 °C in a humidified incubator with 5% CO;. Every three
to four days, A549 cells were routinely passaged. Before infection with laboratory and
carbapenem-resistant A. baumannii (S02, S04, S06), A549 cells were cultured in DMEM
devoid of FBS and antibiotics after being thoroughly cleaned three times in preheated
phosphate-buffered saline (PBS).

4.8. Assessment of Ceragenin Cytotoxicity towards A549 Epithelial Cells Using MTT Assay

To evaluate the cytotoxic effects of the tested ceragenins (CSA-13, CSA-44, and CSA-
131) on A549 epithelial cells, a methyl thiazolyl tetrazolium (MTT) assay was conducted.
In detail, A549 cells were seeded onto 48-well plates at a density of 15-20 x 10% cells
per well. Subsequently, the cells were treated with varying concentrations of ceragenins
for 24 h. Following the treatment period, the cells were gently washed with phosphate-
buffered saline (PBS) to remove any residual ceragenins. Following the washing step, the
viability of the treated cells was assessed using the MTT assay. A solution of MTT to reach
a final concentration of 0.5 mg/mL was added to each well, and the plates were then
incubated for an additional 4 h at standard cell culture conditions. After the completion
of the incubation period, the formazan crystals formed by metabolically active cells were
solubilized using an appropriate solvent. Subsequently, the spectrophotometric absorbance
of the solubilized formazan was measured at 550 nm using a Varioskan Lux microplate
reader. The absorbance values obtained were then used to quantify the relative cell viability
compared to samples without ceragenins. All experiments were performed in triplicate
to ensure the reliability of the results. Statistical analysis was conducted to assess the
significance of any observed differences between treatment groups.

4.9. Adhesion Assay

To assess the adherence of bacteria to the lung epithelial cells, A549 cells were infected
with 108 CFU/mL of laboratory (ATCC19606) and carbapenem-resistant A. baumannii (S02,
S04, S06) for two hours at 37 °C in 5% CO,. After that, five washings with preheated PBS
were performed on infected A549 cells, and 0.5% Triton X-100 was used to lyse them. The
number of bacteria that attached to A549 cells was counted after diluted lysates were plated
onto blood agar (Blood-Agar Columbia, Becton Dickinson Microbiology Systems, East
Rutherford, NJ, USA) and incubated at 37 °C for 24 h.

4.10. Statistical Analysis

Collected data and differences were determined using the one-tailed Student’s t-test.
p < 0.05 was considered to be statistically significant. The results are the average of three
measurements.

5. Conclusions

Ceragenins, by efficiently destroying bacterial membranes and preventing biofilm
development, show great promise as therapeutic agents for treating A. baumannii infec-
tions, especially against carbapenem-resistant strains. Important new information on the
biophysical effects of ceragenins on bacterial cells was obtained in this work by the use of
atomic force microscopy, and adhesion studies demonstrated their capacity to stop bacterial
attachment to host cells. These results highlight the value of adhesion and AFM research in
our knowledge of and progress toward ceragenins as new antibacterial therapies.
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Abstract: The growing number of infections caused by multidrug-resistant bacterial strains, limited
treatment options, multi-species infections, high toxicity of the antibiotics used, and an increase in
treatment costs are major challenges for modern medicine. To remedy this, scientists are looking
for new antibiotics and treatment methods that will effectively eradicate bacteria while continually
developing different resistance mechanisms. Ceragenins are a new group of antimicrobial agents
synthesized based on molecular patterns that define the mechanism of antibacterial action of natural
antibacterial peptides and steroid-polyamine conjugates such as squalamine. Since ceragenins have a
broad spectrum of antimicrobial activity, with little recorded ability of bacteria to develop a resistance
mechanism that can bridge their mechanism of action, there are high hopes that this group of
molecules can give rise to a new family of drugs effective against bacteria resistant to currently
used antibiotics. Experimental data suggests that core-shell nanosystems, in which ceragenins are
presented to bacterial cells on metallic nanoparticles, may increase their antimicrobial potential
and reduce their toxicity. However, studies should be conducted, among others, to assess potential
long-term cytotoxicity and in vivo studies to confirm their activity and stability in animal models.
Here, we summarized the current knowledge on ceragenins and ceragenin-containing nanoantibiotics
as potential new tools against emerging Gram-negative rods associated with nosocomial infections.

Keywords: healthcare-associated infections; ceragenins; nanosystems; nanoantibiotics; multidrug-
resistance Gram-negative bacteria

1. Introduction

Nosocomial infections, also known as healthcare-associated infections (HAIs), have
emerged as a significant issue, posing a severe threat to patient lives and a challenge to
healthcare systems worldwide. HAIs appear no earlier than 48 h following admission to a
hospital, although symptoms can also occur subsequent to a patient’s release [1]. According
to the World Health Organization [2], the incidence of these occurrences is approximately
7% in underdeveloped countries and 10% in industrialized nations. In the European
context, it has been reported that around 3.2 million people are impacted by HAI on an
annual basis [3]. The precise global mortality rate associated with healthcare-associated
infections remains uncertain; nevertheless, many studies indicate a 30-day mortality rate
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of approximately 10% among patients who have contracted HAI [4,5]. The incidence of
excess mortality resulting from HAI appears to be more pronounced among patients who
are critically ill, even when considering admission prognostic variables and severity scores.
In the USA, in the context of acute care hospitals, it has been estimated that the annual
expenses associated with the five primary forms of HAI amount to around $9.8 billion,
alone among the adult inpatient populations [6]. There are a number of HAI, but among
the most common are central line-associated bloodstream infections (CLABSI), catheter-
associated urinary tract infections (CAUTI), skin and soft tissue infections (SSTI), surgical
site infections (SSI), ventilator-associated pneumonia (VAP), hospital-acquired pneumonia
(HAP), and Clostridioides difficile infection (CDI), with bacteria causing about 90% of HAI [7]
(Table 1).

Table 1. Risk factors and etiological agents of health care-associated infections. The table presented is
derived mainly from information extracted from the following publication [7].

Type of Nosocomial Infections Pathogens Risk Factors References
Chronic illness, neutropenia,
A malnutrition, parenteral nutrition,
Coagulase-negative Staphylococcus, » .
extremes of ages, and bone marrow
Staphylococcus aureus, :
Enterococcus spp transplantations, prolonged
Central Line-Associated Blood re hospitalization before catheterization, s
Streptococcus spp., [8-12]

Stream Infection (CLABSI)

prolonged time of catheterization,
multi-lumen CVC, type of catheter
material, multiple CVC, urgent
insertion, and lack of sterile barriers
or breaks in the aseptic technique

Candida spp.,
Acinetobacter baumannii,
Escherichia coli

Catheter-Associated Urinary Tract
Infection (CAUTI)

Duration of catheterization, female
sex, paraplegia, cerebrovascular
disease, older age, diabetes mellitus,
history of UTI in the preceding year,
and recent antibiotic use within
90 days

Escherichia coli,

Klebsiella spp.,
Acinetobacter baumannii,
Pseudomonas aeruginosa,

Enterococcus spp., and Candida spp.

[8,10,12-15]

Skin and Soft Tissue Infection
(SsI)

Duration of surgery, wound class,
hypothermia and hypovolemia during
surgery, hypoxemia, the urgency of
surgery, more than one
intervention /surgery, necessity for
blood transfusion, and the type
of prosthesis implanted, wound class,
and duration
of operation due to the time that the
tissue is exposed to the environment,
leading to an increased chance
of contamination,
immunosuppression, tobacco use,
obesity, hyperglycemia, malnutrition,
joint disease, and increasing age

Staphylococcus aureus, Escherichia coli,
Klebsiella spp.,
Enterobacter spp.,
Pseudomonas aeruginosa,
Acinetobacter baumannii,
Enterococcus spp.

[8,10,12,13,16,17]

Hospital-acquired pneumonia

Prior IV antibiotic use within the last
90 days, need for ventilatory support,
septic shock at the time
of VAP, acute respiratory distress

Klebsiella pneumoniae,
Enterobacter spp.,

(HAP) and ventilator-associated Pseudomonas aeruginosa, o ding VAP th [18-23]
pneumonia (VAP) Acinetobacter baumannii, and s};n rgm:e PI;EI’C‘E ne i 1 m%ref an
Staphylococcus aureus ie.cays othospltaization betore
VAP onset, and need for acute renal
replacement therapy
Antibiotic use and environmental
contamination, both of which are
modifiable risk factors. Other
Clostridioides difficile Infection Clostridioides difficile frequently seen risk factors include 8,24,25]

(CDI)

increasing age, hospitalization,
multiple comorbidities, the use of
gastric acid-suppressing medications,
and immunosuppression

54



Pathogens 2023, 12,1346

30f19

An alarming effect of HAI is the emergence and spread of antibiotic-resistant bacteria,
also known as "superbugs.” In healthcare contexts, the misuse and overuse of antibiotics
contribute to the emergence of resistance, rendering common treatments ineffective and
complicating infection management. Gram-negative bacteria, including those belonging to
the Enterobacterales order, and non-glucose-fermenting bacteria, such as Pseudomnonas and
Acinetobacter, stand out as two of the most dangerous pathogens that cause HAIs. Due to
high bacterial plasticity, bacteria have adapted to an environment rich in overused /misused
antibiotics, resulting in Gram-negative bacteria infections in hospitalized patients that are
incurable with conventional antibiotics and pandemic-like [26,27].

The limitations and challenges associated with HAIs encompass several key aspects,
including antibiotic resistance, biofilm formation, diagnostic difficulties, treatment complex-
ities, and the importance of preventive measures. One notable instance is the occurrence of
biofilm formation on medical devices, which poses challenges to effectively eradicating
bacteria. Consequently, this issue contributes to increased expenses related to longer hospi-
talization, surgical procedures, and the protracted use of antimicrobial treatments. It is of
utmost importance for healthcare practitioners and academics to acknowledge and tackle
the limits and obstacles that are inherent in the context of HAIs. The effective mitigation
of these illnesses necessitates a comprehensive approach that encompasses innovative
therapeutic methodologies, stringent infection control measures, and a concerted emphasis
on limiting the dissemination of pathogens inside healthcare environments. The com-
prehension and alleviation of these challenges will ultimately result in enhanced patient
outcomes and a decrease in the prevalence of HAIs.

The purpose of this review is to shed light on the alarming prevalence of HAIs, with a
particular emphasis on the worrisome emergence of Gram-negative rods as a formidable
foe within healthcare facilities. By analyzing the epidemiology, underlying mechanisms,
and clinical implications, this review aims to contribute to the collective understanding of
this important issue and to offer insights into the potential of a new therapeutic option,
ceragenins, in the context of their use in the form of core-shell nanosystems.

2. HAIs Caused by Multidrug-Resistant Gram-Negative Rods: Where We Are and
Where We Could Go with New Treatment Strategies

According to the commissioned report by the UK Government about antimicrobial
resistance, it has been posited that by the year 2050, antimicrobial resistance (AMR) has the
potential to result in the loss of around 10 million lives annually [28,29]. Despite criticism
of these forecasts, the World Health Organization (WHO) and several other societies and
researchers agree that antimicrobial resistance (AMR) is a serious issue that requires a
global action plan [30].

The resistance to antibiotics can be categorized as either innate, adaptive, or acquired
by the organism [3]. Certain bacteria possess inherent resistance to specific antibiotics as
a result of their unique cell wall composition, the functionality of efflux pumps, or the
presence of porins [31]. Adaptive and acquired mechanisms may include (i) reduced drug
penetration into the pathogen’s cell, (ii) drug removal from the bacterial cell, (iii) modifica-
tion of drug targets through mutation selection, or (iv) rendering drugs inactive through
enzymatic means [31]. The innate resistance means that all strains belonging to the same
species exhibit insensitivity to a specific antibiotic. In contrast, acquired resistance occurs
when certain strains within a given species develop resistance to an antibiotic that they
were previously susceptible to. Mechanisms encompass two main processes: the occur-
rence of mutations in preexisting genes, such as those found in intracellular targets [32] or
core metabolic genes [33], and the acquisition of novel antibiotic resistance genes through
horizontal gene transfer (HGT) [31]. The latter facilitates the transmission of antimicrobial
resistance genes within and between species, leading to the emergence of a pandemic of
antimicrobial resistance [34,35]. Whatever the reason, antibiotic resistance already poses a
severe threat to human health by making it more difficult to effectively treat infections [4].
Multidrug-resistant pathogens are causally linked to significant morbidity and death rates
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in HAIs owing to their acquired resistance to a wide range of medicines, including critical
antibiotics like carbapenems and colistin [36]. Within this group of pathogens, approx-
imately 16% to 20% exhibit multidrug-resistant (MDR) phenotypes. These phenotypes
include methicillin-resistant S. aureus (MRSA), vancomycin-resistant Enterococcus faecium
(VRE), cephalosporin-resistant K. pneumoniae, E. coli, and Enterobacter spp. as well as
Gram-negative rods (K. pneumoniae, Escherichia coli, Enterobacter spp., P. aeruginosa, and A.
bawmannii) resistant to most f-lactam antibiotics; even carbapenems [37-39].

The global rise in drug-resistant bacterial infections has led to a growing demand
for novel antibacterial therapies [40]. This issue has garnered significant global attention,
resulting in various financing, regulatory, and legislative efforts aimed at revitalizing re-
search and development in the field of antibacterial treatments. The 2022 data reveals a
positive trend with respect to the augmented quantity of early-stage clinical candidates as
compared to 2019. However, it is disheartening to note that the number of initial therapeu-
tic approvals between 2020 and 2022 remained notably deficient. The monitoring of the
transition of Phase-I and -1I candidates into Phase-III and subsequent stages in the coming
years will be of great importance [41]. Additionally, there was an increased prevalence of
newly developed antibacterial pharmacophores in the initial stages of clinical trials. Out
of the 26 candidates in phase I, a minimum of 18 were specifically designed to address
infections caused by Gram-negative bacteria [42]. Plazomicin, eravacycline, temocillin,
cefiderocol, ceftazidime/avibactam, ceftolozane/tazobactam, imipenem/relebactam, and
meropenem/vaborbactam are among the antibiotics with significant efficacy against Gram-
negative bacteria newly approved by the US Food and Drug Administration (FDA) and the
European Medical Agency (EMA) [43]. The practice of combination therapy has become
increasingly prevalent as a means to augment the effectiveness of current antibiotics and
surmount resistance mechanisms. Recent research has investigated the efficacy of combin-
ing colistin with novel drugs or two antibiotics with distinct modes of action, revealing
enhanced clinical outcomes in the treatment of multidrug-resistant Gram-negative infec-
tions [44,45]. Employing bacteriophage therapy has resurfaced as a promising approach
for addressing multidrug-resistant (MDR) Gram-negative infections. Current research
focuses on isolating and characterizing bacteriophages that target specific bacteria strains,
providing a personalized therapeutic approach [46]. Immunotherapies have been created,
such as monoclonal antibodies that specifically target outer membrane proteins and vir-
ulence factors of multidrug-resistant Gram-negative bacteria. The antibodies have the
ability to augment the immune response of the host and counteract the harmful effects
of bacterial toxins. Additionally, ongoing research is focused on the creation of vaccina-
tions that specifically target multidrug-resistant Gram-negative bacteria, with the goal of
preventing infections and decreasing reliance on antibiotics. Furthermore, there has been
a notable rise in the quantity of “nontraditional antimicrobials” [47,48] that are currently
undergoing active evaluation in clinical studies [48]. Non-conventional antibacterial agents
encompass a range of entities, including small molecules, monoclonal antibodies (mAbs),
proteins, and live biotherapeutics such as bacteria and bacteriophages [42]. These agents
primarily exert their effects on bacterial growth or virulence indirectly, employing diverse
mechanisms such as toxin binding, reduction of cell adherence, inhibition of antivirulence
targets, and modification of drug resistance [48]. Despite the positive developments in
phase -I and -II antibacterial drug candidates, the proposed strategies to tackle late-stage
pipeline challenges, and the current portfolio of licensed antibacterial agents, when com-
bined with conventional medicines in late-stage development, antibacterial drug discovery
and development must maintain a sense of urgency.

Antimicrobial peptides (AMPs) present a potentially compelling and attractive means
for antibiotics. The AMP Colistin (Polymyxin E), derived from Paenibacillus polymyxa
var. colistinus, is currently employed as an initial treatment option for multidrug-resistant
Acinetobacter baumannii (MDR-AB) [49]. However, its usage is constrained due to the adverse
effects of nephrotoxicity and the escalating prevalence of resistance [50]. Previous studies
have documented the efficacy of several peptides (such as LL-37, a human antimicrobial
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peptide, and WAM-1, a marsupial AMP) against some pathogens in animal models of
infection [51]. The findings revealed that both peptides, LL-37 and WARM-1, exhibited
the ability to suppress biofilm formation in all clinical isolates at certain concentrations.
Additionally, WAM-1 was seen to disperse mature biofilm in the majority of isolates [51].
While the antibacterial properties of LL-37 are weakened when exposed to human serum,
this phenomenon does not occur in the case of WAM-1. There is a requirement for further
new drugs that can effectively target unmet therapeutic requirements. These molecules
must evade established pathways of medication resistance and align with contemporary
reimbursement procedures.

3. Physicochemical Properties of Ceragenins and Ceragenin-Based Nanosystems That
Defined Their Antibacterial Properties and Specified Bacterial Targeting

Ceragenins, small-molecule mimics of endogenous antimicrobial peptides (AMPs),
naturally produced by the immune system in all mammals, have attracted considerable
interest due to their potent antimicrobial properties [52,53]. The first discovered natural
molecule shearing characteristic of synthetic ceragenins is squalamine, which is naturally
present in the stomach of Squalus acanthias sharks. In the preliminary phases of the in-
vestigation involving ceragenins, scientists created a variety of novel agents that increase
the susceptibility of Gram-negative bacteria. This was accomplished by considering the
bactericidal properties of polymyxin B and its metabolites. They synthesized numerous
cholic acid derivatives, including derivatives with amine and guanidine functionality. In
addition to possessing antibacterial properties against Gram-negative and Gram-positive
bacteria, the researchers discovered that these compounds inhibited the biofilm formation
of bacteria. The aforementioned class of cholic acid derivatives became known as cationic
steroid antimicrobials (CSAs) or ceragenins over time (Figure 1).
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Figure 1. Structural formulae of squalamine and ceragenins CSA-13, CSA-44, CSA-131, CSA-138, and
CSA-142.

Simultaneously, it has been observed that CSAs exhibit a low level of toxicity, pro-
viding evidence to support the potential clinical application of these compounds [54].
Numerous generations of CSAs have been synthesized and subjected to comprehensive
evaluation. The compounds indicated as CSA-1 to CSA-50 have been categorized as con-
stituents of the first generation of CSAs. While the remaining compounds synthesized so
far are part of the second generation of CSAs [55].
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The cationic nature of ceragenins is considered to be one of their defining characteris-
tics, which enables them to engage in electrostatic interactions with microbial membrane
components that possess a negative charge [56]. The positive charge of these entities arises
from the inclusion of amino groups in their structural composition. This interaction pro-
motes the adsorption of ceragenins onto the membranes and subsequently leads to their
membrane insertion, which leads to the rupture of the membranes (Figure 2).
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Figure 2. Molecular mechanisms of ceragenin action.

The membrane-disrupting activity of ceragenins is dependent on the presence of
hydrophobic parts, which integrate into the lipid bilayer of microbial membranes. In
contrast to traditional antibiotics, which selectively act on specific cellular processes or
proteins, ceragenins possess a membrane-disrupting effect that poses a significant obsta-
cle for bacteria to acquire resistance [57]. This is particularly relevant when addressing
multidrug-resistant bacteria that have undergone the development of numerous resistance
mechanisms. A recent study presented the hypothesis that ceragenins have a distinctive
mode of action, and scientists proposed a model in which ceragenins cross the outer layers
of the bacterial envelope and target, more specifically, the inner membrane [58]. More-
over, the publication presented by Durnas et al. [59] shows that ceragenins, due to their
structural similarity to natural antimicrobial peptides, also have a similar mechanism of
action, specifically to induce damage and impairment of the plasma membrane, leading
to fungal cell malfunction. Furthermore, the utilization of scanning electron microscopy
(SEM) and atomic force microscopy (AFM) has revealed that CSAs exhibit a propensity
for interacting with plasma membranes, as evidenced by the presence of distorted cell
surfaces and significant alterations in the morphology of Candida cells. Furthermore,
another study has demonstrated that the primary mode of fungicidal activity exhibited
by ceragenin is attributed to the generation of reactive oxygen species (ROS) [60]. This
process results in the deterioration of the fungal membrane and the subsequent release of
internal components, finally leading to the demise of the fungal organism. In addition, the
amphiphilicity of ceragenins is achieved through precise engineering of the hydrophilic
and hydrophobic areas, thereby establishing a delicate balance. The maintenance of this
equilibrium is of utmost importance for their capacity to engage with the hydrophilic
surface of microbial membranes as well as infiltrate the hydrophobic core, ultimately re-

58



Pathogens 2023, 12, 1346

7 of 19

sulting in the rupture of the membrane. Position C-24 holds significant importance as it
is closely associated with the groups that have a large impact on the bactericidal activity
of CSAs [61]. During this study investigating cationic steroid antibiotics, it was observed
that compounds with longer hydrophobic chains at C-24 exhibit potent bactericidal activity
against both Gram-negative and Gram-positive bacteria, while those with shorter chains
are less effective against Gram-negative strains while retaining strong activity against
Gram-positive organisms. To improve cell selectivity, a polyamine was attached at C-24,
reducing hemolytic activity while maintaining antibacterial efficacy. Amino acids were
also introduced to facilitate specific binding interactions, potentially increasing affinity and
selectivity. The justification for employing amino acids is the ability of the amine groups to
offer cationic recognition, while the side chains may contribute further associative contacts
with a particular binding target. Consequently, this enhances the affinity and, potentially,
the selectivity of the interaction. The aforementioned correlations represent fundamental
observations; however, ongoing research is being conducted to enhance the precision of
this set of molecules.

Ceragenins, being non-peptide-based compounds, do not serve as substrates for
proteases, resulting in their exceptional stability under physiological conditions. These
compounds are not susceptible to proteolysis and are inexpensive to manufacture, making
them an attractive alternative to peptide-based synthetic CAMPs [62]. One of the pri-
mary benefits of ceragenins is their resistance to the development of microbial resistance
and their ability to target the bacterial cell membrane [63,64]. Traditional antibiotics fre-
quently encounter the problem of bacteria evolving resistance mechanisms, reducing their
effectiveness over time.

The research conducted by Li, Chunhong, et al. demonstrated that the effectiveness of
ceragenins in combating Gram-negative bacteria is influenced, at least in part, by the length
of the lipid chain attached to the molecule [65]. The lipid chain was postulated to serve as a
means of anchoring the bacteria to its outer membrane. It has been proven that CSA-131,
containing a lipid chain consisting of 12 carbon atoms, exhibited superior activity compared
to CSA-13 and CSA-44, which both possess lipid chains consisting of eight carbon atoms,
in contrast to CSA-142, which possesses a six-carbon chain and exhibited the lowest level
of activity [66-69].

The incorporation of ceragenins into nanosystems improves their antibacterial prop-
erties and targeting abilities. Nanostructures can encapsulate and deliver ceragenins to
infection sites, thereby enhancing their local concentration and efficacy while decreas-
ing off-target effects. Physicochemical characteristics of ceragenin-loaded nanosystems,
such as size and surface charge, play a crucial role in bacterial targeting. Due to their
enhanced permeability and retention effect, nanoparticles within the optimal size range
can promote passive accumulation within bacterial biofilms. Surface charge manipulation
enables controlled interactions with bacteria and can increase specificity by targeting the
surface properties of bacteria. Utilizing the synergistic benefits of both ceragenins and
nanostructures, ceragenin-based nanosystems have emerged as an attractive approach to
combating bacterial infections (Figure 3).

The presence of magnetic nanoparticles leads to enhanced incorporation and/or
absorption of membrane-active substances like ceragenins and conventional antibiotics
such as colistin or vancomycin into bacterial cell wall compounds. This interaction results
in membrane disruption, leading to the release of intracellular contents as well as the
induction of oxidative stress by the magnetic nanoparticles. Consequently, the organelles
within bacterial cells experience detrimental effects. Furthermore, the combination of
metallic nanoparticles and ceragenins exhibits synergistic properties in combating bacteria
in both planktonic and biofilm states, including multidrug-resistant strains. This promising
development has potential for addressing the urgent worldwide challenge of growing
microbial resistance.
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Figure 3. Therapeutic strategies for the treatment of the gram-negative rods by ceragenins and

ceragenin-based core-shell nanosystems.

The investigation and advancement of ceragenins’ and ceragenin-based core-shell
nanosystems’ pharmacokinetics and toxicity are currently subjects of intensive scholarly
inquiry and continuous progress. The distinctive attributes of these entities provide both
benefits and constraints, prompting continuous endeavors to optimize their properties
to enhance their therapeutic potential. The study conducted by Wnorowska et al. [70]
demonstrated that CSA-13 exhibits bladder accumulation within the initial 4-h period, with
subsequent detection in the liver after 8 h. Following a 24 -h period, CSAs were completely
eliminated. This finding aligns with prior research indicating the renal accumulation of cer-
agenin, hence reinforcing the credibility of ceragenin’s application in treating urinary tract
infections [71]. The veracity of these findings was substantiated through an examination
of animal excrement. The investigation of the impact of urinary pH on the pharmacoki-
netic and antibacterial properties of ceragenins is of great importance, considering the
significance of urine ceragenin concentrations in the treatment of urinary tract infections
and the involvement of kidneys in CSA-13 clearance. Moreover, in another in vivo study
aiming to elucidate the anti-cancer potential of CSA-containing nanosystems, the com-
pound AuP@CSA-131 exhibited distinct characteristics such as delayed clearance and
extended blood circulation in comparison to free ceragenin, with subsequent improvement
of biological activities [72].

4. Activity of Ceragenins and Ceragenin-Based Nanosystems against Multi-Drug
Resistance Gram-Negative Rods

One of the major challenges encountered in combating multidrug resistance pertains to
the high occurrence of pathogens such as Pseudononas aeruginosa (P. aeruginosa), Acinetobac-
ter baumannii (A. baumannii), Klebsiella pneumoniae (K. pneumoniae), and Enterobacter spp. [33].
These pathogens are primarily responsible for nosocomial infections, underscoring the
pressing need for novel and effective therapeutic strategies [73] and are the focus of this
review.

4.1. Ceragenins as Potent Antimicrobials with a Broad-Spectrum of Activity

Multiple investigations, including our own, have provided a growing body of evidence
of the efficacy of ceragenins and ceragenin-based nanosystems in combating multidrug-
resistant strains. The assessment of the antibacterial properties of these drugs is commonly
conducted by determining the minimum inhibitory concentrations (MICs) and minimum
bactericidal concentrations (MBCs).
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To date, a number of studies report promising results on the utilization of ceragenins
to combat HAIs. The findings of one of the investigations indicate that a selection of
ceragenins (CSA-13, CSA-44, CSA-131, CSA-138, and CSA-142) exhibit efficacy against
50 multidrug-resistant strains of K. pneumoniae displaying a high level of resistance to
colistin [66]. Another study showed that CSA-13 exhibited antimicrobial properties within
a range of 2-6 mg/L, while CSA-142 demonstrated similar effects [74]. Furthermore, the
minimum inhibitory concentration values for meropenem-resistant clinical isolates of
Klebsiella pneumoniae were seen to range from 0.5 to 32 mg/L for CSA-13 and CSA-44, with
the lowest concentration of CSAs that is effective in inhibiting the growth of 90% (MICyp) of
K. pneumoniae being 32 mg/L [66]. Similarly, CSA-131 exhibited MIC values ranging from
0.5 to 16 mg/L, with a MICq of 32 mg/L. These findings were corroborated by another
publication [67].

Importantly, ceragenin has also been proven to have strong effects against other
multidrug-resistant strains, such as P. aeruginosa and A. baumannii. Carbapenems hold sig-
nificant importance as commonly employed antipseudomonal medications, notwithstand-
ing the escalating global prevalence of carbapenem resistance in P. aeruginosa strains. One
of the most crucial categories to consider is carbapenem-resistant P. aeruginosa (CRPA) [75].
In instances of this nature, colistin is the sole available therapy choice. Nevertheless, the
emergence of colistin resistance is being observed worldwide [76]. The presence of car-
bapenemases in CRPA strains has significant therapeutic implications due to their ability
to confer resistance not only to carbapenems but also to other B-lactam antibiotics, includ-
ing certain new B-lactam-B-lactamase inhibitors [77]. A potential correlation between the
broader range of resistance and unfavorable outcomes in patients with CRPA infections may
exist. The published data clearly show that the ranges of minimum inhibitory concentration
values for ceragenins against 150 strains of P. aeruginosa, both with and without resistance
mechanisms to 3-lactams, are consistent across groups and comparable to the reference
strain of P. aeruginosa ATCC 27853 [78]. The findings presented in the published study
align with the results reported by Vila-Farrés et al. [79], who conducted experiments to
evaluate the efficacy of several ceragenins, such as CSA-44, CSA-131, and CSA-138, against
clinical isolates of A. baumannii and P. aeruginosa, including those that were resistant to
colistin. In both studies, CSA-131 had the highest level of activity. The minimum inhibitory
concentration values for the complete set of strains were determined to be 1 mg/L and
2 mg/L for the MIC50 and MIC90, respectively [79]. Similarly, a separate investigation
examining the in vitro impact of ceragenins on 20 clinical strains of CRPA demonstrated
that CSA-131 exhibited the highest level of activity among the ceragenins tested. Impor-
tantly, the antibacterial activity of ceragenins remains consistently effective regardless of the
mechanisms of resistance observed in conventional antibiotics [69]. Moreover, the strong
antibacterial effect of CSA-13 against P. aeruginosa as well as uropathogenic E. coli strains
was also demonstrated in an in vivo model [70,71] (Table 2).

Interesting, in one of the more recent studies, Paprocka et al. [78] conducted a study to
examine the activity of ceragenins CSA-13, CSA-131, and CSA-44 in comparison to three
newly developed conventional beta-lactam antibiotics: (1) ceftolozane/tazobactam, (2)
ceftazidime/avibactam (which have been available for several years since their approval
in the US and Europe), and meropenem /vaborbactam (which was introduced into the
medical market several years thereafter) against clinical strains of P. aeruginosa exhibiting
various resistance patterns. The findings demonstrate the favorable efficacy of ceragenins
against P. aeruginosa, including those that are susceptible to conventional antibiotics, as
well as multidrug-resistant and extensively drug-resistant strains. Notably, the compounds
exhibited activity against strains that manufacture metallo-beta-lactamases while retaining
susceptibility solely to colistin. In comparison to traditional antibiotics, the minimum
inhibitory concentration values for each ceragenin against P. aeruginosa strains, both with
and without resistance mechanisms to 3-lactams, exhibit similar ranges between the two
groups. Furthermore, the antifungal activity of the ceragenins (CSA-13, CSA-131, and
CSA-192) was compared to the impact of omiganan (the completion of phase 3 clinical trials
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evaluating the efficacy of omiganan 1% gel in preventing catheter-related bloodstream
infections and providing topical skin antisepsis in healthy adult participants has been
reported in the database of the U.S. National Institutes of Health) [59]. Ceragenins exhibit
significantly greater candidacidal action in comparison to omiganan.

Table 2. Selected results summarize the values of the antibacterial activities of ceragenins and
antibiotics against Gram-negative bacteria.

Minimal Inhibitory Concentration (mg/L)
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CSA-13 4 1-16 0.5-8 <0.5 2-6 0.5-32 2
CSA-44 4 8-16 0.5-8 1 1-2 0.5-32 2
CSA-131 2 1-8 0.54 <0.5 1-3 0.5-16 2 2
CSA-138 4 4-32 - 1 2-8 1-32 - -
Colistin - 0.125-4 0.125-8 - 16-200 0.03-128 1 0.5
Meropenem - 8-128 - - - 0.5-128 128 32
Reference [79] [80] [78] [79] [74] [66] [67]

Among the several categories of nanoparticles, gold nanoparticles (Au NPs) have been
recognized as highly beneficial materials in the field of nanomedicine [81]. It is important
to emphasize that gold nanoparticles have garnered considerable interest due to their
distinctive characteristics, such as their quite small size, easy surface modification, and
low toxicity [82]. It is worth noting that a considerable number of gold nanoparticles
have been employed as antibacterial agents in conjunction with small-molecule antibiotics,
antimicrobial peptides, or cationic ligands attached to their surface [83]. The bactericidal
properties of nanosystems consisting of ceragenin attached to the surface of nanoparticles
in three different shapes: rods (AuR NPs@CSA-131), peanuts (AuP NPs@CSA-131), and
stars (AuS NPs@CSA-131), have been evaluated against bacterial strains with various
mechanisms of resistance to antibiotics (e.g., K. pneumoniae ESBL+, K. oxytoca ESBL+,
P. aeruginosa LESB58 highly resistant to antibiotics with production of chromosomally
encoded inducible AmpC-f3-lactamase, and P. aeruginosa with the active efflux pumps) [84].
Significantly, the enhanced efficacy of the nanosystem in comparison to ceragenin arises
primarily from the localized augmentation of ceragenin concentration and its enhanced
internalization by cells, rather than from the inherent antibacterial properties of nanogold.
While our previous research has shown that gold nanoparticles with varying shapes may
possess antimicrobial [85] and anti-cancer properties [86], it is important to note that
achieving these effects typically requires higher doses of nanoparticles compared to those
found in the nanosystems currently being developed.

In another report, we demonstrated that improvement of the antimicrobial activity
of CSA-13 is also possible by immobilizing CSA onto the surface of iron oxide-based
magnetic nanoparticles. As demonstrated, nanocompounds, referred to as MNP-CSA-13,
significantly augmented the antibacterial efficacy against multidrug-resistant P. aerugi-
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nosa [87]. Moreover, such nanoformulation enhances the compounds” hemocompatibility
as a result [88,89].

4.2. Enhancing Antibiotic Potency: Unveiling the Synergistic Activity of Ceragenins with
Conventional Antibiotics

To address the issue of resistance strains, a potential strategy involves the utilization
of a combination of different antibiotics as a countermeasure. This method can increase
the pathogen target spectrum and reduce antibiotic use in therapeutic settings, reducing
drug resistance. Moreover, the implementation of combination therapy has the potential
to mitigate toxicity concerns by enabling the administration of reduced dosages of the
respective deleterious medications in question. The effective application of synergism as a
strategic approach involves the combination of many therapeutic agents with the aim of
achieving a therapy that is more efficacious while also mitigating the rapid development of
resistance.

Some of the first work evaluating the synergistic effect of ceragenin with conventional
antibiotics inspired the evaluation of this effect against multidrug-resistant strains [90].
In 2008, the activity of CSA-13 against clinical isolates of P. aeruginosa, including MDR-P.
aeruginosa, was evaluated. It has been proven that CSA-13 shows synergy with cefepime
and ciprofloxacin against P. aeruginosa [90]. The above results were confirmed in another
study that indicates a synergistic effect for CSA-13 in combination with colistin against
clinical strains of P. aeruginosa isolated from cystic fibrosis patients (synergism was observed
for 54% of tested strains) [91].

A. bawmannii strains that were resistant to carbapenems were tested in vitro using CSA-
13 in combination with colistin, tobramycin, and ciprofloxacin [92]. The outcomes of this
investigation showed that synergistic interactions were identified in all combinations. With
the use of the CSA-13 and colistin combination, the bactericidal effect in 55% of the tested
strains showed the most synergistic interactions, whereas with the CSA-13 and tobramycin
combination, 35% of the tested strains showed the least synergistic interactions. Then,
recently published data showed the in vitro activities of ceragenins (CSA-8, CSA-13, CSA-
44, CSA-131, and CSA-138) in combination with colistin against 25 carbapenem-resistant
A. baumannii strains [80]. In agreement with the previous reports, a synergistic effect of
CSA-13 with colistin was confirmed. Moreover, combinations of CSA-13 with CSA-131,
CSA-13 with CSA-138, and CSA-131 with CSA-138 were found to have a synergistic effect.
Importantly, no evidence of an antagonistic effect was found.

Another study also examined the synergistic effects of two ceragenins with colistin or
meropenem on six K. pneumoniae strains showing different resistance patterns. The results
indicate that the MIC values of ceragenins were similar or better than the antibiotics tested,
except for colistin, and the synergistic effect of CSA-131 in combination with colistin was
found for the strains at both 1 x MIC and 4 x MIC [66].

These results are extremely promising in the fight against multidrug-resistant strains
of Gram-negative bacteria in particular, due to the rapid development of resistance to
various antibiotics.

4.3. Demonstrating the Proven Anti-Biofilm Efficacy of Ceragenin for Clinical Application

Numerous bacterial species possess the capacity to form biofilms, which consist of
structured communities of bacteria that adhere to both biotic and abiotic surfaces, facilitated
by the secretion of extracellular matrix [93]. Biofilms play a crucial role in facilitating
bacterial resistance to antibiotics by providing a protective environment for bacteria within
a matrix [94,95]. Within biofilms, bacterial cells exhibit significantly higher tolerance to
antimicrobial agents, with tolerance levels reaching up to 10,000 times greater than those
observed in planktonic cells [96].

Prior research has indicated that there is a significant increase in the prevalence of K.
pneumoniae strains that exhibit resistance to a wide range of antibiotics, particularly when
these bacteria possess the ability to build biofilms [97]. Treatment of infections caused by
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biofilm-forming K. pneumoniae strains is more difficult than for other strains [98]. Several
research studies have demonstrated a correlation between the ability of bacteria to form
biofilms, which are regulated by genes and proteins, and their resistance to colistin [99,100].
Studies have also depicted the interrelationships- between biofilm formation, gene/protein
regulation, and the resistance phenotype [96]. Given that over 60% of infections are
linked to the capacity of microorganisms to form biofilms, the substantial efficacy of
ceragenins in inhibiting biofilm formation has been substantiated by numerous prior
investigations [101]. An example of this is the study conducted by Chmielewska et al.,
which provided evidence of the efficacy of CSA-13, CSA-44, and CSA-131 in combating
biofilm formation by NDM-1 (New Delhi metallo-3-lactamase-1)-generating strains of
Klebsiella pneumoniae BAA-2472 and BAA-2473 [102]. The ranges of MIC and MIB values for
ceragenins CSA-13, CSA-44, and CSA-131 against K. pneumoniae subsp. pneumoniae BAA-
2472 and K. pneumoniae BAA-2473 were, respectively, 1 to 2 mg/L and 1to4 mg/L, and were
several times lower compared to the majority of antibiotics used in this study (ertapenem,
meropenem, gentamicin, tobramyecin, ciprofloxacin, and fosfomycin). The lowest, identical
values were obtained by ceragenins CSA-13 and CSA-131 [102]. In addition, data are
available that show the activity of ceragenins CSA-13 and CSA-90 against both single-
and multi-species biofilms formed by P. aeruginosa, A. baumannii, E. coli, K. pneumoniae,
and Candida albicans [101]. Several studies have shown that ceragenins, especially CSA-13,
have antibiofilm activity against P. aeruginosa [103-105]. Interestingly, P. aeruginosa biofilm
usually produces a large amount of a Pfl-like virus compared with phage production in
planktonic P. aeruginosa cultures [106]. In connection with this fact, we presented the results
that demonstrated that the Pfl bacteriophage dramatically reduces the bactericidal activity
of the cathelicidin LL-37 peptide, but it has no effect on the ability of synthetic cationic
lipids like CSA-13 and CSA-131 to eradicate bacteria. The potential of cationic lipids to
prevent and treat P. aeruginosa infections, particularly those brought on by LES strains in CF
airways, is suggested by their capacity to prevent P. aeruginosa LESB58 biofilm formation
and eliminate P. aeruginosa LESB58 bacteria from CF sputum in vitro [107].

Itis important to mention that the immobilization of CSA-13 on magnetic nanoparticles
resulted in a significant enhancement of its bactericidal and anti-biofilm properties in
PBS-based conditions. Additionally, the antimicrobial activity of CSA-13 was further
intensified when exposed to bodily fluids, including urine, saliva, plasma, pus, ascites,
cerebrospinal fluid, bronchoalveolar lavage, and cystic fibrosis sputum [87,108]. The data
presented in this study emphasizes the therapeutic efficacy of MNPs, as evidenced by the
enhanced bactericidal effects and biofilm prevention capabilities observed when combining
CSA-13 and CSA-131 with MNPs against P. aeruginosa Xen 5 and other Gram-negative
bacteria [108,109].

4.4. Investigating Morphological Alterations in Bacterial Cells following Exposure to Ceragenins

The direct observation of the changes in morphology of microorganisms in response
to antibiotic exposure is one of the most often used techniques to assess bactericidal
effects [110]. Frequently, atomic force microscopes (AFM) that permit observation of live
microorganisms are used in this regard. Measurements of the physicochemical properties of
bacterial cells, followed by changes in the architecture of the bacterial cell membrane caused
by antibiotic exposure, can reveal important details about the putative mechanisms of action
of the antimicrobial agents being studied. This technique was successfully employed to
explore the morphological changes in K. pneumoniae BAA-2473 cells after exposure to
ceragenins (CSA-13, CSA-44, and CSA-131) (Figure 4) [67].
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Figure 4. Morphological changes of K. pneumonige in AFM before and after application of ceragenins
CSA-13, CSA-44, and CSA-131 [67].

The main objective was to gain a better understanding of the mechanisms by which
ceragenins induce membrane damage. The findings of the investigation suggest that the
method by which ceragenins exert their effects may entail their interaction with negatively
charged compounds present in the bacterial membrane, such as lipopolysaccharide (LPS)
and phosphatidylglycerol (PG). This form of interaction gives rise to the reorganization of
membrane compound packing, ultimately resulting in the disruption of the membrane. Ob-
served changes in AFM include changes in cell membrane morphology such as microcracks
and surface wrinkles.

A change in shape and a decrease in bacterial adhesion and stiffness were also ob-
served. Changes in bacterial morphology can also be observed in the SEM (Figure 5). After
applying ceragenins, the bacterial images show folding, wrinkling, and discontinuity of
the membranes, which indicates membrane activity (insertion) of ceragenins [109].

Membrane activity of
ceragenins:
roughness and wrinkling
on the cell surface after
CSA-131 treating

Figure 5. Changes in morphology in SEM after application of ceragenin CSA-131 against K. prneunto-
niae ((A)—before application of CSA-131, (B)—after application of CSA-131) [109].
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Other published data presented changes in cell shape and mechanical characteristics
of P. aeruginosa after treatment with MNP-CSA-13 in order to confirm the antibacterial
activity of ceragenin-functionalized magnetic nanoparticles by atomic force microscopy
(AEM) [110]. The findings show that nanosystems of MNP-CSA-13 attach to bacteria before
rupturing the cell membrane, allowing the internal contents to escape. Interestingly, the
addition of unfunctionalized MNPs causes bacterial aggregation [110].

5. Conclusions

In the ongoing effort to combat nosocomial infections, specifically those caused by
multidrug-resistant strains of K. pneumoniae, P. aeruginosa, and A. baumannii, the introduction
of ceragenins and ceragenin-based core-shell nanosystems as a viable alternative represents
a significant advancement in infection management and future therapy. The diverse
characteristics of ceragenins, such as their wide-ranging antibacterial properties, distinctive
method of action in disrupting membranes, and proven effectiveness in vivo, all highlight
their potential as a significant addition to our therapeutic arsenal. In our endeavor to
combat multidrug-resistant bacteria, ceragenins offer a compelling opportunity, thanks to
their remarkable effectiveness and resilience against the emergence of resistance. Through
ongoing research, ceragenins have the potential to significantly transform the field of
infection management.
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IX. STRESZCZENIE W JEZYKU POLSKIM

Szczepy wielolekooporne A. baumannii stanowig powazne zagrozenie dla zycia
1 zdrowia, szczegdlnie w Srodowisku szpitalnym, gdzie wywotuja trudne do leczenia
infekcje. Ich opornos¢ na wigkszo$¢ dostepnych antybiotykéw prowadzi do wysokiej
$miertelnosci, wydluzenia hospitalizacji 1 zwigkszenia kosztow leczenia. Celem
przeprowadzonych badan byla ocena aktywnos$ci ceragenin jako substancji o potencjale
zastosowania klinicznego w leczeniu zakazen wywotanych przez wielolekooporne szczepy
A. baumannii. Przypuszcza si¢, ze cerageniny jako mimetyki AMP — naturalnych peptydow
przeciwdrobnoustrojowych — moga by¢ skuteczng terapia przy niskim ryzyku wytworzeniu
opornosci na te zwigzki. Badania zostaly przeprowadzone z wykorzystaniem ceragenin
CSA-13, CSA-441 CSA-131. W celu oceny ich skutecznos$ci, dziatanie badanych substancji
odniesiono do stosowanych w terapii lekow przeciwbakteryjnych: ciprofloksacyny,
meropenemu oraz kolistyny. Wptyw ceragenin zbadano na 66 szczepach A. baumannii —
jednym szczepie laboratoryjnym oraz 65 szczepach klinicznych. Przeprowadzono
oznaczenie najmniejszego stezenia hamujacego (MIC), aby okresli¢ najnizsze stezenie
zwiazkow, ktore hamuje wzrost bakterii oraz zmierzono najmniejsze st¢zenie bakteriobdjcze
(MBC), ktore wskazuje najnizsze stezenie zwigzkow zdolne do zabicia bakterii. Badania
rozszerzono o wykonanie testu zliczania kolonii (ang. killing assay) po dodaniu ceragenin
do zawiesiny komorek bakterii. Zbadano rowniez zdolno$¢ ceragenin do zapobiegania
tworzenia biofilmu oraz jego eradykacji. Morfologie komoérek A. baumannii poddanych
dzialaniu ceragenin 1 ich wplyw na wilasciwosci reologiczne zbadano z wykorzystaniem
mikroskopu sil atomowych. Oceniono réwniez dziatanie cytotoksyczne -ceragenin
w stosunku do komorek nabtonkowych raka ptuc linii A549 i antyadhezyjne dziatanie
CSA-13. Przeprowadzone badania wykazaty silng aktywnos$¢ przeciwbakteryjng ceragenin
wobec klinicznych szczepow A. baumannii, w tym szczepoOw opornych na karbapenemy.
Wykonane badania wskazuja, iz w wyniku dziatania ceragenin dochodzi do uszkodzenia
btony komorkowej drobnoustrojow, o czym $wiadczag zmiany morfologii komorek
A. baumannii poddanych dziataniu ceragenin. Zaobserwowano rowniez zdolno$¢ ceragenin
do hamowania postawania biofilmu, jak rowniez jego eradykacji z powierzchni abiotyczne;.
Interesujaca obserwacja jest zmniejszenie sit adhezji 4. baumannii do komorek gospodarza
przy zastosowaniu CSA-13, prowadzacych do spadku zakazenia komorek. Przedstawione
wyniki wskazuja, iz cerageniny maja potencjat do zastosowania w terapii zakazen

wywotanych przez lekooporne szczepy A. baumannii.
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X. STRESZCZENIE W JEZYKU ANGIELSKIM

Multidrug-resistant strains of A. baumannii cause a serious threat to life and health,
especially in hospital environment, where they cause infections that are difficult to treat.
Their resistance to most available antibiotics leads to high mortality rates, prolonged
hospitalization and increased treatment costs. The purpose of this study was to evaluate the
activity of ceragenin as a substance with potential for clinical application in the treatment of
infections caused by multidrug-resistant strains of A. baumannii. It is supposed that
ceragenins, as mimetics of AMPs — natural antimicrobial peptides of the immune system —
can be an effective therapy with a low risk of developing resistance to these compounds. The
study was carried out using ceragenins CSA-13, CSA-44 and CSA-131. To evaluate their
effectiveness, the effects of the test substances were related to the antibiotics used in therapy:
ciprofloxacin, meropenem and colistin. The effect of ceragenins was tested on 66 strains
of A. baumannii — 1 laboratory strain and 65 clinical strains. A minimum inhibitory
concentration (MIC) assay was performed to determine the lowest concentration
of compounds that inhibits bacterial growth, a minimum bactericidal concentration (MBC)
was also measured, which indicates the lowest concentration of compounds capable
of killing bacteria. The study was extended to perform a colony counting assay (killing
assay) after adding ceragenin to a suspension of bacterial cells. The ability of ceragenins
to prevent biofilm formation and its eradication was also investigated. The morphology
of A. baumannii cells treated with ceragenins and their effect on rheological properties were
examined using atomic force microscopy. The cytotoxic effect of ceragenins against lung
cancer cells of the A549 line and the anti-adhesive effect of CSA-13 were also evaluated.
The performed studies showed strong antimicrobial activity of ceragenins against clinical
strains of A. baumannii, including carbapenem-resistant strains. The conducted research
revealed that the action of ceragenins causes damage to the cell membrane
of microorganisms as indicated by changes in the morphology of A. baumannii cells
interacted with ceragenins. The ability of ceragenins to inhibit biofilm formation was also
observed, as well as its eradication from the abiotic surface. An interesting observation of the
reduction in the adhesion forces of A. baumannii to host cells with CSA-13, leading
to a decrease in cell infection was found. The results of this research indicate that ceragenins
have the potential to be used in the treatment of infections caused by drug-resistant strains

of 4. baumannii.
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powyzszej publikacji w postepowaniu o nadanie stopnia naukowego doktora nauk medyeznych.

PODPIS ZAUFANY

LURSZULA

/data, podpis/
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Bialystok, 02.08.2024

Dr hab. n. med. Bonita Durna$

Zaklad Mikrobiologii i Immunologii,

Collegium Medicum, Uniwersytet Jana Kochanowskiego w Kielcach,
IX Wiekow Kielc 19A,

25-317 Kielee

OSWIADCZENIE

Os$wiadezam, iz maéj udzial w publikacji:

Karasinski Maciej, Wnorowska Urszula, Durnag Bonita, Krél Grzegorz, Daniluk Tamara,
Sktodowski Karol, Ghluszek Katarzyna, Piktel Ewelina, Okla Stawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzgcej w sklad rozprawy doktorskiej lek. Macieja
Karasinskiego, wynoszacy 3%, polegal na wspoluczestnictwie w redagowaniu tekstu

manuskryptu.

Jednoczesnie wyrazam zgod¢ na wykorzystanie przez lek. Macieja Karasiniskiego

powyzszej publikacji w postepowaniu o nadanie stopnia naukowego doktora nauk medycznych.

/data, podpis/
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Biatystok, 02.08.2024

Dr n. biol. Grzegorz Krol

Zaktad Mikrobiologii i Immunologii,

Collegium Medicum, Uniwersytet Jana Kochanowskiego w Kielcach,
IX Wiekow Kiele 19A,

25-317 Kielce

OSWIADCZENIE

Os$wiadczam, iz mdj udziat w publikacji:

Karasinski Maciej, Wnorowska Urszula, Durna$ Bonita, Kr6l Grzegorz, Daniluk Tamara,
Sktodowski Karol, Ghluszek Katarzyna, Piktel Ewelina, Okta Stawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzacej w sktad rozprawy doktorskiej lek. Macieja
Karasinskiego, wynoszacy 5%, polegal na wspoluczestnictwie w redagowaniu tekstu

manuskryptu.

Jednocze$nie wyrazam zgodg na wykorzystanie przez lek. Macieja Karasinskiego

powyzszej publikacji w postgpowaniu o nadanie stopnia naukowego doktora nauk medycznych.

/data, podpis/
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Biatystok, 02.08.2024

Dr n. med. Tamara Daniluk

Zaklad Mikrobiologii Lekarskiej i Inzynierii Nanobiomedycznej,
Uniwersytet Medyczny w Bialymstoku,

Mickiewicza 2C,

15-222 Bialystok

OSWIADCZENIE

Oswiadczam, iz m6j udzial w publikacji:

Karasinski Maciej, Wnorowska Urszula, Durna$ Bonita, Kr6l Grzegorz, Daniluk Tamara,
Sklodowski Karol, Gluszek Katarzyna, Piktel Ewelina, Okfa Stawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzacej w sklad rozprawy doktorskiej lek. Macieja
Karasinskiego, wynoszacy 5%, polegal na wspéluczestnictwie w redagowaniu tekstu
manuskryptu.

Jednoczes$nie wyrazam zgod¢ na wykorzystanie przez lek. Macieja Karasinskiego
powyzszej publikacji w postgpowaniu o nadanie stopnia naukowego doktora nauk medycznych.

.
S.08 L4 s \9‘2,“:&}\ e

--------------------------------------

/data, podpis/
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Biatystok, 05.08.2024

Mgr Karol Sktodowski

Zaktad Mikrobiologii Lekarskiej 1 Inzynierii Nanobiomedyczne.
Uniwersytet Medyczny w Biatymstoku,

Mickiewicza 2C,

15-222 Bialystok

OSWIADCZENIE

Oswiadczam, 1z moj udzial w publikacji:

Karasinski Maciej, Wnorowska Urszula, Durnas Bonita, Krol Grzegorz, Daniluk Tamara,
Sklodowski Karol, Gluszek Katarzyna, Piktel Ewelina, Okla Stawomir. Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens 12111346, wchodzace) w sklad rozprawy doktorskiej lek. Macieja
Karasinskiego, wynoszacy 5%, polegal na wspoluczestnictwie w redagowaniu tekstu

manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Macieja Karasinskiego

powyzszej publikacji w postgpowaniu o nadanie stopnia naukowego doktora nauk medycznych.

............................

/data, podpis/
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Biatystok, 02.08.2024

Dr n. farm. Katarzyna Gluszek

Zaktad Mikrobiologii i Immunologii,

Collegium Medicum, Uniwersytet Jana Kochanowskiego w Kielcach,
IX Wiekow Kielc 19A,

25-317 Kielce

OSWIADCZENIE

Oswiadczam, iz méj udzial w publikacji:

Karasinski Maciej, Wnorowska Urszula, Durnaé Bonita, Krél Grzegorz, Daniluk Tamara,
Sklodowski Karol, Gluszek Katarzyna, Piktel Ewelina, Okla Stawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzacej w sklad rozprawy doktorskiej lek. Macieja
Karasifiskiego, wynoszacy 5%, polegal na wspoluczestnictwie w redagowaniu tekstu

manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Macieja Karasinskiego

powyzszej publikacji w postepowaniu o nadanie stopnia naukowego doktora nauk medycznych.

~
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Bialystok, 02.08.2024

Dr hab. n. med. Ewelina Piktel
Samodzielna Pracownia Nanomedycyny,
Uniwersytet Medyczny w Bialymstoku,
Mickiewicza 2B,

15-222 Bialystok

OSWIADCZENIE

Oswiadczam, iz m6j udzial w publikacji:

Karasifiski Maciej, Wnorowska Urszula, Durna$ Bonita, Krol Grzegorz, Daniluk Tamara,
Sklodowski Karol, Gtuszek Katarzyna, Piktel Ewelina, Okla Stawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzacej w sklad rozprawy doktorskiej lek. Macieja

Karasinskiego, wynoszacy 5%, polegal na wspétuczestnictwie w zbiorze literatury oraz
redagowaniu tekstu manuskryptu.

Jednoczesnie wyrazam zgodg¢ na wykorzystanie przez lek. Macieja Karasinskiego

powyzszej publikacji w postgpowaniu o nadanie stopnia naukowego doktora nauk medycznych.

DIUNKT
nej

~

o
dr hab. n. med. Ewelina Piktel

......................................

/data, podpis/
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Biatystok, 02.08.2024

Dr n. med. Stawomir Okla

Klinika Otolaryngologii, Chirurgii Glowy i Szyi,
Swigtokrzyskie Centrum Onkologii,
Artwinskiego 3,

25-734 Kielce

OSWIADCZENIE

Os$wiadczam, iz moj udzial w publikacji:
Karasinski Maciej, Wnorowska Urszula, Durnas Bonita, Kr6l Grzegorz, Daniluk Tamara,
Sktodowski Karol, Gluszek Katarzyna, Piktel Ewelina, Okla Stawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzacej w sklad rozprawy doktorskiej lek. Macieja
Karasinskiego, wynoszacy 5%, polegal na wspéluczestnictwie w redagowaniu tekstu

manuskryptu.

Jednoczednie wyrazam zgode na wykorzystanie przez lek. Macieja Karasinskiego

powyzszej publikacji w postgpowaniu o nadanie stopnia naukowego doktora nauk medycznych.

................................

/data, podpis/
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Bialystok, 02.08.2024

Prof. dr hab. Robert Bucki

Zaktad Mikrobiologii Lekarskiej 1 Inzynierii Nanobiomedyczne;,
Uniwersytet Medyczny w Bialymstoku,

Mickiewicza 2C,

15-222 Bialystok

OSWIADCZENIE

Oswiadezam, 1z mdj udzial w publikacji:

Karasiski Maciej, Wnorowska Urszula, Durnaé Bonita, Krél Grzegorz, Daniluk Tamara,
Sklodowski Karol, Gluszek Katarzyna, Piktel Ewelina, Okla Slawomir, Bucki Robert.
Ceragenins and Ceragenin-Based Core-Shell Nanosystems as New Antibacterial Agents
against Gram-Negative Rods Causing Nosocomial Infections. Pathogens 2023, 12, 1346, doi:
10.3390/pathogens12111346, wchodzacej w sklad rozprawy doktorskiej lek. Macieja
Karasiiskiego, wynoszacy 5%. polegal na wspdluczestnictwie w opracowaniu koncepeji pracy

oraz redagowaniu tekstu manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie przez lek. Macieja Karasinskiego

powyzszej publikacji w postgpowaniu o nadanie stopnia naukowego doktora nauk medyeznych.

02.08.2024.
/data, podpis/
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Procentowy
Imie i nazwisko wspotautora Charakter udziatu whiad
doktorant Uéziai w. opracowaniu k.oncepcj' 1 pracy,
lek. Maciej Karasifiski zbior  literatury,  analiza literatury, 55%
stworzenie tekstu manuskryptu.
dr n. med. Urszula Zbior literatury, analiza literatury, redakcja »
Wnorowska tekstu manuskryptu. °
dr hab. n. med. Bonita Durnaé | Udziat w redagowanie tekstu manuskryptu. 50,
dr n. biol. Grzegorz Krol Udziat w redagowaniu tekstu manuskryptu. 5%
dr n. med. Tamara Daniluk Udziat w redagowaniu tekstu manuskryptu. 50,
mgr Karol Sktodowski Udzial w redagowaniu tekstu manuskryptu. 50,
dr n. farm. Katarzyna Gluszek Udziat w redagowaniu tekstu manuskryptu. 5%
Zbior literatury, redagowanie tekstu
dr hab. n. med. Ewelina Piktel manuskryptu, 5%
dr . med. Stawomir Okla Udzial w redagowaniu tekstu manuskryptu. 50,
Udzial w opracowaniu koncepcji pracy,
prof. dr hab. Robert Bucki redagowanie tekstu manuskryptu. %

Oswiadczam, ze wszyscy wspoOtautorzy wyrazili zgod¢e na wykorzystanie powyzszej

publikacji w pracy doktorskiej lek. Macieja Karasinskiego.

Podpis doktoranta

Potwierdzam opisany powyze] merytoryczny wkiad kandydata w powstanie publikacji

wchodzacej w sktad rozprawy doktorskie;.

Podpis promotora
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XV. ZGODA KOMISJI BIOETYCZNEJ

KOMISJA BIOETYCZNA
PRZY UNIWERSYTECIE MEDYCZNYM W BIALYMSTOKU
ul. Jana Kilinskiego |
15-089 Bialystok
tel. 85 748 54 07
komisjabioetyczna@umb.edu.pl

Bialystok, dn. 19.10.2023 r.

APK.002.406.2023

Sz. P.
prof. dr hab. Robert Bucki
Zaklad Mikrobiologii Lekarskiej

i Inzynierii Nanobiomedycznej

Komisja Bioetyczna przy Uniwersytecie Medycznym w Biatystoku po zapoznaniu sig
z pismem z dnia 09.10.2023 r., dotyczacym badan prowadzonych z wykorzystaniem
archiwalnych szczep6w bakteryjnych oraz grzybiczych, ktérych celem jest realizacja projektéw
naukowych, oceniajacych aktywnosé przeciwdrobnoustojowa substancji aktywnych blonowo,
gléwnie z grupy ceragenin informuje, iz w zwigzku z fakiem, ze w przedmiotowym badaniu
nie ma kontaktu z uczestnikiem badania ani materiatem biologicznym., dlatego nie spefnia on
definicji eksperymentu medycznego. W zwigzku z powyzszym nie wymaga zgody Komisji

Bioetycznej.

Z powaz
prof. dr hab. Oty}ia Kowal-Bielecka

w Bralymstoku
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