Zachodniopomorski T Wydziat
Uniwersytet Technologiczny ; Biotechnologii
w Szczecinie /N i Hodowli Zwierzat

mgr inz. Magdalena Chare¢za

Rozprawa doktorska

WPLYW IMMOBILIZACJI ENZYMOW
MAJACYCH ZDOLNOSC DO DEGRADACJI BIOFILMOW
NA ICH AKTYWNOSC KATALITYCZNA
Z WYKORZYSTANIEM CELULOZY BAKTERYJNEJ
JAKO NOSNIKA

Promotor: dr hab. Jolanta Kochel-Karakulska, prof. ZUT

Promotor pomocniczy: dr inz. Radostaw Drozd

Praca doktorska realizowana w Katedrze Mikrobiologii i Biotechnologii
Wydziatu Biotechnologii i Hodowli Zwierzat Zachodniopomorskiego
Uniwersytetu Technologicznego w Szczecinie

Szczecin, 2023



Publikacje naukowe wchodzace w sklad cyklu stanowigcego rozprawe doktorska
zatytulowang:

» Wplyw immobilizacji enzymow majacych zdolnosé¢
do degradacji biofilmow na ich aktywnos¢ katalityczng
z wykorzystaniem celulozy bakteryjnej jako nosnika”

[P-1] Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E.,
Zielinska, B., & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose
synthesis and water holding capacity. International Journal of Biological
Macromolecules, 208, 642-653.

IF2022 — 6,953; 100 p. MEiN2022

Moj wktad w powstanie tej pracy polegat na opracowaniu koncepcji badarn oraz udziale we
wszystkich etapach eksperymentu, ktore obejmowaty: przygotowanie odczynnikéw i medium
hodowlanego niezbednego do produkcji celulozy bakteryjnej (CB), przygotowanie
odczynnikow do analizy napiecia powierzchniowego, produkcje CB, oczyszczanie CB,
analize wlasciwosci wodnych CB, analize struktury chemicznej CB metodg ATR-FTIR,
przygotowanie prob CB do analizy cytotoksycznosci oraz analiz materiatowych, takich jak
XRD, DSC i TGA, przygotowanie prob CB do oceny morfologii z wykorzystaniem
skaningowej mikroskopii elektronowej. Ponadto, opracowaZam uzyskane wyniki, wykonaZam
analizy statystyczne oraz przygotowalam ostateczng wersje manuskryptu.

Moj udzial procentowy szacuje na 60%.

[P-2] Szymanska M., Karakulska J., Sobolewski P., Kowalska U., Grygorcewicz B.,
Boéttcher D., Bornscheuer U.T., Drozd R. (2020). Glycoside hydrolase (PelAn)
immobilization prevents Pseudomonas aeruginosa biofilm formation on cellulose-based
wound dressing. Carbohydrate Polymers, 246, 116625.

IF2020 — 9,381; 140 p. MEiN2020

Moj wktad w powstanie tej pracy polegal na opracowaniu koncepcji badan oraz udziale we
wszystkich etapach eksperymentu, ktore obejmowalty: przygotowanie odczynnikéw i medium
hodowlanego niezbednego do produkcji celulozy bakteryjnej (CB), produkcje CB,
przygotowanie nosnika do immobilizacji, wybor mikroorganizmow niezbednych do
uzyskania rekombinowanego enzymu, przygotowanie wektora ekspresyjnego, oczyszczanie
rekombinowanego enzymu, przygotowanie nosnika do immobilizacji oraz immobilizacje
enzymu na powierzchni membran CB, analiz¢ stopnia biofilmowania przez bakterie
patogenne na powierzchni CB metodg ATR-FTIR, wspotudzial w wykonaniu analiz
z wykorzystaniem cytometrii przeptywowej, przygotowanie enzymu oraz CB do analizy
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cytotoksycznosci, przygotowanie prob CB do oceny stopnia biofilmowania z wykorzystaniem
skaningowej mikroskopii elektronowej. Ponadto, opracowatam uzyskane wyniki, wykonatam
analizy  statystyczne  oraz  przygotowalam ostateczng  wersje  manuskryptu.

Moj udziat procentowy szacuje na 60%.

[P-3] Chareza M., Przygrodzka K., Zywicka A., Grygorcewicz B., Sobolewski P., Mozia
S., Smiglak M., Drozd R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24(5), 4740.

IF2023 — 6,208; 140 p. MEiN2023

Moj wkitad w powstanie tej pracy polegal na opracowaniu koncepcji badan oraz udziale we
wszystkich etapach eksperymentu, ktore obejmowalty: przygotowanie odczynnikéw i medium
hodowlanego niezbednego do produkcji celulozy bakteryjnej (CB), produkcje CB,
przygotowanie nosnika do immobilizacji, wybor mikroorganizméw niezbednych do
uzyskania rekombinowanego enzymu, przygotowanie wektora ekspresyjnego, oczyszczanie
rekombinowanego enzymu, przygotowanie nosnika do immobilizacji oraz immobilizacje
enzymu na membranach CB, analize stopnia biofilmowania przez bakterie patogenne na
powierzchni CB metodq ATR-FTIR, wspétudzial w wykonaniu analiz z wykorzystaniem
cytometrii przeplywowej, przygotowanie enzymu oraz CB do analiz cytotoksycznosci.
Ponadto, opracowatam wuzyskane wyniki, wykonalam analizy statystyczne oraz
przygotowatam ostateczng wersje manuskryptu.

Moj udziat procentowy szacuje na 60%.

[P-4] Chareza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak-Silicka M., Drozd R.
(2023). Evaluation of argon plasma treated bacterial cellulose usability as carrier for
controlled releases enzymes PelAn and PsIGh able to biofim eradication. Applied Sciences,
13.

IF2023 — 2,838; 100 p. MEiN2023

Moj wktad w powstanie tej pracy polegal na opracowaniu koncepcji badan oraz udziale we
wszystkich etapach eksperymentu, ktore obejmowaly: przygotowanie odczynnikow i medium
hodowlanego niezbednego do produkcji celulozy bakteryjnej (CB), produkcje i oczyszczanie
CB, analize struktury chemicznej CB metodg ATR-FTIR, modyfikacje CB z wykorzystaniem
niskocisnieniowej plazmy przy uzyciu argonu jako gazu roboczego, przygotowanie prob CB
do oceny morfologii z wykorzystaniem skaningowej mikroskopii elektronowej oraz analiz
materiatowych, takich jak XPS, wybor mikroorganizmow niezbednych do uzyskania
rekombinowanych enzymow, przygotowanie wektorow ekspresyjnych, oczyszczanie



rekombinowanych enzymow, przygotowanie enzymu do analiz cytotoksycznosci,
przygotowanie enzymow do analiz stabilnosci metodg DSF, przygotowanie nosnika do
immobilizacji oraz immobilizacje enzymow na powierzchni CB, analize profilu uwalniania
enzymow z powierzchni CB, analize wptywu enzymow w formie natywnej i immobilizowanych
na powierzchni CB na stopienn formowania biofilmu. Ponadto, opracowatam uzyskane
wyniki, wykonatlam analizy statystyczne oraz przygotowatam ostateczng wersje manuskryptu.

Moj udziat procentowy szacuje na 70%.

Ogolna liczba punktow za cykl prac stanowiacych rozprawe doktorska,
wedlug wykazu czasopism naukowych MEIN z dnia 1 grudnia 2021 r.,
zgodnie z rokiem ukazania si¢ prac, wynosi 480 punktéw.

Sumaryczny Impact Factor (IF) za cykl prac stanowiacych rozprawe doktorska,
zgodny z rokiem ukazania si¢ prac, wynosi 25,38.

W przypadku wyzej wymienionych prac eksperymentalnych miatam wiodacy udziat
w badaniach, od udziatu w opracowaniu koncepcji i metodologii, po analizg, interpretacje
1 opublikowanie wynikéw. Prowadzone przeze mnie badania miaty charakter
interdyscyplinarny, dlatego byly wykonywane we wspoipracy z ekspertami z roznych
obszarow nauk inzynieryjnych, przyrodniczych i medycznych.

Podczas prowadzenia badan, ktorych wyniki umozliwilty mi przygotowanie
publikacji sktadajacych si¢ na niniejsza rozpraw¢ doktorska, nawigzalam wspotprace
z naukowcami z Instytutu Biochemii na Uniwersytecie w Greifsaldzie, prof. dr Uwe
T. Bornscheuer i dr Dominique Bottcher. Wspotpracowatam réwniez z dr inz. Anng Zywicka
I mgr inz. Katarzyng Przygrodzka z Katedry Mikrobiologii i Biotechnologii na Wydziale
Biotechnologii i Hodowli Zwierzat ZUT. Do powstania cyklu publikacji przyczynili si¢
rowniez: dr inz. Piotr Sobolewski z Katedry Inzynierii Polimeréw i1 Biomaterialow na
Wydziale Technologii i Inzynierii Chemicznej ZUT, dr inz. Urszula Kowalska z Centrum
Bioimmobilizacji i Innowacyjnych Materiatbw Opakowaniowych na Wydziale Nauk
o Zywnosci i Rybactwa ZUT, dr n. med. n. zdr. Bartlomiej Grygorcewicz z Zaktadu
Medycyny Laboratoryjnej na Wydziale Medycyny i Stomatologii Pomorskiego
Uniwersytetu Medycznego w Szczecinie, mgr Jakub Hoppe z Zaktadu Chemii i Technologii
Zwiazkow Krzemu na Uniwersytecie im. Adama Mickiewicza w Poznaniu, dr hab. inz. Beata
Zielinska, prof. ZUT z Katedry Fizykochemii Nanomateriatdw na Wydziale Technologii
i Inzynierii Chemicznej ZUT, prof. dr hab. inz. Sylwia Mozia, dr inz. Ewa Ekiert i dr hab.
inz. Dariusz Moszynski, prof. ZUT z Katedry Technologii Chemicznej Nieorganicznej
i Inzynierii Srodowiska na Wydziale Technologii i Inzynierii Chemicznej ZUT, dr hab. inz.
Ewa Janus, prof. ZUT z Katedry Technologii Chemicznej Organicznej i Materiatow
Polimerowych na Wydziale Technologii i Inzynierii Chemicznej ZUT, dr hab. inz. Marcin
Smiglak, dr Michat Dutkiewicz i dr Magdalena Palacz z Poznanskiego Parku Naukowo —
Technologicznego, dr inz. Magdalena Jedrzejczak-Silicka z Katedry Nauk o Zwierzetach
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Przezuwajacych na Wydziale Biotechnologii i Hodowli Zwierzat ZUT, dr inz. Mariusz
Madej z Zakladu Mikrobiologii na Wydziale Biochemii, Biofizyki i Biotechnologii
Uniwersytetu Jagiellonskiego.
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Streszczenie

Celem rozprawy doktorskiej bylo zbadanie mozliwosci wykorzystania enzymow
immobilizowanych na membranach z celulozy bakteryjnej (CB) jako czynnikow
degradujacych polisacharydowe sktadniki macierzy biofilmu P. aeruginosa oraz
wspomagajacych proces antybiotykoterapii.

W ostatnich latach nastgpit znaczacy postep w wykorzystaniu zar6wno naturalnych,
jak 1 syntetycznych polimerow jako materialow biomedycznych. Wsrdd naturalnych
polimerow szczegdlnym zainteresowaniem cieszy si¢ celuloza bakteryjna, ktora jest
syntetyzowana przez wiele szczepoéw bakterii z rodzaju Komagataeibacter. Biopolimer ten
charakteryzuje si¢ unikalnymi wlasciwosciami materialowymi, takimi jak wysoka
krystaliczno$§¢ czy wytrzymato§¢ mechaniczna, co predysponuje CB do zastosowan
w aplikacjach biomedycznych jako doskonaty materiat opatrunkowy lub nosnik dla r6znego
rodzaju substancji aktywnych. Mimo to, nadal istotnymi czynnikami ograniczajacymi
powszechne wykorzystanie CB jest kosztowny proces jej wytwarzania oraz brak wasciwosci
bakteriobdjczych i antybiofilmowych.

W ramach niniejszej rozprawy doktorskiej zbadano potencjat polieteru silikonowego
jako dodatku do medium hodowlanego Hestrin—-Schramm (HS), w celu podniesienia
efektywnosci produkcji CB przez szczep Komagataeibacter xylinus. Modyfikacja
wlasciwosci fizykochemicznych medium poprzez znaczace obnizenie jego napigcia
powierzchniowego wptynegta korzystnie na wydajno$¢ procesu syntezy CB. Otrzymany
z wykorzystaniem modyfikowanego medium hodowlanego biopolimer charakteryzowat sig
lepszymi parametrami wodnymi, a takze nie wykazywal cytotoksyczno$ci wzgledem
komorek eukariotycznych, co potwierdzilo jego przydatno$¢ w zastosowaniach
biomedycznych.

W niniejszej pracy udowodniono réwniez, ze immobilizacja na powierzchni
membran CB hydrolazy glikozydowej PelAn lub liazy alginianowej, enzymoéw majacych
zdolnos¢ do degradacji kluczowych elementow polisacharydowych macierzy biofilmowe;,
moze skutecznie destabilizowac proces wytwarzania biofilmu przez P. aeruginosa. Ponadto
wykazano, ze unieruchomienie liazy alginianowej na powierzchni CB istotnie zwigksza
wrazliwos$¢ komorek P. aeruginosa na gentamycyng, co umozliwia obnizenie dawki
terapeutycznej.

Modyfikacje struktury CB zmieniajace jej wilasciwosci fizykochemiczne moga
poszerzy¢ jej zastosowanie w formie suchej jako no$nika dla substancji aktywnych.
W badaniach witasnych przeprowadzono modyfikacj¢ powierzchni CB niskoci$nieniowg
plazma argonowa, przy uzyciu argonu jako gazu roboczego (LPArP). Stwierdzono, ze dzigki
modyfikacji powierzchni CB z wykorzystaniem LPArP i znajomosci wlasciwosci
strukturalnych enzymow mozna kontrolowac¢ proces ich uwalniania z powierzchni nosnika.
Ponadto, unieruchomienie enzymoéw PelAn i1 PsIGh na modyfikowanej z wykorzystaniem
LPArP CB nie wptywa istotnie na zachowanie ich aktywnosci antybiofilmoweyj.

Podsumowujac, w przeprowadzonych badaniach dowiedziono, ze unikalna struktura
celulozy bakteryjnej umozliwia jej zastosowanie jako nos$nika do immobilizacji
specyficznych enzymow, takich jak PelAn, PsIGh, czy liaza alginianowa, nadajacych jej



wlasciwosci antybiofilmowe. Takie innowacyjne rozwigzanie moze wspomoc walke
z zakazen ran wywotanych przez P. aeruginosa, poprzez hamowanie procesu formowania
biofilmu i zwigkszenie lekowrazliwosci tych patogennych mikroorganizmow.

Abstract

The aim of the doctoral dissertation was to investigate the potential use of enzymes
immobilized on bacterial cellulose (BC) membranes as agents for degrading polysaccharide
components of Pseudomonas aeruginosa biofilm matrix and supporting the process
of antibiotic therapy.

In recent years, there has been significant progress in the utilization of both natural
and synthetic polymers as biomedical materials. Among natural polymers, BC has gained
particular interest due to its efficient synthesis by various strains of Komagataeibacter
bacteria. This biopolymer exhibits unique material properties, such as high crystallinity and
mechanical strength, which make BC highly suitable for biomedical applications as an
excellent wound dressing material or as a carrier for various active substances. However,
despite these advantages, the utilization of BC is still limited by its costly production process
and the lack of bactericidal and anti-biofilm properties.

During the research conducted in this doctoral thesis, the potential of silicone
polyether as an additive to the Hestrin-Schramm (HS) growth medium was examined
to enhance the efficiency of BC production by the Komagataeibacter xylinus strain. It was
shown that the modification of the physicochemical properties of the cultivation medium,
achieved by significantly reducing its surface tension, had a beneficial impact on the yield of
BC synthesis process. Furthermore, it was demonstrated that the biopolymer obtained using
the modified growth medium exhibited improved water parameters and demonstrated non-
cytotoxicity towards eukaryotic cells, confirming its suitability for biomedical applications.

This study also demonstrated that the immobilization of glycoside hydrolase PelAn
or alginate lyase, enzymes capable of degrading key polysaccharide components of the
biofilm matrix, on the surface of BC membranes can effectively destabilize the process of
biofilm formation by P. aeruginosa. Furthermore, it was shown that immobilizing alginate
lyase on BC significantly increases the sensitivity of P. aeruginosa cells to gentamicin,
allowing for a reduction in the therapeutic dose and enhancing the safety of the applied
antibiotic therapy.

Modifications of the BC structure, altering its physicochemical properties, can expand
its application as a dry carrier for delivering active substances. Therefore, in current research
the surface modification of BC using low-pressure argon plasma with argon as the working
gas (LPArP) was conducted. It was observed that through surface modification with LPArP
and understanding the structural properties of enzymes, the release process from the carrier
surface can be controlled. Furthermore, it was also demonstrated that the anti-biofilm activity
of PelAs and PsIGhr enzymes was not significantly affected by their immobilization on the
LPArP-modified BC.

In conclusion, the conducted research has demonstrated that the unique structure of
bacterial cellulose enables its use as a carrier for immobilizing specific enzymes, such as
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PelAn, PsIGy, and alginate lyase, conferring it with anti-biofilm properties. This innovative
approach can potentially aid in combating wound infections caused by P. aeruginosa by
inhibiting the biofilm formation process and enhancing the susceptibility of these pathogenic
microorganisms to antibiotics.

1. Wprowadzenie

Celuloza jest najczesciej wystepujacym naturalnym polimerem na Ziemi. Stanowi
podstawowy sktadnik strukturalny $ciany komérkowej roslin, natomiast moze by¢ rowniez
syntetyzowana zewnatrzkomorkowo w formie biofilmu przez mikroorganizmy, takie jak
grzyby, bakterie i algi (Gilmour i wsp. 2023; Wang i wsp. 2019). Zdolnos¢ do syntezy
celulozy bakteryjnej (CB) maja szczepy bakterii Gram-ujemnych (Acetobacter Azotobacter,
Rhizobium, Agrobacterium, Pseudomonas, Salmonella, Alcaligenes) i Gram-dodatnich
(Sarcina ventriculi), ale za najbardziej wydajnego producenta CB uwazane sg niepatogenne
Gram-ujemne, tlenowe pateczki Komagataeibacter xylinus (Raiszadeh-Jahromi i wsp. 2020;
Hur i wsp. 2020).

Pod wzgledem struktury chemicznej, zarowno celuloza pochodzenia roslinnego jak
i bakteryjnego sg liniowymi homopolimerami, sktadajagcymi si¢ z czasteczek glukozy
polaczonych wigzaniami B-1,4-glikozydowymi. Liniowe fancuchy B-glukanu uktadajg sie
w  regularne, mikrofibryle (Rycina 1A), stabilizowane przez wewnatrz-
I migdzyczasteczkowe wigzania wodorowe pomiedzy grupami hydroksylowymi (-OH)
monomerow glukozy, tworzac wielowarstwowa, trojwymiarowa strukture (Rycina 1B) (Esa
i wsp. 2014; Lin i wsp. 2020; Liu i wsp. 2020; Amorim i wsp. 2022).

Rycina 1. Struktura powierzchni CB z widoczng siecig mikrofibryli (czerwone strzatki)
(A) oraz przekroj poprzeczny obrazujacy wielowarstwowg strukture CB (B). Zdjgcia
wlasne.

Pomimo identycznej struktury chemicznej CB i celulozy pochodzenia roslinnego, CB
charakteryzuje si¢ wysoka czysto$cig chemiczng, ze wzgledu na brak w jej strukturze takich
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zanieczyszczen jak ligniny czy hemicelulozy Jest rowniez hydrofobowym biopolimerem
wyrdzniajacym si¢ wysoka krystaliczno$cig 1 porowatoscig. Ponadto CB jest materiatem
biokompatybilnym 1 biodegradowalnym o duzej zdolno$ci zatrzymywania wody

1 wytrzymato$ci mechanicznej (Illa 1 wsp. 2019; Gorgieva 1 Tréek 2019; Andriani 1 wsp.
2020).

Wszystkie te cechy sprawiajg, ze CB jest wykorzystywana w przemysle spozywczym,
kosmetycznym, papierniczym, elektronicznym, ochronie srodowiska
I biomedycynie (Rycina 2).

v/ material opatrunkowy
v nosnik substancji bioaktywnych
v/ sztuczne naczynia krwionosne
v biosensory
v implanty naczyn krwiono$nych
v implanty kostne
v implanty dentystyczne

Biomedycyna

Przemysl papierniczy t Przemyst elektroniczny
i wiékiennicz
M v produkcja membran glo$nikowych
v’ konserwacja dokumentéw oraz

v produkcja materialow

dziel sztuki przewodzacych prad elektryczny
v produkcja szlachetnych gatunkow
pro ) ych g o
papieru Zastosowania
celulozy

bakteryjnej

! l Przemyst kosmetyczny
Ochrona $rodowiska ‘ v maseczki kosmetyczne
v usuwanie barwnikéw i metali
cigzkich Przemyslt spozywczy
v filtracja olejow.

v czynnik stabilizujacy
v produkcja opakowan
v skladnik deserow
v dodatek do zywnosci
v czynnik zelujacy

Rycina 2. Przyktadowe zastosowania celulozy bakteryjnej (Islam i wsp. 2017; Ul-Islam
i wsp. 2020; EI-Gendi i wsp. 2022; Marestoni i wsp. 2020).

Pomimo wielu zalet CB i szerokich mozliwosci jej zastosowania istnieje rowniez szereg
ograniczen zwigzanych z jej wykorzystaniem w skali laboratoryjnej i przemystowej. Jednym
z nich jest ciggle wysoki koszt tradycyjnych mediow hodowlanych. Ponadto, proces syntezy
jest stosunkowo dtugi, a 1lo$¢ uzyskanego materialu czgsto niesatysfakcjonujaca. W zwigzku
z tym, zagadnienia zwigzane ze zwigkszeniem optacalno$ci produkcji CB sg celem wielu

12



badan, w ktorych poszukuje si¢ rozwigzan pozwalajacych na opracowanie prostych i tanich
technologii, zwigkszajacych wydajnos$¢ procesu syntezy CB na skale przemystowa (Ullah
I wsp. 2019; Ul-Islam i wsp. 2020).

Wydajnos¢ procesu syntezy CB przez komorki bakteryjne jest Scisle zwigzana
ze strukturg i sprawnoscig wielu szlakow metabolicznych takich jak, szlak Embdena-
Meyerhofa-Parnasa (glikoliza), cykl Krebsa (cykl kwasow trojkarboksylowych), szlak
pentozofosforanowy i glukoneogeneza. W przypadku wykorzystania glukozy jako zrodia
wegla, proces syntezy CB oparty jest na czterech glownych etapach, w ktorych kluczowa
role odgrywaja biatka enzymatyczne. W pierwszym etapie zachodzi fosforylacja glukozy
przez glukokinazg, w wyniku czego powstaje glukozo-6-fosforan. Nastepnie jest
on przeksztatcany przez fosfoglukomutaze w glukozo-1-fosforan, po czym nastepuje jego
konwersja do UDP-glukozy dzigki aktywnosci UDPG-pirofosforylazy (Rezazadeh i wsp.
2020; Liu i wsp. 2018; Lee i wsp. 2014; Jacek i wsp. 2019; Mishra i wsp. 2022). Ostatecznie,
UDP-glukoza jest wykorzystywana do syntezy celulozy poprzez molekularny, wieloetapowy
proces, w ktory zaangazowany jest kompleks enzymatyczny zawierajacy
4 kluczowe podjednostki biatkowe (BcsA, BesB, BesC i BesD) kodowane przez geny
(bcsABCD) znajdujace si¢ w operonie bes (ang. bacterial cellulose synthase) oraz geny
cmcAx, ccpAx i bglAx umiejscowione powyzej i ponizej tego operonu (Jacek i wsp. 2019;
Augimeri i Strap 2015; Mishra i wsp. 2022). Proces ten jest regulowany zard6wno na poziomie
transkrypcji jak i na poziomie potranslacyjnym, a najbardziej znanym mechanizmem
regulujacym  jest  allosteryczna  aktywacja  biatka  BcesA,  zlokalizowanego
po cytoplazmatycznej stronie btony komorkowej, przez c-di-GMP, ktéry zwigzany jest
z domeng regulatorowg PilZ obecng w strukturze biatka BesA (Jacek i wsp. 2019; Omadijela
i wsp. 2013). Oprocz domeny regulatorowe;j, biatko BesA zbudowane jest rowniez z domeny
katalitycznej, ktora wykazuje aktywnos$¢ [-1,4-glikozylotransferazy odpowiedzialnej
za przytaczenie monomerow glukozy do tancuchow B-1,4-glukanu celulozy z UDP — glukozy
(Augimeri i Strap 2015; Singhania i wsp. 2021; Jacek i wsp. 2019). BcsB jest biatkiem
zlokalizowanym w przestrzeni peryplazmatycznej i jest potaczone z btong cytoplazmatyczng
poprzez pojedyncza helise znajdujaca si¢ na C-terminalnym koncu biatka. Fragment
peryplazmatyczny BcsB sktada si¢ z dwoch modutow wigzacych weglowodany, ktore wraz
z transblonowymi helisami nalezacymi do BesA tworzg kanal, przez ktory powstaty polimer
jest transportowany z cytoplazmy przez przestrzen peryplazmatyczng w kierunku btony
zewngtrznej. BcesC  jest biatkiem zlokalizowanym w  przestrzeni peryplazmatycznej
o strukturze molekularnej charakterystycznej dla bialek tworzacych kanaly 1 pory,
CO sugeruje, ze jego funkcja polega na tworzeniu wtasnie tych struktur w btonie komérkowej
odpowiedzialnych za wydzielanie celulozy do srodowiska zewngtrznego. Natomiast biatko
BcsD kontroluje proces krystalizacji CB w fibryle (Jacek i wsp. 2019; Omadjela i wsp. 2013;
Rezazadeh i wsp. 2020; Liu i wsp. 2018). Geny ccpAx, cmcAx i bglAx flankujace operon bes
koduja odpowiednio biatko uzupehlniajace celuloze, endo-B-1,4-glukanazg oraz
B-glukozydaze. Biatka te nie sa kluczowymi elementami wplywajacymi na proces syntezy
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CB, natomiast biorg udzial w prawidtowym tworzeniu struktury tfancuchow glukanowych
(Buldum i Mantalaris 2021; Jacek i wsp. 2019).

Sprawno$¢ szlakow zaangazowanych w proces syntezy CB moze by¢é modyfikowana
poprzez stosowanie jako dodatkowych sktadnikéw medium hodowlanego, réznego rodzaju
organicznych i nieorganicznych zwigzkéw chemicznych, wplywajac korzystanie na ilos$¢
syntetyzowanego polimeru (Wang i wsp. 2018; Lu i wsp. 2020; Li i wsp. 2012; Gao i wsp.
2023).

Poza czynnikami na poziomie molekularnym, na ilo$¢ produkowanej CB oraz jej cechy
materiatowe istotny wptyw ma sposob prowadzenia hodowli. Obecnie znane metody
produkcji CB obejmujg hodowle statyczne, wytrzasane oraz hodowle w bioreaktorach.
Celuloza bakteryjna pozyskiwana z hodowli statycznych ma posta¢ zelowej membrany na
powierzchni medium hodowlanego, podczas gdy w hodowli wytrzasanej powstaje w formie
nieregularnych amorficznych grudek (Wang i wsp. 2019). Hodowle wytrzgsane uwazane sg
za bardziej odpowiednie w zastosowaniach komercyjnych, poniewaz zapewniaja wigksza
dostgpnos¢ tlenu i sktadnikéw odzywcezych. Obarczone sg jednak powstawaniem mutantow
nieprodukujacych CB, co znacznie obniza wydajnos¢ procesu. Dodatkowo, CB otrzymana
w hodowli wytrzasanej charakteryzuje si¢ niskim poziomem polimeryzacji i krystalicznos$ci
oraz mniejszg wytrzymato$cig mechaniczng w poréwnaniu do hodowli statycznej (Andriani
I wsp. 2020; Lahiri i wsp. 2021). Oprocz odpowiedniego systemu fermentacyjnego,
kluczowym elementem procesu produkcji CB jest dobdor optymalnego medium
hodowlanego. Powinno ono by¢ zoptymalizowane do wymagan konkretnego szczepu
K. xylinus, a takze by¢ mozliwie proste i tanie w przygotowaniu (Jankau i wsp. 2021; Qian
i wsp. 2023; Islam i wsp. 2017). Wszystkie opisane czynniki sg kluczowe w doborze systemu
produkcji CB, pozwalajacego na uzyskanie biopolimeru o wlasciwosciach jakie sa
wymagane w konkretnym obszarze jego aplikacji.

Nowoczesne opatrunki stosowane w leczeniu cigzko gojacych si¢ ran powinny spetniac¢
kilka waznych kryteriow, takich jak utrzymanie wysokiej wilgotnosci w miejscu rany,
przepuszczalno$¢ dla gazdéw, biokompatybilnos¢ czy biodegradowalno$¢. Wazne jest
réwniez, aby opatrunek wchtaniat nadmiar wysieku oraz byt elastyczny i tatwy do usunigcia
(Rezvani Ghomi i wsp. 2019; Zheng i wsp. 2020). Problemem na szeroka skalg w leczeniu
cigzko gojacych si¢ ran jest wystgpowanie zanieczyszczen mikrobiologicznych
w opatrunkach medycznych, co wymusza czgste zmiany i konieczno$¢ dodatkowego
oczyszczania rany, zwigkszajac dyskomfort pacjenta 1 opdzniajac proces gojenia
(Brandenburg i wsp. 2015). Celuloza bakteryjna spetnia wigkszo$¢ warunkéw stawianych
nowatorskim opatrunkom, natomiast jej neutralno$¢ antymikrobiologiczna, sprawia,
ze poszukiwane sg rozwigzania pozwalajace na bezpieczne zabezpieczanie jej przed
kolonizacja przez patogenne bakterie (Zheng i wsp. 2020).

Obecnie glowng strategiag pozwalajaca na rozwigzanie tego problemu jest modyfikacja
materiatdéw opatrunkowych opartych na CB poprzez wprowadzenie do struktury biopolimeru
roéznego rodzaju grup funkcyjnych lub tez wysycaniu membran CB naturalnymi (polimery,
olejki eteryczne, enzymy) i syntetycznymi (tlenki metali, nanoczasteczki metali) zwigzkami
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nadajgcymi jej wilasciwosci antymikrobiologiczne (Orlando i wsp. 2020). Niektore
z modyfikacji moga jednak wywiera¢ negatywny wptyw na srodowisko naturalne. Co wigcej,
W sposob niepozadany moga wptywaé na wilasciwosci materialowe CB oraz wykazywaé
toksyczne dziatanie na komorki ludzkie (Aissa i wsp. 2019; Betlej i wsp. 2021).

Jednym z patogenow bedacym przyczyng powaznych powiktan w terapii przewleklych
ran sg bakterie z rodzaju Pseudomonas. Sposrod nich, w szczegdlnosci P. aeruginosa,
uwazany jest za jedng z glownych przyczyn zakazen szpitalnych, jak i poza szpitalnych.

P. aeruginosa jest tlenowym, Gram-ujemnym bakteryjnym patogenem wszechobecnym
w $srodowisku naturalnym. Bakteria ta wystgpuje miedzy innymi w wodzie i glebie oraz
wchodzi w sktad mikroflory niektorych zwierzat i roslin (Oliver i wsp. 2015; Azam i Khan
2019; Thi i wsp. 2020). Jest wazng przyczyna zachorowalnosci i $§miertelnosci pacjentow
z obnizong odpornoscia, zwlaszcza ofiar oparzen. Zakazenia wywotane przez te bakterie
moga powodowac rozne ostre choroby u hospitalizowanych pacjentéw, w tym posocznicg,
zapalenie ptuc, zapalenie wsierdzia, zapalenie ucha, zapalenie rogéwki oraz zakazenia skory
i tkanek migkkich. Ponadto P. aeruginosa jest powszechnym patogenem w $rodowisku
szpitalnym ze wzgledu na swoja wrodzong lub nabyta oporno$¢ na wiele antybiotykow
0 szerokim spektrum dziatania (Hasannejad-Bibalan i wsp. 2021).

Za jedna z gtéwnych przyczyn opornosci bakterii na wiele grup antybiotykow, uwazana
jest ich zdolnos¢ do wytwarzania biofilmu, ktory jest skupiskiem bakterii otoczonych
wytwarzang przez nie zewnatrzkomorkowa macierza polimerowa (ang. Extracellular
Polymeric Substances, EPS) (Taylor i wsp. 2014; Thi i wsp. 2020). W sktad macierzy
biofilmu wytwarzanego przez P. aeruginosa wchodzg biatka, zewnatrzkomoérkowe DNA,
lipidy i szereg homo- i hetero- egzopolisacharydow. Sposrod wymienionych
egzopolisacharydy odgrywaja kluczowg role w procesie tworzenia i stabilizacji biofilmu
(Ostapska i wsp. 2022; Taylor i wsp. 2014). P. aeruginosa wytwarza trzy glowne
egzopolisacharydy Pel, Psl i alginian jako strukturalny sktadnik macierzy biofilmu, a ich
wzajemne proporcje w strukturze biofilmu sg $cisle zwigzane ze specyfikg danego szczepu.
Struktura macierzy niemukoidalnych szczepéw P. aeruginosa zawiera gtdéwnie EPS, takie
jak Pel i Psl, Natomiast w sktad macierzy biofilmowej szczepéw typu mukoidalnego wchodzi
przede wszystkim alginian (Colvin i wsp. 2012; Jennings i wsp. 2015).

Psl jest heteropolisacharydem ztozonym z powtarzajacych si¢ jednostek D-mannozy,
D-glukozy i L-ramnozy. Natomiast Pel jest liniowym homopolimerem czgsciowo de-N-
acetylowanej o-1,4-N-acetylgalaktozaminy sktadajacej si¢ z dimerycznych powtorzen
galaktozaminy i N-acetylgalaktozaminy. Alginian jest liniowym, acetylowanym polimerem
sktadajacych si¢ z jednostek D-mannuronianu i L- guluronianu potaczonych wigzaniami 1,4-
B-glikozydowymi. (Baker i wsp. 2016; Jones i Wozniak 2017; Le Mauff i wsp. 2022; Del
Cendra i Torrents 2021). Opisane ezgopolisacharydy (Pel, Psl, alginian) odpowiadaja za
utrzymanie struktury oraz adhezj¢ biofilmu do r6znego rodzaju powierzchni. EPS petnig
rowniez istotne funkcje w ochronie komoérek bakteryjnych przed réznego rodzaju
czynnikami srodowiskowymi. Egzopolisacharyd Psl zapewnia bakteriom ochrone przed
komoérkowymi elementami uktadu immunologicznego. Pel ze wzgledu na swoje whasciwosci
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adsorpcyjne stanowi barier¢ dla roznego rodzaju srodkéw przeciwbakteryjnych. Natomiast
alginian, oprocz ochrony przed uktadem immunologicznym i $rodkami bakteriobdjczymi,
chroni komorki przed czynnikami $rodowiskowymi, migdzy innymi przed stresem
oksydacyjnym powstajagcym podczas fagocytozy (Del Cendra i Torrents 2021).

Obecne strategie zwalczania biofilmu P. aeruginosa w przewlektych zakazeniach ran
opierajg si¢ gtdéwnie na mechanicznym oczyszczaniu zainfekowanej tkanki. Sposob ten jest
jednak bolesny i mato skuteczny ze wzgledu na ograniczenia w usuni¢ciu komorek
bakteryjnych z glebszych czesci rany. Dodatkowo, konieczne jest stosowanie skojarzonej
antybiotykoterapii przy zastosowaniu wysokich dawek antybiotykow, w celu
przezwycig¢zenia jego naturalnej wysokiej tolerancji na te srodki. Podejécie takie ma jednak
kilka wad, takich jak wystgpowanie oto — i nefrotoksycznosci przy dtugotrwatym stosowaniu
miedzy innymi antybiotykéw aminoglikozydowych. Ponadto, naduzywanie i niewlasciwe
stosowanie antybiotykow spowodowato pojawienie si¢ opornosci wielolekowej (ang. Multi
Drug Resistance, MDR) (Rasamiravaka i wsp. 2015).

W obliczu wielu ograniczen stosowania antybiotykow istnieje coraz wigksza potrzeba
opracowywania $rodkow przeciwdrobnoustrojowych, ktére beda skutecznie kontrolowaé
infekcje wywotane przez bakterie patogenne. Jedng z obiecujacych metod moze by¢
zastosowanie enzymow, ktore charakteryzuja si¢ wielokierunkowym dziataniem miedzy
innymi poprzez inhibicj¢ tworzenia biofilmu czy eradykacj¢ juz wytworzonej macierzy
w celu zwigkszenia penetracji $rodkow przeciwdrobnoustrojowych. Ponadto, dzigki
aktywnosci katalitycznej enzymow, mozliwe jest rowniez bezposrednie zabijanie komorek
bakteryjnych oraz ingerencja w system quorum sensing (Ramakrishnan i wsp. 2022).

Wiele badan potwierdzito skuteczno$¢ komercyjnie dostgpnych enzymow w walce
z biofilmem wytwarzanym przez patogenne bakterie. Badania te opieraty si¢ gtownie na
enzymach nalezacych do klasy hydrolaz, ktore katalizujg reakcje rozktadu skladnikow
cukrowych, biatkowych oraz kwasow nukleinowych obecnych w macierzy biofilmu.
(Molobela i wsp. 2010; Fleming i wsp. 2017; Mohamed i wsp. 2018; Song i wsp. 2020;
Mugita i wsp. 2017; Tasia i wsp. 2020). Bardziej obiecujacym podejsciem jest jednak
zastosowanie specyficznej grupy enzymow bedacych integralng czgsécia szlakow biosyntezy
biofilmu, takich jak glikohydrolazy PelAn i PsIGn oraz liaza alginianowa. W procesie
wytwarzania polisacharydowych sktadnikow macierzy, enzymy te sa glownie zaangazowane
w regulacje dlugos$ci tancucha oraz w hydrolize niewtasciwie syntetyzowanych czasteczek
polisacharydow. Zapobiega to gromadzeniu si¢ nadmiarowej ilo$ci polisacharydow
W przestrzeni peryplazmatycznej, dzigki czemu komoérki mikroorganizmoéw sg chronione
przed liza (Farrell i Tipton 2012). Pomimo istotnych funkgcji, jakie te enzymy odgrywaja
w tworzeniu macierzy biofilmu, dzieki zastosowaniu metod inzynierii genetycznej,
ich potencjal moze by¢ wykorzystany w efektywny sposob jako narzedzie terapeutyczne,
wspomagajace antybiotykoterapi¢ w przebiegu ci¢zkich infekcji.

Jak wykazano w pracach Baker i wsp. (2016) i Pestrak i wsp. (2019), glikohydrolazy
PelAn i PsIGh w formie rozpuszczonej, nawet w niskich stezeniach moga zapobiegaé
tworzeniu i eradykowac biofilm P. aeruginosa, i skutecznie wspieraé¢ dziatanie antybiotykoéw
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oraz komorek odporno$ciowych organizmu (Baker i wsp. 2016; Pestrak i wsp. 2019).
W wielu pracach potwierdzono réwniez istotng rolg liazy alginianowej w eradykacji biofilmu
P. aeruginosa oraz jej znaczenie w wspomaganiu procesu antybiotykoterapii. (Daboor i wsp.
2021; Blanco-Cabra i wsp. 2020; Mahajan i wsp. 2021). Duzg zaleta w terapiach
antybiofilmowych jest réwniez mozliwos¢ stosowania tych enzyméw w formie
immobilizowanej. Udowodniono, ze zabezpieczanie polimeréw stosowanych w medycynie
enzymem PsIGn hamuje rozwo6j biofilmu P. aerugninosa na ich powierzchniach (Asker
I wsp. 2021; Asker i wsp. 2018). Na szczeg6lng uwage zastuguje rowniez wykorzystanie
liazy alginianowej jako sktadnika nanokompozytow do ukierunkowanej degradacji alginianu
w ciezki przypadkach zakazen biofilmowych towarzyszacych mukowiscydozie (Wan i wsp.
2020; Patel i wsp. 2019; Li i wsp. 2019).

2. Hipotezy

1) Modyfikacja wtasciwosci fizykochemicznych medium H-S polieterem silikonowym
poprawia efektywno$¢ syntezy celulozy przez K. xylinus (publikacja P-1).

2) Modyfikacja wtasciwosci fizykochemicznych medium H-S polieterem silikonowym
moze wplywaé na niektore wlasciwosci materiatowe otrzymywanej celulozy
bakteryjnej (CB) (publikacja P-1).

3) Celuloza bakteryjna uzyskana poprzez modyfikacje wtasciwosci fizykochemicznych
medium H-S polieterem silikonowym jest materiatem biozgodnym, niewykazujagcym
toksycznosci wobec komorek eukariotycznych (publikacja P-1).

4) Immobilizacja hydrolazy glikozydowej PelAn na powierzchni membran CB wptywa
na destabilizacje struktury macierzy biofilmowej wytwarzanej przez P. aeruginosa
(publikacja P-2).

5) Liaza alginianowa immobilizowana na powierzchni CB wplywa na zmiany
w strukturze macierzy biofilmowej wytwarzanej przez P. aeruginosa (publikacja P-
3).

6) Zmiany w strukturze biofilmu P. aeruginosa wytwarzanego na powierzchni CB
spowodowane aktywnos$cig liazy alginianowej wptywaja na zwigkszenie podatnos$ci
P. aeruginosa na gentamycyng (publikacja P-3).

7) Modyfikacja struktury CB niskoci$nieniowa plazma przy uzyciu argonu jako gazu
roboczego wptywa na jej whasciwosci fizykochemiczne i morfologiczne (publikacja
P-4).

8) Modyfikacja struktury CB niskoci$nieniowg plazma przy uzyciu argonu jako gazu
roboczego wplywa na uwalnianie enzymow PelAn i PsIGn z powierzchni CB
(publikacja P-4).

9) Zmiany w profilach uwalniania enzymow PelAn i PsIGh z CB modyfikowanej
niskoci$nieniowa plazmg przy uzyciu argonu jako gazu roboczego wptywaja na
stopien inhibicji wytwarzania biofilmu przez P. aeruginosa (publikacja P-4).
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3. Cel badawczy

Gléwnym celem publikacji wchodzacych w sklad osiagnigcia naukowego

i stanowigcych podstawe do ubiegania si¢ o stopien naukowy doktora, bylo zbadanie
mozliwo$ci wykorzystania enzymow immobilizowanych na membranach z celulozy
bakteryjnej (CB) jako czynnikéw degradujacych polisacharydowe sktadniki macierzy
biofilmu P. aeruginosa oraz wspomagajacych proces antybiotykoterapii.

Cele szczegolowe:

1.

Ocena wptywu modyfikacji medium (Hestrin-Schramm) H-S polieterem
silikonowym na efektywnos$¢ syntezy celulozy przez szczep K. xylinus (publikacja
P-1).

Ocena wptywu modyfikacji medium H-S polieterem silikonowym na wtasciwosci
fizykochemiczne i parametry wodne uzyskanej CB (publikacja P-1).

Ocena cytotoksycznosci syntetyzowanych przez K.xylinus membran CB wzglgdem
komorek mysich fibroblastow tkanki tacznej linii L929 (publikacja P-1).

Ocena wplywu immobilizacji biatka Pel Ay na strukture biofilmu wytwarzanego przez
P. aeruginosa na powierzchni membran CB (publikacja P-2).

Ocena wplywu immobilizacji liazy alginianowej na strukture biofilmu wytwarzanego
przez P. aeruginosa na powierzchni membran CB (publikacja P-3).

Ocena wptywu zmian w strukturze biofilmu formowanego przez P. aeruginosa na
powierzchni CB z unieruchomiong liazg alginianowa na zmiany wrazliwosci bakterii
na genatmycyne (publikacja P-3).

Ocena wplywu modyfikacji powierzchni CB przy uzyciu niskoci$nieniowej plazmy
z wykorzystaniem argonu jako gazu roboczego na wiasciwosci fizykochemiczne
i morfologiczne CB (publikacja P-4).

Ocena wplywu modyfikacji powierzchni CB niskoci$nieniowg plazma
z wykorzystaniem argonu jako gazu roboczego na profil uwalniania enzymow PelAn
I PsIGh z powierzchni celulozy (publikacja P-4).

Ocena wptywu uwalniania enzymow PelAn i PSIGh z powierzchni CB modyfikowanej
niskoci$nieniowa plazmg z wykorzystaniem argonu jako gazu roboczego na
formowanie biofilmu przez P. aeruginosa (publikacja P-4).
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4. Materialy i metody
4.1. Synteza i charakterystyka polieteru silikonowego

Syntezg surfaktantu z grupy polieterow silikonowych (ang. Silicone Polyether
Surfactant, SPS) oparto na procesie hydrosililowania polieteru allilowego (Bikanol A7)
z poli(dimetylo)-ko-(metylo wodoro) siloksanen (Crosslinker 101) w obecnosci katalizatora
Krstedta, jak przedstawiono na Schemacie 1.

| | Pi] |
s[o s.H .} ~26/\/f \/1\OH [A \ O
| | 50 HJ25
/\J/OH

Crossliker 101 Bikanol A7 Silicone
polyether

Schemat 1. Schemat syntezy polieteru silikonowego.

Przebieg reakcji monitorowano przy uzyciu techniki
spektroskopii fourierowskiej (ang. Fourier Transform Infrared, FT-IR) z wykorzystaniem
spektrometru FT-IR (Bruker Tensor 27, Bruker Optik, Ettlingen, Germany). Dla kazdej
probki zebrano 16 skandw z rozdzielczoscig 2cm™ w zakresie liczb falowych od 4000 cm™
do 600 cm™. W celu okre$lenia masy molekularnej SPS wykorzystano chromatografie
zelowa (ang. Gel Permeation Chromatography, GPC). Jako faz¢ ruchomg zastosowano
tetrahydrofuran przy szybkosci przeptywu 0,6 ml/min. Temperatura pieca wynosita 35°C,
natomiast temperatura detektora 40°C. Srednie masy liczbowo i wagowo oraz wskaznik
polidyspersyjnosci obliczono na podstawie krzywej kalibracyjnej dla serii wzorcow
polistyrenowych w zakresie od 1,31x10° do 3,64x10° Da. Wszystkie analizy zostaty
przeprowadzone przez dr. Michata Dutkiewicza z Poznanskiego Parku Naukowo —
Technologicznego i mgr. Jakuba Hoppe z Zaktadu Chemii i Technologii Zwigzkéw Krzemu
Uniwersytetu im. Adama Mickiewicza w Poznaniu (publikacja P-1).

4.2. Oznaczenie napiecia powierzchniowego medium H-S z dodatkiem polieteru
silikonowego

Napiecie powierzchniowe modyfikowanego poprzez dodatek SPS medium H-S mierzono
przy pomocy tensometru (Kriiss, KI10ST, Germany), z wykorzystaniem metody
pierscieniowej, w 25°C. Na podstawie otrzymanych wynikow wyznaczono Krytyczne
stezenie micelizacji (KSM). Analizy przeprowadzono we wspotpracy z dr hab. inz. Ewg
Janus prof. ZUT, z Katedry Technologii Chemicznej Nieorganicznej i Inzynierii Srodowiska
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie (publikacja P-1).
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4.3. Mikroorganizmy

Do produkcji CB wykorzystano referencyjny szczep Komagataeibacter xylinus ATCC
53524 (American Type Culture Collection) (publikacja P-1, P-2, P-3. P-4).
W testach dotyczacych wplywu modyfikacji CB i enzymoéw na inhibicje syntezy
i eradykacje biofilmu uzyto referencyjny szczep Pseudomonas aeruginosa ATCC 15692
(PAOL1).
Do przygotowania konstruktéw genowych uzyto szczepy: E. coli DH5a, E. coli BL21
(DE3) oraz E. coli TOP10 (New England Biolabs) (publikacja P-2, P-3. P- 4).

4.4. Synteza i oczyszczanie celulozy bakteryjnej

Aby otrzyma¢ membrany CB prowadzono hodowlg stacjonarng szczepu K. xylinus
z wykorzystaniem medium Hestrin—-Schramm (H-S) o sktadzie: glukoza (20 g/l), ekstrakt
drozdzowy (2 g/l), pepton (2 g/l), kwas cytrynowy (1,15 g/l), Na2HPO. (2,7 g/l),
MgS04x7H,0 (0,06 g/l) z dodatkiem 1% etanolu. Hodowl¢ prowadzono do 5 dni w ptytkach
24-dotkowych oraz w szalkach Petriego w 28°C. Po uzyskaniu membran CB trawiono je
przy uzyciu 0,1 M roztworu wodorotlenku sodu w 80°C przez 90 min. Nastgpnie proby
ptukano w wodzie destylowanej do momentu Stwierdzenia neutralnego pH, sterylizowano
w autoklawie i przechowywano w 4°C (publikacje P-1, P-2, P-3, P-4).

4.5. Analiza wydajno$ci procesu produkcji oraz wlasciwosci wodnych CB

W celu zbadania wptywu modyfikacji medium H-S polieterem silikonowym na
efektywnos¢ produkcji CB oraz jej parametry wodne, uzyskang mokrag CB wazono,
a nastepnie suszono w 60°C i ponownie wazono (publikacja P-1). Wydajno$¢ produkcji CB
obliczono przy uzyciu rownania 1:

Y (%) — WSI\I.]Cha (1)
gdzie: W — wydajnos¢, Wsucha — Sucha masa CB w ¢; V — objetos¢ medium hodowlanego
w dm?.

Wspotczynnik uwodnienia (ang. Moisture Content Ratio, MCR) obliczono przy uzyciu
roOwnania 2:

MCR — Winokra— Wsucha X].OO% (2)

mokra

gdzie: Wsycha — sucha masa CB w g; Wmokra — mokra masa CB w g.

Wspotczynnik utrzymania wody (ang. Water Holding Capacity, WHC) obliczono przy
uzyciu rownania 3:

w wod,
WHC — woda ( g y ) (3)
Wsucha \g suchej CB

gdzie: Wwoda — masa wody usuni¢ta podczas suszenia W §; Wsucha — Sucha masa CB w g.
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4.6. Analiza wlasciwos$ci termicznych CB

Analize termiczng CB przeprowadzono metoda skaningowej kolorymetrii réznicowe;j
(ang. Differential Scanning Calorimeter Analysis, DSC) i analizy termograwimetrycznej
(ang. Thermogravimetric Analysis, TGA) (publikacja P-1). Pomiary kalorymetryczne
wykonano w kalorymetrze Mettler Toledo DSC 1 STARe (Mettler Toledo, Switzerland)
sprz¢zonym z chtodnicg zanurzeniowa Huber TC100 (Huber, Germany). Proces prowadzono
dla probek o masie od 6 do 15 mg. Szybkos¢ ogrzewania wynosita 10°C/min. Analizy TGA
wykonano na analizatorze TGA Q50 (TA Instruments, USA). Masy probek celulozy uzyte
do analizy wynosity od 6 do 8 mg. Analizy wykonano w zakresie temperatury pokojowej do
600°C,

z szybko$cig grzania 10°C/min. Analizy zostaly przeprowadzone przez mgr inz. Jakuba
Hoppe z Zaktadu Chemii i Technologii Zwiazkow Krzemu na Uniwersytecie im. Adama
Mickiewicza w Poznaniu.

4.7. Analiza struktury krystalicznej CB

Analizy struktury krystalicznej CB przeprowadzono za pomocg metody dyfrakcji
rentgenowskiej (ang. X-ray diffraction, XRD), przy uzyciu dyfraktometru (Aeris, Malvern
Panalytical, Germany) z lampa Cu Ko (A=0,15406 nm). Wskaznik krystalicznosci (Crl)
obliczono metoda dekonwulacji pikow stosujac rownanie 4:

Crl = 220mon=er 47009 (4)

200

gdzie: lx0 — maksymalna intensywno$¢ piku odpowiadajgca ptaszczyznie w probee
o wskaznikach Millera 200 pod katem 20 miedzy 21,4 a 24°C. Inoncr — intensywnos$ dyfrakcji
materiatu niekrystalicznego.

Wielko$¢ krystalitow obliczono przy uzyciu rownania 5 (rownanie Scherrera):
(%)

gdzie: K — stata Scherrer’a (0,9), A — dtugos¢ fali promieniowania rentgenowskiego, O - kat
Bragg’a, B — zdolnos¢ rozdzielcza piku (110) z procedury dopasowania.

KeA
BecosO

D110 =

Powyzsze analizy zostaly przeprowadzone przez dr hab. inz. Beate Zielinska prof. ZUT
z Katedry Fizykochemii Nanomateriatow Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie. Wyniki zostaly opracowane przez dra inz. Radostawa
Drozda z Katedry Mikrobiologii i Biotechnologii na Wydziale Biotechnologii i Hodowli
Zwierzat Zachodniopomorskiego Uniwersytetu Technologicznego w  Szczecinie
(publikacja P-1).
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4.8. Wyznaczanie porowatosci CB

Porowatos¢ CB okreslono za pomoca metody grawimetrycznej. Mokre membrany CB
wazono, SUSzono w temperaturze pokojowej przez 24 h, po czym ponownie wazono.
Porowatos$¢ obliczono zgodnie z réwnaniem 6:

Ww-wd

P = Ww—f/\?dzo Ww X 100% (6)
( pHZO )+pPT

gdzie: Ww — mokra masa CB w g; Wq — sucha masa CB w g; pH20 — ge¢stos¢ wody
w temperaturze 20°C (0,9982 g/cm?®); pPES — gesto$é CB (1,25 g/cm?®) (publikacja P-2).

4.9. Analiza potencjalu zeta CB

Potencjat zeta blon CB wyznaczono za pomocg analizatora SUrPASS™ 3 (Anton Paar
GmbH, Austria). Jako elektrolit zastosowano 0,001M roztwér KCI. Do korekty pH uzyto
kwasu solnego oraz wodorotlenku sodu. Analiza wykonana zostata przez prof. dr hab.
inz. Sylwi¢ Mozi¢ z Katedry Technologii Chemicznej Nieorganicznej i Inzynierii
Srodowiska Zachodniopomorskiego Uniwersytetu Technologicznego w  Szczecinie
(publikacja P-3).

4.10. Modyfikacja CB z wykorzystaniem niskoci$nieniowej plazmy przy uzyciu
argonu jako gazu roboczego

Modyfikacja CB zostata przeprowadzona z wykorzystaniem niskoci$nieniowej plazmy
przy uzyciu argonu jako gazu roboczego (ang. Low-pressure Argon Plasma, LPArP) za
pomocg urzadzenia HPT-100 Benchtop Plasma 154 Treater (Henniker Plasma, UK). Proces
prowadzono w komorze gazowej o mocy 100 W i przeptywie gazu 10 sccm (ang. standard
cubic centimeter per minute) przez 120 s, 240 s, 480 s 1 960 s z kazdej strony CB (publikacja
P-4).

4.11. Analiza wlasciwosci CB z wykorzystaniem spektroskopii ostabionego

calkowitego odbicia w podczerwieni

Wszystkie badania dotyczace analizy sktadu chemicznego powierzchni CB wykonano za
pomoca spektrometru fourierowskiego (FT-IR) ALPHA 11 (Bruker Co., Germany),
z wykorzystaniem jednoodbiciowej przystawki wykonanej z diamentu (ang. Attenuated Total
Reflectance, ATR). Widma zbierano w zakresie liczb falowych 4000 cm™ — 400 cm™ przy
rozdzielczosci 2 cm™ lub 4 cm™ (32 skany) (publikacje P-1, P-2, P-3, P-4). Zebrane widma
ATR-FTIR analizowano z wykorzystaniem oprogramowania SpectraGryph 1.2.
I OriginPro2021. Na podstawie uzyskanych pasm adsorpcyjnych obliczono wspotczynniki
krystalicznos$ci, takie jak: LOI (ang. Lateral Order Index), jako stosunek pasm przy liczbach
falowych 1429 cm™ i 897 cm™ oraz TCI (ang. Total Crystallinity Index), jako stosunek pasm
przy liczbach falowych 1371 cm™ i 2900 cm™. Ponadto obliczono wskaznik wigzan
wodorowych HBI (ang. Hydrogen Bonds Index), jako stosunek pasm 3400 cm™ i 1320 cm™.
Zawarto$¢ celulozy la obliczono na podstawie rownania 7:
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A750
(A710+A750)

la = 2,55 -0,32(7)
gdzie: A750 — intensywno$é pasma przy liczbie falowej 750 cm™ dla celulozy l,, A710 —
intensywno$¢ pasma przy liczbie falowej 710 cm™ dla celulozy .

4.12. Ocena morfologii CB

Analize morfologii powierzchni CB przeprowadzono technikg skaningowej mikroskopii
elektronowej (ang. Scanning Electron Microscopy, SEM). Proby CB przygotowano poprzez
calonocne suszenie sublimacyjne za pomocg liofilizatora (Christ Alpha 1-2 LD Plus,
Germany), a nastegpnie napylono ztotem (publikacja P-1) lub poprzez odwodnienie prob
w szeregu alkoholowym i napylanie chromem (publikacja P-4). Zdjecia wykonane zostaty
za pomocg Skaningowego mikroskopu elektronowego (SU3500, Hitachi, Japan) przez
dr Magdalen¢ Palacz z Poznanskiego Parku Naukowo-Technologicznego (publikacja P-1)
I dr inz. Ewe¢ Ekiert z Katedry Technologii Chemicznej Nieorganicznej i Inzynierii
Srodowiska Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie
(publikacja P-4).

4.13. Analiza skladu chemicznego powierzchni CB

Analize sktadu chemicznego powierzchni CB przeprowadzono metodg rentgenowskiej
spektrometrii fotoelektronéw (ang. X-ray photoelectron spectroscopy, XPS), za pomoca
spektroskopu Prevac (PREVAC sp. z oo, Polska) wyposazonego w analizator energii
elektronéw Scienta SES 2002 (SCIENTA AB, ScientaOmicron, Szwecja) pracujacy W trybie
statej energii transmisji 50 eV. Podczas analizy wykorzystano anod¢ magnezowg emitujaca
promieniowanie linii Ko 0 energii 1253,6 eV. Probki CB przymocowano do uchwytu ze stali
nierdzewnej za pomoca dwustronnych krazkéw samoprzylepnych przewodzacych wegiel.
Kalibracje skali energii wigzania elektronéw dokonano opierajac si¢ na potozeniu linii wegla
Cls na warto$ci 286,7 eV. Analizy zostaly przeprowadzone przez dra hab. inz. Dariusza
Moszynskiego prof. ZUT, z Katedry Technologii Chemicznej Nieorganicznej i Inzynierii
Srodowiska Zachodniopomorskiego Uniwersytetu Technologicznego w  Szczecinie
(publikacja P-4).

4.14. Analizy cytotoksycznosci

Wszystkie analizy cytotoksycznosci przeprowadzono zgodnie z normg ISO 10993-5
(publikacje P-1, P-2 P-3, P-4). Do badan uzyto komorek mysich fibroblastow tkanki tgczne;
linii L929 (ATCC® no. CCL-1TM). Zmiany morfologiczne komorek oceniono przy uzyciu
mikroskopu $wietlnego odwréconego (Delta Optical 1B-100, Polska lub Nikon TS-100,
Japonia), natomiast zywotnos¢ komorek okreslono z wykorzystaniem testu opartego na
pomiarze fluorescencji resazuryny. Powyzsze analizy wykonano we wspotpracy z dr. inz.
Piotrem  Sobolewskim z  Katedry Inzynierii Polimerow 1  Biomateriatow
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie oraz dr inz.
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Magdaleng Jedrzejczak-Silicka z Katedry Nauk o Zwierzetach Przezuwajacych
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie.

4.15. Przygotowanie wektorow ekspresyjnych

W celu otrzymania konstruktoéw genowych wyizolowane zostalo genomowe DNA
Pseudomonas aeruginosa PAOL. Nastepnie geny pelA, psIG, algL oraz ekspresyjny wektor
plazmidowy pET28a (Merck KGaA, Darmstadt, Germany) amplifikowano przy uzyciu
reakcji PCR z wykorzystaniem polimeraz DNA, PfuPlus! (publikacja P-2) oraz Phusion
(publikacje P-3, P4) i starterow zaprojektowanych przy uzyciu oprogramowania SnapGene
o0 sekwencjach nukleotydowych przedstawionych w Tabeli 1.

Tabela 1. Sekwencje nukleotydowe starterow uzytych w pracy doktorskiej.

Nazwa startera Sekwencja (5’ —3’)
pelA_fwd CTGCATATGGGCGGGCCGTCCAGCGTGGCG
pelA_rvs TTTCTCGAGTCACGGTTGCACCTCGACGTC
pET28a_pelA_fwd TGAGATCCGGCTGCTAACAAAGC
PET28a_pelA_rvs CATATGGCTGCCGCGCGG
psIG_fwd TGTTTAACTTTAAGAAGGAGATATACCATGGAGATCCAGGTACTGAAGGC
psIG_rvs AGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCCCAGACCAGCATCTGCA
pET28a_psIG_fwd TGAGATCCGGCTGCTAACAAAGC
pET28a_psIG_rvs CATATGGCTGCCGCGCGG
algL_fwd CCTGGTGCCGCGCGGCAGCCATATGGCCGACCTGGTACCCCEGCC
algL_rvs AAGCTTGTCGACGGAGCTCGAATTCTCAACTTCCCCCTTCGCGGC
pET28a_algL_fwd TGAGATCCGGCTGCTAACAAAGC
pET28a_algL_rvs CATATGGCTGCCGCGCGG
T7_fwd TAATACGACTCACTATAGGG
T7_rvs GCTAGTTATTGCTCAGCGG

Wektory ekspresyjne uzyskano wykorzystujac metode klonowania SLiCE
(ang. Seamless Ligation Cloning Extract) (Zhang i wsp. 2012), ktéra jest alternatywa
w stosunku do tradycyjnych metod, takich jak klonowanie oparte na enzymach
restrykcyjnych czy Gibson Assembly. Po amplifikacji wektora i insertu z wykorzystaniem
zaprojektowanych wczesniej specyficznych starterow reakcji PCR, uzyskane produkty
trawiono enzymem Dpnl i rozdzielono w 1% zelu agarozowym. Nastgpnie otrzymane
fragmenty DNA wycieto z zelu i oczyszczono. W kolejnym etapie otrzymany wektor
ekspresyjny transformowano do komorek E. coli TOP10 (publikacja P-2) lub E.coli DH5a
(publikacje P-3, P-4). Aby potwierdzi¢ poprawnos¢ procesu klonowania przeprowadzono
reakcje PCR kolonii przy uzyciu starterow o sekwencjach przedstawionych w Tabeli 1,
specyficznych dla promotora i terminatora T7, flankujacych miejsce insercji genu w
pET28a(+). Ponadto wektory ekspresyjne poddano sekwencjonowaniu metoda Sangera
(publikacje P-1, P-3, P-4). Po potwierdzeniu prawidtowej orientacji insertu, wektor
izolowano i przenoszono do komorek E. coli BL-21 (DE3) (publikacje P-2, P-3, P-4).
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4.16. Ekspresja i oczyszczanie bialek rekombinowanych

Aby uzyska¢ rekombinowane enzymy PelAn, PsIGh i liaze alginianowa prowadzono
hodowlg komorek E. coli BL-21 (DE3), zawierajacych wektor ekspresyjny, w 37°C,
w medium LB (ang. Lysogeny Broth) (BioMaxima, Polska) z dodatkiem kanamycyny
(A&A Biotechnology, Polska) o koncowym stezeniu W medium wynoszacym 50 pug/mL.
Hodowle prowadzono do uzyskania gestosci optycznej komorek ~0,5-0,6 przy dtugosci fali
600 nm. Po uzyskaniu odpowiedniej gestosci optycznej indukowano ekspresj¢ poprzez
dodanie IPTG (A&A Biotechnology, Polska) o koncowym stezeniu w medium wynoszacym
1 mM (publikacja P-2) lub 0,1 mM (publikacje P-3, P-4). Nastepnie komorki inkubowano
przez noc w 20°C (publikacja P-2) lub 16°C (publikacje P-3, P-4) z wytrzasaniem (200
rpm). Po nocnej inkubacji komorki zebrano przez odwirowanie (9000xg, 25 min, 4°C)
I rozpuszczano w buforze lizujacym (50 mM Tris-HCI pH 8.0, 300 mM NaCl), po czym
poddawano dezintegracji ultradzwigckowej za pomoca sonifikatora (Sonoplus, Bandelin,
Niemcy). Tak przygotowany lizat komorkowy oczyszczano z wykorzystaniem
chromatografii metalopowinowactwa (ang. Immobilized Metal Affinity Chromatography,
IMAC). Biatka zageszczono z uzyciem membrany filtrujacej Amicon® Ultra-15
(Merck Millipore, Germany) z warto$cig odcigcia masy czasteczkowej 10 kDa. W celu
sprawdzenia czysto$ci otrzymanych preparatdow enzymatycznych oraz oszacowania masy
molekularnej biatek wykorzystano metode elektroforezy w warunkach denaturujacych (SDS-
PAGE) (publikacje P-2, P-3, P-4).

4.17. Oznaczanie stezenia bialka

Stezenie biatka oznaczono metodg Bradforda (Bradford 1976) za pomocg czytnika
mikroptytek Tecan Infinite 200 PRO (TECAN, Szwajcaria), z wykorzystaniem albuminy
bydlecej jako standardu oraz poprzez pomiar absorbancji przy diugosci fali 280 nm, przy
uzyciu molowego wspolczynnika ekstynkcji wynoszacego: PelAn - 44,920 Mt cm?, PsIG -
111,840 M cm™, liaza alginianowa - 67,630 M-*cm, obliczonych na podstawie sekwencji
aminokwasowych poszczegoélnych biatek za pomoca programu ProtParam. Pomiary
wykonano przy uzyciu mikro-objetosciowej ptytki Take3 kompatybilnej z czytnikiem Biotek
Synergy HTX (BioTek, USA) (publikacje P-2, P-3, P-4).

4.18. Analiza stabilno$ci termicznej enzymoéw PelAn i PsIGn

Stabilnos¢ termiczng enzymow PelAn i PsIGh, w formie rozpuszczonej i liofilizowanej,
mierzono z wykorzystaniem réznicowej fluorymetrii skaningowej (ang. Differential
Scanning  Fluorimetry, DSF) za pomocg urzadzenia Prometheus NT.48
(Nano Temper Technologies GmbH, Niemcy). Probki enzyméw  naniesiono do
standardowych kapilar klasy nanoDSF i ogrzewano w zakresie od 20°C do 95°C,
z szybkoscig 1°C na minutg. Proces rozfaldowania biatek monitorowano poprzez pomiar
intensywnosci fluorescencji przy dtugosci fali 330 nm i 350 nm. Analiz¢ uzyskanych danych
przeprowadzono za pomocg oprogramowania PRThermControl. Analiza zostata wykonana
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przez dra inz. Mariusza Madeja z Zaktadu Mikrobiologii Uniwersytetu Jagiellonskiego
(publikacja P-4).

4.19. Immobilizacja PelAn i liazy alginianowej na membranach CB

Aby okresli¢ efektywnos$¢ procesu immobilizacji przygotowano serie rozcienczen biatek
PelAn w buforze SBF (ang. Simulated Body Fluid) o pH 7,4 (publikacja P-2) i liazy
alginianowej w 50 mM buforze fosforanowym o pH 7,4 (publikacja P-3). Membrany CB
o0 takiej samej masie przeniesiono do probowki typu falkon i inkubowano z 5 ml roztworu
enzymow w temperaturze 25°C z mieszaniem. W rownych odstepach czasu pobierano proby
roztworu biatka i mierzono zmiany w stezeniu zgodnie z protokotem przedstawionym
w sekcji 4.15. Wydajnos¢ procesu immobilizacji i ilo$¢ zaadsorbowanego na CB biatka
obliczono zgodnie z rownaniami 8 (publikacja P-2) i 9 (publikacja P-2, P-3).

Co

W (%) = £=%x100% (8)
0

C

Q5D = 2=2xV (9)

gdzie: W — wydajno$¢ adsorpcji; Co — stgzenie biatka przed adsorpcja; Ce — stgzenie biatka
po adsorpcji; Q — ilo$¢ zaadsorbowanego biatka; Wqg — sucha masa CB w g; V — obj¢tosé

robocza roztworu biatka w cm?®.

4.20. Immbilizacja PelAn i PslGh na membranach CB modyfikowanych
z wykorzystaaniem LPArP

Proces immobilizacji PelAn i PsIGh na modyfikowanej CB przeprowadzono nanoszac 5
ul odpowiedniego stezenia enzymu na powierzchni¢ CB o $rednicy ok. 6 mm I zamrozono
z wykorzystaniem suchego lodu. Po zamrozeniu probki suszono z wykorzystaniem
liofilizatora (Alpha 1-2 LDplus, Christ, Germany) w -60°C i ci$nieniu 0,1 mBar (publikacja
P-4).

4.21. Uwalnianie PelAn 1 PslGh na membranach CB modyfikowanych

z wykorzystaniem LPArP

Probki modyfikowanej CB z unieruchomionymi na jej powierzchni enzymami PelAn
I PsIGh przenoszono do probéwek typu Eppendorf. i dodawano do nich 500 pl 50 mM buforu
fosforanowego (pH 7,4). Uwalnianie biatka mierzono poprzez zmiany stezenia zgodnie
z protokotem przedstawionym rozdziale 4.17 (publikacja P-4).

4.22. Wlasciwosci operacyjne liazy alginianowej
4.22.1. Oznaczenie aktywnosci

Do oznaczenia aktywnosci liazy alginianowej jako substrat zastosowano alginian
sodu o stezeniu 0,2% (w/v) w 50 mM buforze fosforanowym (pH 7,4). Aktywno$¢ mierzono
poprzez zmian¢ absorbancji przy dlugosci fali 235 nm przez 5 min w odstepach co 30 s
z wykorzystaniem czytnika mikroptytek Tecan Infinite m200 PRO (TECAN, Szwajcaria).
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Aktywnos¢ liazy alginianowej wyrazono w jednostkach na miligram biatka (U/mg)
(publikacja P-3).

4.22.2. Optimum temperaturowe i stabilnosc¢ termiczna

Optimum temperaturowe liazy alginianowej mierzono w temperaturach: 30, 40, 50, 60,
70 1 80°C. Przed rozpocze¢ciem pomiaru aktywno$ci substrat inkubowano w kazdej
z temperatur przez 5 min. W celu oznaczenia stabilno$ci termicznej liazy alginianowej
roztwor enzymu przechowywano w temperaturze 37°C i 4°C przez 30 dni w 50 mM buforze
fosforanowym (pH 7,4). Reakcj¢ pomiaru aktywno$ci przeprowadzono w sposob opisany
w rozdziale 4.22.1. Aktywnos$¢ wyrazono w wartosciach wzglednych, przyjmujac najwyzsza
warto$¢ jako 100% (publikacja P-3).

4.23. Wplyw liazy alginianowej w formie rozpuszczonej na stopien inhibicji
tworzenia i eradykacje biofilmu P. aeruginosa PAO1

W celu zbadania wplywu liazy alginianowej na eradykacje biofilmu P. aeruginosa PAO1
hodowle bakteryjnag prowadzono w medium TSB (ang. Tryptic Soy Broth) (BioMaxima,
Polska) suplementowanym 1% roztworem glukozy, w 37°C przez 24 h. Nastepnie medium
usuni¢to, kazdy dotek przeptukano woda destylowang, a nastepnie dodano enzym
w odpowiednich rozcienczeniach zawieszony w buforze PBS. Biofilm z enzymem
inkubowano przez 1 h w 37°C, a nastgpnie barwiono 0,1% roztworem fioletu krystalicznego
I mierzono zmiany intensywnosci jego zabarwienia przy dtugosci fali 595 nm, z uzyciem
czytnika mikroptytek Tecan Infinite m200 PRO (TECAN, Szwajcaria). Wplyw enzymu na
inhibicj¢ formowania biofilmu sprawdzono poprzez dodanie rozcienczen enzymow do
medium hodowlanego na poczatku czasu inkubacji. Stopien inhibicji mierzono jako zmiang
w intensywnosci zabarwienia fioletu krystalicznego (publikacja P-3).

4.24. Analiza rozwoju biofilmu na  powierzchni membran CB
z immobilizowanymi enzymami

4.24.1. Analiza sktadu macierzy biofilmu na powierzchni CB

Wplyw immobilizacji enzymow PelAy i liazy alginianowej na stabilno$¢ biofilmu
wytwarzanego przez P. aeruginosa PAO1 na powierzchni CB analizowano za pomoca
spektrometru fourierowskiego (FT-IR) ALPHA Il (Bruker Co., Germany), z wykorzystaniem
jednoodbiciowej przystawki ATR z krysztalem diamentowym (ang. Attenuated Total
Reflectance, ATR). Widma zbierano w zakresie liczb falowych 4000 cm™ - 400 cm™ przy
rozdzielczosci 4 cm™ (32 skany) (publikacje P-2, P-3). Zebrane widma ATR-FTIR
analizowano poprzez stosunek intensywnosci pasm odpowiadajacych poszczegdlnym
sktadnikom macierzy biofilmowej P. aeruginosa, z wykorzystaniem oprogramowania
SpectraGryph 1.2. i OriginPro2021. Dwuwymiarowga (2D) analiz¢ korelacyjng otrzymanych
widm przeprowadzono za pomoca aplikacji oprogramowania OriginPro2021 (publikacje P-
1, P-3)
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4.24.2. Analiza morfologii struktury biofilmu na powierzchni CB

Préoby CB z wytworzonym na jej powierzchni biofilmem utrwalono w Szeregu
rozcienczen alkoholu etylowego. Przed obrazowaniem SEM prébki napylono zlotem
z palladem za pomocg urzadzenia Q150R ES (Quorum Technologies, Wielka Brytania).
Morfologi¢ biofilmu wytworzonego na membranach CB z immobilizowanym enzymem
PelAn wizualizowano za pomoca skaningowego mikroskopu elektronowego
(VEGA3, TESCAN, Czechy). Badania mikroskopowe przeprowadzono we wspélpracy z dr
inz. Urszula Kowalska z Centrum Bioimmobilizacji 1 Innowacyjnych Materiatow
Opakowaniowych Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie
(publikacja P-2).

4.25. Analiza liczby komoérek uwolnionych z biofilmu utworzonego na membranach
CB z immobilizowanym enzymem PelAn

Membrany CB z utworzonym na jej powierzchni biofilmem przeptukano kilkukrotnie
w buforze SBF w celu usunigcia komorek planktonicznych, a nastgpnie doktadnie
zworteksowano. Do oszacowania liczby komorek bakteryjnych uwolnionych z membran CB
wykorzystano cytometr przeptywowy BD Accuri C6 Plus (BD Bioscience, USA). Analizy
prowadzone byly we wspotpracy z dr. n. med. n. zdr. Bartlomiejem Grygorcewiczem
z Zaktadu Medycyny Laboratoryjnej Pomorskiego Uniwersytetu Medycznego w Szczecinie
(publikacja P-2).

4.26. Analiza wrazliwo$ci P. aeruginosa na gentamycyne

W celu zbadania wptywu immobilizacji liazy alginianowej na membranach CB na
wrazliwos¢ bakterii P. aeruginosa PAO1 na gentamycyne przeprowadzono proces
jednoczesnej immobilizacji enzymu i antybiotyku, zgodnie z protokotem przedstawionym
w rozdziale 4.19. W celu wyznaczenia odpowiedniego st¢zenia gentamycyny wyznaczono
minimalne st¢zenie hamujace (ang. Minimal Inhibitory Concentration, MIC). Ilos¢
uwolnionych komoérek z membran CB okre$lono zgodnie z protokotem przedstawionym
w rozdziale 4.25. Do analizy przezywalnosci bakterii na powierzchni membran CB
wykorzystano barwienie fluorescencyjne typu live/dead (LIVE/DEAD BacLightTM
Viability Kit). Procent zywych i martwych komodrek P. aeruginosa PAO1 okres$lono za
z wykorzystaniem cytometru BD Accuri C6 Plus (BD Bioscience, USA). Analizy wykonano
we wspolpracy z dr inz. Anng Zywicka z Katedry Mikrobiologii i Biotechnologii
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie (publikacja P-4).

4.27. Analiza wplywu uwalniania enzymow PelAn i PsIGh z CB modyfikowanej
z wykorzystaniem LPArP na inhibicje wytwarzania biofilmu przez
P. aeruginosa

W celu zbadania wptywu PelAy i PsIGh uwolnionych z membran CB modyfikowanych
z wykorzystaniem LPArP na wytwarzanie biofilmu P. aeruginosa PAO1l, CB
z immobilizowanymi enzymami przeniesiono do 96-dotkowych ptytek titracyjnych i dodano
zawiesing bakteryjng w medium TSB suplementowanym 1% roztworem glukozy. Hodowle
prowadzono w 37°C przez 24 h. Hamowanie procesu formowania biofilmu przez
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P. aeruginosa mierzono jako zmian¢ intensywnosci fioletu krystalicznego w sposob opisany
w rozdziale 4.23 (publikacja P-4).

4.28. Analiza statystyczna

Wszystkie dane przedstawiono jako $rednie = SEM z trzech powtoérzen biologicznych
I technicznych. Analizy statystyczne zostaly przeprowadzone z wykorzystaniem
oprogramowania Statistica 13 (publikacje P-1, P-2) oraz OriginPro2021 (publikacje P-3,
P-4). Roznice statystyczne miedzy probami okreslano za pomocg jednoczynnikowej analizy
wariancji (ANOVA) oraz testu post-hoc Tukey’a (p< 0.05). (publikacje P-1, P-2, P-3, P-4).

5. Uzyskane wyniki badan
Etap 1 (publikacja P-1)

Produkcja CB na skalg¢ laboratoryjng oraz przemystowa opiera si¢ gldwnie na
wykorzystaniu wielosktadnikowego medium hodowlanego, ktoére zawiera réoznego rodzaju
zrédta wegla, azotu oraz niezbedne sktadniki mineralne. Jest to jeden z gtownych powodow
wysokich kosztow produkcji CB, ktore zalezg od zZrédta pochodzenia substratow, ich
czystosci, czy tez dostgpnosci. Obecnie na calym $wiecie trwaja intensywne badania nad
rozwigzaniem tego problemu. Jedng z obiecujacych metod sa roznego rodzaju modyfikacje
in situ, ktore polegaja miedzy innymi na suplementacji standardowego medium hodowlanego
dodatkami, wplywajacymi na wydajnos$¢ procesu produkcji CB. Kontrola warunkéw syntezy
CB jest rowniez dobrym sposobem na zmiang lub ukierunkowang modyfikacje wtasciwosci
materiatowych tego biopolimeru (Cazén i Vazquez 2021; Ul-Islam i wsp. 2020).

Ze wzgledu na fakt, ze celuloza bakteryjna w hodowli statycznej wytwarzana jest
przez tlenowe bakterie K. xylinus na powierzchni medium hodowlanego zatozytam, ze
modyfikacja jego napigcia powierzchniowego moze istotnie wplywaé na efektywnosé
syntezy i wlasciwo$ci materiatowe tego biopolimeru. Zmiana wartosci tego parametru moze
réwniez utatwia¢ wymiang gazowa pomig¢dzy ciecza a otoczeniem, co ma istotne znacznie w
konteks$cie hodowli tlenowych bakterii, do ktorych nalezy K. xylinus. Kluczowym
elementem w tego typu modyfikacji sg wlasciwosci zastosowanej substancji
powierzchniowo czynnej, ktora oprocz redukcji napigcia powierzchniowego, powinna by¢
bezpieczna dla komorek bakteryjnych i skuteczna w niskich stezeniach.

Dlatego we wspotpracy z naukowcami z Poznanskiego Parku Naukowo
- Technologicznego analizowatam wptyw dodatku polieteru silikonowego (SPS) na
efektywnos¢ procesu produkcji oraz wlasciwosci CB.

Pierwszym krokiem byla synteza SPS oraz jego charakterystyka. Prace z tym
zwigzane przeprowadzone zostaly czeSciowo W Poznanskim Parku Naukowo-
Technologicznym. Otrzymany SPS charakteryzowatl si¢ $rednig liczbowg masg
czasteczkowa rowng 10700 Da, ktora zostata wyznaczona technikg chromatografii zelowej
(GPC).
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Nastgpnie  analizowalam wplyw stezenia SPS na redukcj¢ napigcia
powierzchniowego medium hodowlanego H-S. Wykazatam, ze dodatek juz w bardzo niskich
stezeniach polieteru silikonowego do medium H-S obniza jego napigcie powierzchniowe
z 60 mN/m do ok. 30 mN/m, a krytyczne stezenie micelizacji (KSM) wynosi 0,8 x 107 %,
co odpowiada warto$ci Sumol/L. Ponadto, wykazatam, ze zwigzek ten w zakresie
wykorzystanych do modyfikacji medium H-S stezen jest nietoksyczny wzgledem komorek
mysich fibroblastow linii L929 oraz nie wptywa na zywotnos¢ bakterii K. xylinus.

W dalszym etapie badan prowadzitam hodowle¢ stacjonarng bakterii K. xylinus przez
5 dni w medium H-S z dodatkiem SPS. Zaobserwowatam, ze modyfikacja medium H-S przez
obecnos¢ SPS znacznie poprawa wydajnos¢ produkcji CB nawet przy najnizszym
zastosowanym stezeniu surfaktantu (0,5 x 10 %), gdzie uzysk mokrej i suchej masy byt
odpowiednio o0 ok. 6 % i 11% wigkszy w poréwnaniu do proby kontrolnej. Najlepsze wyniki
otrzymatam przy zastosowaniu st¢zenia SPS roéwnego 0,01%, bliskiego wartosci KSM.
W tym przypadku ilo$¢ uzyskanej suchej i mokrej masy CB byta odpowiednio o 15% i 37%
wieksza w poréwnaniu z probg kontrolna.

Wiasciwosci wodne CB sg bardzo istotne z punktu widzenia jej zastosowan
biomedycznych, takich jak opatrunki na rany. Nowoczesne terapie gojenia ran opierajg si¢
na wykorzystaniu tzw. mokrych opatrunkéw, ktore maja zdolno$¢ do utrzymania
odpowiedniej wilgotnosci rany. Nie tylko przyspiesza to proces gojenia, ale rowniez
minimalizuje bol pacjenta podczas zmiany opatrunku. Po uzyskaniu CB ze standardowego
i modyfikowanego medium wyznaczytam parametry CB, takie jak zdolno$¢ do
zatrzymywania wody (WHC) oraz wspotczynnik uwodnienia (MCR). Zaobserwowatam,
ze dodatek SPS do medium hodowlanego mial wplyw na oba te wskazniki. Szczegdlnie
istotne zmiany zaobserwowatam w zdolnosci zatrzymywania wody przez CB, ktorej wartos¢
byta az o 1,4 razy wigksza w probie z dodatkiem 0,1% SPS w poréwnaniu z proba kontrolng.

Nastepnie przeprowadzitam szczegdtowa analiz¢ morfologii oraz wiasciwosci
fizykochemicznych uzyskanej CB. Na podstawie zdjg¢ wykonanych za pomoca
skaningowego mikroskopu elektronowego wykazano, ze dodatek SPS do medium
hodowlanego nie miat istotnego wplywu na morfologi¢ oraz porowatos¢ CB. Polimer
charakteryzowat si¢ typowa dla CB trojwymiarowa strukturg skladajaca si¢ gestej sieci
mikrofibryli o srednicy w zakresie 80-160 nm, co jest zgodne z literaturowymi doniesieniami
dotyczacymi CB syntetyzowanej przez K. xylinus (Pogorelova i wsp. 2020; do Nascimento
i wsp. 2019).

W celu zbadania czy analizowany surfaktant interferuje ze strukturg wytwarzanej CB
wykorzystalam metode spektrometryczng ATR-FTIR. W zakresie widma od 800 cm™ do
1800 cm™, zawierajacego szereg charakterystycznych dla CB pasm, zaobserwowatam tylko
pasma charakterystyczne dla niemodyfikowanej CB, co sugeruje, ze SPS nie integruje si¢ ze
strukturg mikrofibryli CB. Na podstawie uzyskanych widm obliczytam wartosci wskaznikow
krystaliczno$ci, takich jak: LOI i TCI, ktére nie wykazaly istotnych réznic pomigdzy
analizowanymi probami. Znalazlo to réwniez potwierdzanie w wynikach otrzymanych
z wykorzystaniem techniki dyfraktometrii rentgenowskiej (XRD). Analiza ta wykazata, ze
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dodatek SPS do medium hodowlanego nie wptynat istotnie na krystaliczno$¢ otrzymanej CB,
a takze rozmiary krystalitow mikrofibryli CB. Aby uzupehi¢ charakterystyke wlasciwosci
materialowych CB, we wspotpracy z naukowcami z Zakladu Chemii i Technologii
Zwigzkéw Krzemu Uniwersytetu im. Adama Mickiewicza w Poznaniu przeprowadzono
analiz¢ stabilnosci termicznej CB otrzymanej z wykorzystaniem standardowego oraz
modyfikowanego medium. W tym celu wykonano analize termograwimetryczng (TGA)
i roznicowg kolorymetrie skaningowg (DSC). Otrzymane wyniki wykazaty brak
negatywnego wplywu dodatku SPS na stabilno$¢ termiczng otrzymywanej CB,
potwierdzajac brak oddzialtywania analizowanego surfaktantu na struktur¢ molekularng
biopolimeru. Ze wzgledu na docelowe przeznaczenia otrzymanej CB w aplikacjach
biomedycznych jako np. materialu opatrunkowego czy nos$nika w systemach dostarczania
substancji aktywnych, Przeanalizowano toksyczno$¢ CB wzgledem komorek mysich
fibroblastow linii L929. Analiza ta nie wykazata istotnego spadku zywotno$ci badanych
komorek oraz wptywu na ich cechy morfologiczne.

Etap 2 (publikacja P-2)

Celuloza bakteryjna posiada wiele unikalnych wtasciwosci, ktore determinuja jej
przydatno$¢ w aplikacjach biomedycznych. Natomiast brak wlasciwosci bakteriobdjczych
czy ograniczajacych proces formowania biofilmu przez bakterie na jej powierzchni ogranicza
jej wykorzystanie (Wahid i wsp. 2019). Majac powyzsze na uwadze, celem badan byta
immobilizacja na powierzchni nigdy nie suszonej CB domeny hydrolitycznej enzymu PelAn,
majacej zdolnos¢ do rozktadu egzopolisacharydu Pel obecnego w strukturze biofilmu
wytwarzanego przez P. aeruginosa. Do badan jako metode immobilizacji wybratam proces
adsorpcji, poniewaz jest to jeden z najprostszych sposobow unieruchamiania enzymow na
powierzchni no$nika, opierajaCy si¢ na tworzeniu stabych wigzan pomiedzy nos$nikiem
aenzymem, poprzez sity Van der Waalsa, oddziatywania elektrostatyczne czy hydrofobowe.
Dodatkowo, jest to proces ekonomiczny, poniewaz nie wymaga specjalistycznych
odczynnikow, a dzigki temu nie wptywa na wilasciwosci katalityczne enzymow (Nguyen
I Kim 2017).

Badania rozpoczetam od przygotowania CB jako nos$nika do immobilizacji, ktory
charakteryzowat si¢ wysokim stopniem krystaliczno$ci oraz porowato$cig na poziomie 55%.
Nastepnie przeprowadzitam proces immobilizacji enzymu, ktérego maksymalna
efektywnos¢ w optymalnych warunkach pozwalata na adsorpcj¢ 38,5 mg/g suchej masy CB
przy zastosowaniu poczatkowego stezenia PelAn wynoszacego 85,0 mg/g suchej masy CB.

Aby sprawdzi¢ czy sposob orientacji czasteczek biatka PelAn unieruchomionego na
powierzchni CB nie wplywa na jego wlasciwosci katalityczne analizowatam rozktad fadunku
na powierzchni biatka PelAn z wykorzystaniem programoéow Propka i APBS (ang. Adaptive
Poisson-Boltzmann Solver) za posrednictwem serwera PDB2PQR. Otrzymane wyniKki
wizualizowatam nastepnie wykorzystujgc program UCSF Chimera. Analiza ta wykazata, ze
powierzchnia PelAn zawiera glownie regiony natadowane ujemnie oraz niewielkg ilosé¢
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regioné6w natadowanych dodatnio. Co istotne stwierdzitam, ze obszar katalityczny jest
ujemnie natadowany, sugeruje to prawidtowa orientacj¢ unieruchomionego biatka na
powierzchni no$nika, zapewniajacg dostep do egzopolisacharydu Pel wydzielanego przez
komorki P. aeruginosa podczas wytwarzania macierzy biofilmu.

Aby zbada¢ wptyw immobilizacji biatka PelAn na membranach CB na formowanie
biofilmu przez P. aeruginosa na powierzchni no$nika wykorzystatam metode ATR-FTIR
rozszerzong 0 dwuwymiarowg (2D) analize korelacyjng widm. Szczegdtowej analizie
poddatam region o zakresie spektralnym liczby falowej od 1800 cm™ do 800 cm™, ktory
zawiera pasma charakterystyczne dla grup funkcyjnych obecnych w strukturze biofilmu
P. aeruginosa. Pasmo o liczbie falowej 1530 cm™ przypisane jest do amidu 11, co odpowiada
akumulacji biomasy, natomiast pasmo przy 1450 cm™ charakteryzuje drgania zginajace CHa
obecne w strukturze lipidow. Pasmo przy 1230 cm™ przypisane jest rozciggajacym drganiom
P=0 w grupach PO? fosfodiestrow kwaséw nukleinowych, natomiast do pasma przy 1395
cm? przypisuje si¢ rozciggajace drgania symetryczne C-O grupy karboksylowej (COO")
(Suci i wsp. 1998). Przeprowadzona dwuwymiarowa analiza korelacyjna widm ATR-FTIR
uwidoczniata najistotniejsze roznice w strukturze biofilmu w regionach charakterystycznych
dla jego komponentow weglowodanowych i biatkowych. Natomiast tylko niewielkie roznice
zaobserwowano w intensywno$ci pasm odpowiadajacych sktadnikom macierzy
zawierajacych grupy karboksylowe. Aby szczegdtowo przeanalizowaé zmiany zawartosci
poszczegolnych komponentow macierzy biofilmu P. aeruginosa przeprowadzitam analize
stosunku intensywnosci poszczegodlnych pasm obecnych w analizowanych widmach ATR-
FTIR. Stosunek pasm przy 1530 cm™ i 1230 cm™* (amid I1/amid III) odpowiadajacy zmianom
w ilosci biatek i kwasow nukleinowych wykazal, ze w macierzy biofilmu wytworzonej na
powierzchni CB wraz ze wzrostem ilosci immobilizowanego PelAn, systematycznie spadata
ilos¢ frakcji biatkowej, natomiast wzrosta ilos¢ kwasow nukleinowych. Stosunek
intensywnosci pasm 1530 cm1/1450 cm™ sugerowal wzrastajaca ilos¢ lipidow w macierzy
biofilmu. Natomiast stosunek intensywnosci pasm 1230 cm™/1040 cm™ wskazywat na
rosngcg ilo$¢ fosfolipidow, lipopolisacharydow i1 kwaséw nukleinowych z jednoczesnym
obnizeniem zawartosci polisacharydow.

Wykorzystujac metode skaningowej mikroskopii elektronowej, przeanalizowatam
réwniez morfologi¢ biofilmu wytworzonego na powierzchni CB z immobilizowanym
enzymem PelAn. Obrazy SEM pokazaly, ze powierzchnia kontrolnych membran CB pokryta
byta r6wnomiernie komodrkami bakteryjnymi otoczonymi sktadnikami macierzy biofilmu.
Na membranach pokrytych enzymem PelAn nie zaobserwowano duzych zmian w morfologii
biofilmu natomiast w stosunku do proby kontrolnej kontury komorek P. aeruginosa PAO1
byly znacznie bardziej widoczne, co moze $wiadczy¢é 0 zmianach w strukturze macierzy
biofilmu.

Obecnos¢ macierzy zewnatrzkomoérkowej biofilmu ma migdzy innymi za zadanie
utrzymanie spojnosci jego struktury i utatwienie adhezji komorek bakteryjnych do
kolonizowanej powierzchni. Bioragc to pod uwage technikg cytometrii przeptywowej
oceniono wptyw immobilizacji enzymu PelAn na membranach CB na stabilno$¢ biofilmu
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P. aeruginosa poprzez zmian¢ uwolnionych z jej powierzchni komoérek P. aeruginosa.
Zaobserwowano, ze ilo$¢ uwolnionych komorek bakteryjnych wzrastata proporcjonalnie do
ilosci PelAn immobilizowanego na powierzchni nos$nika. Wyniki te potwierdzaja, ze
egzopolisacharyd Pel odgrywa kluczowa role w poczatkowych etapach wytwarzania
i adhezji biofilmu P. aeruginosa, a jego brak w macierzy zewnatrzkomoérkowej wptywa
istotnie na destabilizacje struktury biofilmu.

Ze wzgledu na mozliwosé wykorzystania CB z immobilizowanym enzymem PelAn
jako materiatu opatrunkowego przeprowadzono analiz¢ ich cytotoksycznosci wzgledem
komorek mysich fibroblastow tkanki tagcznej L929. Wykazano, ze zarowno enzym w formie
rozpuszczonej, jak i membrany CB z immobilizowanym biatkiem PelAn nie wptywaty na
zywotno$¢ i morfologie analizowanych komorek, co wskazuje na catkowite bezpieczenstwo
podczas stosowania w celach medycznych.

Etap 3 (publikacja P-3)

Jedng z gléwnych frakcji macierzy biofilmu P. aeruginosa, zwlaszcza szczepow
mukoidalnych, oprocz polisacharydéw Pel 1 Psl jest alginian. Z tego wzgledu w badaniach
w ramach etapu 3 pracy doktorskiej uwzglednitam réwniez liazg alginianowa ze szlaku
syntezy alginianu, ktora wykazuje zdolnos¢ do specyficznej degradacji tego sktadnika
macierzy biofilmowej.

Badania dotyczace wptywu temperatury na aktywno$¢ enzymow wykorzystywanych
w materiatach opatrunkowych sa niezwykle istotne w celu zachowania ich funkcjonalnosci,
zarbwno W warunkach przechowywania, jak i po kontakcie z tkankami cztowieka. Dlatego,
badania w ramach etapu 3 rozpoczgtam od przeprowadzenia charakterystyki uzyskanej
rekombinowanej liazy alginianowej, ktora dotyczyta wplywu temperatury na aktywnos$¢
1 stabilno$¢ enzymu. Wykazatam, ze optymalna temperatura dla dzialania enzymu wynosita
40°C. W przypadku analizy stabilno$ci liazy alginianowej zaobserwowatam, ze podczas
przechowywania w 4°C utrzymywata si¢ ona na poziomie 80% przez 30 dni, w stosunku do
aktywnosci poczatkowej. Natomiast w temperaturze 37°C po 4 dniach zaobserwowatam
spadek aktywnosci 0 30% w stosunku do aktywnos$ci poczatkowej, a po 30 dniach enzym
catkowicie utracit aktywno$¢.

W celu potwierdzenia skutecznosci liazy alginianowej w procesie eradykacji
biofilmu, przed immobilizacja enzymu na CB przeanalizowalam efektywnos¢ jego dziatania
w formie rozpuszczonej wobec biofilmu P. aeruginosa. Analizowatam zar6wno wplyw
enzymu na eradykacje, jak i hamowanie formowania macierzy zewngtrzkomorkowe;j.
Najlepsze wyniki zaobserwowatam przy zastosowaniu stezen liazy alginianowej w zakresie
od 6,25 pg/ml do 25,0 ng/ml. Dodatkowo, uzupetniajac badania dotyczace charakterystyki
tego enzymu, we wspolpracy z dr. inz. Piotrem Sobolewskim z Katedry Inzynierii Polimeréw
i Biomateriatdéw Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie
wykazalam, Zze enzym ten nie wykazuje cytotoksyczno$ci wzgledem komorek mysich
fibroblastow tkanki tgcznej linii L929. Wyniki te jednoznacznie potwierdzity zaktadang
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przeze mnie mozliwos¢ wykorzystania liazy alginianowej jako substancji aktywnej
w materiatach opatrunkowych. W kolejnym etapie badan przeprowadzitam proces
immobilizacji liazy alginianowej na powierzchni membran CB. Sprawdzitam wplyw
poczatkowego st¢zenia liazy alginianowej oraz czasu immobilizacji na ilos¢
zaadsorbowanego enzymu. Ustalitam, ze maksymalna efektywno$¢ immobilizacji pozwolita
na adsorpcje = 6,0 mg/g suchej masy nosnika po uptywie 120 min. Aby doktadnie wyjasnic¢
mechanizm adsorpcji, dane eksperymentalne dopasowalam do modeli adsorpcji
wykorzystujac rownania Freundlicha i Langmuira. Analizujagc otrzymane wyniki
zaobserwowatam, ze dane doswiadczalne lepiej opisuje model Langmuira, co oznacza, ze
liaza alginianowa oddzialuje z miejscami adsorpcyjnymi na powierzchni CB tworzac
monowarstwe. Ponadto, dla zrozumienia mechanizmu wigzania i orientacji molekut enzymu
na powierzchni CB, podobnie jak w publikacji P-2, przeprowadzitam analiz¢ rozktadu
tadunku na powierzchni liazy alginianowe;j. Ustalitam, ze katalityczne centrum aktywne liazy
alginianowej charakteryzuje si¢ gltownie obszarami natadowanymi dodatnio, co jest
wynikiem adaptacji obszaru katalitycznego do ujemnie natadowanej grupy karboksylowe;j
kwasu glukuronowego i mannuronowego obecnych w strukturze alginianu. Pozostala
powierzchna molekularna biatka, w analizowanym pH, charakteryzowata si¢ gléwnie
obecnoscia obszarow natadowanych ujemnie. Dla dopetnienia tej analizy oznaczono
potencjal zeta na powierzchni celulozy bakteryjnej. W tym celu nawigzano wspoélprace
z prof. dr hab. inz. Sylwig Mozig z Katedry Technologii Chemicznej Nieorganicznej
i Inzynierii Srodowiska Zachodniopomorskiego Uniwersytetu Technologicznego
w Szczecinie. Wykazano, ze przy pH réwnym 3,0 CB charakteryzowata si¢ dodatnim
potencjatem zeta, natomiast przy wartosciach pH od 4,0 do 8,0 potencjat zeta byt ujemny,
a punkt izoelektryczny CB wynosit 3,4. Przyczyng niskiego punktu izoelektrycznego
i regionu plateau w zasadowym $rodowisku jest obecnos¢ licznych grup hydroksylowych na
powierzchni CB.

Nastepnie analizowatam wplyw adsorpcji liazy alginianowej na formowanie biofilmu
przez P. aeruginosa na powierzchni CB. W tym celu zastosowatam protokoét oparty o analize
ATR-FTIR, tak jak w publikacji P-2. Analiza stosunku intensywnosci pasm 1530 cm/1450
cm™ i 1230 cm™/1395 cm!, inaczej niz w przypadku publikacji P-2, nie wykazata istotnych
roéznic. Jednakze podobnie jak w przypadku immobilizacji PelAn, po przeanalizowaniu
stosunku intensywnosci pasm 1230 cm™/1040 cm? zaobserwowalam, ze dzicki
immobilizacji liazy alginianowej na powierzchni CB wzrosta zawarto$¢ fosfolipidow,
lipopolisacharydow 1 kwaséw nukleinowych, a spadta zawarto§¢ polisacharydow.
Dodatkowo, analizujac stosunek intensywnosci pasm 1530 cm™/1230 cm™ mogtam
stwierdzi¢, ze po zastosowaniu liazy alginianowej nieznacznie spadta ilos¢ frakcji biatkowej
w macierzy biofilmu P. aeruginosa, podczas gdy ilos¢ kwasow nukleinowych wzrosta.
Uzyskane wyniki z analizy widm ATR-FTIR wykazaty, ze po immobilizacji liazy
alginianowej zawarto$¢ polisacharydow w macierzy biofilmu P. aeruginosa byta mniejsza
niz w przypadku proby kontrolne;.
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Sposroéd grup antybiotykow, aminoglikozydy sa najczesciej wykorzystywane
w leczeniu zakazen wywotywanych przez szczepy P. aeruginosa, pomimo wzrastajacej
opornos$ci bakterii na te leki. Ponadto, dtugotrwate stosowanie tych antybiotykow wigze sig
z ryzykiem wystepowania efektow ubocznych, takich jak zaburzenia stuchu, uszkodzenia
nerek czy watroby. Dlatego tez przeprowadzitam badania majgce na celu stwierdzenie, czy
réwnoczesna immobilizacja na membranach CB liazy alginianowej i gentamycyny moze
zwickszy¢ wrazliwo$¢ komorek P. aeruginosa na ten antybiotyk. W tym celu,
z wykorzystaniem cytometrii przeptywowej sprawdzitam, czy wysycenie powierzchni CB
antybiotykiem i enzymem wplynie na liczb¢ martwych i zywych komorek P. aeruginosa
z biofilmu wytworzonego na powierzchni polimeru. Wykazatam, ze po immobilizacji na CB
wylacznie antybiotyku w dawce ponizej wartosci MIC z nos$nika uwolnilo si¢ znacznie
wigcej komorek P. aeruginosa w stosunku do CB z immobilizowanym antybiotykiem
i enzymem. Ponadto, wykorzystujac metod¢ barwienia fluorescencyjnego live/dead
zaobserwowalam, ze wysycenie CB tylko gentamycyna w stezeniu 0,25 pg/ml nie wptywato
istotnie na zywotno$¢ uwolnionych z powierzchni CB bakteryjnych komorek. Natomiast
zastosowanie kombinacji antybiotyku i enzymu istotnie zwickszyto efektywno$¢ dziatania
gentamycyny, co objawialo si¢ redukcja zywotnosci uwolnionych komoérek o 86,5%.
Obserwacja ta byta zgodna z wynikami analizy struktury macierzy biofilmu na powierzchni
CB z wykorzystaniem ATR-FTIR, wskazujacymi na zmiany w skladzie macierzy
biofilmowej, czego nastgpstwem byla obserwowana zwigkszona wrazliwos¢ komorek
bakteryjnych na modelowy antybiotyk.

Etap 4 (publikacja P-4)

Struktura CB umozliwia immobilizacje¢ réznego rodzaju substancji bioaktywnych,
w tym enzymow. Jej modyfikacje polegajace na wprowadzaniu nowych grup funkcyjnych
pozwalaja na ksztaltowanie jej wilasciwosci w zalezno$ci od dalszego przeznaczenia.
Ponadto, zwicksza to mozliwosci wykorzystania suchej CB, ktora w znacznie mniejszym
stopniu jest uzywana w aplikacjach biomedycznych. W zwiazku z tym postawitam sobie za
cel sprawdzenie wptywu modyfikacji CB niskoci$nieniowa plazmg z uzyciem argonu jako
gazu roboczego (LPArP) na profile uwalniania glikohydrolaz PelAn i PSIGh.

W ramach prowadzonych badan przeanalizowatam wptyw czasu ekspozycji CB na
LPArP na zmiany w jej strukturze chemicznej. Analize wplywu modyfikacji na roéznice
W zawarto$ci poszczegélnych grup funkcyjnych na powierzchni CB przeprowadzitam
z wykorzystaniem techniki ATR-FTIR. Dodatkowo, we wspotpracy z dr. hab. inz. Dariuszem
Moszynskim prof. ZUT z Katedry Technologii Chemicznej Nieorganicznej i Inzynierii
Srodowiska Zachodniopomorskiego Uniwersytetu Technologicznego w  Szczecinie
wykonano rentgenowska spektrometrie fotoelektronéw XPS. Na podstawie uzyskanych
widm ATR-FTIR w zakresie liczb falowych od 1800 cm™ do 800 cm™ zaobserwowatam,
jako wynik modyfikacji powierzchni CB, obecno$¢ nowego pasma W przy 1720 cm?,
wilasciwego dla grupy C=0 aldehydow i kwasow karboksylowych. Intensywnos¢ tego pasma
wzrastala wraz z czasem ekspozycji na LPArP osiggajac pleateu po 480 s. Obecno$¢ tego
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pasma $wiadczy¢ moze o utlenianiu grupy -OH alkoholi obecnych w podjednostkach
glukozowych w strukturze fibryli CB. Potwierdzeniem tej obserwacji byty wyniki otrzymane
z analizy XPS, ktore wykazaly, ze wraz ze zwigkszaniem czasu ekspozycji do 480 s na
powierzchni CB zmniejszata si¢ systematycznie ilo$¢ grup C-OH, przy jednoczesnym
wzroscie liczby grup C-C/C-H. Modyfikacja powierzchni CB niskoci$nieniowg plazma
z uzyciem argonu jako gazu roboczego nie wplyneta na ilos¢ wigzan C-O-C, co swiadczy
o braku oddziatlywania zastosowanej modyfikacji na integralno$¢ struktury pierscienia
piranozowego podjednostek glukozowych mikrofibryli CB. Odnotowano natomiast istotny
wzrost grup O=C-O, ktoére prawdopodobnie byly nastgpstwem utlenienia grup alkoholi
pierwszorzedowych, zlokalizowanych przy atomie wegla C6 podjednostek glukozowych
mikrofibryli CB. Na podstawie otrzymanych widm ATR-FTIR przeanalizowatam roéwniez
wplyw modyfikacji z uzyciem LPArP na stopien krystaliczno$ci CB i zaobserwowatam
spodziewany jej spadek w wyniku ekspozycji CB na LPArP. Réznice w krystalicznos$ci CB
zostaly zwizualizowane rowniez na zdjgciach powierzchni modyfikowanego biopolimeru
wykonanych za pomoca skaningowego mikroskopu elektronowego. Analiza ta wykazata
znaczace zmiany w strukturze mikrofibryli, ktore charakteryzowaly sie niejednorodng
strukturg, typowa dla amorficznej formy CB. W pelni scharakteryzowany materiat postuzyt
jako nosnik dla biatek PelAn i PsIGh. W tym etapie badan kluczowym okazatl si¢ sposob
immobilizacji analizowanych enzyméow. Wykazatam, ze po unieruchomieniu enzymow na
membranach CB, etap suszenia powinien by¢ przeprowadzony z wykorzystaniem procesu
liofilizacji. Zabieg ten gwarantowatl zachowanie aktywnosci Katalitycznej analizowanych
enzymoéw. We wspotpracy z dr. inz. Mariuszem Madejem z Zaktadu Mikrobiologii
Uniwersytetu Jagiellonskiego przeprowadzitam rowniez analize stabilnosci termicznej
biatek PelAn i PsIGh, w formie rozpuszczonej i liofilizowanej, przez okres 30 dni. Celem
analizy byto sprawdzenie zarowno wpltywu sposobu przechowywania obu bialek, jak i czasu
ich przydatnosci do uzycia. Wyniki nie wykazaly znaczacych roézni¢ pomiedzy formag
rozpuszczong i liofilizowang, a po 30 dniach oba biatka charakteryzowaty si¢ nadal wysoka
stabilno$cig termiczng, $wiadczaCa O stabilno$ci struktury analizowanych enzymow.
Wskazuje to na mozliwos¢ przechowywania tych biatek w formie liofilizowanej, Co znacznie
zwigksza ich uzyteczno$¢ jako preparatow medycznych. W wczesniejszych badaniach
udowodniono, ze enzym PelAn nie wykazuje cytotoksycznosci wzgledem komorek
eukariotycznych. Z tego wzgledu postanowitam rowniez sprawdzi¢ wptyw enzymu PsIGy na
toksyczno$¢ wzgledem komorek mysich fibroblastow tkanki tacznej linii  L929.
Na podstawie uzyskanych wynikow, podobnie jak w przypadku PelAn, nie wykazatam roznic
w zywotno$ci oraz morfologii badanych komorek, co jest istotne w kontekscie ich
zastosowan biomedycznych.

W kolejnym etapie badan sprawdzitam wptyw modyfikacji powierzchni struktury CB na
proces uwalniania PelAn i PsIGh oraz ich zdolno$¢ do inhibicji wytwarzania biofilmu przez
bakterie P. aeruginosa. Zaobserwowatam, ze enzym PelAn uwalniat si¢ w 80%, natomiast
PsIGh w 60%, co moze by¢ wynikiem r6znej masy molekularnej analizowanych enzymow.
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Stwierdzitam, ze réwniez profile uwalniania enzymu PelAn z niemodyfikowanej
I modyfikowanej z wykorzystaniem LPArP CB nie roznity si¢ istotnie. Natomiast
w przypadku PsIGh odnotowatam szybsze tempo uwalniania enzymu z CB modyfikowanej
LPArP w trakcie pierwszych 2 minut. Zastosowane przeze mnie modele farmakokinetyczne,
zerowego 1 pierwszego rzgdu oraz modele Higuchiego 1 Korsmeyera-Peppasa wykazaty, ze
oba biatka uwalniaty si¢ z powierzchni CB na drodze dyfuzji.

Aby wyjasni¢ obserwowane roznice pomig¢dzy profilami uwalniana obydwu biatek
przeanalizowatam rozktad potencjatu elektrostatycznego na powierzchni molekularnej PelAn
I PsIGh oraz wyznaczytam ich catkowity tadunek w pH 7,4, ktory dla PelAn wynosit -8,24
adla PsIGn-6,94. Otrzymane wyniki §wiadczyly o porownywalnym wptywie analizowanych
wlasciwosci molekularnych enzymoéw na ich profil uwalniana. Swojg uwage skierowatam na
ewentualne wlasciwosci strukturalne analizowanych biatek, mogace mie¢ istotny wptyw na
obserwowane réznice w tempie uwalania PsIGn z modyfikowanej CB. W strukturze PsIGn
wyréznia si¢ N-terminalng domene zawierajaca obszar katalityczny i C-terminalng domeng
wykazujaca podobienstwo do domen wigzacych weglowodany (ang. Carbohydrate Binding
Domain, CBM) (Yu i wsp. 2015). Obserwowane roznice w profilach uwalniania biatek PelAn
I PSIGh z powierzchni CB niemodyfikowanej jak i modyfikowanej z uzyciem LPArP moga
by¢ wynikiem oddziatywania tej domeny ze strukturg nosnika.

W kluczowym etapie badan przeprowadzitam testy majace na celu oceng efektywnosSci
immobilizacji PelAn i PsIGh na hamowaniu tworzenia biofilmu przez P. aeruginosa. Dla
obydwu analizowanych enzymow, niezaleznie od formy no$nika, stwierdzitam nieznaczne
zmniejszenie zdolnosci do hamowania procesu formowania biofilmu w poréwnaniu z ich
forma natywna. Moze to by¢ zwigzane ze niecatkowitym stopniem uwolnienia enzyméow
z powierzchni CB. Natomiast wykazatam, ze aktywnosc¢ antybiofilmowa, zaréwno PelAn jak
I PsIGh, po uwolnieniu z niemodyfikowanej CB, jak i modyfikowanej z wykorzystaniem
LPATrP nie roznita sie istotnie. Wyniki uzyskanych badan wskazuja, ze poprzez modyfikacje
struktury z wykorzystaniem LPArP mozliwe jest kontrolowanie procesu uwalniania
enzymoOw, a tym samym ich aktywnosci antybiofilmowe;.

6. Wnioski

Realizacja postawionych celow badawczych pozwolita na wyciagniecie nast¢pujacych
wnioskow:

1. Modyfikacja wtasciwosci fizykochemicznych medium H-S polieterem silikonowym
zwieksza efektywnos$¢ syntezy CB przez K.xylinus (publikacja P-1).

2. Modyfikacja wtasciwosci fizykochemicznych medium H-S polieterem silikonowym
nie wplywa na wlasciwosci fizykochemiczne uzyskanej CB (publikacja P-1).

3. Modyfikacja wtasciwosci fizykochemicznych medium H-S polieterem silikonowym
wplywa na polepszenie parametrow wodnych uzyskanej CB (publikacja P-1).

4. CB wytwarzana w medium H-S z dodatkiem polieteru silikonowego nie wykazuje
toksycznosci wzgledem komorek mysich fibroblastow linii L929 (publikacja P-1).
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5. Immobilizacja enzymu PelAn na powierzchni membran z CB istotnie wptywa na
destabilizacje biofilmu P. aeruginosa formowanego na powierzchni no$nika poprzez
zmiany w strukturze macierzy zewnatrzkomoérkowej (publikacja P-2).

6. Immobilizacja liazy alginianowej na powierzchni membran z CB istotnie wptywa na
destabilizacje biofilmu P. aeruginosa formowanego na powierzchni nosnika poprzez
zmiany w strukturze macierzy zewnatrzkomorkowej (publikacja P-3).

7. Immobilizacja liazy alginianowej na powierzchni membran z CB zwigksza
wrazliwos$¢ P. aeruginosa na dziatanie gentamycyny poprzez destabilizacj¢ struktury
macierzy zewnatrzkomorkowej biofilmu (publikacja P-3).

8. Modyfikacja powierzchni CB z wykorzystaniem niskoci$nieniowej plazmy
z uzyciem argonu jako gazu roboczego (LPArP) zmienia jej wilasciwosci
fizykochemiczne (publikacja P-4).

9. Modyfikacja powierzchni CB z wykorzystaniem LPArP wptywa na zmiany
w uwalnianiu enzymow PelAn i PSIGh, przy czym jest to $cisle zwigzane ze strukturg
molekularng tych enzymow (publikacja P-4).

10. Immobilizacja enzyméw PelAn i PsIGh na niemodyfikowanej i modyfikowanej
z wykorzystaniem LPArP CB wptywa na ich zdolno$¢ do inhibicji formowania
biofilmu przez P. aeruginosa (publikacja P-4).

7. Opis pracy naukowo-badawczej

W 2011 roku rozpoczgtam studia inzynierskie na kierunku biotechnologia, na
Wydziale Biotechnologii i Hodowli Zwierzat Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie. W 2013 roku zdobytam tytut inzyniera, bronigc prace
inzynierska pt.: ,,Rejestracja widm masowych oraz identyfikacja wybranych biatek watroby
rosngcych prosigt z wykorzystaniem spektrometru masowego typu MALDI-TOF”, pod
kierunkiem dr hab. Malgorzaty Ozgo prof. ZUT z Katedry Fizjologii Cytobiologii
i Proteomiki na Wydziale Biotechnologii i Hodowli Zwierzat ZUT w Szczecnie. Nastepnie
rozpoczetam studia magisterskie na kierunku biotechnologia, na Wydziale Biotechnologii
i Hodowli Zwierzat ZUT w Szczecinie oraz mikrobiologia stosowana na Wydziale Nauk
o Zywnosci i Rybactwa ZUT w Szczecinie. W 2016 roku obronitam prace magisterskg na
kierunku biotechnologia pt.: ,Identyfikacja wybranych biatek osocza emu zwyczajnego
(Dromaius novaehollandiae) na podstawie map peptydowych z wykorzystaniem
spektrometru masowego typu MALDI — TOF”, pod kierunkiem dr hab. Malgorzaty Ozgo
prof. ZUT z Katedry Fizjologii Cytobiologii i Proteomiki na Wydziale Biotechnologii
i Hodowli Zwierzat ZUT w Szczecinie. W trakcie trwania studiow magisterskich
rozpoczelam dziatalnos$¢ jako cztonek, a nastgpnie prezes Studenckiego Kota Naukowego
Enzymologéw, dzialajacego przy Katedrze Mikrobiologii i Biotechnologii (dawniej Katedra
Immunologii, Mikrobiologii i Chemii Fizjologicznej) Wydziatu Biotechnologii i Hodowli
Zwierzat ZUT w Szczecinie. Prowadzone przeze mnie prace badawcze dotyczyty
immobilizacji enzymow lipolitycznych na modyfikowanych no$nikach biopolimerowych na
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bazie celulozy bakteryjnej. Wyniki przeprowadzonych badan pilotowych zostaly opisane
w pracy magisterskiej pt.: ,,Czute na pole magnetyczne, modyfikowane polietylenoiming
sfery celulozy bakteryjnej jako nosnik do immobilizacji esteraz pochodzenia
mikrobiologicznego”, ktorg obronitam w 2017 roku, pod kierunkiem dr. inz. Radostawa
Drozda z Katedry Mikrobiologii i Biotechnologii Wydziatu Biotechnologii i Hodowli
Zwierzat ZUT w Szczecinie. Podczas trwania studiow magisterskich odbytam jeden semestr
studiow na Uniwersytecie Rolniczym w Ptowdiw (Bulgaria), w ramach programu Erasmus+.
Ponadto, w ramach programu IAESTE odbytam staz na Uniwersytecie Stanowym w Sao
Paulo (UNESP) (Brazylia), ktory dotyczyt identyfikacji Helicobacter pylori
odpowiedzialnych za wystepowania wrzodéw zotadka, z wykorzystaniem testow
oddechowych.

1 pazdziernika 2017 r. rozpoczetam studia doktoranckie na kierunku biotechnologia,
w Katedrze Mikrobiologii i Biotechnologii, na Wydziale Biotechnologii i Hodowli Zwierzat
ZUT w Szczecinie, pod kierunkiem dr hab. Jolanty Kochel-Karakulskiej prof. ZUT i dr. inz.
Radostawa Drozda.

Podczas dotychczasowej pracy badawczej zgromadzitam dorobek obejmujacy 14
publikacji naukowych w czasopismach indeksowanych w Journal Citation Report, cztery
patenty oraz jeden rozdzial w monografii. Ponadto bytam wykonawca w jednym projekcie
badawczym OPUSI14 finansowanym ze zrodet Narodowego Centrum Nauki pt.: ,,Analiza
mechanizmow zwigkszonej efektywnosci substancji przeciwdrobnoustrojowych wzgledem
biofilméw w obecnosci wirujacego pola magnetycznego”, realizowanym w Katedrze
Mikrobiologii
i Biotechnologii ZUT w Szczecinie. Bylam réwniez wykonawca w dwoch projektach
badawczo-rozwojowych realizowanych w ramach Regionalnego Programu Operacyjnego
Wojewoddztwa  Zachodniopomorskiego, pt.: ,,Biodegradowalne, przeciwbakteryjne
I przeciwwirusowe filtry na bazie bionanocelulozy do zastosowania w maseczkach
ochronnych” oraz ,,Testowanie w warunkach rzeczywistych innowacyjnych maseczek
ochronnych (NanoBioCell) z bionanocelulozy”, realizowanych wraz z naukowcami
z Katedry Inzynierii Biopolimeréw i1 Biomaterialow Wydziatu Technologii 1 Inzynierii
Chemicznej ZUT w Szczecinie.

W trakcie trwania studiow doktoranckich rozwijatam aktywnie swoje kompetencje
naukowe poza macierzysta Uczelnig. Odbytam dwa staze krajowe, w Katedrze Zywnosci
Pochodzenia Zwierzecego Uniwersytetu Ekonomicznego we Wroctawiu 1 w Zaktadzie
Biochemii i Zywienia Cztowieka na Pomorskim Uniwersytecie Medycznym w Szczecinie
oraz 1 staz zagraniczny W Instytucie Biochemii na Uniwersytecie w Greifswaldzie. Ponadto
uczestniczytam w licznych konferencjach o zasiegu krajowym 1 miedzynarodowym. Bratam
takze udzial w szkoleniach dotyczacych obstugi specjalistycznego sprzetu, takiego jak
cytometr przeptywowy BC Accuri™ C6 Plus czy termocykler LightCycler 96. Ukonczytam
réwniez szkolenia na Audytora wewngtrznego systemu zarzadzania jakoscig zgodnie
z wymaganiami normy 1SO 9001:2015 i PN-EN ISO/IEC17025:2018.
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Obecnie jestem cztonkiem Studenckiego Kota Naukowego Enzymologéw, gdzie
wraz z pozostatymi cztonkami regularnie angazuj¢ si¢ w dzialania popularyzujace nauke,
takie jak Dni Otwarte Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie
czy Dni Inzynierii Materiatowej, majace na celu promocje macierzystej Uczelni.

Od 2021 roku jestem cztonkiem Polskiego Towarzystwa Mikrobiologdéw, aktywnie
uczestniczac w organizowanych wyktadach i konferencjach.

W 2021 roku za swojg aktywno$¢ naukowg zostalam uhonorowana Stypendium
Naukowym Prezydenta Miasta Szczecin dla doktorantow za wybitne osiggniecia naukowe.

W ramach pracy badawczej, podczas studiow doktoranckich uczestniczylam
w projekcie naukowym realizowanym z inicjatywy mojego promotora pomocniczego dr. inz.
Radostawa Drozda, w kooperacji z dr hab. Witoldem Gtadkowskim prof. Uniwersytetu
Przyrodniczego we Wroctawiu, dotyczacym wykorzystania CB jako nosnika dla enzyméow
0 aktywnosci lipolitycznej w reakcji enancjoselektywnej transestryfikacji alkoholi
allilowych. Efektem tej wspotpracy sa dwie publikacje naukowe:

e Lesniarek, A., Chojnacka, A., Drozd, R., Szymanska, M., & Gladkowski, W. (2020).
Free and immobilized lecitase™ ultra as the biocatalyst in the kinetic resolution of (E)-
4-arylbut-3-en-2-yl esters. Molecules, 25(5), 1067.

|F2022 — 4,412, 100 p MEiNZOZZ

e Lesniarek, A., Chojnacka, A., Drozd, R., Szymanska, M., & Gladkowski, W. (2020).
Enantioselective Transesterification of Allyl Alcohols with (E)-4-Arylbut-3-en-2-ol
Motif by Immobilized Lecitase™ Ultra. Catalysts, 10(7), 798.

IF2022 — 4,146, 100 p. MEiN2022
Opracowane rozwigzania w ramach wspotpracy naukowej zostaty rowniez opatentowane:

o Lesniarek A., Gladkowski W., Drozd R., Szymanska M. Sposéb kinetycznego rozdziatu
racemicznego (E)-4-fenylobut-3-en-2-olu, numer zgloszenia P.430758, numer prawa
wylacznego Pat.240592, 2019.

o Lesniarek A., Gtadkowski W., Drozd R., Szymanska M., Sposob kinetycznego rozdzialu
racemicznego octanu (E)-4-fenylobut-3-en-2-ylu, numer zgloszenia: P.430751, numer
prawa wylacznego: Pat.239852, 2019.

W  ramach dalszych prac dotyczacych modyfikacji CB uczestniczylam
w badaniach polegajacych na otrzymaniu magnetycznego nosnika do immobilizacji
enzymow na bazie CB modyfikowanej kwasem cytrynowym. Opracowany no$nik
charakteryzowat si¢ wysoka stabilnoscig termiczng 1 podatnoscia magnetyczng. Poprzez
modyfikacj¢ kwasem cytrynowym na powierzchni¢ nosnika wprowadzono grupy
karboksylowe, co umozliwito skuteczny proces immobilizacji enzymoéw, takich jak lipaza B
z Candida antartica oraz fosfolipaza A z Aspergillus oryzae. Proces immobilizacji enzymow
pozwolil na poprawe ich stabilnosci termicznej bez zmiany parametréw, takich jak optimum
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temperaturowe i optimum pH. Ponadto, immobilizowane enzymy nie wykazaty spadku
aktywnosci podczas wielokrotnego uzycia:

e Drozd, R., Szymanska, M., Przygrodzka, K., Hoppe, J., Leniec, G., & Kowalska, U.
(2021). The simple method of preparation of highly carboxylated bacterial cellulose with
Ni-and Mg-ferrite-based versatile magnetic carrier for enzyme
immobilization. International Journal of Molecular Sciences, 22(16), 8563.

IF2022 — 5,924, 140 p. MEiN2022

Uczestniczytam rowniez w badaniach dotyczacych wplywu modyfikacji warunkow
hodowli K. xylinus poprzez ekspozycj¢ na czynnik fizyczny, taki jak wirujace pole
magnetyczne (WPM). W badaniach tych, wraz ze wspotautorami, zoptymalizowaliSmy
sposob modyfikacji procesu produkcji CB przez dwa szczepy K. xylinus, poprzez nieciagla
ekspozycje hodowli na WPM przy czestotliwosei 10 Hz i1 50 Hz. Wykazalismy, ze WPM
istotnie wptywa na szlaki metaboliczne K.xylinus odpowiedzialne za proces syntezy CB,
jednak uzyskane roznice sa Scisle zalezne od szczepu bakteryjnego:

e Drozd, R., Szymanska, M., Zywicka, A., Kowalska, U., Rakoczy, R., Kordas, M., Junka,
AF., & Fijatkowski, K. (2021). Exposure to non-continuous rotating magnetic field
induces metabolic strain-specific response of Komagataeibacter xylinus. Biochemical
Engineering Journal, 166, 107855.

IF2022 — 3,978, 100 p. MEiN2022

W  ramach wspétpracy z naukowcami z Poznanskiego Parku Naukowo-
Technologicznego prowadzitam badania, w ktorych z powodzeniem zsyntetyzowano
i scharakteryzowano mieszaniny eutektyczne na bazie lewulinianu, a nastgpnie
udowodniono, ze maja one istotny wpltyw na zwigkszenie aktywnosci [-galaktozydazy.
PotwierdzilisSmy réwniez, Ze szybkos¢ hydrolizy laktozy w $rodowisku mieszanin
eutektycznych przez B-galaktozydaze byta trzykrotnie wigksza niz w przypadku laktozy
rozpuszczonej w buforze. Wyniki tych badan ukazaty si¢ w pracy:

e Hoppe, J., Byzia, E., Szymanska, M., Drozd, R., & Smiglak, M. (2022). Acceleration of
lactose hydrolysis using beta-galactosidase and deep eutectic solvents. Food
Chemistry, 384, 132498.

IF2022 — 7,514, 200 p. MEiN2022

Z tym samym zespotem uczestniczylam w badaniach, ktorych celem byta synteza
I charakterystyka szeregu mieszanin o niskiej temperaturze przejscia na bazie
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czwartorzgdowych soli amonowych mleczanu choliny, ktore nastgpnie wykorzystaliSmy
w reakcji transestryfikacji katalizowanej przez lipaze B. Wykazalismy, ze stabilno$¢
termiczna tego enzymu w obecnosci jednej z mieszanin (Ch[Lac]:Gly:EthGly) wzrosta o 8°C
w porownaniu do proby kontrolnej. Przeprowadzone reakcje transestryfikacji katalizowane
przez lipaze B charakteryzowaly si¢ wydajnoscia do 98% oraz wysoka czystosciag
otrzymanych produktow:

e Hoppe, J., Byzia, E., Drozd, R., Szymanska, M., Bielecki, P., & Smiglak, M. (2022). An
effect of choline lactate based low transition temperature mixtures on the lipase catalytic
properties. Colloids and Surfaces B: Biointerfaces, 216, 112518.

IF2022 — 5,268, 100 p. MEiN2022

Wraz ze wspotpracownikami z Katedry Mikrobiologii i Biotechnologii prowadze
intensywne badania dotyczace opracowania nowych, przyjaznych dla Srodowiska
i ekonomicznych metod zwigkszania produktywnosci procesu wytwarzania celulozy
bakteryjnej przez K. xylinus. W jednej z prac analizowaliSmy mozliwo$¢ wykorzystania
sacharozy, laktozy i skrobi jako alternatywnych zrodet wegla przeksztatcanych w cukry
proste bezposrednio w pozywce hodowlanej przez hydrolazy glikozydowe pochodzenia
mikrobiologicznego. Wyniki uzyskanych przez nas badan wykazaty, ze sktadniki medium
hodowlanego oraz jego pH nie miaty wptywu na aktywnos¢ hydrolaz glikozydowych, a juz
niewielka ilo§¢ enzyméw byta w stanie skutecznie przeprowadzi¢ reakcje hydrolizy
wybranych oligo- i polisacharydow w cukry proste. Efektywnos¢ syntezy CB po
zastosowaniu medium z sacharozg 1 skrobig charakteryzowala si¢ podobng wydajnoscia
w stosunku do proby kontrolnej z glukoza, a w przypadku medium z laktoza byta nawet o
40% wigksza. Zastosowanie tego typu metody wykorzystujacej specyficzne enzymy do
konwersji niedostgpnych zrodet wegla otwiera mozliwoséci wykorzystania réoznego rodzaju
odpadow przemystu spozywczego do produkcji CB:

e Przygrodzka, K., Chareza, M., Banaszek, A., Ziclinska, B., Ekiert, E., & Drozd, R.
(2022). Bacterial cellulose production by Komagataeibacter xylinus with the use of
enzyme-degraded oligo-and polysaccharides as the substrates. Applied Sciences, 12(24),
12673.

IF2022 — 2,838, 100 p. MEiN2022

W latach 2020-2021 bytam cztonkiem multidyscyplinarnego zespotu, wraz z ktorym
bralam udziat w badaniach w ramach wdrozeniowych projektow Regionalnego Programu
Operacyjnego Wojewddztwa Zachodniopomorskiego 2014-2020, majacych na celu walke ze
skutkami  pandemii  COVID-19, pt.:. ,Biodegradowalne, przeciwbakteryjne
i przeciwwirusowe filtry na bazie bionanocelulozy do zastosowania w maseczkach
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ochronnych” oraz ,,Testowanie w warunkach rzeczywistych innowacyjnych maseczek
ochronnych (NanoBioCell) z bionanocelulozy”. W naszych badaniach opracowali$my
w pelni biodegradowalne, bakteriobojcze i wirusobdjcze maseczki ochronne na bazie filtréw
z CB modyfikowanej niskoci$nieniowg plazma argonowa:

e Zywicka, A., Ciecholewska-Jusko, D., Chareza, M., Drozd, R., Sobolewski, P., Junka,
A., Gorgieva, S., El Fray, M., & Fijatkowski, K. (2023). Argon plasma-modified bacterial
cellulose filters for protection against respiratory pathogens. Carbohydrate
Polymers, 302, 120322.

IF2023 — 10,723, 140 p. MEiN2023
Opracowane rozwigzania zostaly opatentowane:

e Patent: Fijatkowski, K., El Fray, M., Drozd, R., Zywicka, A., Sobolewski, P.,
Ciecholewska-Jusko, D., Szymanska, M. Sposob wytwarzania modyfikowanej celulozy
bakteryjnej o wtasciwosciach przeciwdrobnoustrojowych, numer zgloszenia: P.430149,
2021.

e Patent: Fijatkowski, K., El Fray, M., Drozd, R., Zywicka, A., Sobolewski, P.,
Ciecholewska-Jusko, D., Szymanska, M. Sposob wytwarzania biodegradowalnych
materialow filtracyjnych na bazie bionanocelulozy, numer zgloszenia: P.430150, 2021.

W ramach badah nad wplywem roznych czynnikdéw na aktywno$¢ enzymow
uczestniczytam w projekcie, we wspotpracy z naukowcami z Wydzialu Technologii
i Inzynierii Chemicznej ZUT w Szczecinie, polegajacym na analizie mozliwosci
zastosowania nowych cieczy jonowych na bazie aminokwasow, jako dodatku do medium
reakcyjnego dla enzyméw proteolitycznych, takich jak papaina, subtylizyna i bromelaina.
WykazaliSmy, ze w zaleznosci od wlasciwosci fizykochemicznych aminokwasu
zastosowanego do syntezy analizowanych cieczy jonowych, mogg one mie¢ neutralny badz
inhibujacy wplyw na aktywno$¢ enzymow proteolitycznych:

e Roman, B. H., Chareza, M., Janus, E., & Drozd, R. (2023). Evaluation of new L-amino
acids triethanolammonium salts usability for controlling protease activity. International
Journal of Biological Macromolecules, 231, 123218.

IF2022 — 8,025, 100 p. MEiN2022
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The versatility and unique properties of bacterial cellulose (BC) motivate research into enhancing its synthesis.
Here a silicone polyether surfactant (SPS) was synthesized and tested as a non-nutritional additive to the
cultivation media of Komagataeibacter xylinus. The addition of SPS to the Hestrin-Schramm (HS) medium resulted
in a concentration-dependent decrease in surface tension from 59.57 + 0.37 mN/m to 30.05 + 0.41 mN/m (for
0.1% addition) that was correlated with an increased yield of BC, up to 37% wet mass for surfactant concen-

tration close to its critical micelle concentration (0.008%). Physicochemical characterization of bacterial cellu-
lose obtained in presence of SPS, showed that surfactant is not incorporated into BC structure and has a moderate
effect on its crystallinity, thermal stability. Moreover, the water holding capacity was enhanced by over 40%.
Importantly, obtained BC did not affect L929 murine fibroblast cell viability. We conclude that SPS provides an
eco-friendly approach to increasing BC yield in static culture, enabling more widespread industrial and

biomedical applications.

1. Introduction

Bacterial cellulose (BC) is a versatile biomaterial that, thanks to its
unique properties and ability to be modified, has potential applications
in various industries, such as food packing, biosensors, composites with
electromagnetic properties, flexible electrochemical energy storage
systems, wound dressings, and controlled drugs release systems [1-7].
Despite the many advantages of this biopolymer, its cost of production
remains high and production efficiency is not satisfactory. As a result,
wider industrial application of BC is still limited in comparison to other
biopolymers, such as chitosan, plant cellulose or lignocellulosic mate-
rials [8-13].

Bacterial cellulose, just like cellulose of plant origin, is a

nonbranched polymer composed of anhydrous glucose units connected
by p-1-4 glycosidic bonds. However, BC is of higher purity than cellulose
from plants tissues that contains hemicellulose, pectin, and lignin. For
this reason, the purification of BC is more economical and environ-
mentally friendly. Morevoer, the BC produced by Komagataeibacter
xylinus also exhibits a higher crystallinity index and a higher degree of
polymerization, as compared to plant cellulose [14].

To enable the use of BC on a larger scale, research is ongoing into
process improvements of BC synthesis by bacteria. Thus far, it is clear
that BC production efficiency depends on the biosynthetic potential of
the bacterial strain, the culture conditions (pH, temperature, etc.), and
the composition of the culture medium [15,16]. The easiest way to
produce BC is by cultivation in static culture, resulting in BC being
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synthesized as a pellicle at the surface (air-liquid interface) of the me-
dium. However, the microorganisms producing the BC need an appro-
priate oxygen supply for growth and thus gas exchange is a limiting
factor in static cultures. As a result, many alternative types of culturing
methods have been developed, using various types of bioreactors that
enable agitation of culture media and improve available oxygen levels.
For example, recently, a bench-scale, rotating biofilm contact bioreactor
has resulted in the highest reported BC production yields [17]. Of
course, in static culture, it is also possible to increase BC production. For
example, one can use physical factors, such as a rotating magnetic field.
This approach may have additional advantages, because the obtained BC
had a higher moisture ratio, making it promising for applications as a
wound dressing material [18].

Besides the type of culture, another obvious strategy for reducing
costs involves replacing the traditional carbon and nitrogen source (e.g.
Hestrin-Shramm medium (HS)), with a food processing waste or
byproduct that is still rich in nutritional components [19]. However,
depending on the specific industrial origin of these substrates, the need
for initial pretreatment and/or supplementation typically results in
reduced profitability [20]. An alternate approach towards increasing BC
productivity relies on various types of in situ modifications, by adding
different types of substances to the standard culture medium [18,21,22].
For example, supplementing standard HS culture medium with 1% of
vegetable oil resulted in a 5-fold greater BC yield and the obtained BC
had a higher water swelling capacity and greater mechanical strength
[23]. Besides increased productivity and improved water-related prop-
erties, in situ modifications can also result in structural changes,
enabling BC-based composite materials [24,25].

From a biochemical point of view, BC synthesis is a complex process
involving a number of enzymes from overlapping metabolic pathways.
Typically, glucose is the main carbon source. However, during biosyn-
thesis from this carbon source, undesirable byproducts, such as glucur-
onic acid, are produced that can negatively affect BC yield. As a result,
various types of chemical inducers and additives have been explored to
minimize this effect [26]. For example, it has been observed that sup-
plementation of basal medium with ethanol significantly reduced glyc-
erol production, while supplementation with ethanol and sodium citrate
attenuated the tricarboxylic acid cycle (TCA) and reduced incorporation
of carbon source in the catabolic processes, improving of BC synthesis
efficiency [27].

Changing the physicochemical properties of the medium can also
alter the BC production process. Because K. xylinus cells form BC-rich
biofilms on the surface of the medium, the BC synthesis process can be
affected by surface tension. Surface active agents — surfactants —
consisting of amphiphilic compounds with hydrophilic head groups
connected to hydrophobic tails can be used to alter surface tension
[28,29]. Depending on the structure of the hydrophilic head group,
surfactants can be classified as anionic, cationic, amphoteric, or
nonionic [30]. Surfactants can have a variety of effects and applications
in biological systems. For example, different surfactants can affect the
synthesis process and structure of biofilms formed by microbial cells and
this has a major influence on eradication from colonized solid or liquid
surfaces [29,31]. It has also been reported that surfactants with different
chemical structures can act as antibacterial and antifungal agents, for
example as polymers coatings for wound dressing applications in
chronic wounds infected by pathogenic bacteria [32-36]. Of particular
interest for a variety of applications, are silicone surfactants, due to high
surface activity and relatively low toxicity [37]. In these surfactants, the
permethylated siloxane part acts as a hydrophobic group linked with
one, or several, generally, nonionic hydrophilic polyether groups
ensuring excellent surface activity [38,39]. However, to our knowledge,
there has been no research into the effects of silicone surfactants on BC
synthesis by K. xylinus.

The aim of this study was to further explore the use of silicone sur-
factants as a strategy for increasing BC productivity by K. xylinus, as well
as improving the material and water-related properties of the obtained
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biopolymer. Towards this aim, we developed a novel silicone polyether
surfactant and used it as an additive to conventional HS medium. In
addition to verifying the physicochemical properties of the obtained BC,
we also ensured that the additive did not result in cytotoxicity.

2. Materials and methods
2.1. Materials

Poly(dimethylsiloxane-co-methylhydrosiloxane), (Crosslinker 101)
with an average molecular weight of 5500 g/mol, consisting of ~50 OSi
(CH3)2 and ~25 OSi(CH3)H units, was purchased from Evonik Nutrition
& Care GmbH. Hydroxy-terminated allyl polyether (Bikanol A7) with an
average molecular weight of 350 g/mol, containing ~7 OCH3CHj, units,
was purchased from the Institute of Heavy Organic Synthesis “Bla-
chownia”. The Karstedt catalyst (2 wt% in xylene) was purchased from
Sigma-Aldrich. All substrates were used as received, without any
pretreatment.

2.2. Synthesis of silicone polyether surfactant (SPS)

The synthesis of silicone polyether surfactant (SPS) was carried out
based on the hydrosilylation process of hydroxy-terminated allyl poly-
ether with poly(dimethylsiloxane-co-methylhydrosiloxane), in the pres-
ence of a platinum Karstedt complex as catalyst as shown in Scheme 1.
50 g of Crosslinker 101 and 80 g of Bikanol A7 were placed in a three-
neck flask equipped with a thermometer, magnetic stirrer, and a
condenser. The mixture was heated to 50 °C and a solution of 50 pL of
Karstedt's catalyst in 12 g of allyl polyether (Bikanol A7), which corre-
sponds to a catalyst concentration of approx. 2 X 107° mol Pt/mol
Si—H, was added dropwise. The total amount of olefin (Bikanol A7)
introduced into the reaction system was a 5 wt% stoichiometric excess,
based on the number of Si—H bonds present in the poly(dimethylsilox-
ane-co-methylhydrosiloxane). The heating of the reaction mixture was
continued until the temperature reached 110 °C and the formation of the
emulsion (turbidity of the reaction mixture), along with a slow increase
in viscosity, was observed. When the temperature reached 110 °C,
heating was discontinued, but the temperature of the reaction mixture
continued to rise to 145 °C and subsequent clarification of the reaction
mixture was observed. During cooling, the reaction mixture remained
clear and a further increase of viscosity was observed.

2.3. SPS analysis by FT-IR spectroscopy

FT-IR spectra were collected at room temperature using a Bruker
Tensor 27 spectrophotometer equipped with a single reflection Specac
Golden Gate ATR unit. For each sample, 16 scans were collected per
spectrum, with a resolution of 2 cm™! in a range of 4000-600 cm .

2.4. Determination of surfactant molecular mass by gel permeation
chromatography (GPC)

Gel permeation chromatography analysis of polymers was performed
using a chromatographic system consisting of Waters Alliance 2695
separations module, Waters 2414 RI detector, and a set of three serially
connected Waters Styragel HR1, HR2, and HR4 columns. Tetrahy-
drofurane (THF) was used as a mobile phase at the flow rate of 0.6 ml/
min; the column oven temperature was 35 °C and the detector tem-
perature was 40 °C. The number average and weight average molecular
weights (Mn, Mw), as well as polydispersity index (PDI) values, were
calculated based on calibration curve for a series of polystyrene stan-
dards (Shodex) in the range of 1.31 x 103 to 3.64 x 10° Da.

2.5. Determination of surface tension of Hestrin-Shramm media

For the determination of critical micelle concentration (CMC) of SPS
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Scheme 1. Scheme of silicone polyether synthesis.

and its influence on surface tension, HS media was prepared with the
addition of a range of SPS concentrations (0.0005-0.1%). The surface
tension was then measured by using a digital tensiometer (Kriiss, K10ST,
Hamburg, Germany) via the ring method at 25 °C.

2.6. Microorganism

Komagataeibacer xylinus ATCC 53524 was obtained from the collec-
tion of the Department Microbiology and Biotechnology of the West
Pomeranian University of Technology in Szczecin.

2.7. Culture conditions

1% of one-week-old starter culture of K. xylinus was inoculated into
HS medium containing glucose 20 g/L, yeast extract 2.0 g/L, peptone 2
g/L, citric acid 1.15 g/L, NapHPO4 2.7 g/L, MgSO4x7H>0 0.06 g/L, and
supplemented with 1% ethanol. This served as the media for control
cultures, as in our prior work. For the experimental conditions, we
added the synthesized SPS as a non-nutritive additive to the culture
media to obtain final concentrations of 0.0005, 0.001, 0.005, 0.01,
0.025, 0.05, 0.1%.

2.8. BC purification

Following cultivation, BC pellicles were harvested and rinsed in
dH0. Next, the pellicles were digested using 0.1 M NaOH at 80 °C in a
water bath (3x) and then again rinsed in dH;O to remove residual
NaOH. Purified BC was then stored at 4 °C for further analysis.

2.9. BC yield

The BC synthesis wet mass and dry mass yield was determined by
weighing purified non-dried BC using an analytical balance (XA 52/Y,
Radwag, Poland), followed by dryng at 60 °C until mass was constant
and weighing again to determine final, dry mass. The yield of BC was
then calculated using Eq. (1):

Yield (g/l)

where: Wy,y is the dry mass of BC in g, V is the volume of culture media

in dm®.

de

7 (€Y

2.10. Water holding capacity (WHC) and moisture content ratio (MCR)

To assess water-related properties, BC samples were removed from
storage, the surface water was gently removed using paper filter, and
then the wet mass was determined using an analytical balance (XA 52/Y,
Radwag, Poland). Next, BC samples were dried overnight at 60 °C in an
oven, to completely remove water and then weighted again. The mois-
ture content ratio (MCR) was calculated using Eq. (2) [40]:

Wwel - y

MCR = 2

wet
where: Wy is the wet mass of cellulose in g, Wqyy is the dry mass of
BCing.
To determine the water holding capacity, wet BC samples were first
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weighted using an analytical balance (XA 52/Y, Radwag, Poland). Next,
the BC samples were dried overnight at 60 °C in an oven to completely
remove the water and weighted again. The water holding capacity of the
BC samples was then calculated using Eq. (3) [41]:

Wn ater

WHC =
Wdry

(gwater/gdrycellulose) 3)
where: Wiyater is the mass water removed during drying in g, Wayy is

the dry mass of BC in g.

2.11. Differential scanning calorimeter analysis (DSC)

Differential Scanning Calorimetry (DSC) was used to examine the
thermal behaviour of BC cultivated with presence of SPS. Measurements
were carried out using a Mettler Toledo DSC 1 STARe differential
scanning calorimeter, coupled with a Huber TC100 immersion cooler.
All data were collected at atmospheric pressure, with nitrogen as a purge
gas, and with an empty sample pan as the reference. Samples were be-
tween 6 and 15 mg in weight. In the first heating cycle, the heating ramp
was set from —50 °C to 300 °C, with a heating rate of 10 °C/min.

2.12. Thermogravimetric analysis (TGA)

The thermal stability of the obtained BC was analyzed using a TGA
Q50 thermogravimetric analyzer. TGA experiments were conducted
under a nitrogen atmosphere and measured in the dynamic heating
regime. The weight of BC samples varied between 6 and 8 mg. Samples
were heated from 25 °C to 600 °C at a heating rate of 10 °C/min with a
10 min isotherm at 85 °C under nitrogen atmosphere to remove any
remaining water present in the samples. The decomposition temperature
was established as the onset temperature for decomposition of the first
5% of the sample (T5%onset) and as the regular onset temperature for
decomposition (Tonset) for the whole sample for each of the consecutive
steps in multistep decompositions.

2.13. Surface structure analysis of BC by ATR-FTIR

The structure of BC obtained from media with SPS was analyzed by
ATR-FTIR. The analysis was carried out using an FTIR spectrophotom-
eter ALPHA II (Bruker Co., Germany) with a diamond ATR adapter. The
spectra were collected in the range of 4000-400 cm ™! with a resolution
of 4 cm™! (32 scans). The collected ATR-FTIR spectra were analyzed
using SpectraGryph 1.2 software. The lateral order index (LOI) and total
crystallinity index (TCI) were calculated as the ratio of bands 1430 em !
to 895 cm™! and 1370 cm ™! to 2900 cm’l, respectively. The fraction of
allomorph Io was calculated according to Eq. (4) [42]:

A750

la = 2. — | —0.32
* 55<A710+A750) 0-3

4

2.14. SEM

The morphology of obtained BC was examined using a Hitachi
SU3500 scanning electron microscope. For this purpose, purified, wet
BC samples were dried overnight by lyophilization in CHRIST Alpha 1-2
LDplus lyophilizer. The dried samples were then sputtered with Au using
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SEM DUAL Cressington Sputter Coater 108 Auto. Analysis of SEM im-
ages to compute porosity, fiber orientation, and fiber diameter was
carried out using a Python-based workflow leveraging the scikit-image
(also known as skimage) [43] and quanfima [44] libraries. Using skimage,
grayscale images were first segmented using the Niblack local thresh-
olding algorithm, followed by skeletonization using the default skimage
2D skeletonization algorithm, Zhang's. Visualization of intermediate
steps was carried out using napari [45]. The binary data (segmentation
mask and skeleton) was then processed using quanfima to calculate
porosity, fiber orientation, and fiber diameters. The lazy loading of data
and parallelization of the computations was enabled using the dask li-
brary [46]. A Jupyter notebook showing the workflow step-by-step on a
single image is available on Zenodo at https://doi: 10.5281/zenodo.
6373917, along with code used for both the lazy napari visualization
pipeline and full quanfima fiber analysis.

2.15. XRD

A diffractometer (Aeris, Malvern Panalytical, Germany) with
0.15406 nm wavelength (Cu-Ka radiation generated at 40 kV and 7.5
mA) was used to analyze the crystal structure of the cellulose samples. X-
ray scanning was performed at a rate of 0.01°/s in range 10° to 30° 26.
The crystallinity index (CrI) was calculated using the peak deconvolu-
tion method [47] using OriginPro software. A Gaussian-shape function
was used to fit the peaks and the broad peak centered around 21.5 de-
grees was assigned to be the amorphous contribution. CrI was calculated
using Eq. (5):

Loo — Lion—c
Crl% = 20— moner o 100%
Lo

)

where: I is the maximum intensity of the peak corresponding to the
plane in the sample with the Miller indices 200 at a 20 angle between
21.5 and 24 degrees, Lyoncr is the intensity of diffraction of the non-
crystalline material.

The crystallite size was calculated using the Scherrer Eq. (6):

Ker

Dijg = ——
1o Becosd

(6)

where: K is the Scherrer constant (0.9), A is the X-ray wavelength, 0 is the
Bragg angle and p is the FWHM of the (110) peak from the fitting pro-
cedure [48].

2.16. Cytotoxicity of SPS and SPS-modified BC

Cytotoxicity testing of SPS and BC obtained from culture with
addition of SPS was performed as described previously, [49] based on
1S010993-5 and NCI60 [50], using L929 murine fibroblasts. The cell
line, as well as all cell culture reagents (Dulbecco's Modified Eagle Me-
dium (DMEM), fetal bovine serum (FBS), L-glutamine, penicillin, strep-
tomycin, trypsin, etc.), were purchased from Sigma Aldrich. Cells
(passage 15-20) were maintained in complete growth medium: DMEM
containing 10% FBS, 2 mM r-glutamine, 100 U/mL penicillin, and 100
pg/mL streptomycin. To screen for any potential toxicity of SPS itself,
L1929 cells were seeded in parallel in two 96-well plates, one at 10000
cells per well and the second at 5000 cells per well. Both plates were
then incubated for 24 h to allow for cell attachment and spreading and
then the growth media was aspirated and replaced with growth media
containing eight serial two-fold dilutions of SPS stock (2% in water),
spanning from 0.1% to 0.0008% (5 technical replicates were per-
formed). Sterile water was used as a vehicle control (sham). After further
24 h of culture, the viability of the cells seeded at 10000 cells per well
was assessed using an inverted light microscope (Delta Optical IB-100)
and resazurin viability assay [51] using fluorescent plate reader (Bio-
tek Synergy HTX, excitation 540 nm, emission 590 nm). The same
assessment was performed after 48 h of culture for the plate seeded at
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5000 cells per well.

To test for potential cytotoxicity of BC obtained from culture with
SPS, two assays were performed: extract assay and direct contact assay.
For the extract assay, extracts were prepared by soaking samples (~10
cm?) in 5 mL of growth media (2 cm?/mL ratio, exceeding the 1ISO10993
recommendation for thick samples) for 24 h at 37 °C. In parallel, L929
cells were seeded in a 96-well plate, 10,000 cells per well, and incubated
for 24 h to allow for attachment and spreading. Then, the media was
aspirated and replaced with 100 pL of extract (6 technical replicates).
After further 24 h of culture, cell viability was assessed, as described
above. For the direct contact assay, L929 cells were plated in a 24-well
plate (50,000 cells per well) and incubated for 24 h to allow for
attachment and spreading. Then, media was aspirated and replaced with
fresh growth media and BC discs (~2 cm? each, 5 samples per material),
presoaked in growth media, were placed directly on top of the cell
monolayer. The cells were then incubated for 24 h and cell viability was
assessed using an inverted light microscope, before and after removal of
BC samples, and using resazurin assay as described above.

2.17. Statistical analysis

The results were analyzed by using Statistica 14 software. Prior to the
analysis, the data was checked for its normality using the Shapiro-Wilk
test. Next, means were compared by one-way ANOVA, followed by
Tukey post-hoc test. Means were considered as significantly different at
p < 0.05.

3. Results and discussion
3.1. The properties of SPS

To confirm that the reaction proceeded as planned, with the con-
version of substrates into the desired product, the postreaction mixture
was analyzed using FT-IR. The spectra of the substrates and the product
are shown in Fig. 1.

Analysis and comparison of the spectra confirmed the expected
structure of the obtained product. The presence of a band at 3469 cm™?
can be assigned to stretching vibrations of the O—H bond, while bands
at 2958, 2867 and 1259 cm ™! are characteristic of stretching vibrations
of C—H bonds present in methyl, and methylene groups. The band at
1088 cm ™! can be assigned to C—O bonds present in polyether chains,
while bands at 1012 and 797 cm ™! are characteristic of Si—O bond vi-
brations of the siloxane chain. Simultaneously, the absence of bands
characteristic of Si—H bond that can be observed in the spectrum of
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Fig. 1. FTIR spectra of synthesized SPS and substrates (Crosslinker 101 and
Bikanol A7) used for its synthesis.
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Crosslinker 101 at 2159 and 914 cm ™, as well as those of olefinic C—H
and C=C bond vibrations present in the Bikanol A7 spectrum at 3079
and 1646 cm™}, respectively, confirm the complete conversion of sub-
strates used.

3.2. Gel permeation chromatography (GPC)

To further confirm the correct polysiloxane (Crosslinker 101) func-
tionalization, its sample and the sample of the synthesized silicone
polyether were subjected to GPC analysis, the results of which are pre-
sented in Fig. S1. It can be seen that both the number and weight average
molecular weight (M, and M) of the polymer after functionalization
increased from about 5400 and 8800 Da determined for the starting
polysiloxane to about 10,700 and 24,000 Da, respectively. At the same
time, the polydispersity index PDI increased only slightly from 1.62 for
the starting polysiloxane to 1.91 for the silicone polyether. The obtained
results confirm the proper polysiloxane functionalization and no side
reaction occurrence. The above-mentioned slight increase in PDI value
and a lower than theoretical Mn molecular weight calibrated for the
synthesized silicone polyether can be explained by the use of allyl pol-
yether of average molecular weight of approximately 350 g/mol as a
substrate which is also characterized by specific molecular weight
distribution.

3.3. Influence of SPS on the surface tension of HS media and BC Yyield

The effectiveness of a surfactant is determined by the change in
surface tension. The most efficient surfactants have the ability to
decrease the surface tension of water from 72 to 30 mN/m [52].
Silicone-based surfactants are a particularly interesting group because
they can decrease the surface tension of water to approx. 20 mN/m,
making them more surface-active, as compared to hydrocarbon surfac-
tants [37]. In this study, we assessed the concentration-dependent
reduction of HS medium surface tension for the synthesized SPS.
Fig. 2a shows the measured surface tension as a function of SPS con-
centration in the medium. The lowest concentration of SPS, 0.0005%,
reduced the surface tension of media solution from 59.57 + 0.37 mN/m
to 50.26 + 0.58 mN/m, whereas the highest (0.1%) reduced it to 30.05
+ 0.41 mN/m. A sharp decrease in HS surface tension was observed up
to 0.01% of SPS, while further addition of SPS to 0.1% resulted in a more
gradual decrease. The critical micelle concentration (CMC) of SPS in HS
media was found to correspond to 0.008% which is equivalent to
molarity of 0.005 mmol/L (see Fig. 2a).

The physicochemical interaction between bacterial cells and the
medium has an impact on the attachment strength and/or colonization
by the microorganisms. Typically, this decreases with increasing surface
tension, but this depends on the specific microorganism, which may
prefer surfaces with higher surface tension, and on whether the surface
tension of the organism exceeds that of the medium or not [53]. Like-
wise, it has been reported [54] that the surface tension of the liquid
medium also has an impact on the physicochemical interactions be-
tween the substrate surface and microalgae cells, as well as microalgae
biofilm formation. When the surface tension of the medium was equal to
the average free energy of the cells and substrate surface biofilm for-
mation was minimal. However, when the surface tension was higher or
lower, biofilm formation increased. Importantly, the surfactant had no
impact on the surface properties of cells or substrate surface [54].
However, changing the surface tension of the liquid media surface could
impact the BC productivity of K. xylinus strains, because in static cultures
the BC forms in the biofilm at the gas-liquid interface, and the produc-
tion of BC is directly related to the properties of the air-liquid interface
surface [3]. Similar to other surfactants, the monolayer of SPS formed on
air-HS media interface can promote retardation of mass transfer and
increase of rigidity of air-media interface [55,56]. The oxygen avail-
ability is critical for K. xylinus cells that are aerobic bacteria for which
forming of bacterial cellulose-based biofilm on colonized media surface
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Fig. 2. Influence of SPS concentration on a) the surface tension of HS media
and BC yield in terms of wet (b) and dry mass (c). Means that have no super-
script in common are significantly different from each other (p < 0.05). Error
bars represent standard deviations.



M. Szymanska et al.

is one of the solutions of non-disabled access to atmospheric oxygen
[57]. Further, for the case of K. hansenii cells, BC pellicle formation is
also affected by cell motility, which can be modified by media viscosity
and surface tension. The reduction of cell motility of K. hansenii results
in decreasing BC process synthesis efficiency, whereas overexpression of
motility genes significantly improves this biopolymer production [58].
Here, the addition of SPS significantly alters the surface tension, which
can also influence bacterial cell adhesion at the air-liquid interface and
ability to “swim”, critical factors for biofilm pellicle formation on liquid
surfaces [59,60].

The influence of a range of SPS concentrations (0.0005, 0.001, 0.005,
0.01, 0.025, 0.05 and 0.1%) on BC yield after 5 days of cultivation at
28 °C according to wet (Fig. 2 b) and dry mass (Fig. 2 c) of BC is pre-
sented in Fig. 2 b,c. The addition of SPS significantly improved BC
production, even at the lowest concentration tested (0.0005%), where
approx. 6% greater amount of dry BC and 11% of wet BC was obtained,
as compared to control culture. Mirroring the trend in the surface ten-
sion data, BC yield increased with SPS concentration up to 0.01%, close
to CMC, amounting to 3.95 4+ 0.099 g/L of dry and 510.40 g/L of wet BC,
corresponding to increases of 15% and 37%, respectively, compared to
control cultures. However, for higher concentrations of SPS, no further
gains were observed: for the 0.025, 0.05 and 0.1% it was 484.07, 502.53
and 497.22 g/L of the wet mass and 3.60 + 0.097, 3.58 4+ 0.13, and 3.63
=+ 0.14 g/L of dry mass, respectively. However, the BC yield obtained for
these higher SPS concentrations was still higher than the control me-
dium. We conclude that SPS has great potential to be used as a non-
nutrient additive for improvement of BC synthesis. In contrast, a
different non-ionic surfactant, Tween-80, has been previously observed
to decrease BC production by K. xylinus [61]. The possible multi-side SPS
influence on K. xylinus cells environment can be a stressor factor that
pushes them for higher BC synthesis with changed water properties.

3.4. Water holding capacity (WHC) and moisture content ratio (MCR)

The water holding capacity and moisture content of BC are two of its
most important properties from the point of view of biomedical appli-
cations, such as wound dressings. Modern wound healing therapy has
focused on maintaining a moist environment and wound dressing ma-
terials that can absorb and release water are considered the most
favorable. In addition to maintenance of appropriate wound moisture,
wet dressing materials help minimize of pain and wound trauma during
the wound dressing exchange [62,63].

Surprisingly, the addition of SPS during BC biosynthesis had a sig-
nificant, positive effect on both the WHC (Fig. 3a) and MCR (Fig. 3b) of
the obtained BC membranes. The maximum WHC (133.97 gwater/
drycellulose)—OVer 1.4 times greater than the WHC of the control (93.43
Zwater/ Edrycellulose)—Was obtained when 0.1% of SPS was added to the
culture medium. However, all concentrations of SPS including and
above 0.005% yielded similar values. For the case of MCR, all values
were > 99%, with the highest value measured for BC obtained when
0.05% of SPS was present in the medium (99.29%). Again, the effect of
the highest SPS concentrations (>0.1%) was similar and not statistically
significant. Collectively these results suggest that the addition of SPS to
the medium influenced not only the biosynthetic process but also the
structure of the obtained BC, such as the porosity or nanofiber structure/
size [63]. Further, higher WHC explains the higher wet vs. dry yield.

3.5. Membrane morphology by SEM

Substances added to the culture medium during BC synthesis can
affect nanofibers morphology. For example, addition of a nonionic
surfactant Tween-80 resulted in slightly wider nanofibrils [61]. To
assess any such effects of SPS on the micromorphological structure of the
obtained BC, we used scanning electron microscopy. SEM analysis of BC
was performed on dried BC membranes using 3500 x magnification for
surface and 50x for cross-section of BC. Representative SEM images of
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Fig. 3. Water holding capacity (WHC) (a) and moisture content ratio (MCR) (b)
of BC obtained after cultivations with different concentrations of SPS. Means
that have no superscript in common are significantly different from each other
(p < 0.05). Error bars represent standard deviation.

BC obtained after cultivation with range of SPS concentration are shown
in Fig. 4 and Fig. S2. The surface of all samples exhibited the charac-
teristic three-dimensional network of cellulose nanofibres and resulting
high porosity. However, SEM images did not reveal a significant influ-
ence of SPS on the surface morphology of BC pellicles. It's possible that
subtle structural effects are lost during sample preparation, such as
fixation, dehydration, or drying.

The results of fiber parameter analysis from SEM imaging are pre-
sented in Table S1. As can be seen for all samples the nanofiber orien-
tations were largely random, while nanofiber diameters were similar,
primarily in the 80-160 nm range that is consistent with earlier reported
values for BC from other Komagataeibacter sp. strains [64]. Overall, the
outcome of the analysis is consistent with visual inspection: the data do
not indicate that there was any significant effect of the presence of SPS
during culture on the nanofiber orientation, diameter, or porosity of
obtained BC.
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Fig. 4. Representative SEM images of BC obtained from control and cultures in HS media with the addition of 0.01% and 0.1% of SPS. The images obtained at 50 and

3500 magnification.

3.6. ATR-FTIR analysis of BC obtained from cultures supplemented with
SPS

ATR-FTIR analysis was performed to characterize the surface of
bacterial cellulose after in situ modification of its synthesis process with
SPS. All of the ATR spectra obtained after 5 days of cultivation in HS
medium with different concentrations of SPS are shown in Fig. 5. The
typical FTIR spectra for BC was obtained with set of bands in the range of
800 cm ™! to 1800 em ™! with mostly visible signals from adsorbed water
at 1641 cm_l, 8CH; (symmetric) of C-6 at 1427 cm_l, 8COH in plane
from C-2 and C-3 at 1134 cm ™, 80C of p-glycosidic linkage at 1160
em™}, 8CO at C-6 at 1030 cm ™' and 8COC of p-glycosidic linkage for
amorphous BC fraction at 897 cm ™. In the next region of spectra from
2600 cm™! to 3600 cm™! characteristic bands for 5OH from hydrogen

and covalent bands at 3334 cm ™! and 5CH at 2895 cm ™! were observed
[18]. The main disadvantage of using additives to HS media to enhance
BC synthesis is the high probability of their incorporation into the BC
structure during synthesis by K. xylinus cells [61]. This can result in
undesired changes in the properties of the BC membranes and/or may
require additional purification steps/methods. Importantly, here ATR-
FTIR analysis did not identify the presence of any bands that could
indicate the modification of BC by SPS. Moreover, the crystallinity in-
dexes values (LOI, TCI) and hydrogen bond index did not differ signif-
icantly between the BC obtained from cultivation media with different
amounts of SPS (Table 1). Similar observations were reported by Huang
et al., [21] where addition of surfactant Tween-80 at a concentration
0.1% did not have an effect on BC fibril structure when analyzed by FT-
IR. Both our synthesized SPS and Tween-80 share non-ionic character.
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Fig. 5. The ATR-FTIR spectra of BC obtained from the culture in HS media with the addition of SPS in the analyzed range of concentrations.
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Table 1

International Journal of Biological Macromolecules 208 (2022) 642-653

The values of crystallinity indexes (LOIL, TCI), hydrogen bond index (HBI) and mass fraction of crystalline allomorph Ia in crystals of BC nanofibrils produced by

K. xylinus in cultivation medium with different concentrations of SPS.

Concentration of SPS IR crystallinity HBI

(%] A1372/A2900 (TCI) A1429/A897 (LOD) A3400/A1320 Cellulose I, index
Control 1.396 + 0.10 0.955 =+ 0.05 5.597 + 0.35 0.802 + 0.02
0.0005 1.374 £ 0.09 0.994 + 0.08 5.676 + 0.45 0.798 + 0.03
0.001 1.365 + 0.05 1.036 + 0.08 5.797 + 0.16 0.806 + 0.03
0.005 1.372 + 0.04 1.054 £+ 0.07 5.946 + 0.23 0.823 + 0.04
0.01 1.364 + 0.06 1.003 + 0.05 5.971 £ 0.15 0.821 + 0.02
0.025 1.356 + 0.10 1.069 + 0.09 5.650 + 0.26 0.824 + 0.02
0.05 1.363 £+ 0.07 0.985 + 0.06 5.725 + 0.10 0.811 + 0.02

0.1 1.288 + 0.06 0.985 =+ 0.05 5.644 + 0.21 0.799 =+ 0.01

HBI - hydrogen bonds index, TCI - total crystallinity index, LOI - lateral order index.

The strong packing of cellulose fibrils on the molecular level, among
others, depends on the structure and stability of the dense network of
inter-molecular and intramolecular hydrogen bonds between glucose
units, such as the primary alcohols hydroxyl group and the ring oxygen
[65,66]. Potential interference with the BC synthesis process on the
cellular level or modification of BC fibrils by substances adde to the
cultivation media can be manifested by differences in crystallinity and
the ratio of I and Iy cellulose crystalline allomorphs [42]. The non-ionic
character of the synthsized SPS potentially decreases its reactivity with
free hydroxyl groups on the surface of BC nanofibrils, causing less
disruption of hydrogen bond formation during initial stages of microfi-
brils structure development.

3.7. XRD

In order to further assess any impact of SPS present in the culture
media on the crystalline structure of BC nanofibrils, we used X-ray
diffraction (XRD) (Fig. 6). The analysis showed a moderate influence of
addition of SPS on the molecular structure of BC microfibrils. The
crystallite sizes were in the range of 5.5-5.8 nm, which is consistent with
earlier reported values [67]. Likewise, SPS had little effect on the crys-
tallinity (CrI) of BC microfibrils. Initially, CrI slightly increased with SPS
concentration, followed by a downward trend of Crl for BC obtained
from the cultures with SPS concentrations exceeding 0.01. However,
observed differences between BC samples were not significant. The

addition of non-ionic surfactant Tween-80 to K. xylinus cultivation
media at a concentration of 0.1% also had no significant effect on BC
nanofibrils crystallinity and crystallites size [61,68].

3.8. Thermal stability of produced bacterial cellulose

The thermal stability and thermal properties of BC obtained from
cultivation using medium supplemented with SPS were evaluated by
thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSCQ). Fig. 7 and Table 2 present TGA results for the dry BC membranes
produced by K. xylinus in the presence of SPS during cultivation. In the
first stage, with heating up to 100 °C, the mass loss of all BC samples was
similar and minimal. This can be ascribed to the loss of residual water.
All BC samples were stable up to 280 °C; above this value, BC starts to
decompose and depolymerize. These observations are in good agree-
ment with earlier findings that indicated that the first stage of thermal
degradation of BC lasts up to around 100-120 °C and BC starts to
decompose around 250 °C [69,70]. Overall, the results for all materials
were similar, but as can be seen in Fig. 7, the highest thermal stability,
Tonset = 327.7 °C, was obtained for the control sample of a BC, obtained
without addition of SPS. The BC obtained with the addition of
0.0005-0.1% SPS had similar thermal stability, with just slightly lower
onset temperatures compared to the control. The lowest decomposition
temperature was noted for BC obtained in presence of the highest con-
centration of SPS. With increasing temperature from 320 °C to 370 °C
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Fig. 6. The XRD analysis of BC pellicles obtained from K. xylinus cultures cultivated in the presence of SPS.
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Fig. 7. TGA thermograms for bacterial cellulose produced by K. xylinus in the
presence of various concentrations of SPS in cultivation media.

Table 2
Thermogravimetric analysis of bacterial cellulose produced by K. xylinus in the
presence of SPS in nitrogen atmosphere.

Concentration of SPS [%] Heating rate Tonset Tendset Mass loss
[°C/min] [°C] [°C] [%]
Control 10 327.7 366.0 78.7
0.0005 10 324.7 366.6 79.5
0.001 10 324.2 367.0 80.0
0.005 10 326.3 367.4 80.8
0.01 10 325.9 366.0 85.3
0.025 10 325.7 371.9 79.7
0.05 10 319.7 363.2 75.8
0.1 10 320.1 361.8 77.7

significant mass loss (~75-85%) was observed for all samples. The
values continuously increase from 78.72% to 85.33% starting from
control to 0.0005% of SPS concentration which corresponded with the
highest value of BC yield. Then the mass loss starts to go down for BC
obtained from cultivation with higher concentration of SPS
(0.025-0.1%). In the final stage, the thermal degradation of BC was
finished and carbon residue was observed. Overall, the observed
changes in the mass loss can be related to the degradation of BC by
depolymerization, dehydration, and decomposition of glucose units,
followed by the formation of a carbon residue [69]. DSC thermograms of
BC produced by K. xylinus in the presence of SPS are shown in supple-
mentary Fig. S3. Overall, the shapes of the DSC curves obtained for all
materials were similar. Importantly, we did not observe the crystalline
phase transition temperature peak around 100-140 °C that is typical for
amorphous BC. As a result, we conclude that irrespective of the amount
of SPS added to cultivation media, the crystallinity of the obtained BC is
not significantly affected and remains high.

3.9. Cytotoxicity

Because of the potential application of BC as a biomaterial, for
example in wound dressings, and for assessing the overall environ-
mental safety of the synthesized SPS, we conducted a cytotoxicity screen
suing in vitro using L929 murine fibroblasts. First, we screened for
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potential toxicity of SPS alone, over the same range of concentrations
that was used in the BC synthesis cultures. After 24 h of exposure to SPS,
the resazurin viability assay indicated a modest, 10-20% reduction in
L1929 viability for all tested concentrations (Fig. 8a). However, by
inverted light microscopy evidence of cytotoxicity were not observed,
such as altered morphology (Supplementary Fig. S4). Instead, robust
growth is observed in all conditions and cell density is visually similar to
vehicle control. Thus, the SPS may interact unfavourably with resazurin
or act as a mild inhibitor of growth. After 48-h exposure to SPS, the
resazurin viability assay indicated >90% viability for doses below
0.025% SPS, followed by a trend of decreasing viability for SPS con-
centrations exceeding 0.025% (Fig. 8b). This was confirmed by micro-
scopy, where robust growth and confluent cell monolayers were
observed for doses <0.025% SPS (See supplementary information).
Higher doses also exhibited robust growth, but were subconfluent.
Again, no evidence of cytotoxicity was observed, such as altered
morphology. We conclude that at higher concentrations, SPS may act as
a mild growth inhibitor of L929 murine fibroblasts.

Next, we screened for potential cytotoxicity of BC obtained from SPS-
supplemented cultures. First, extracts of BC were prepared in accor-
dance with ISO10993 guidelines (>1.25 cm?/mL) by incubating samples
in complete growth media for 24 h. Following 24-h incubation with
extracts, no reduction in 1L.929 cell viability was observed by resazurin
viability assay (Fig. 8c) and light microscopy (data not shown). All BC
samples prepared with SPS were similar to the control BC. Thus, the
results confirm that the BC purification process eliminates any SPS.

To test the obtained BC further, from the point of view of potential
applications in wound dressings, a direct contact assay was conducted,
where BC discs were placed directly on top of L929 cell monolayers for
24 h. After this time, discs were removed and the resazurin viability
assay indicated a 10-20% reduction in viability for all tested materials
(Fig. 8d). No differences were observed between the BC synthesized with
SPS present and the control BC. Further, despite the reduction in
viability, all tested materials remained above the 70% viability
threshold identified by ISO10993 as indicative of cytotoxicity. The
observed effect is likely due to mechanical trauma during disc removal,
because microscopy with discs in place showed very dense, confluent
monolayers and no signs of cytotoxicity (Fig. 8e-h). These results are
also in good agreement with our previous direct contact assay of
modified BC [49]. Thus, we conclude that the inclusion of SPS in the
K. xylinus culture media does not have an adverse effect on the safety
profile of obtained BC.

4. Conclusions and future perspectives

In this study, we investigated the potential of a new silicone poly-
ether surfactant as a non- nutritive media additive for enhancing BC
synthesis. The addition of 0.01% SPS to traditional HS cultivation me-
dium enhanced BC yield by over 30% for wet mass and 15% for dry
mass, without any adverse effects on its chemical structure or fiber
morphology. Further, BC obtained from SPS had improved water-related
properties and displayed no cytotoxicity. We believe that the synthe-
sized surfactant has great potential to be an environmentally friendly
and cost-effective factor for enhanced production of bacterial cellulose
process as a non-nutrient additive. Further, the obtained BC is well
suited for successful used in biomedical applications, such as wound
dressings or carriers for various types pharmaceuticals. Apart from the
increased effectiveness of BC synthesis, the observed changes in water
properties of BC depending on the amount of added SPS, suggest an
opportunity for the direct improvement of BC properties for specific
usages where appropriate hydration is crucial. Beyond that, the
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Fig. 8. Normalized cell viability of L929 murine fibroblasts exposed to a range of SPS concentrations for 24 h (a) and 48 h (b). Normalized cell viability of L929
murine fibroblasts cultured for 24 h in liquid extracts of SPS-modified BC (c). Normalized cell viability of L929 murine fibroblasts cultured for 24 h in direct contact
with SPS-modified BC (d). Dots represent technical replicates, except for panel d, where they represent means of technical replicates (n = 5 samples); grey bars
indicate medians. Representative micrographs of L929 cells after 24 h in direct contact with BC. e) Sham (no disc). f) Control BC. g) BC from 0.0125% SPS culture. h)
BC from 0.1% SPS culture. Images taken with discs in place—prior to removal. Scale bar indicates 200 pm.
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improved yield and modified properties may enable wider application of
BC, for example in new kinds of nanocomposites. The high structural
homogeneity of bacterial cellulose obtained from K. xylinus cultures
with addition SPS is an advantage for such applications, where BC may
serve as the base material for new, “green” nanocomposites.

CRediT authorship contribution statement

Magdalena Szymanska: Conceptualization, Methodology, Formal
analysis, Writing - original draft, Investigation, Visualization. Jakub
Hoppe: Investigation, Visualization. Michat Dudkiewicz: Investigation,
Resources, Writing - Review & Editing. Peter Sobolewski: Methodology,
Investigation, Writing - Review & Editing. Magdalena Palacz: Investi-
gation. Ewa Janus: Investigation, Writing - Review & Editing. Beata
Zielinska: Investigation. Radostaw Drozd: Conceptualization, Method-
ology, Formal analysis, Project administration, Investigation, Writing -
Original Draft, Visualization, Supervision.

Declaration of competing interest

The authors declare no conflict of interest.
Data availability

Data will be made available on request.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2022.03.124.

References

[1] H. Wuy, Y. Zhong, Y. Tang, Y. Huang, G. Liu, W. Sun, P. Xie, D. Pan, C. Liu, Z. Guo,
Precise regulation of weakly negative permittivity in CaCu3Ti4012
metacomposites by synergistic effects of carbon nanotubes and grapheme, Adv.
Compos. Hybrid Mater. 5 (2022) 419-430, https://doi.org/10.1007/s42114-021-
00378-y.

Z. Sun, H. Qi, M. Chen, S. Guo, Z. Huang, S. Maganti, V. Murugadoss, M. Huang,

Z. Guo, Progress in cellulose/carbon nanotube composite flexible electrodes for

supercapacitors, Eng. Sci. (2021), https://doi.org/10.30919/es8d588.

[3] J. Wang, J. Tavakoli, Y. Tang, Bacterial cellulose production, properties and
applications with different culture methods - a review, Carbohydr. Polym. 219
(2019) 63-76, https://doi.org/10.1016/j.carbpol.2019.05.008.

[4] O.M. Atta, S. Manan, M. Ul-Islam, A.A.Q. Ahmed, M.W. Ullah, G. Yang, Silver

decorated bacterial cellulose nanocomposites as antimicrobial food packaging

materials, ES Food Agrofor. 6 (2021) 12-26, https://doi.org/10.30919/esfaf590.

A.Jasim Li, W. Zhao, L. Fu, M.W. Ullah, Z. Shi, G. Yang, Fabrication of pH-

electroactive bacterial cellulose/polyaniline hydrogel for the development of a

controlled drug release system, ES Mater. Manuf. 1 (2018) 41-49, https://doi.org/

10.30919/esmm5£120.

[6] B.O.O. Boni, L. Lamboni, B.M. Bakadia, S.A. Hussein, G. Yang, Combining silk
sericin and surface micropatterns in bacterial cellulose dressings to control fibrosis
and enhance wound healing, Eng. Sci. 10 (2020) 68-77, https://doi.org/10.30919/
es8d906.

[7] J. Cai, W. Xu, Y. Liu, Z. Zhu, G. Liu, W. Ding, G. Wang, H. Wang, Y. Luo, Robust

construction of flexible bacterial cellulose@Ni(OH) paper: toward high 2

capacitance and sensitive H202 detection, Eng. Sci. 5 (2019) 21-29, https://doi.

org/10.30919/es8d669.

M. Culebras, G.A. Collins, A. Beaucamp, H. Geaney, M.N. Collins, Lignin/Si hybrid

carbon nanofibers towards highly efficient sustainable Li-ion anode materials, Eng.

Sci. 17 (2022) 195-203, https://doi.org/10.30919/es8d608.

[9] L. Mu, Y. Dong, L. Li, X. Gu, Y. Shi, Achieving high value utilization of bio-oil from
lignin targeting for advanced lubrication, ES Mater. Manuf. 11 (2021) 72-80,
https://doi.org/10.30919/esmmb5f1146.

[10] A. Vijeata, G.R. Chaudhary, A. Umar, S. Chaudhary, Distinctive solvatochromic
response of fluorescent carbon dots derived from different components of Aegle
marmelos plant, Eng. Sci. 15 (2021) 197-209, https://doi.org/10.30919/es8e512.

[11] X. Li, K. Chen, X. Ji, X. Yuan, Z. Lei, M.W. Ullah, J. Xiao, G. Yang,
Microencapsulation of poorly water-soluble finasteride in polyvinyl alcohol/
chitosan microspheres as a long-term sustained release system for potential
embolization applications, Eng. Sci. 13 (2020) 106-120, https://doi.org/
10.30919/es8d1159.

[12] G. Qi, Y. Liu, L. Chen, P. Xie, D. Pan, Z. Shi, B. Quan, Y. Zhong, C. Liu, R. Fan,
Z. Guo, Lightweight Fe3C@Fe/C nanocomposites derived from wasted cornstalks
with high-efficiency microwave absorption and ultrathin thickness, Adv Compos.

[2

—

[5

=

[8

—

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

652

International Journal of Biological Macromolecules 208 (2022) 642-653

Hybrid. Mater. 4 (2021) 1226-1238, https://doi.org/10.1007/542114-021-00368-
0.

F.G. Blanco Parte, S.P. Santoso, C.-C. Chou, V. Verma, H.-T. Wang, S. Ismadji, K.-
C. Cheng, Current progress on the production, modification, and applications of
bacterial cellulose, Crit. Rev. Biotechnol. 40 (2020) 397-414, https://doi.org/
10.1080/07388551.2020.1713721.

S.M. Choi, E.J. Shin, The nanofication and functionalization of bacterial cellulose
and its applications, Nanomaterials 10 (2020) 406, https://doi.org/10.3390/
nano10030406.

K.-Y. Lee, G. Buldum, A. Mantalaris, A. Bismarck, More than meets the eye in
bacterial cellulose: biosynthesis, bioprocessing, and applications in advanced fiber
composites, Macromol. Biosci. 14 (2014) 10-32, https://doi.org/10.1002/
mabi.201300298.

M. Ul Islam, M.W. Ullah, S. Khan, N. Shah, J.K. Park, Strategies for cost-effective
and enhanced production of bacterial cellulose, Int. J. Biol. Macromol. 102 (2017)
1166-1173, https://doi.org/10.1016/j.ijbiomac.2017.04.110.

M. Bagherniya, V. Babaeipour, A. Soleimani, Optimization of bacterial nano-
cellulose production in bench-scale rotating biological contact bioreactor by
response surface methodology, Iran. J. Chem. Chem. Eng. (2021) 407-416,
https://doi.org/10.30492/ijcce.2020.38040.

R. Drozd, M. Szymaniska, A. Zywicka, U. Kowalska, R. Rakoczy, M. Kordas,

M. Konopacki, A.F. Junka, K. Fijatkowski, Exposure to non-continuous rotating
magnetic field induces metabolic strain-specific response of Komagataeibacter
xylinus, Biochem. Eng. J. 166 (2021), 107855, https://doi.org/10.1016/j.
bej.2020.107855.

G. Pacheco, C.R. Nogueira, A.B. Meneguin, E. Trovatti, M.C. Silva, R.T. Machado,
S.J. Ribeiro, E.C. da Silva Filho, H. da S. Barud, Development and characterization
of bacterial cellulose produced by cashew tree residues as alternative carbon
source, Ind. Crop. Prod. 107 (2017) 13-19, https://doi.org/10.1016/j.
indcrop.2017.05.026.

V. Revin, E. Liyaskina, M. Nazarkina, A. Bogatyreva, M. Shchankin, Cost-effective
production of bacterial cellulose using acidic food industry by-products, Braz. J.
Microbiol. (2018) 151-159, https://doi.org/10.1016/j.bjm.2017.12.012.

H.-C. Huang, L.-C. Chen, S.-B. Lin, C.-P. Hsu, H.-H. Chen, In situ modification of
bacterial cellulose network structure by adding interfering substances during
fermentation, Bioresour. Technol. 101 (2010) 6084-6091, https://doi.org/
10.1016/j.biortech.2010.03.031.

A. Krystynowicz, W. Czaja, A. Wiktorowska-Jezierska, M. Gongalves-Miskiewicz,
M. Turkiewicz, S. Bielecki, Factors affecting the yield and properties of bacterial
cellulose, J. Ind. Microbiol. 29 (2002) 189-195, https://doi.org/10.1038/sj.
jim.7000303.

A. Zywicka, A.F. Junka, P. Szymczyk, G. Chodaczek, J. Grzesiak, P.P. Sedghizadeh,
K. Fijatkowski, Bacterial cellulose yield increased over 500% by supplementation
of medium with vegetable oil, Carbohydr. Polym. 199 (2018) 294-303, https://
doi.org/10.1016/j.carbpol.2018.06.126.

C. Campano, A. Balea, A. Blanco, C. Negro, Enhancement of the fermentation
process and properties of bacterial cellulose: a review, Cellulose 23 (2016) 57-91,
https://doi.org/10.1007/510570-015-0802-0.

T.R. Stumpf, X. Yang, J. Zhang, X. Cao, In situ and ex situ modifications of bacterial
cellulose for applications in tissue engineering, Mater. Sci. Eng. C. 82 (2018)
372-383, https://doi.org/10.1016/j.msec.2016.11.121.

C. Molina-Ramirez, C. Enciso, M. Torres-Taborda, R. Zuluaga, P. Gandn, O.J. Rojas,
C. Castro, Effects of alternative energy sources on bacterial cellulose characteristics
produced by Komagataeibacter medellinensis, Int. J. Biol. 117 (2018) 735-741,
https://doi.org/10.1016/j.ijpiomac.2018.05.195.

Y. Li, C. Tian, H. Tian, J. Zhang, X. He, W. Ping, H. Lei, Improvement of bacterial
cellulose production by manipulating the metabolic pathways in which ethanol
and sodium citrate involved, Appl. Microbiol. Biotechnol. 96 (2012) 1479-1487,
https://doi.org/10.1007/500253-012-4242-6.

S. Landsmann, C. Lizandara-Pueyo, S. Polarz, A new class of surfactants with
multinuclear, inorganic head groups, J. Am. Chem. Soc. 132 (2010) 5315-5321,
https://doi.org/10.1021/ja1011178.

S.L. Percival, D. Mayer, R.S. Kirsner, G. Schultz, D. Weir, S. Roy, A. Alavi,

M. Romanelli, Surfactants: role in biofilm management and cellular behaviour, Int.
Wound J. 16 (2019) 753-760, https://doi.org/10.1111/iwj.13093.

T. Ivankovi¢, J. Hrenovi¢, Surfactants in the environment, Arh Hig Rada Toksikol.
61 (2010) 95-110, https://doi.org/10.2478/10004-1254-61-2010-1943.

B.V.G. Nguyen, T. Nagakubo, M. Toyofuku, N. Nomura, A.S. Utada, Synergy
between sophorolipid biosurfactant and SDS increases the efficiency of P.
aeruginosa biofilm disruption, Langmuir 36 (2020) 6411-6420, https://doi.org/
10.1021/acs.langmuir.0c00643.

P. Das Ghatak, S.S. Mathew-Steiner, P. Pandey, S. Roy, C.K. Sen, A surfactant
polymer dressing potentiates antimicrobial efficacy in biofilm disruption, Sci. Rep.
8 (2018) 873, https://doi.org/10.1038/541598-018-19175-7.

M.F. Khan, L. Zepeda-Velazquez, M.A. Brook, Tunable, antibacterial activity of
silicone polyether surfactants, Colloids Surf. B. 132 (2015) 216-224, https://doi.
0rg/10.1016/j.colsurfb.2015.05.016.

A. Labena, M.A. Hegazy, R.M. Sami, W.N. Hozzein, Multiple applications of a novel
cationic Gemini surfactant: anti-microbial, anti-biofilm, biocide, salinity corrosion
inhibitor, and biofilm dispersion (part II), Molecules 25 (2020), https://doi.org/
10.3390/molecules25061348.

E. Paluch, A. Piecuch, E. Obtgk, L. Lamch, K.A. Wilk, Antifungal activity of newly
synthesized chemodegradable dicephalic-type cationic surfactants, Colloids Surf.
B. 164 (2018) 34-41, https://doi.org/10.1016/j.colsurfb.2018.01.020.


https://doi.org/10.1016/j.ijbiomac.2022.03.124
https://doi.org/10.1016/j.ijbiomac.2022.03.124
https://doi.org/10.1007/s42114-021-00378-y
https://doi.org/10.1007/s42114-021-00378-y
https://doi.org/10.30919/es8d588
https://doi.org/10.1016/j.carbpol.2019.05.008
https://doi.org/10.30919/esfaf590
https://doi.org/10.30919/esmm5f120
https://doi.org/10.30919/esmm5f120
https://doi.org/10.30919/es8d906
https://doi.org/10.30919/es8d906
https://doi.org/10.30919/es8d669
https://doi.org/10.30919/es8d669
https://doi.org/10.30919/es8d608
https://doi.org/10.30919/esmm5f1146
https://doi.org/10.30919/es8e512
https://doi.org/10.30919/es8d1159
https://doi.org/10.30919/es8d1159
https://doi.org/10.1007/s42114-021-00368-0
https://doi.org/10.1007/s42114-021-00368-0
https://doi.org/10.1080/07388551.2020.1713721
https://doi.org/10.1080/07388551.2020.1713721
https://doi.org/10.3390/nano10030406
https://doi.org/10.3390/nano10030406
https://doi.org/10.1002/mabi.201300298
https://doi.org/10.1002/mabi.201300298
https://doi.org/10.1016/j.ijbiomac.2017.04.110
https://doi.org/10.30492/ijcce.2020.38040
https://doi.org/10.1016/j.bej.2020.107855
https://doi.org/10.1016/j.bej.2020.107855
https://doi.org/10.1016/j.indcrop.2017.05.026
https://doi.org/10.1016/j.indcrop.2017.05.026
https://doi.org/10.1016/j.bjm.2017.12.012
https://doi.org/10.1016/j.biortech.2010.03.031
https://doi.org/10.1016/j.biortech.2010.03.031
https://doi.org/10.1038/sj.jim.7000303
https://doi.org/10.1038/sj.jim.7000303
https://doi.org/10.1016/j.carbpol.2018.06.126
https://doi.org/10.1016/j.carbpol.2018.06.126
https://doi.org/10.1007/s10570-015-0802-0
https://doi.org/10.1016/j.msec.2016.11.121
https://doi.org/10.1016/j.ijbiomac.2018.05.195
https://doi.org/10.1007/s00253-012-4242-6
https://doi.org/10.1021/ja1011178
https://doi.org/10.1111/iwj.13093
https://doi.org/10.2478/10004-1254-61-2010-1943
https://doi.org/10.1021/acs.langmuir.0c00643
https://doi.org/10.1021/acs.langmuir.0c00643
https://doi.org/10.1038/s41598-018-19175-7
https://doi.org/10.1016/j.colsurfb.2015.05.016
https://doi.org/10.1016/j.colsurfb.2015.05.016
https://doi.org/10.3390/molecules25061348
https://doi.org/10.3390/molecules25061348
https://doi.org/10.1016/j.colsurfb.2018.01.020

M. Szymanska et al.

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

S.L. Percival, D. Mayer, A.-M. Salisbury, Efficacy of a surfactant-based wound
dressing on biofilm control, Wound. Rep. Reg. 25 (2017) 767-773, https://doi.org/
10.1111/wrr.12581.

J. Tan, Z. He, Y. Miao, M. Lin, Synthesis and surface properties of polyether-based
silicone surfactants with different siloxane groups, J. Surfactant Deterg. 22 (2019)
875-883, https://doi.org/10.1002/jsde.12276.

Y. Huang, L. Meng, M. Guo, P. Zhao, H. Zhang, S. Chen, J. Zhang, S. Feng,
Synthesis, properties, and aggregation behavior of tetrasiloxane-based anionic
surfactants, Langmuir 34 (2018) 4382-4389, https://doi.org/10.1021/acs.
langmuir.8b00825.

B. Kekevi, H. Berber, H. Yildirim, Synthesis and characterization of silicone-based
surfactants as anti-foaming agents, J. Surfact. Deterg. 15 (2012) 73-81, https://
doi.org/10.1007/s11743-011-1277-0.

P. Cazén, M. Vazquez, G. Velazquez, Regenerated cellulose films with chitosan and
polyvinyl alcohol: effect of the moisture content on the barrier, mechanical and
optical properties, Carbohydr. Polym. 236 (2020), 116031, https://doi.org/
10.1016/j.carbpol.2020.116031.

S.T. Schrecker, P.A. Gostomski, Determining the water holding capacity of
microbial cellulose, Biotechnol. Lett. 27 (2005) 1435-1438, https://doi.org/
10.1007/510529-005-1465-y.

H. Yamamoto, F. Horii, A. Hirai, In situ crystallization of bacterial cellulose II.
Influences of different polymeric additives on the formation of celluloses In and If
at the early stage of incubation, Cellulose 3 (1996) 229-242, https://doi.org/
10.1007/bf02228804.

S. van der Walt, J.L. Schonberger, J. Nunez-Iglesias, F. Boulogne, J.D. Warner,
N. Yager, E. Gouillart, T. Yu, scikit-image: image processing in python, PeerJ 2
(2014), e453, https://doi.org/10.7717 /peerj.453.

R. Shkarin, A. Shkarin, S. Shkarina, A. Cecilia, R.A. Surmenev, M.A. Surmeneva,
V. Weinhardt, T. Baumbach, R. Mikut, Quanfima: an open source python package
for automated fiber analysis of biomaterials, PLoS One 14 (2019), e0215137,
https://doi.org/10.1371/journal.pone.0215137.

napari contributors, napari: A Multi-dimensional Image Viewer for Python, 2019,
https://doi.org/10.5281/zenodo.3555620.

Dask Development Team, Dask: library for dynamic task scheduling, URL, https://
dask.org, 2016.

S. Park, J.O. Baker, M.E. Himmel, P.A. Parilla, D.K. Johnson, Cellulose crystallinity
index: measurement techniques and their impact on interpreting cellulase
performance, Biotechnol. Biofuels 3 (2010) 10, https://doi.org/10.1186/1754-
6834-3-10.

J. Gu, J.M. Catchmark, Impact of hemicelluloses and pectin on sphere-like bacterial
cellulose assembly, Carbohydr. Polym. 88 (2012) 547-557, https://doi.org/
10.1016/j.carbpol.2011.12.040.

M. Szymanska, J. Karakulska, P. Sobolewski, U. Kowalska, B. Grygorcewicz,

D. Bottcher, U.T. Bornscheuer, R. Drozd, Glycoside hydrolase (PelAh)
immobilization prevents Pseudomonas aeruginosa biofilm formation on cellulose-
based wound dressing, Carbohydr. Polym. 246 (2020), 116625, https://doi.org/
10.1016/j.carbpol.2020.116625.

S.L. Holbeck, J.M. Collins, J.H. Doroshow, Analysis of Food and Drug
Administration-approved anticancer agents in the NCI60 panel of human tumor
cell lines, Mol. Cancer Ther. 9 (2010) 1451-1460, https://doi.org/10.1158/1535-
7163.MCT-10-0106.

T.L. Riss, R.A. Moravec, A.L. Niles, S. Duellman, H.A. Benink, T.J. Worzella,

L. Minor, Cell viability assays, in: G. Sittampalam, N. Coussens (Eds.), Assay
Guidance Manual, Eli Lilly & Company and the National Center for Advancing
Translational Sciences, Bethesda, MD, 2004, pp. 1-23.

S. De, S. Malik, A. Ghosh, R. Saha, B. Saha, A review on natural surfactants, RSC
Adv. 5 (2015) 65757-65767, https://doi.org/10.1039/C5RA11101C.

653

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

International Journal of Biological Macromolecules 208 (2022) 642-653

K. Becker, Attachment strength and colonization patterns of two macrofouling
species on substrata with different surface tension (in situ studies), Mar. Biol.
301-309 (1993).

X. Zhang, H. Yuan, Z. Jiang, D. Lin, X. Zhang, Impact of surface tension of
wastewater on biofilm formation of microalgae Chlorella sp, Bioresour. Technol.
266 (2018) 498-506, https://doi.org/10.1016/j.biortech.2018.06.082.

R. Atta, D. Gavril, V. Loukopoulos, G. Karaiskakis, Study of the influence of
surfactants on the transfer of gases into liquids by inverse gas chromatography,
J. Liq. Chromatogr. 1023 (2004) 287-296, https://doi.org/10.1016/j.
chroma.2003.10.013.

S. Zhang, D. Wang, F. Bu, X. Zhang, P. Fan, Gas-liquid mass transfer in the presence
of ionic surfactant: effect of counter-ions and interfacial turbulence, Surf. Interface
Anal. 45 (2013) 1152-1157, https://doi.org/10.1002/sia.5242.

P. Ross, R. Mayer, M. Benziman, Cellulose biosynthesis and function in bacteria,
Microbiol. Rev. 55 (1991) 35-58, https://doi.org/10.1128/mr.55.1.35-58.1991.
P. Jacek, M. Ryngajtto, S. Bielecki, Structural changes of bacterial nanocellulose
pellicles induced by genetic modification of Komagataeibacter hansenii ATCC
23769, Appl. Microbiol. Biotechnol. 103 (2019) 5339-5353, https://doi.org/
10.1007/500253-019-09846-4.

M. Morse, A. Huang, G. Li, M.R. Maxey, J.X. Tang, Molecular adsorption steers
bacterial swimming at the air/water interface, Biophys. J. 105 (2013) 21-28,
https://doi.org/10.1016/j.bpj.2013.05.026.

A. Yang, W.S. Tang, T. Si, J.X. Tang, Influence of physical effects on the swarming
motility of Pseudomonas aeruginosa, Biophys. J. 112 (2017) 1462-1471, https://
doi.org/10.1016/.bp;j.2017.02.019.

D.R. Ruka, G.P. Simon, K.M. Dean, In situ modifications to bacterial cellulose with
the water insoluble polymer poly-3-hydroxybutyrate, Carbohydr. Polym. 92 (2013)
1717-1723, https://doi.org/10.1016/j.carbpol.2012.11.007.

W.-C. Lin, C.-C. Lien, H.-J. Yeh, C.-M. Yu, S.-H. Hsu, Bacterial cellulose and
bacterial cellulose-chitosan membranes for wound dressing applications,
Carbohydr. Polym. 94 (2013) 603-611, https://doi.org/10.1016/j.
carbpol.2013.01.076.

M. Ul-Islam, T. Khan, J.K. Park, Water holding and release properties of bacterial
cellulose obtained by in situ and ex situ modification, Carbohydr. Polym. 88 (2012)
596-603, https://doi.org/10.1016/j.carbpol.2012.01.006.

N. Pogorelova, E. Rogachev, I. Digel, S. Chernigova, D. Nardin, Bacterial cellulose
nanocomposites: morphology and mechanical properties, Materials 13 (2020)
2849, https://doi.org/10.3390/ma13122849.

M. Wohlert, T. Benselfelt, L. Wagberg, I. Furd, L.A. Berglund, J. Wohlert, Cellulose
and the role of hydrogen bonds: not in charge of everything, Cellulose 29 (2022)
1-23, https://doi.org/10.1007/s10570-021-04325-4.

Y. Nishiyama, Structure and properties of the cellulose microfibril, J. Wood Sci. 55
(2009) 241-249, https://doi.org/10.1007/510086-009-1029-1.

M. Ul-Islam, J.H. Ha, T. Khan, J.K. Park, Effects of glucuronic acid oligomers on the
production, structure and properties of bacterial cellulose, Carbohydr. Polym. 92
(2013) 360-366, https://doi.org/10.1016/j.carbpol.2012.09.060.

H. Hosseini, S.M. Mousavi, Influence of surfactant and molarity on the properties of
bacterial cellulose/polyaniline: experimental and density functional theory,
Carbohydr. Polym. 250 (2020), 116903, https://doi.org/10.1016/j.
carbpol.2020.116903.

F. Mohammadkazemi, M. Azin, A. Ashori, Production of bacterial cellulose using
different carbon sources and culture media, Carbohydr. Polym. 117 (2015)
518-523, https://doi.org/10.1016/j.carbpol.2014.10.008.

F. Jahan, V. Kumar, R.K. Saxena, Distillery effluent as a potential medium for
bacterial cellulose production: a biopolymer of great commercial importance,
Bioresour. Technol. 250 (2018) 922-926, https://doi.org/10.1016/j.
biortech.2017.09.094.


https://doi.org/10.1111/wrr.12581
https://doi.org/10.1111/wrr.12581
https://doi.org/10.1002/jsde.12276
https://doi.org/10.1021/acs.langmuir.8b00825
https://doi.org/10.1021/acs.langmuir.8b00825
https://doi.org/10.1007/s11743-011-1277-0
https://doi.org/10.1007/s11743-011-1277-0
https://doi.org/10.1016/j.carbpol.2020.116031
https://doi.org/10.1016/j.carbpol.2020.116031
https://doi.org/10.1007/s10529-005-1465-y
https://doi.org/10.1007/s10529-005-1465-y
https://doi.org/10.1007/bf02228804
https://doi.org/10.1007/bf02228804
https://doi.org/10.7717/peerj.453
https://doi.org/10.1371/journal.pone.0215137
https://doi.org/10.5281/zenodo.3555620
https://dask.org
https://dask.org
https://doi.org/10.1186/1754-6834-3-10
https://doi.org/10.1186/1754-6834-3-10
https://doi.org/10.1016/j.carbpol.2011.12.040
https://doi.org/10.1016/j.carbpol.2011.12.040
https://doi.org/10.1016/j.carbpol.2020.116625
https://doi.org/10.1016/j.carbpol.2020.116625
https://doi.org/10.1158/1535-7163.MCT-10-0106
https://doi.org/10.1158/1535-7163.MCT-10-0106
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211235017774
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211235017774
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211235017774
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211235017774
https://doi.org/10.1039/C5RA11101C
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211226465031
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211226465031
http://refhub.elsevier.com/S0141-8130(22)00594-3/rf202203211226465031
https://doi.org/10.1016/j.biortech.2018.06.082
https://doi.org/10.1016/j.chroma.2003.10.013
https://doi.org/10.1016/j.chroma.2003.10.013
https://doi.org/10.1002/sia.5242
https://doi.org/10.1128/mr.55.1.35-58.1991
https://doi.org/10.1007/s00253-019-09846-4
https://doi.org/10.1007/s00253-019-09846-4
https://doi.org/10.1016/j.bpj.2013.05.026
https://doi.org/10.1016/j.bpj.2017.02.019
https://doi.org/10.1016/j.bpj.2017.02.019
https://doi.org/10.1016/j.carbpol.2012.11.007
https://doi.org/10.1016/j.carbpol.2013.01.076
https://doi.org/10.1016/j.carbpol.2013.01.076
https://doi.org/10.1016/j.carbpol.2012.01.006
https://doi.org/10.3390/ma13122849
https://doi.org/10.1007/s10570-021-04325-4
https://doi.org/10.1007/s10086-009-1029-1
https://doi.org/10.1016/j.carbpol.2012.09.060
https://doi.org/10.1016/j.carbpol.2020.116903
https://doi.org/10.1016/j.carbpol.2020.116903
https://doi.org/10.1016/j.carbpol.2014.10.008
https://doi.org/10.1016/j.biortech.2017.09.094
https://doi.org/10.1016/j.biortech.2017.09.094

Silicone polyether surfactant enhances bacterial cellulose synthesis and water holding

capacity

Magdalena Szymanska?, Jakub Hoppe?, Michat Dutkiewicz?, Peter Sobolewski3, Magdalena

Palacz®, Ewa Janus®, Beata Zielinska®, Radostaw Drozd!”

'Department of Microbiology and Biotechnology, Faculty of Biotechnology and Animal
Husbandry, West Pomeranian University of Technology, Szczecin, 45 Piastow Avenue, 70-311

Szczecin, Poland.

2Faculty of Chemistry, Adam Mickiewicz University, 89b Umultowska Str., 61-614 Poznan,
Poland

3Department of Polymer and Biomaterials Science, Faculty of Chemical Technology and
Engineering, West Pomeranian University of Technology, Szczecin, 45 Piastow Avenue, 71-311

Szczecin, Poland

4 Poznan Science and Technology Park, Adam Mickiewicz University Foundation, ul. Rubiez 46,
61-612 Poznan, Poland.

Department of Chemical Organic Technology, Faculty of Chemical Technology and
Engineering, West Pomeranian University of Technology in Szczecin, 10 Pulawskiego Str., 70-

322 Szczecin, Poland.

Department of Nanomaterials Physiochemistry, Faculty of Chemical Technology and
Engineering, West Pomeranian University of Technology in Szczecin, Piastow Ave. 42,
71-065 Szczecin, Poland.

*Corresponding author: Radoslaw Drozd, West Pomeranian University of Technology, Szczecin,
Faculty of Biotechnology and Animal Husbandry, Department of Microbiology and
Biotechnology, 45 Piastow Avenue, 71-311 Szczecin, Poland; Tel.: +48 517456798; E-mail
address: rdrozd@zut.edu.pl.



mailto:rdrozd@zut.edu.pl

100 L} I T I T I T I, e - — I-' T 1-6
Molecular weight (Da) - -
Sample M M PDI , s L, <
7 | Crossiinker 101 5429 8790| 1619 ’ /’ - 1.4
Silicone polyether 10670 20412 1913 ’
80 /
— — —Crosslinker 101 / - 1.2
4 — — —Silicone polyether
? Crossliinker 101
X - 1.0
~ 604 Silicone polyether
[}
=
E . - 0.8
£
40 -
S - 0.6
&
- 0.4
20
| - 0.2
0 T T T T T T T T T 0.0
55 5.0 4.5 4.0 3.5 3.0 25

Slice Log MW

dwt/d(logM)

Fig.S1. Molecular weight distribution plots for Crosslinker 101 and silicone polyether.
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Fig.S2. Representative SEM images of control BC and BC obtained from culture in HS media
with the addition of 0.0005%, 0.001%, 0.005%, 0.025% and 0.05% SPS (surface and cross-
section of BC).



Table S1. Fiber parameters from SEM image analysis.

CONCENTRATION OF SPS*[%]

ORIENTATION [°]

DIAMETER [NM]

POROSITY [%0]

001 90 + 55 123 + 45 42.0
' 86 + 55 120 + 44 42.4
93 + 54 121 + 44 41.3

0.02 91 + 53 120 + 44 41.2
89 + 53 123 + 45 415

0.1 96 + 51 122 + 45 41.6
87+ 51 121 + 44 41.9

0.25 81451 130 + 45 39.7
05 93+ 57 120 + 44 40.3
: 88 + 58 119 + 43 41.7
1.0 88 + 53 122 + 44 40.3
80 + 57 121 + 44 42.2

2.0 84 + 59 118 + 44 42.9
85 + 47 122 + 43 42.3

Control 86 + 58 124 + 44 42.4

* From cultures with different amount of SPS present in the culture media, two representative samples were imaged
and then the images were analyzed using the developed workflow. For the fiber orientation and diameter
calculations, for each sample, approx. 100-150 thousand fiber segments were quantified and the results are presented
as mean =+ standard deviation.
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Fig. S3. DSC thermograms of BC obtained from culture in HS media with the addition of a

range of SPS concentrations.

Fig. S4. LEFT - reprentate microaphs of L92 cells. A)ours after seedig (100 ceI
per well). B) After 24-hour incubation with vehicle. C, D, E, F) After 24-hour incubation with
0.0016%, 0.003%, 0.0125%, and 0.1% SPS, respectively. RIGHT- Representative micrographs
of L929 cells. A) 24 hours after seeding (5000 cells per well). B) After 48-hour incubation with
vehicle. C, D, E, F) After 48-hour incubation with 0.0016%, 0.003%, 0.0125%, and 0.1% SPS,

respectively. Scale bar indicates 200 pm.
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ARTICLE INFO ABSTRACT

Keywords: Bacterial cellulose (BC) is recognized as a wound dressing material well-suited for chronic wounds; however, it

Bacterial cellulose has no intrinsic antimicrobial activity. Further, the formation of biofilms can limit the effectiveness of the pre-

Biofilm saturation of BC with antimicrobial agents. Here, to hinder biofilm formation by P. aeruginosa, we immobilized

I; zz;domonas aeruginosa the hydrolytic domain of PelA (a glycohydrolase involved in the synthesis of biofilm polysaccharide Pel) on the
h

surface of BC. The immobilization of 32.35 + 1.05 mg PelA;, per g BC membrane resulted in an eight-fold higher
P. aeruginosa cell detachment from BC membrane, indicating reduced biofilm matrix stability. Further, 1D and
2D infrared spectroscopy analysis indicated systematic reduction of polysaccharide biofilm elements, confirming
the specificity of immobilized PelA;,. Importantly, BC-PelA;, was not cytotoxic towards L929 fibroblast cells.
Thus, we conclude that PelA;, can be used in BC wound dressings for safe and specific protection against biofilm

Wound dressings

formation by P. aeruginosa.

1. Introduction

Natural polymers are becoming increasingly popular due to rising
interest in environmentally friendly and sustainable materials. One of
the most popular biopolymers is bacterial cellulose (BC), synthesized by
the bacterium Komagataeibacter xylinus. Due to its unique properties, BC
can be used in various applications e.g., paper production, textile in-
dustry, environmental protection, and in medical applications (Drozd
et al., 2019; Fijatkowski, Zywicka, Drozd, Kordas, & Rakoczy, 2016).
Importantly, the chemical structure of BC can be modified by the ad-
dition of specific functional groups and, thus, BC can be utilized as a
carrier for the immobilization of enzymes (Drozd, Rakoczy, Wasak,
Junka, & Fijatkowski, 2018, 2019; Wu, Wu, & Su, 2017) or micro-
organisms (Nguyen, Ton, & Le, 2009; Yao et al., 2011; Zywicka, Banach
et al., 2019; Zywicka, Wenelska et al., 2019). Further, high stability,
biocompatibility, high water holding capacity, and the possibility of
sterilization make BC useful as a wound dressing material. However,

* Corresponding author.
E-mail address: rdrozd@zut.edu.pl (R. Drozd).

https://doi.org/10.1016/j.carbpol.2020.116625

despite many advantages, native BC does not have any bactericidal
properties, nor does it stimulate faster wound healing. For this reason,
in order to increase its functionality, it is necessary to modify it, for
example by introducing into its structure other polymers, such as
chitosan, or antiseptics (e.g. octenidine) (Lin, Lien, Yeh, Yu, & Hsu,
2013; Moritz et al., 2014).

Bacterial colonization of wound dressing materials is the major
problem in wound healing therapy. The degree of colonization is the
result of a combination of pathogenicity and virulence of the micro-
organism and the condition of the patient's immune system.
Pseudomonas aeruginosa and Staphylococcus aureus are frequently re-
sponsible for wound infections and problems with wound healing.
Importantly, both can live in the form of biofilms: communities of these
microorganisms surrounded by an extracellular matrix (Bessa, Fazii, Di
Giulio, & Cellini, 2015; DeLeon et al., 2014). The matrix consists of
various extracellular polymer substances (EPS) that maintain the three-
dimensional structure of the biofilm. Additionally, the matrix is
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responsible for the adhesion of the biofilm to both biotic and abiotic
surfaces. Finally - and perhaps most importantly - the matrix protects
the bacteria against the effective action of bactericides and immune
cells of the host organism (Flemming & Wingender, 2010).

A promising strategy to combat infections caused by microorgan-
isms that form biofilms is to disrupt the integrity of the extracellular
matrix structure and thus cause the bacteria to become more sensitive
to antimicrobial agents. While various low-molecular substances can
induce degradation of the extracellular matrix, enzymes that can hy-
drolyze matrix components could be an attractive method for biofilm
eradication (Kaplan, 2009; Kaplan, 2010). To date, many commercially
available enzymes have been tested as potential tools for biofilm era-
dication.

Due to the presence of proteins and polysaccharides as the main
components of the biofilm matrix, amylolytic or proteolytic enzymes
are most favorable (Fleming, Chahin, & Rumbaugh, 2017; Hogan et al.,
2017; Molobela, Cloete, & Beukes, 2010; Shukla & Rao, 2013). For
example, Dispersin B is a well-known enzyme used in biofilm eradica-
tion, produced by Aggregatibacter actinomycetemcomitans. It belongs to
the glycoside hydrolase family of enzymes and cleaves poly-f3-1,6-N-
acetylglucosamine, the main component of the biofilm matrix of many
bacterial species (Dobrynina et al., 2015; Fekete et al., 2011; Izano
et al., 2008; Kaplan, Ragunath, Ramasubbu, & Fine, 2003; Kaplan,
Ragunath, Velliyagounder, Fine, & Ramasubbu, 2004; Kaplan, 2009;
Little et al., 2014, 2015; Ramasubbu, Thomas, Ragunath, & Kaplan,
2005). Dispersin B increases the susceptibility of A. actinomycetemco-
mitans to cationic and anionic detergents and Actinobacillus pleur-
opneumoniae to the effective action of ampicillin (Izano et al., 2007,
2008). Dispersin B could also be used in combination with bactericidal
nanoparticles or in an immobilized form (Chen & Lee, 2018; Tan, Ma,
Liu, Yu, & Han, 2015). A promising alternative approach to biofilm
eradication is the use of enzymes that are elements of EPS biosynthesis
pathways, including alginate lyase and the hydrolytic domains of PelA
and PslG proteins (PelA;, and PslGy). Alginate lyase reduces sputum
viscosity in cystic fibrosis and enhances phagocytosis. Additionally,
alginate lyase is an enzyme that increases the effectiveness of antibiotic
therapy by disrupting the integrity of the three-dimensional structure of
biofilms by hydrolyzing alginate. Thus, this enzyme could be used in
combination with antibiotics such as gentamicin (Ghadam, Akhlaghi, &
Ali, 2017; Hatch & Schiller, 1998; Patel et al., 2019).

Alternately, Pseudomonas aeruginosa produces at least three exopo-
lysaccharides as components of its biofilm matrix: alginate, Pel, and Psl.
Pel is a positively charged polysaccharide, consisting of partially
acetylated N-acetylglucosamine and N-acetylgalactosamine, connected
by 1-4 glycosidic bonds. Pel is responsible for initiation and stabiliza-
tion of the interaction between cells in the biofilm structure, and in
some cases, could also play a role in cell adhesion to a surface. Pel also
protects bacteria against certain aminoglycoside antibiotics. At present,
the exact structure and biosynthesis process of Pel exopolysaccharide
has not been fully understood. However, it is known that molecules
involved in the mechanisms of synthesis and secretion of Pel are coded
by an operon containing 7 genes (pelA - G) (Colvin et al.,, 2011;
Franklin, Nivens, Weadge, & Howell, 2011; Jennings et al., 2015;
Marmont et al., 2017). The product of the first gene in the operon is the
PelA molecule and bioinformatic analysis suggests that it is a 105kD
multidomain protein located in the periplasm (Franklin et al., 2011).
Presumably, PelA consists of five domains and three of them have
catalytic activity (Colvin et al., 2013). The first domain belongs to the
glycoside hydrolase family and is particularly crucial in determining
chain length and/or hydrolyzing mis-synthesized Pel molecules (Baker
et al., 2016).

Thus far, the mechanisms of action of PelA;, and PslG;, on biofilm
structure have only been partially elucidated by Baker et al. (2015) and
Le Mauff et al. (2019). Likewise, their use in the biofilm eradication
process has been investigated only to a minor extent. One of the first of
such studies was carried out by Baker et al. (2016), demonstrating that
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PelA;, and PslGy, even at low concentrations, could prevent the for-
mation and remove already formed Pseudomonas spp. biofilm. More
recently, Pestrak et al. (2019) showed that in P. aeruginosa-infected
wounds, PelA;, and PslGy, enhanced antibiotic therapy effectiveness and
allowed for dosage reduction. In particular, the combination of PslGy
and tobramycin resulted in better penetration of the antibiotic into the
biofilm and faster wound healing in an in vivo model. Further, PslG,
also affected the host immune system resulting in greater complement
deposition and increased neutrophil phagocytosis and reactive oxygen
species production.

However, while PelAy, is essential during the synthesis of Pel and for
creating the biofilm structure, the possibility of using it as a therapeutic
element of a wound dressing has not yet been tested. The present study
explores the potential of PelA;, protein immobilization to protect BC-
based wound dressings from bacterial biofilm formation. Thus, the
main aim of our study was the development of a novel wound dressing
based on BC produced by K. xylinus, with immobilized PelA;, providing
protection against P. aeruginosa biofilm formation. Toward this aim, we
conducted a detailed study of the properties of the developed dressing
material, including the effect of immobilized PelA;, protein on P. aeru-
ginosa biofilm.

2. Materials and methods
2.1. Chemicals and reagents

All reagents and bacteria cultivation media components used in this
study were purchased from Merck KGaA (Poland) and Biomaxima SA
(Poland). All chemicals were at least reagent grade and used without
further purification. Oligonucleotides and plasmid pET28a were pur-
chased from Merck KGaA. Polymerase PfuPlus were purchased from
Roboklon GmbH (Germany). InnuPREP Plasmid Mini Kit 2.0 (Analytic
Jena AG, Germany) and ROTI®Prep PCR purification kit, were ordered
from Carl Roth GmbH, (Germany). Dpnl restriction enzyme and E. coli
BL-21 (DE3) competent cells were purchased from New England Biolabs
(Germany). E. coli TOP-10 competent cells were purchased from
Thermo Fisher Scientific (Germany). Roti®Garose His Beads were pur-
chased from Carl Roth GmbH (Germany). The L929 cell line and all
mammalian cell culture reagents were purchased from Merck KGaA
(Poland).

2.2. Bacterial strains

Plasmid and strains used in this study were provided by the
Department of Biotechnology and Enzyme Catalysis at the University of
Greifswald. K. xylinus (ATCC®53524™) and P. aeruginosa PAO-1 were
provided from the collection of the Department Microbiology and
Biotechnology of the West Pomeranian University of Technology in
Szczecin.

2.3. Cloning, expression, and purification of PelAy,

To obtain the target gene sequence that encodes the protein con-
struct fragment of pelA (GenBank ID: AAG06452.1) from the genomic
DNA of Pseudomonas aeruginosa PAO-1 and vector pET28a were am-
plified separately by polymerase chain reaction. For amplification of
pelA gene primers: forward (5-CTGCATATGGGCGGGCCGTCCAGCGT
GGCG-3’) and reverse (5-TTTCTCGAGTCACGGTTGCACCTCGAC
GTC-3’) were designed. For amplification of pET28a primers were de-
signed as following: forward (5-TGAGATCCGGCTGCTAACAAAGC-3")
and reverse (5-CATATGGCTGCCGCGCGG-3’). PCR reactions were
carried by using PluPlus! DNA Polymerase (Roboclon). After con-
firmation of PCR products, 0.5l of Dpnl was added to 50 pl of un-
purified insert and vector separately and digested in 37 °C for 1h ac-
cording to the FastCloning method (Li et al., 2011). Digested insert and
vector were purified, and gene was assembled with the pET28a (Merck
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KGaA) expression vector using SLiCE mix (Zhang, Werling, &
Edelmann, 2012) containing the following components: appropriate
amount of vector and insert DNA (1:3 M ratio), 1 ul 10x SLiCE buffer,
1 pl SLiCE extract, 1 ul ATP and MilliQ Water to a total volume of 10 pl.
The SLiCE reaction mixture was incubated at 37 °C for 1 h. 4 pl of the
SLiCE reaction solution was added to 50 uL. TOP10 chemically compe-
tent E. coli cells (Thermo Fisher Scientific). The obtained (generated)
construct was confirmed by DNA sequencing using the Mix2Seq Kit
(Eurofins). After confirmation, the construct was transformed to che-
mically competent E. coli BL-21 (DE3) (New England Biolabs) cells. E.
coli BL-21 (DE3) cells harboring the expression vector were grown in 1 L
of LB medium containing kanamycin (50 pg/mL) at 37 °C. When ODgqq
reached 0.5 — 0.6, protein expression was induced by the addition of
IPTG to a final concentration of 1 mM. After induction, the cells were
incubated overnight at 20 °C with shaking at 200 rpm. After overnight
incubation, cells were harvested by centrifugation at 4000xg for 25 min
at 4 °C and pellets were washed two times with washing buffer (20 mM
Tris—HCI pH 8.0, 300 mM NacCl, 10 % (v/v) glycerol and 5mM imi-
dazole) and resuspended in lysis buffer (50 mM Tris—HCl pH 8.0,
300 mM NacCl, 10 % (v/v) glycerol). The cells were lysed using soni-
cation pulses (2 X 2min) and then centrifuged for 30 min at 4 °C and
9000xg. Protein was purified by Nickel-based IMAC using Roti®Garose
His Beads preequilibrated with washing buffer (20 mM Tris —HCl pH
8.0, 300 mM NacCl, 20 mM imidazole, 10 % (v/v) glycerol). A column
with loaded protein was washed with washing buffer and expressed
protein was eluted with elution buffer (20 mM Tris—HCl pH 8.0,
300 mM NaCl, 10 % (v/v) glycerol). The eluted fractions were con-
centrated to around 1.5ml volume using a Vivaspin® 6 ultra-
centrifugation filter device (Sartorius AG) with a 10kDa cutoff. To
check the purity of the obtained protein, SDS-PAGE analysis was per-
formed (Fig. S1).

2.4. Preparation of bacterial cellulose (BC) membranes

The culture of K. xylinus was carried out in 24-well plates, in
Hestrin-Shramm (HS) medium containing glucose 20 g/L, yeast extract
2.0 g/L, peptone 2g/L, citric acid 1.15g/L, Na,HPO, 2.7 g/L, and
MgSO,x7H,0 0.06 g/L with 1% ethanol. The prepared medium was
inoculated with 1% of a 1-week-old starter culture. The cultivation was
carried out at 28 °C for 4 days. After this time, the formed BC mem-
branes were collected and rinsed in dH,O for 24 h. The next day, BC
membranes were digested with 0.1 M NaOH at 80 °C (3x) to remove
bacterial cells and residual medium components. Following digestion,
BC membranes were rinsed again in dH,O until the pH was stabilized
and sterilized by autoclaving at 121 °C for 15 min. The prepared BC
membranes were stored at 4 °C prior to further analysis.

2.5. Porosity of BC membranes

The porosity of the BC membranes was determined using the
gravimetric method. Wet BC membranes were weighed using an ana-
lytical balance, dried at room temperature for 24 h, and then weighed
again. Porosity was calculated using Eq. 1:

Ww—wWd
p=__ P20 = 00
Ww—-Wd + Ww
( pH20 ) oPES (€8}

where: W,, is the weight of wet membrane, W is the weight of dry
membrane, pH,O is the density of water at 20 °C (0.9982 g/cm®), pPES
is the density of BC, 1.25 g/cm3 (Lee, Blaker, & Bismarck, 2009; Mozia,
Grylewicz, Zgrzebnicki, Darowna, & Czyzewski, 2019).

2.6. PelA;, immobilization on BC membranes

A range of concentrations of PelA;, enzyme, from 0.005 to 0.75 mg/
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mL, were prepared in SBF (Simulated Body Fluid) buffer (pH 7.4),
corresponding to 5-85 mg/g of dry mass of carrier. Wet BC membranes
with approximately equal mass were incubated in the appropriate en-
zyme solution in a total volume of 5ml with mixing at 25°C for 5h.
Every hour, a 200-uL sample of the mixture was taken and protein
concentration was measured using a microplate reader with Greiner
UV-star 96 well plates at 280 nm. The percentage adsorption (%) and
the amount of adsorbed protein were calculated according to Eq. 2 and
3, respectively:

Yield [%] = Co=Ce 100
Co 2)
Q [%} = Co—Ceyy
g w 3)

where: Cq is the protein concentration before adsorption, C. is the
protein concentration after adsorption, W is the dry mass of BC mem-
branes in g, and V is the volume of the solution in cm® (Oshima,
Taguchi, Ohe, & Baba, 2011).

2.7. The effect of PelAy, immobilization on P. aeruginosa biofilm formation
on BC

To check the effect of enzyme immobilization on the ability of P.
aeruginosa to form a biofilm on BC membranes, the reference strain P.
aeruginosa PAO-1 was grown in BHI at 37 °C overnight. Following the
cultivation, the culture was normalized to an ODggo of 0.2, diluted
1:100, and spread on BC membranes with immobilized PelA;,. Finally,
P. aeruginosa PAO-1 cells were grown at 37 °C overnight.

2.8. Pseudomonas aeruginosa cell amount on BC membranes

The amount of P. aeruginosa PAO-1 released from BC membranes
was assessed according to the literature (Tran et al., 2009). BC mem-
branes with formed Pseudomonas aeruginosa PAO-1 biofilm were rinsed
gently twice with SBF buffer (pH 7.4) to remove nonadherent bacterial
cells. Then, 5 mL of SBF buffer was added to each BC membrane and the
samples were vortexed three times for 1 min. The number of bacterial
cells released from BC membranes was determined using a BD Accuri
C6 Plus flow cytometer.

2.9. Protein concentration determination

Protein concentrations were assayed using the Bradford method,
with bovine serum albumin as a standard (Bradford, 1976), or by
measurement of absorbance at 280 nm using a molar extinction coef-
ficient equal to 44,920 M~ ' cm ™ %, as calculated according to the amino
acids sequence of PelA;, (UniProt accession code Q9HZE4).

2.10. Attenuated total reflectance Fourier transform infrared spectral
studies of BC membranes

Prior to attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy, samples were dried at room temperature for
24 h. The analysis was carried out using an FTIR spectrophotometer
ALPHA II (Bruker Co., Germany) with diamond ATR adapter. The
spectra were collected in the range of 4000-400 cm ~ ! with a resolution
of 4ecm ™! (32 scans). The obtained ATR-FTIR spectra were analyzed
using SpectraGryph 1.2 software. The lateral order index (LOI) of dried
samples BC was calculated from the ratio of band intensities at
1427 cm ™! and 895 cm ™. The total crystallinity index (TCI) was cal-

culated from the ratio of bands intensities at 1370cm™! and
2900 cm ~*. The allomorph Ia was calculated according to Eq. 4:
I, = 2.55(%) - 032

(A710 + Azs0) 4)
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where: A5y is an intensity at 750 cm ~ ! for I, As1o is an intensity at
710 cm ™! for I3 (Yamamoto, Horii, & Hirai, 1996).

2.11. Scanning electron microscopy (SEM)

BC morphology was examined using VEGA3 (TESCAN) scanning
electron microscope. For this purpose, the BC membrane samples with
formed biofilm were fixed with 2 % glutaraldehyde (v/v) in SBF (pH
7.4) at room temperature for 16 h. Following incubation with glutar-
aldehyde, samples were rinsed three times in SBF buffer (pH 7.4) for
15 min and dehydrated in ethanol-water series with increasing ethanol
concentration (20 %, 40 %, 60 %, 80 %, 95 % v/v) and finally two times
in absolute ethanol for 15 min. The dehydrated samples were then dried
at room temperature (Tran et al., 2009). Prior to SEM imaging, samples
were sputtered with Au/Pd (60:40) using Q150R ES device (Quorum
Technologies, Laughton, United Kingdom).

2.12. Cell viability studies

Potential for cytotoxicity or growth inhibitory effect of PelA;, pro-
tein was screened using L929 murine fibroblast cell culture, based on
ISO 10993-5 and NCI-60 methodology (Holbeck, Collins, & Doroshow,
2010). Briefly, a sub-confluent T25 flask of 1929 cells was trypsinized
and two 96-well plates were plated: one seeded with 10,000 cells per
well and the second seeded with 5000 cells per well. Cells were
maintained in complete growth media: Dulbecco's Modified Eagle
Medium (DMEM) containing 10 % fetal bovine serum (FBS), 2mM L-
glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin. Fol-
lowing 24h of culture, the media was aspirated and replaced with
100 uL of complete growth media containing either 1 mg/mL PelAy
protein and serial, 3-fold dilutions, or elution buffer as vehicle control.
Cell viability was assessed using an inverted light microscope and re-
sazurin viability assay (Riss et al., 2004) after 24 h of culture (plate
seeded with 10,000 cells per well) and 48 h (plate seeded with 5000
cells per well).

2.13. Effect of immobilized PelAy, on cytotoxicity of BC membranes

Potential cytotoxicity of BC membranes with immobilized PelA;, was
assessed by testing liquid extracts and performing direct-contact tests,
based on ISO 10993-5. Briefly, L.929 cells were plated in two plates: one
96-well plate seeded with 10,000 cells per well and one 24-well plate,
seeded with 50,000 cells per well. Both plates were then incubated for
24 h. In parallel, BC membranes (~2 cm? and ~3-4mm thick) with
immobilized PelA;, and control, untreated BC membranes were placed
individually in wells of 12-well plate, covered with 2 mL of complete
growth media, and incubated for 24 h in a CO, incubator at 37 °C. Next,
the 96-well plate was aspirated, and 100 pL. of media incubated with
each BC membrane was added in triplicate. As a sham control, media
incubated in an empty well was used. In parallel, the 24-well plate was
aspirated, and 500 pL of complete media was added to each well, fol-
lowed by careful placement of each BC membrane directly on top of the
cell monolayer. After a further 24 h of culture, cell viability was as-
sessed using an inverted light microscope and resazurin viability assay
(Riss et al., 2004).

2.14. Statistical analysis

For statistical analysis of the normality of the results, the Shapiro-
Wilk test was performed. Statistical analysis of the results was de-
termined by analysis of variance ANOVA, and the statistical sig-
nificance was performed by Tukey’s multiple comparison test. The level
of statistical significance was p < 0.05. All statistical tests were con-
ducted with Statistica 13 software.
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3. Results and discussion
3.1. PelAy, immobilization on BC membranes - carrier properties

One of the features of K. xylinus is the production of high-quality
cellulose, in the form of microfibrils forming a characteristic 3D
structure in stationary culture. Each fibril is a linear chain composed of
glucose monomers connected by (-1,4-glycosidic bonds. Further, the
structure of BC consists of numerous intermolecular and intramolecular
hydrogen bonds that stabilize a microfibril chain, which is stiff, linear
and insoluble in most solvents (Czaja, Krystynowicz, Bielecki, & Brown,
2006; Wang, Zhu, & Du, 2011). Here, BC cultivation was carried out for
4 days and the molecular characteristic of obtained BC were typical of
young cellulose produced by K. xylinus (Drozd, Rakoczy, Konopacki,
Frackowiak, & Fijatkowski, 2017). After purification, the wet mass of
the BC membranes was 0.96 + 0.02g and dry mass was
9.92 + 0.28 mg. The obtained values are typical for non-modified BC
membranes, where the dry mass of pellicles is approx. 1% of that of
hydrated BC (Portela, Leal, Almeida, & Sobral, 2019). From the point of
view of potential application as a wound dressing material, the porosity
and crystallinity of BC are the most important parameters, because they
determine the mechanical properties, water vapor transmission, and/or
water holding capacity (Li et al., 2015). The porosity of the BC mem-
branes obtained here was 55.34 + 0.02 %. Meanwhile, the crystal-
linity index values, LOI and TCI, were 2.3 *+ 0.18 and 1.6 *= 0.04,
respectively, whereas the content of the cellulose Ia allomorph was
66.4 + 0.64. These properties of BC membranes are critical for its
potential applications and affect the process of adsorbing or releasing of
active agents, thereby influencing the enzyme immobilization process
(Bayne, Ulijn, & Halling, 2013; Shah, Ul-Islam, Khattak, & Park, 2013).

3.2. PelAy, immobilization on BC membranes — process efficiency

PelA;, was immobilized on the BC membranes by physical adsorp-
tion, as a result of the interactions between polar groups of amino acids
on the protein surface and the surface of the carrier by weak physical
forces. Analysis of the charge distribution on the surface of PelA;, at pH
7.4 showed that the enzyme molecular surface is mainly negatively
charged (—7.77 [e]), in agreement with the results of Le Mauff et al.
(2019) (Fig. S2), but putatively also contains positively charged patches
(Fig. S3). These regions can be a responsible for facilitating the an-
choring of the enzyme via electrostatic integrations to the negatively
charged surface of BC membranes (Drozd et al., 2018). Importantly,
according to Le Mauff et al. (2019), the active site and surrounding
region of the protein surface is negatively charged, which likely enables
the correct orientation of immobilized PelA;, ensuring access to Pel
exopolysaccharide secreted by bacterial cells during biofilm for-
mation.The immobilization process was carried out in SBF buffer at pH
7.4 at 25°C for 5h. The initial amount of PelA; in the adsorption
medium was varied from 5-mg/g to 85 mg/g per dry mass of the BC
carrier. The results of adsorption capacity and efficiency of im-
mobilization are presented in Fig. 1. The adsorbed quantity increased
with increasing initial protein amount and reached a maximum value of
38.5 + 5.01 mg per g of the dry mass of BC membrane for the initial
amount of PelA;, 85mg/g. The yield of immobilization gradually in-
creased up to a maximal value 23 % for samples treated with an initial
protein amount of 55mg/g, with final quantity of immobilized PelA,
32.35 = 1.05mg/g. While the yields are somewhat modest, at this
stage we did not focus on process optimization, but rather testing the
hypothesis that immobilized PelAy, could disrupt biofilm formation. The
effectiveness of the immobilization process depends on many factors,
including the pH, temperature, and ionic strength of the adsorption
medium (Jesionowski, Zdarta, & Krajewska, 2014; Zdarta, Meyer,
Jesionowski, & Pinelo, 2018), thus optimization of conditions will re-
quire dedicated studies. Importantly, a greater amount of immobilized
protein may not actually be beneficial. At the start of the adsorption
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Fig. 1. Effect of initial amount of PelA;, (5.0-85mg/g of dry mass of BC
membranes) on the adsorption quantity and yield of immobilization. Error bars
represent standard deviation.

process, the protein interacts mostly by hydrophobic and electrostatic
interaction with the carrier and can cover the available surface. In the
next stage, however, it is possible to that a second layer forms, with the
protein adsorbing not on the carrier surface but on the present protein
adlayer (Hirsh et al., 2010; Roah, Farrar, & Perry, 2005). Thus, as a
consequence of this process, the apparent biocatalyst activity can be
reduced, which is why we tested different initial loading amounts
(Hoarau, Badieyan, & Marsh, 2017).

3.3. Biofilm formation analysis by ATR-FTIR spectroscopy

In order to assess the effect of immobilized PelA;, protein on biofilm
formation, we cultured P. aeruginosa PAO-1 on BC membranes im-
pregnated with different amounts of PelA;, protein (5.0 —85 mg/g of BC
membranes), as well as control samples without addition of enzyme.
Representative ATR-FTIR spectra of P. aeruginosa PAO-1 biofilms on BC
membranes are presented in Fig. 2. The spectral region between 1800
cm ! and 800 cm ™! was analyzed, because it represents fingerprints of
biofilms typical for Pseudomonas sp. (Suci, Vrany, & Mittelman, 1998).
The bands within this spectral region can be assigned to specific func-
tional groups of proteins, nucleic acids, and carbohydrates. Because
these are the main components of the biofilm matrix, changes in the
intensity of these bands reflect the impact of immobilized PelA;, (Pink,
Smith-Palmer, Chisholm, Beveridge, & Pink, 2005). The collected ATR-
FTIR spectra were characterized by set of bands at the following wa-
venumbers: 1640cm™!, 1530cm™!, 1450cm™!, 1400cm”},
1230cm ™!, 1080cm™!, and 1040cm™! where, depending on the
quantity of immobilized PelAy, the main changes in intensities were
observed (Fig. 2a-d). The spectral bands observed at 1640 cm ™ 1 (amide
D) and 1540 cm ™! (amide II) were assigned to C=O0 stretching, C—N,
—NH, and —NH, bending of protein and peptide amides (Table 1). The
band at 1530 cm ™' (amide II) is defined as a biomarker of biomass
accumulation (Quilés, Humbert, & Delille, 2010; Wang, Ding, Wang,
Xu, & Zhou, 2013). The visible band at 1450 cm ™! corresponds to C—H
deformation of CH, bending bonds, while the band at 1395cm™" is
associated with symmetric stretching C—O of carboxylate group
(COO-). The band observed at 1230 cm ™~ relates to P=0 stretching
of > POy— of phosphodiesters of nucleic acids (Maquelin et al., 2002;
Ojeda & Dittrich, 2012). The region between 1200 cm ™~ and 900 cm ™!
corresponds to C—O —H, C—C, P—O —P and P==0 (stretching) and C—O
—C, C—O (ring vibration), thus defining this region as the ,carbohy-
drate region”. In this region, two dominant bands were observed at
1080 cm ™! and 1040 cm ™~ *. The band at 1080 cm™ was assigned to P=
O (symmetric stretching) of > PO,- corresponding to polyphosphate
products, nucleic acids, phosphodiesters, and phosphorylated proteins.
The last significant band near 1040 cm ~ ! was assigned to C—O or C—C
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stretching and C—O —H bending vibration, typical for carbohydrate
components of biofilms (Ojeda & Dittrich, 2012; Sekkal et al., 1993).

3.3.1. 2D—COS analysis

In order to examine the effect of the presence of immobilized PelA;,
protein on the composition of P. aeruginosa PAO-1 biofilm formed on BC
membranes, two-dimensional correlation spectroscopy was performed.
The synchronous (a) and asynchronous (b) 2D correlation map of IR
spectra of P. aeruginosa PAO-1 biofilm on BC membranes after im-
mobilization with different initial amounts of PelA;, protein is presented
in Fig. 3. The synchronous spectra (Fig. 3a) show a set of auto peaks on
the diagonal position, in the region between 1200 cm ™! and 900 cm ™ ?,
and two distinct auto peaks at 1530 cm ™' and 1395cm™!. The in-
tensity of the auto peaks indicated that the most significant differences
occurred within regions characteristic for carbohydrates and proteins,
whereas only minor changes in the intensity of carboxylic groups were
observed. Changes in auto peak intensity were accompanied by the
presence of positive and negative cross-peaks. Three positive cross-
peaks between ~1040cm™'! x ~1530cm™', ~1400cm ' x
~1530cm ™! and ~1040 cm ™! x ~1395 cm ™! were found. Compiling
these signals from 2D analysis with those from 1D spectra (Fig. 2b-d),
indicates that with increasing amount of immobilized PelA;, on BC, the
band intensities decreased. However, a significant effect was observed
only for BC impregnated with at least 15mg/g of enzyme, with no
significant differences between the last two tested enzyme quantities.
Our results are consistent with biofilm disruption, because during un-
disturbed development of Pseudomonas sp. biofilm an increase in amide
I, phospholipids, carboxyl group, and carbohydrate is expected, in-
dicating an accumulation of biofilm components (Quiles & Humbert,
2014). Similarly, Delille, Quilés, and Humbert (2007) observed a gra-
dual decrease in the intensity of these bands for Pseudomonas fluorescens
biofilm formed with low carbon medium as a stressor.

In addition to the positive cross-peaks, the synchronous spectra
contain several negative cross-peaks between ~1140cm~! x
~1530cm™!, ~1450 x ~1530cm~}, ~1230cm™! x 1530cm ™},
~1038cm™'x ~1230cm ™!, ~980cm ' x ~1395cm ™~ ' and ~980 x
~1530cm ™. The negative cross-peaks indicate that changes in the
amount of the specific components of the biofilm matrix are occurring
in opposite directions (Noda, Dowrey, Marcott, Story, & Ozaki, 2000).
Specifically, here the discovered negative cross-peaks show that im-
mobilized PelA;, yielded a reduction of protein and peptide amides and
carbohydrate components, but also an increase in the amount of lipids
and nucleic acids (Table 1).

3.3.2. Analysis of biofilm component changes via ratio of specific bands
from ATR-FTIR spectra

To analyze the effect of the amount of immobilized PelA;, on the
changes in the intensities of individual bands reflecting changes in
biofilm structure, we calculated the average integrated areas of selected
bands analyzed in 1D and 2D — COS spectra (Fig. 4). The ratio between
bands at 1530 cm ™! and 1230 cm ™! (amide II/amide III) was assigned
to relative changes in protein and nucleic acid components of biofilm
(Fig. 4a). The values of this band ratio indicate that with increasing
amount of PelA;, immobilized on BC membranes, the amount of protein
of biofilm decreased while the amount of nucleic acids increased. The
magnitude of change in this biofilm component proportion was sig-
nificant for the initial amount of PelA;, 15 mg/g but beyond this further
change in this parameter was not significant. Meanwhile, Fig. 4b shows
the ratio between 1530 cm ™! and 1450 cm ™! corresponding to protein
and lipid components of analyzed biofilm, respectively. Over the range
of initial PelA;, concentrations from 15 to 85 mg/g dry mass of BC, this
ratio was statistically different from that of samples with the lowest
amount of PelA;, and control samples, indicating increasing presence of
lipids in the biofilm. Meanwhile, the ratio of the band at 1530 cm ™! to
that at 1395cm ™! decreased with increasing PelA; immobilization,
indicating decreased carboxyl group content, but this effect was
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Fig. 2. The ATR - FTIR spectra of biofilms formed by P. aeruginosa PAO-1 on BC membranes impregnated with PelA;,. Spectra were normalized at 1640 cm ~ ' (amide

D.

statistically significant only for the highest loading of PelA;, (Fig. 4c).
Finally, the changes in the ratio of the band at 1230 cm ™" to that at
1040 cm™! indicated an increasing amount of phospholipids, LPS, and
nucleic acids with decreasing polysaccharide content (Fig. 4d, e)

The specific degradation of biofilm by PelA;, results in the decom-
position of Pel polymer that has N-acetylgalactosamine and N-acet-
ylglucosamine as principal elements, which can also contribute to the
intensity of ATR-FTIR bands specific for protein amide II (1540 cm Y,
C—N) (Jennings et al., 2015; Kumirska et al., 2010). The observed de-
creased intensity of this band can thus be interpreted as indicating a
reduction in the amount of Pel present in the biofilm matrix structure.
The P. aeruginosa biofilm can also contain alginate that is composed
form galacturonic acid rich in COO™ (1395 cm ™~ 1) and reduction in band
intensity can also indicate change in amount of this element of biofilm
matrix (Kovacs, Nyerges, & Izvekov, 2008; Nivens, Ohman, Williams, &
Franklin, 2001; Wozniak et al., 2003).

Table 1

3.4. Influence of PelA;, immobilization on P. aeruginosa cell release from BC

Given the important role of biofilm matrix in protecting bacterial
cells and facilitating their adhesion, we assessed the effect of the im-
mobilized PelA,;, protein on the detachment of P. aeruginosa PAO-1 cells
from biofilm, by analyzing the quantity of cells released from BC
membranes. Fig. 5 shows the amount of P. aeruginosa PAO-1 cells re-
covered from the BC membranes impregnated with different initial
amount of PelA;, (5-85mg/g of carrier) and covered with biofilm. The
number of cells was determined by measuring CFU of adherent cells
released to SBF buffer using flow cytometry. The largest amount of P.
aeruginosa PAO-1 cells was released from BC membranes impregnated
with 85 and 55 mg of PelAy, per g of carrier - the CFU was 3 x 10° and
4 x 10°, respectively. No statistically significant changes were ob-
served between 5, 15 and 30 mg/g PelA;, loadings, but number of lib-
erated cells was significantly higher than that for control samples
without PelA;, enzyme. These results indicate that the presence of im-
mobilized PelA;, enzyme had an influence on biofilm formation: the

Assignments bands for analyzed ATR-FTIR spectra P. aeruginosa PAO-1 biofilm formed on BC membranes.

Wavenumber [ecm '] Assignment Corresponding components

1640 N—H coupled with C—N (amide I) Proteins

1530 N—H coupled with C—N (amide II) Proteins

1450 C—H CH, Lipids

1395 C=0O0 str (sym) of COO~ Amino acids, fatty acid chains

1230 P=0O0 str (asym) of > PO2, C—O—C stretching, amide III vibrations Phosphodiester, Phospholipids, LPS, nucleic acids, ribose
1080 P=O0 str (sym) of > PO2 Phosphodiester, Phospholipids, LPS, nucleic acids

1040 O—H coupled with C—O Polysaccharides

(Assignments according to Banyay, Sarkar, & Gréslund, 2003; Filip & Hermann, 2001; Maquelin et al., 2002; Quilés et al., 2010; Wang et al., 2013).



M. Szymariska, et al.

a)
"800

3

Wavenumber (cm™')
I
S

1600

1800

1800 1600 1400 1200 1000 800

Wavenumber (cm'™)

Carbohydrate Polymers 246 (2020) 116625

b)

" 800
1000 ' ‘
b
= " "
S 12004
3
Ko}
£ e
3
&
4 1400 4
2 -
-
1600
1800 — —
1800 1600 1400 1200 1000 800

Wavenumber (cm'")

Fig. 3. Two-dimensional correlation spectroscopy (2D — COS): (a) synchronous and (b) asynchronous spectra of P. aeruginosa biofilm grown on BC membranes over

the spectral range of 1800 cm ™~ '-800 cm ™.

disrupted integrity of the biofilm matrix, resulted in easier release of
adherent cells from the BC surface. This observation is in good agree-
ment with the existing literature, including the results of Tian, Xu,
Hutchins, Yang, and Li (2014) which suggested that Pel plays a critical
role in the initial bacterial cell attachment to a colonized surface.
Moreover, in an earlier study Ghafoor, Hay, and Rehm (2011) showed
that P. aeruginosa mutants deficient in Pel production lost their ability
to form stable biofilms. Likewise, glass surfaces modified with the
glycohydrolase PslGy, with specificity towards Psl were found to have
inhibited attachment of bacterial cells (Asker, Awad, Baker, Howell, &
Hatton, 2018). At the same time, previous studies also indicate that the
glycoside hydrolase PelA;, does not influence directly bacterial cell
growth (Baker et al., 2016). However, Pestrak et al. (2019) reported
that the addition of PelA;, can enhance the action of several antibiotics.
Overall, the immobilization of PelA;, on the BC surface may allow for
more effective inhibition of bacterial growth using smaller doses of
antibiotics, even without reducing the number of bacterial cells, by
potentially destabilizing the biofilm (Ghafoor et al., 2011; Pestrak et al.,
2019; Tian et al., 2014).

3.5. SEM analysis of biofilm morphology

Additionally, scanning electron microscopy was used to assess the
morphology of the P. aeruginosa PAO-1 biofilm cultivated on BC
membranes with the PelA;, enzyme (85 mg/g mg per g of carrier) as
compared to controls without immobilized PelA;, (Fig. 6a, b). The SEM
images showed that after overnight incubation, the surface of control
BC membranes was evenly covered with bacterial cells and appeared
smooth, indicating bacterial cells surrounded by elements of biofilm
matrix. In contrast, on BC membranes impregnated with PelA;, the in-
dividual P. aeruginosa PAO-1 cells are much more distinct and visible.
Snarr et al. (2017) observed the similar effect of PelA;, treatment on
biofilm formed by Aspergillus fumigatus, with a visible reduction of
polysaccharide elements of the biofilm matrix associated with cell wall
of hyphae. Likewise, Soler-Arango, Figoli, Muraca, Bosch, and Brelles-
Marino (2019) observed that using gas discharge plasma resulted in the
significant reduction P. aeruginosa biofilm matrix and bacterial cells
were more distinct on SEM images.

3.6. Cytotoxicity of native and immobilized PelAy,

From the standpoint of possible application in wound dressings, it
was important to confirm that the obtained BC membranes were not
cytotoxic (Morin & Tomaselli, 2007; Wittaya-areekul & Prahsarn,
2006). To check for potential cytotoxicity of the PelA;, protein itself,
L1929 murine fibroblasts were exposed to a range of enzyme con-
centrations (~0.004—1 mg/mL) for either 24 or 48 h. After 24 h, no
dose response was observed (Fig. 7e). Likewise, microscopy did not
reveal any changes in morphology that could indicate cytotoxicity
(Fig. 7b). After 48 h, a ~21 % reduction in viability was noted for the
highest amount of enzyme, 1 mg/mL (Fig. 7f); however, microscopy did
not indicate cytotoxicity (Fig. 7d). Based on the observed normal
morphology at 48 h and the lack of pronounced cytotoxicity after 24 h,
the reduction in viability was ascribed to a modest growth inhibitory
effect (10-15 %) of the highest enzyme dose on L929 cells, which ty-
pically have a doubling time of ~20h, rather than cytotoxicity.

Next, potential cytotoxicity of BC membranes with immobilized
PelA;, was assessed, based on ISO10993-5. We tested the effect of both
liquid extracts prepared in complete growth media, as well as BC
membranes placed in direct contact with L929 cells. After 24-h in-
cubation, there was no cytotoxic effect of extracts of BC membranes
with immobilized PelA;, or control membranes with no enzyme
(Fig. 8e). More importantly, there was also no decrease in the viability
of 1929 cells incubated in direct contact with either type of BC mem-
branes (Fig. 8f). Further, microscopy revealed robust cell proliferation
beneath of the tested membranes and removal of the BC membranes did
not appear to cause damage to the monolayer (Fig. 8a—d), indicating
low adhesion.

Overall, our results are in good agreement with previous data ob-
tained for IMR-90 human lung fibroblast cells treated with by PelA,
protein (Baker et al., 2016). In another study, Snarr et al., 2017 also
confirmed a lack of toxicity of PelAy, using IMR-90 human lung fibro-
blast cells and lung cancer (line A549) cells. In addition, PelA;, protein
has also been shown to be nontoxic to human red blood cells and did
not have any impact on neutrophil function (Pestrak et al., 2019).
Collectively all these results indicate that neither native nor im-
mobilized PelA;, affects the morphology nor viability of mammalian
cells. Thus, these promising in vitro results motivate further studies of
these materials as wound dressings in animal models, in order to assess
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risk of sensitization and irritation.

4. Conclusions

Bacterial biofilms are responsible for almost 80 % of microbial in-
fections in humans. Bacterial cells within biofilm reveal from 10 to
1000 times the highest resistance to antibiotics than planktonic form of
these bacteria (Khatoon, McTiernan, Suuronen, Mah, & Alarcon, 2018).
One of the main challenges in the treatment of chronic wounds is the

protection against biofilm-mediated infection. In case of BC-based
wound dressings, due to the structure of BC it is possible to carry out
several modifications aimed at obtaining bactericidal properties, by
introduction of specific functional group or by the addition of another
biopolymer (Figueiredo et al., 2015; Lin et al., 2013). Alternately, one
can rely on adsorbing an active substance to be delivered to the wound,
such as quaternary ammonium salts or octenidine (Moritz et al., 2014;
Zywicka, Fijatkowski, Junka, Grzesiak, & El Fray, 2018). However,
antibiotics and antiseptic agents are not always able to fully inhibit
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microbial growth, particularly if a biofilm is formed. Further, the
phenomenon of drug resistance forces us to look for new safe and ef-
fective methods for the treatment microbial infections, particularly
those caused by bacteria that form biofilms. Here we explored a novel

.)‘,\~‘..'.‘ A S

approach towards addressing this problem in chronic wound infection. €3 3
We developed an effective method of BC dressing protection by im- ¢ VYR P av Tt MPPR :
B VP a@rugingsa cells)
mobilization of the hydrolytic domain of the PelA; protein on BC NG N e s - "lg\ Q u‘ ~
membranes. We showed that immobilized PelAy, resulted in destabili- N { ; 902 \"/‘ _j X
¢ ¢ 3 ~ A ,- o~

zation of biofilm formed by Pseudomonas aeruginosa. Importantly, no
cytotoxic effect was detected indicating the safe application of PelAy, in
novel BC-based dressing materials. Collectively, our results suggest the
potential of the obtained materials in the development of ,intelligent”
wound dressings that can mitigate the risk of P. aeruginosa infection
during chronic wound therapy. Further, the developed method can be
potentially improved by combining a set of specific glycohydrolases,
including those specific for other elements of biofilm matrix. This could
yield a synergistic effect, allowing for even more effective biofilm
eradication and as well as decreasing the required dosage of any ad-
ditional antimicrobial chemotherapeutic.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.carbpol.2020.116625.
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1.1 Purification of PelAn protein.

Fig. S1. SDS-PAGE (TCE-staining) of PelAn purification steps. Lane 1 contains cell lysate. Lane
2 contains washing fraction 1. Lane 3 contains washing fraction 2. Lane 4 contains elution fraction
1. Lane 5 contains protein molecular weight marker (Pierce™ Unstained Protein MW Marker,
Thermo Fisher Scientific). Lane 6 contains elution fraction 2. Lane 7 contains elution fraction 3.
Lane 8 contains elution fraction 4. SDS-PAGE electrophoresis was performed on 12.5%
polyacrylamide gel containing 1% of 2,2,2 — trichloroethanol as a fluorescent dye. Electrophoresis
was carried out at 200 V and terminated when the dye front reaches close to the bottom of the gel.
The gel was rinsed with purified water, and bands were visualized by incubation 5 min. under UV
transilluminator. Obtained protein was stored at -20°C for further analysis. The molecular weight
of PelAn was 30 kDa.



1.2 Electrostatic potential of PelAn protein.

10kT

Fig. S2. Distribution of electrostatic potential on the molecular surface PelAn protein (PDB:5TCB)
[1]. The potential was calculated according to PROPKA prediction of pKa values of titratable
aminoacid [2]. The electrostatic potential was calculated with assumption of enviroment pH 7.4
with using an APBS solver via PDB2PQR server. The results of calculation was analysed with the

UCSF Chimera 1.13.1rc package [3].
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Fig. S3. The predicted influence of pH on the charge and free energy of unfolding of the PelAn
protein in folded state. The predicted isoelectric point was 5.3 and pH for maximum stability was
8.7 for which the free energy is -1.0 kcal/mol at 298K [3].



1.3 ATR-FTIR spectra of BC membranes in SBF buffer.
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Fig. S4. The ATR — FTIR spectra of dried BC membrane in SBF buffer (pH 7.4).
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Abstract: Bacterial biofilms generally contribute to chronic infections, including wound infections.
Due to the antibiotic resistance mechanisms protecting bacteria living in the biofilm, they are a serious
problem in the wound healing process. To accelerate the wound healing process and avoid bacterial
infection, it is necessary to select the appropriate dressing material. In this study, the promising
therapeutic properties of alginate lyase (AlgL) immobilised on BC membranes for protecting wounds
from Pseudomonas aeruginosa infection were investigated. The AlgL was immobilised on never dried
BC pellicles via physical adsorption. The maximum adsorption capacity of AlgL was 6.0 mg/g of
dry BC, and the equilibrium was reached after 2 h. The adsorption kinetics was studied, and it has
been proven that the adsorption was consistent with Langmuir isotherm. In addition, the impact of
enzyme immobilisation on bacterial biofilm stability and the effect of simultaneous immobilisation of
AlgL and gentamicin on the viability of bacterial cells was investigated. The obtained results showed
that the AlgL immobilisation significantly reduced the amount of polysaccharides component of
the P. aeruginosa biofilm. Moreover, the biofilm disruption by AlgL immobilised on BC membranes
exhibited synergism with the gentamicin, resulting in 86.5% more dead P. aeruginosa PAO-1 cells.

Keywords: bacterial cellulose; alginate lyase; biofilm eradication; antibiotic susceptibility

1. Introduction

The world is struggling with the growing phenomenon of antibiotic resistance, pri-
marily caused by unchecked and often excessive use of antimicrobials. Despite ongoing
research, few new antibiotics have been discovered recently, whereas the phenomenon
of antimicrobial resistance continues to grow. Moreover, antibiotics are only effective
against microorganisms in the form of planktonic cells, while most bacteria produce pro-
tective biofilms that prevent the penetration and effective action of antibiotic molecules
into their structure [1-3]. Pseudomonas aeruginosa is an opportunistic pathogen that causes
nosocomial infections that are particularly dangerous for immunocompromised patients.
Treatment of such infections with standard antibiotic therapy is often unsatisfactory due
to the ability of these bacteria to form structurally complex biofilms composed primarily
of exopolysaccharides, eDNA, proteins, and lipids [4,5]. This kind of bacterial biofilms
are typically responsible for chronic infections, including wound infections, e.g., pressure,
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venous leg, and diabetic foot ulcers. They delay the wound healing process, reduce the
action of bactericides, and impair the host immune system. A widely used method for
removing biofilms from chronic wounds and improving the healing process is the me-
chanical removal of necrotic tissue and microorganisms. An alternative solution is to
administer compounds called adjuvants along with antibiotics. The use of phages (viruses
that attack bacterial cells) can also be effective, such as those that can produce enzymes
such as polysaccharide depolymerase, which can decompose the extracellular polymeric
substances (EPS) matrix, allowing the phages to diffuse into the biofilm and attach to
cellular structures, enabling replication [3,6,7]. Additionally, to destabilise the EPS matrix
and enhance antibiotic therapy, it is also possible to use other types of enzymes, such as
glycosidases, proteases and DNase [8]. A particularly interesting group of enzymes are
those that play key roles in the biochemical pathways of biofilm matrix synthesis. These in-
clude enzymes such as glycoside hydrolases PelAy,, PslGy,, and alginate lyase (AlgL), which,
under favourable circumstances, can degrade Pel, Psl, and alginate polymers present in the
EPS matrix produced by P. aeruginosa strains [9-12]. In fact, alginate is the most abundant
extracellular matrix polysaccharide in the EPS of many bacteria. This polymer consists of
[3-D-mannuronate (M) and «-L-guluronate (G) as monomeric units that are linked in three
different kinds of blocks, poly 3-D-mannuronate (polyM), poly «-L-guluronate (polyG) or
the heteropolymer (polyM/G) [13-15]. Additionally, the alginate produced by P. aeruginosa
has O-acetyl groups on the C2- and/or C3- position of the 3-D-mannuronate residues,
which significantly affects the physicochemical properties (e.g., viscosity, ability to bind
divalent cations, and water-binding capacity) of the biofilm matrix and the structure of the
biofilm. The typically highly hydrated alginate-containing biofilm matrix protects bacterial
cells against dehydration and the host immune system. Additionally, the biofilm matrix
also contributes to antibiotic resistance mechanisms. Further, it has been observed that
antibiotic concentrations below the minimal inhibitory concentration (MIC) value can result
in an increase in alginate synthesis by P. aeruginosa [16,17]. Additionally, Hatch and Schiller
reported that negatively charged alginate could block the bactericidal activity of positively
charged antibiotics, such as aminoglycosides and polymyxin B [18]. The biosynthesis of
alginate by Pseudomonas sp. is coded primarily in a single operon that consists of twelve
genes. Among them, the algL gene is responsible for encoding alginate lyase (AlgL) [19].
AlgL is an element of the polymer transport apparatus, which moves alginate across the
periplasm to porin-like protein AlgE and results in secretion. AlgL also plays an important
role in regulating alginate synthesis by degrading excess polysaccharides, which can be
toxic to the bacterial cell [14,20,21]. AlgL can degrade alginate via a 3-elimination mecha-
nism of the glycosidic bonds to form unsaturated oligosaccharides. Due to their substrate
specificity, AlgLs can be distinguished as G block specific, M block specific, or poly M/G
specific [22,23]. Importantly, it has been shown that AlgL can effectively inhibit biofilm for-
mation by mucoid P. aeruginosa [24] and increases the sensitivity of bacterial cells to various
antibiotics [13,25,26]. Thanks to these important properties, many medicinal and phar-
maceutical applications based on this enzyme are being developed, including advanced
delivery systems based on silver nanocomposite particles or other biopolymers, such as
chitosan and hyaluronan, as carriers for AlgL. These solutions have been successfully
applied to treat P. aeruginosa lung infections [27-32]. Of the many biopolymers, bacterial
cellulose (BC) is often considered an excellent carrier for various bioactive compounds,
including enzymes. Additionally, due to its unique water properties, BC is an ideal material
for wound dressing application, tissue regeneration, and as temporary skin substitutes. BC
is non-toxic, non-cancerogenic, and biocompatible, plus it has an unusual capacity to retain
moisture and can absorb exudates from the injured tissues, accelerating granulation [33].
At the same time, the neutrality of BC in some circumstances can be a disadvantage, and it
is typically considered only as a physical barrier for microbes in chronic wound therapy.
However, BC could provide much more effective protection against microbial growth if it
could be combined with enzymes able to degrade biofilm and/or antibiotics. In fact, using
pristine BC as a carrier for enzymes has many advantages, thanks to only a marginal effect



Int. J. Mol. Sci. 2023, 24, 4740 30f18

on their structure and catalytic properties [34-38]. Despite this, the use of BC as a carrier
of AlgL via immobilisation to improve its properties as versatile wound dressing material
has not been reported. As a result, the aim of this study was the analysis of the effect of
immobilisation of AlgL via physical adsorption on never-dried BC on the stability of biofilm
formed by Pseudomonas sp. and its susceptibility to aminoglycoside antibiotic gentamicin.

2. Results and Discussion

2.1. Characteristic of Recombinant AlgL and the Effect of Temperature on the Enzymatic Activity
of AlgL

The recombinant AlgL with a Hise tag at the N- terminus was purified by metal
affinity chromatography with Ni?* resin column, and usually, approximate 10 mg/mL
recombinant enzyme from litre of bacterial cell culture was obtained with the specific
activity of 150.0 U/mg. This result is similar to those reported by Xiao et al., who purified
recombinant AlgL from Pseudomonas sp. QD03 with a yield of 10.3 mg/L of cultivation
medium and a specific activity of 188.5 U/mg [15]. The molecular mass of recombinant
alginate lyase determined using SDS-PAGE was 40 kDa and agreed with the value predicted
from the amino acid sequence. To determine how long the recombinant AlgL, potentially
used in medical dressings, will be stable, both under long-term storage at 4 °C and when
applied to the wound at human body temperature, its temperature optimum and stability
at 4 °C and 37 °C for 30 days were tested. The effect of temperature on AlgL was analysed
within the broad range of the temperature from 30 °C to 80 °C. The optimal temperature for
alginate lyase activity was established at 40 °C (Figure 1a). These results were comparable
to Ghadam et al., who demonstrated that AlgL has the best enzymatic activity at 37 °C,
whereas the enzyme stability at 4 °C and 37 °C at pH 7.4 were studied. After 4 days of
storage at 4 °C, AlgL remains at almost 100% of the initial activity [10]. Subsequently, the
activity of the enzyme decreases and reaches 20% of initial activity after 21 days and which
remains at this level for 30 days. The storage of AlgL at 37 °C caused a decrease in activity
by about 70% after 4 days and by about 95% after 21 days, while after 30 days, the enzyme
completely lost its activity.
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Figure 1. Effects of temperature on the activity (a) and time depended on stability at 4 °C and 37 °C
(b) of soluble AlgL.

2.2. P. aeruginosa PAO-1 Biofilm Inhibition and Disruption of Biofilm Biomass with Alginate Lyase

To evaluate the potential clinical application of AlgL, the effective inhibition of biofilm
formation and eradication of 24 h mature biofilm of P. aeruginosa PAO-1 were tested. The
effect of AlgL on biofilms was evaluated by crystal violet staining. The prophylactic treat-
ment of P. aeruginosa PAO-1 biofilm with AlgL was tested in concentrations from 0.8 ug/mL
to 25.0 ug/mL. The enzyme was added at the time of inoculation, and the biofilm was
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incubated for 24 h at 37 °C. As shown in Figure 2a, the inhibitory effect depended on en-
zyme dose, and even a small amount of enzyme significantly affected the biofilm formation.
The AlgL at a concentration of 0.8 nug/mL did not influence biofilm formation inhibition,
while in the range of 1.6 pg/mL and 3.2 ug/mL in 28% and 39%, inhibition of biofilm
formation was observed. At the higher concentration of AlgL 6.25 pg/mlL, the maximal
inhibition (50%) of biofilm formation was observed. However, the further increase of its
amount to 25 pg/mL did not have any significant effect. The results for eradicating 24 h
mature P. aeruginosa PAO-1 biofilm are presented in Figure 2b. The lowest concentration of
AlgL resulted in only around 10% of eradication rate, while the concentration of 1.6 ug/mL
showed 37%. Application of AlgL concentration from 3.2 to 12.5 pg/mL resulted in 48%,
49%, and 53% biofilm eradication, respectively. However, the best effect was obtained at
a concentration of 25.0 ug/mL, where around 60% of biofilm eradication was obtained.
According to Tavafi et al., AlgL can inhibit the biofilm formation in the mucoid P. aeruginosa
infections by more than 97% in the concentration of 9.37 ug/mL and 18.75 pug/mL, while
the eradication rate was also more than 97% in the concentration of 18.75 ug/mL and
37.5 pg/mL [39].
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Figure 2. Dose-response of P. aeruginosa PAO-1 biofilm formation inhibition (a) and disruption of
biofilm biomass (b). The means with the same superscript are not significantly different, with p > 0.05.
Error bars represent standard deviation.

2.3. Cytotoxicity Study of AlgL

Ideal wound dressings should be characterised by many features, of which biocompat-
ibility plays one of the most important roles [40]. BC, as a natural polymer, is widely used
as a wound dressing material precisely because of its compatibility with living tissue. Intro-
duction to its structure or immobilisation of various types of compounds may, however,
cause a cytotoxic effect [41,42]. It has been proven that some enzymes from the group of gly-
cohydrolases with potential use in biofilm eradication may be toxic to mammalian cells [43].
For this reason, a dose-response study of the potential cytotoxicity of recombinant AlgL
on mammalian subcutaneous fibroblasts (murine 1.929 cell line) was examined. The cell
viability after exposure to a range of concentrations (1-250 ug/mL) of AlgL for 24 and 48 h
was assessed (Figure 3). In both cases, no adverse effect on cell viability was observed
using the resazurin assay, and light microscopy confirmed robust growth and normal
morphology for all doses (Figure 4). Our results are in line with results from previous
studies by Bayer et al., who found that AlgL from Bacillus circulans shows no cytotoxic
effect when added intravenously to rabbits [44]. On the other hand, this research differs
significantly from the findings conducted by Redman et al., who find out the cytotoxicity
effect of algae-origin AlgL against fibroblast cell line CCD110 and human epithelial cell line
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after 3 h treatment [43]. Despite the fact that, in this work, it was found that recombinant
AlgL from Pseudomonas aeruginosa PAO-1 has no cytotoxic potential, additional research on
human cells is necessary to make it suitable for biomedical application.
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Figure 3. Cell viability of L929 murine fibroblasts exposed to a range of concentrations of recombinant
AlgL for 24 h (a) and 48 h (b). Data were normalised to vehicle control (PBS). Grey dots represent
technical replicates, and black dots indicate medians.

Figure 4. Morphology of 1.929 cells of non-treated cells (a) and incubated with AlgL (250 pug/mL) for
24 h (b) and 48 h (c).

2.4. Immobilisation of AlgL on BC Pellicles

One of the simplest methods of enzyme immobilisation is adsorption on the surface
of the carrier. The adsorption mechanism is based on weak bonds such as Van der Waal’s
forces and electrostatic and hydrophobic interactions. The immobilisation by adsorption
is an economical process that does not require specialised reagents. Moreover, due to
the lack of functionalisation of the carrier and mild conditions of the process, it usually
does not significantly influence the enzyme’s activity and stability [45]. Figure 5a shows
the electrostatic surface potential of AlgL at pH 7.4. The catalytic active centre of AlgL is
characterised by an electropositive potential that is a consequence of accommodation to
negatively charged alginate surface coming from the carboxyl group of glucuronic and
mannuronic acid [46]. The remaining areas of the protein surface are largely interspersed
with both electropositive and electro-negative patches. The (-potential of BC depends
on the solution pH, and is shown in Figure 5b. BC has positive (-potential in an acidic
condition at pH 3.0 and negative (-potential at pH values from 4.0 to 8.0, with the isoelectric
point at pH 3.4 where (-potential is equal to zero. The reason for the low isoelectric point
and plateau region in the alkaline pH range is the presence of acidic -OH groups on the BC
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surface. The plateau observed at high pH values is the result of a complete dissociation of
the acid functional groups, and thus, the BC surface is negatively charged [47].

180°
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Figure 5. Distribution of electrostatic potential on the molecular surface of AlgL protein

(PDB:4OZV) [48] (a). The potential was [49] calculated according to the predicted by using the
PROPKA server the pK values of titratable amino acid. The electrostatic potential was calculated
with the assumption of environment pH 7.4 using an APBS solver via a PDB2PQR server. The results
of the calculation were analysed with the UCSF Chimera 1.13.1rc package [50]. The -potential of BC
membranes depends on the pH of the solution (b).

Figure 6a shows the effect of the initial concentration of AlgL (mg/g of dry BC) on the
adsorption on BC membranes at pH 7.4. The results show that the amount of AlgL absorbed
increases with an increasing concentration of the protein and then tends to level off. The
maximum amount of AlgL absorbed on BC was 6.0 mg/g of dry BC. Figure 6b shows the
effect of time on the amount of AlgL adsorbed per gram of BC at pH 7.4. As shown, the

adsorption of the AlgL sharply increases during the first 60 min. The equilibrium is reached
after 2 h of the adsorption process.
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Figure 6. (a) The effect of different AlgL concentrations on the adsorption on BC. (b) The effect of
time on the amount of AlgL adsorbed onto BC.

2.5. Adsorption Kinetics

To elucidate the mechanism of AlgL adsorption onto BC membranes, the Langmuir
and Freundlich isotherm models were utilised. The Langmuir isotherm theory assumed
that the adsorbate could form a monolayer of molecules on a homogenous surface and
interact with adsorption sites, and the likelihood of increased adsorption increases with
the available surface. In contrast to the Langmuir isotherm model, the Freundlich model
describes multilayer adsorption on heterogeneous surfaces, and the stronger binding sites
on the support are occupied first, and the binding strength decreases with increasing occu-
pied sites [51-53]. The adsorption isotherms of AlgL were determined by the adsorption
experiment at 25 °C using 50 mM phosphate buffer at pH 7.4 as media. The Langmuir
and Freundlich constants and value of R? for the AlgL adsorption on BC membranes are
listed in Table 1 while the linear fitting of both adsorption isotherm models is presented
in Figure 7. According to these data calculated by the Langmuir isotherm model, the
maximum monolayer coverage capacity (qm) and the Langmuir isotherm constant (b) were
45.79 mg/g and 0.0009 L/mg, respectively. The Ry, value for the different concentrations of
AlgL immobilised on BC membranes is shown in Figure 8. For all tested AlgL amounts,
the Ry value is below 1, which indicates that the adsorption was more favourable for a
higher initial concentration of AlgL. The affinity between the adsorbate and adsorbent is
determined by the separation factor (R ); when this value is between 0 and 1, the Lang-
muir isotherm model is observed to be favourable [54,55]. For the Freundlich isotherm
model, the adsorption capacity (K¢) and adsorption intensity (1/n) were 1.28 (L/g) and
0.62, respectively. The correlation coefficient shown, that the Langmuir isotherm represents
a better fit of experimental data than Freundlich isotherm (Table 1) and indicated that the
adsorption was the main reason for AlgL immobilisation on BC [56].

Table 1. Langmuir and Freundlich isotherms constants and values of R? for the adsorption of AlgL
on BC membranes.

Langmuir Isotherm Freundlich Isotherm
b qm 2 K¢ 2
R 1/ R
(L/mg) (mg/g) (L/g) n
0.009 45.79 0.9984 1.28 0.62 0.9596

b—Langmuir constant, qm—maximum adsorption capacity, Kg—Freundlich isotherm constant,
1/n—adsorption intensity.
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Figure 7. The linear fitting of Langmuir isotherm model (a) and Freundlich isotherm model (b) for
adsorption kinetics.
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Figure 8. Separation factor Ry, for the adsorption of AlgL on BC.

2.6. Analysis of the AlgL Influence on the Biofilm Development on BC Surface by ATR-FTIR

The P. aeruginosa PAO-1 biofilm formed on BC membranes with immobilised AlgL
was analysed using ATR-FTIR. To investigate the detailed differences between the impact
of immobilised AlgL on biofilm formation on BC membranes, 2D correlation analysis was
applied. The synchronous map (Figure 9a) revealed four major auto-bands on the diag-
onal position at 990 em~! 1030 em™!, 1145 cm ) and 1509 cm~!. The most intensive
changes in the bands’ intensity were found for the autoband at 990 cm !, followed by
1030 and 1146 cm ! and 1509 cm~!. The presence of the band around 990 cm ! is indica-
tive of O-CHj stretching from polysaccharide units. The band at 1030 cm ™! is assigned
to C-O—C group vibrations in the cyclic carbohydrate structure. The absorption band at
1145 cm ™! corresponds to C-O-C stretching vibration from phospholipids and saccharides in
the biofilm, while the auto-band with low intensity at 1509 cm ! is assigned to C=O stretch-
ing [57-61]. In addition, a set of positive cross bands 990 cm~! vs. 1145 cm~, 1030 cm !
vs. 1145 cm ™!, 990 cm ™! vs. 1030 em ™!, 990 cm ™! vs. 940 cm™!, 990 em ! vs. 1110 em ™!,
990 cm ™! vs. 1130 em ™!, 940 em ™! vs. 1030 em ™!, 990 cm ™! vs. 1230 cm ™! was visible. The
strongest negative cross bands were found for 990 cm™! vs. 1509 cm ™!, 990 cm ! vs. 1395 cm™,
990 cm ! vs. 1230 cm ™!, 990 cm ! vs. 940 cm~!. The observed bands, especially negative
cross bands, indicate on changes in proportion between the polysaccharide components of the
biofilm matrix and probably increasing amount of eDNA [62,63].
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Figure 9. The 2D correlation analysis of the ATR-FTIR spectra with a range of 1800 cm™! to
800 cm~! BC pellicles with immobilised AlgL covered by P. aeruginosa PAO-1 biofilm on its sur-
face ((a), synchronous; (b), asynchronous plots).

Figure 10 shows the 1D ATR-FTIR spectra of biofilm developed by P. aeruginosa PAO-1
on BC membranes with immobilised AlgL (6.0 mg/g of dry BC) and control BC without the
enzyme. The spectral region in the wavenumber range of 1800-800 cm~! was examined,
which includes spectral bands corresponding to chemical species indicating the significant
components of microbial biofilm (protein and nucleic acids ~1600-1180 cm~?, polysaccharides
~1200-900 cm 1) [12]. The most significant changes were observed in the region between
1200-900 cm ™!, which can be assigned manly to the symmetric stretching vibration of PO,-
groups in nucleic acids and a set of bands specific for C-O and C-O-P stretching vibrations
of various oligo- and polysaccharides [64,65]. To investigate further possible changes in the
protein, lipids, and carboxyl group components of the P. aeruginosa PAO-1 biofilm, the ratio
between the bands 1530 cm ™! /1450 cm ™! (Figure Sla) and 1230 em~1/1395 cem~! was
analysed (Figure S1b). The ratio between the band 1530 cm~!, which is assigned to amide
II and marking accumulation of biofilm biomass, and the band 1450 cm ! representing
CH; bending in lipids show no significant changes between this component of biofilm
(Figure S1a). No significant changes were also observed in the case of the ratio between
band 1230 cm ! assigned to P=0 stretching of >PO*~ of phosphodiesters of nucleic acids
and 1395 cm~! symmetric stretching C-O of the carboxylate group (COO™~) (Figure S1b). In
contrast, the ratio between the bands 1230 cm ! and 1040 cm ™! indicated that the application
of AlgL increased the phospholipid, LPS, and nucleic acid content while the polysaccharide
content decreased (Figure 11a). Moreovert, the band ratio between 1530 em~!and 1230 em ™!,
assigned to amide II and amide III, respectively, shows that the immobilisation of AlgL slightly
influences on protein and nucleic acids contents in biofilm formed on BC membranes. As
shown in Figure 11b, it was observed that the application of the highest tested concentration
of AlgL resulted in a slight decrease in the amount of proteins while the amount of nucleic
acids increased.

2.7. Synergistic Effect of AlgL and Gentamicin

The use of biofilm-dispersing enzymes such as AlgL as an adjuvant which acts by
degradation of the extracellular polymer matrix (EPS) surrounding the bacterial cells in
biofilm, leads to an increase in their susceptibility to antibiotics and immune cells [66]. As
previously reported, the use of AlgL increases the susceptibility of P. aeruginosa to various
types of antibiotics such as tobramycin, ciprofloxacin [26,67,68], gentamicin, ceftazidime,
piperacillin, amikacin [29,69]. From a large variety of different types of antibiotics, amino-



Int. . Mol. Sci. 2023, 24, 4740

10 0of 18

1530 em~1/1230 em™!

1.50

1.25 1

=

=3

S
1

S

2

n
L

.

n

S
I

0.25 1

0.00 -

C

1.0
Amount of AlgL (mg/g of dry BC)

(@) (b)

glycoside antibiotics, despite the increase in the number of strains showing resistance to at
least one clinically used one, are still the most commonly used in the treatment of infections
caused by gram-negative bacteria, including P. aeruginosa. Unfortunately, high doses of
these antibiotics result in the appearance of many toxic effects, such as nephrotoxicity,
ototoxicity, or neuromuscular toxicity [70-72].
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Figure 10. The ATR-FTIR spectra of biofilm of P. aeruginosa PAO-1 formed of BC membranes with
immobilised AlgL (6.0 mg/g of dry BC) and native BC as a control.
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Figure 11. The relative changes in the band ratio, 1530 em~1/1230 em™! (a) and
1230 cm~1/1040 cm~! (b). The means with the same superscript (a, b) are not significantly dif-
ferent, with p > 0.05. Error bars represent standard deviation.

In these studies, due to the risk of using high doses of aminoglycoside antibiotics
the synergistic effects of gentamicin as a representative bactericidal agent immobilised
together with AlgL on BC membranes was investigated. The concentration of gentamicin
was selected based on the determined MIC value by preparing a wide range of gentamicin
concentrations from 1.0 to 0.062 pg/mL. As shown in Figure S2 for P. aeruginosa PAO-1,
the MIC value of gentamicin was 1.0 pg/mL. For this reason, a concentration equal to
1.0 pg/mL and two concentrations below the MIC value were selected for immobilisation,
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whereas AlgL concentration was selected according to the results from ATR-FTIR that
showed a significant impact of enzyme immobilisation on the EPS structure of biofilm
formed on the BC pellicles surface. The total amount of P. aeruginosa cells released from BC
membranes with immobilised gentamicin and AlgL is shown in Figure 12a. The number of
bacterial cells realised from BC with immobilized AlgL was only slightly lower compared
to biofilm formed on control BC and any effect on their vitality was not observed Figure 12b.
It was noted that the application of gentamicin alone in the concentration of 1.0 pg/mL and
0.5 ug/mL and in combination with AlgL did not show significant changes in the number
of P. aeruginosa PAO-1 cells, which may suggest that the concentrations of gentamicin used
were too high to see any changes. However, in the case of a gentamicin concentration
equal to 0.25 ug/mlL, a significantly lower number of cells was observed in the case of
the combination of enzyme and antibiotic. Therefore, it could be concluded that AlgL
disturbs the biofilm matrix development, that results in the reduction of the protective
barrier against antibiotics and a visible significant reduction of cell proliferation rate. To
further investigate the effect of the enzyme and the antibiotic, the cells were stained with
the live-dead method. Figure 12b presents results of live and dead staining of P. aeruginosa
PAO-1 cells dispersed from biofilm formed on BC. The results show that non-treated
samples and samples with immobilised only AlgL did not affect the number of dead cells.
Furthermore, the use of gentamicin in the concentration of 1.0 ug/mL in combination with
AlgL does not exhibit a statistically significant difference compared to the sample treated
with gentamicin only. Whereas after using the gentamicin at a concentration of 0.5 ug/mL
and AlgL, it was observed increased over 30% the number of dead P. aeruginosa PAO-1
cells compared to the sample treated with gentamicin only. However, the best effect of
simultaneous immobilisation of gentamicin and AlgL was observed at a concentration
of 0.25 pug/mL of the antibiotic, where the use of the antibiotic alone did not affect the
viability of P. aeruginosa PAO-1 cells, while in combination with the AlgL, 86.5% dead cells
were observed.
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Figure 12. Amount of the P. aeruginosa PAO-1 cells (a) and the percentage of the live and dead
cells of P. aeruginosa PAO-1 (b) released from BC with immobilised AlgL (0.2 mg/mL) and
gentamicin (0.25-1 pg/mL) (b). The means with the same superscript (a—d) are not significantly
different, with p > 0.05. Error bars represent standard deviation.

3. Materials and Methods
3.1. Cloning and Expression of AlgL from P. aeruginosa PAO-1

Recombinant alginate lyase was prepared according to a previously described protocol
in [12] used for recombinant PelAy, hydrolase with slight modifications. The alginate
lyase algL cDNA (GenBank ID AAG06935.1) was amplified from the genomic DNA of
P. aeruginosa PAO-1, with omission predicted by SignalP 5.0 server signal peptide sequence
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region. The pET28a (Merck KGaA, Darmstadt, Germany) was used as a vector DNA
template. Insert and vector was amplified using the primers listed in Table S1 and Phusion
High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) by polymerase
chain reaction. PCR amplified insert and vector DNA was then treated with Dpnl for
one hour at 37 °C. Next, the algL gene was assembled with the pET28a (Merck KGaA,
Darmstadt, Germany) expression vector using the SLiCE method [73]. For the protein
expression, Escherichia coli DH5c cells (New England Biolabs) were transformed with
a prepared construct. Routinely, to ensure that the selected clones harbour the correct
construct, the colony polymerase chain reaction was carried out using primers specific to
the T7 promoter and terminator (T7-fwd and T7_rev) that flanking insertion site (Table S1).
The reaction was performed using GoTaq® Green Master Mix (Promega, Madison, WI,
USA), and products were analysed by agarose gel electrophoresis. After confirmation, the
construct was transformed into chemically competent E. coli BL-21 (DE3) (New England
Biolabs) cells. E. coli BL-21 (DE3) cells harbouring the expression vector were grownin 1L
of LB medium containing kanamycin (50 pg/mL) at 37 °C. When ODgq reached 0.5-0.6,
protein expression was induced by the addition of IPTG to a final concentration of 0.1 mM.
Afterwards, the cells were incubated overnight at 16 °C with shaking at 200 rpm. After
overnight incubation, cells were harvested by centrifugation at 4000 g for 25 min at 4 °C
and pellets were washed twice with washing buffer (20 mM Tris—HCI pH 8.0, 300 mM
NaCl, 5 mM imidazole) and resuspended in lysis buffer (50 mM Tris—HCI pH 8.0, 300 mM
NaCl). The cells were disrupted with a sonicator (Bandelin, Sonoplus) and then centrifuged
for 30 min at 4 °C and 9000x g. The recombinant protein was purified by nickel-based
IMAC using cOmplete His-Tag Purification Resin (Roche) preequilibrated with washing
buffer (20 mM Tris—HCI pH 8.0, 300 mM NaCl, 20 mM imidazole). A column with loaded
protein was washed with a washing buffer, and expressed protein was eluted with elution
buffer (20 mM Tris—HCI pH 8.0, 300 mM NacCl). The eluted fractions were concentrated to
around 1.5 mL volume using an Amicon® Ultra-15 Centrifugal Filter Unit (Merck KGaA,
Darmstadt, Germany) with a 10 kDa cut-off. To check the purity of the obtained protein
and molecular mass estimation, the SDS-PAGE analysis was performed. The protein
concentration was measured by UV absorbance at 280 nm using a Take3 microvolume plate
and a Biotek Synergy HT plate reader (BioTek, Santa Clara, CA, USA).

3.2. Operational Properties of Recombinant AlgL
3.2.1. Determination of the Activity of Alginate Lyase

For the determination of the activity of AlgL, sodium alginate (Fluka, Buchs, Switzer-
land) at a concentration of 0.2% (w/v) in 50 mM phosphate buffer (pH 7.0) was used as a
substrate. A total of 290 uL heated to 30 °C of substrate solution was transferred to 96-well
UV transparent polystyrene microtiter plates (Greiner, Frickenhausen, Germany), and 10 pL
of enzyme solution was added before starting the reaction. Next, the absorbance change at
235 nm for 5 min with 30 s intervals was measured using Tecan Infinite 200 Pro microplate
reader at 30 °C. One unit of Algl. was an increase in 1.0-unit absorbance at 235 nm per
minute per mL of 0.2% sodium alginate solution at assay condition. The enzyme activity
was expressed as units per mg protein. The results were the average of three biological
replicates and three technical replicates.

3.2.2. Temperature Optimum and Thermal Stability Determination

The temperature optimum of AlgL. was measured at 30, 40, 50, 60, 70, and 80 °C. Prior
to adding, the substrate solution was incubated at given temperatures for 5 min to obtain
suitable temperatures. The reaction of measurement of AlgL activity was carried out as
mentioned above. The activity was expressed in relative terms, taking the highest activity
at a given temperature of 100%. For determination of the thermal stability of the AlgL
enzyme was stored at 4 °C and 37 °C for 30 days in 50 mM phosphate buffer (pH 7.0). The
measurement of AlgL activity was carried out as mentioned above. The residual activity of
AlgL was expressed in relative terms, taking initial activity as 100%.
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3.3. Anti-Biofilm Activity Assays of AlgL

The biofilm inhibition and eradication were tested based on previously described
methods with slight modification [9,74]. P. aeruginosa PAO-1 were obtained from the
collection of the Department of Microbiology and Biotechnology of the West Pomeranian
University of Technology in Szczecin. P. aeruginosa PAO-1 inoculum was prepared in TSB
medium and incubated for 18 h at 37 °C on a shaker at 160 rpm. The inoculum was adjusted
to 0.5 of the McFarland scale and then diluted 1:1000 in TSB medium supplemented with
1% glucose. For biofilm inhibition assay, 95 uL of diluted culture was transferred to sterile
96-well polystyrene microtiter plates, and 5 pL of alginate lyase at a final concentration of
0.8,1.6,3.2,6.25,12.5, and 25.0 pg/mL was added. The plates were incubated statically for
24 h at 37 °C. The nonadherent cells were removed by flushing three times in deionised
water, and the biofilm was stained with 0.1% (w/v) crystal violet for 10 min. The excess
of dye was removed by flushing with deionised water. Finally, the dye was solubilised
in 96% (v/v) ethanol for 10 min., and the absorbance was measured by Tecan Infinite 200
Pro microplate reader at 595 nm. For biofilm eradication assay, 100 pL of P. aeruginosa
PAO-1 culture was transferred to sterile 96-well polystyrene microtiter plates and incubated
statically for 24 h at 37 °C. After incubation, the culture was gently removed, and the
attached biofilm was rinsed three times in deionised water to remove nonadherent cells.
Each well was filled with alginate lyase diluted in PBS buffer to a final concentration of
0.8,1.6,3.2,6.25,12.5, and 25.0 ng/mL and incubated at 37 °C for 1 h. Biofilm staining was
prepared as described above. All experiments were carried out in triplicate.

3.4. AlgL Cytotoxicity Assay

To screen for any potential cytotoxicity of the recombinant AlgL. enzyme towards
mammalian subcutaneous cells, in vitro dose-response experiments were carried out using
murine L929 fibroblasts, as described in our previous work [12]. Briefly, cells, passages
10-25, were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
foetal bovine serum (FBS), 2 mM L- glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. L1929 cell line and all cell culture reagents were purchased from Merck
(Poznan, Poland), while all plasticware was purchased from VWR (Gdarnisk, Poland). For
the dose-response assays, two 96-well plates were seeded in parallel: one with 10,000 cells
per well for a 24 h experiment and one with 5000 cells per well for a 48 h experiment.
After 24 h of culture, the media in both plates was aspirated and replaced with serial,
threefold dilutions of recombinant AlgL or vehicle control (PBS) (4-6 technical replicates).
The enzyme was prepared as a sterile, 2 mg/mL stock in PBS and was diluted 1:8 with
media to yield the highest tested dose, 250 pug/mL. After incubation for 24 or 48 h, cell
viability was assessed using an inverted light microscope (Delta Optical IB-100, Mirisk
Mazowiecki, Poland) and resazurin cell viability assay [75].

3.5. Preparation of BC

The BC production was conducted as previously described [76]. Hestrin—-Shramm
(HS) (glucose 20 g/L, yeast extract 2.0 g/L, peptone 2 g/L, citric acid 1.15 g/L, NayHPO4
2.7 g/L, and MgSO4 x 7H,0 0.06 g/L supplemented with 1% ethanol and 0.01% of silicone
polyether surfactant) medium was inoculated with 1-week-old starter culture of K. xylinus
ATCC 53524. The cultivation was carried out in 24-well plates at 28 °C for 4 days. Following
cultivation, the synthesised BC membranes were collected and rinsed in dH,O for 24 h.
The next day, BC membranes were digested with 0.1 M NaOH at 80 °C (3x) to remove
bacterial cells and residual medium components. Finally, BC membranes were rinsed again
in dH,O until the pH was stabilised and sterilised by autoclaving at 121 °C for 15 min. The
prepared BC membranes were stored at 4 °C before further analysis.

3.6. Zeta Potential of BC Membranes Determination

The isoelectric point (pH(I)) and pH-dependent zeta potential of the BC membranes
was measured using SurPASS™ 3 analyser (Anton Paar GmbH, Graz, Austria). The
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0.001 M KClI solution in ultrapure water was applied as an electrolyte, while the pH was
adjusted using HCI and KOH standardised solutions.

3.7. Adsorption Experiment

The adsorption of AlgL on BC nanofibers was established according to [12] with slight
modification. AlgL in concentrations from 0.2 mg/mL to 0.035 mg/mL were prepared in
50 mM phosphate buffer (pH 7.5). 5 mL of enzyme solution were incubated with ~0.035 g of
wet BC membranes for 240 min at 25 °C with mixing. In the first hour, 100 uL samples were
taken every 10 min. Then, the samples were collected every hour. Protein concentration
was measured using a microplate reader with Greiner UV-star 96 well plates at 280 nm
and calculated according to Lambert-Beer’s Law using molecular extinction coefficient
(67,630 M~ 1em™1)): ( |

Co—Ce) ¥V

Qe = - w 1

where Cy is the initial and equilibrium concentration of AlgL (mg/mL), C, is the equilibrium

concentration of AlgL (mg/mL), V is the volume of solution (mL), and W is the wet mass
of BC membranes (g).

3.8. Minimal Inhibitory Concentration (MIC) Determination

To determine MIC, doubling serial dilutions of gentamicin in MHB (Mueller Hinton
Broth) were set up in 96-well microtiter plates, starting with 100 pL gentamicin and 100 pL
P. aeruginosa PAO-1 inoculum adjusted to 0.5 of the McFarland scale and then diluted 1:100
in MHB. The positive control consisted of 100 pL inoculum and 100 uL MHB, while the
negative controls consisted of 100 uL. MHB only. Each set of tests and controls was set up
with three replicates. The microtiter plate was incubated for 24 h at 37 °C. After incubation,
the optical density of the microbial growth was determined at 600 nm using a microplate
reader Tecan Infinite m200pro. The results are expressed as the average of three replicates.
The MIC value was defined as the concentration of the ionic liquid that inhibited the growth
of the microorganism by at least 90%.

3.9. Biofilm Development Analysis on BC Membranes with Immobilised Alginate Lyase

The ability of P. aeruginosa PAO-1 to grow and form biofilm on BC with immobilised
AlgL was analysed according to [12,77]. To analyse the changes in the biofilm matrix
on BC membranes, attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy was used. BC samples with formed biofilm on their surface were dried at
room temperature for 24 h before analysis. The analysis was conducted using an FTIR
spectrophotometer ALPHA II (Bruker Co., Ettlingen, Germany) with a diamond ATR
adapter. The spectra were collected in the range 4000-400 cm ! with a resolution of 2 cm ™!
(32 scans). The obtained ATR-FTIR spectra were analysed using SpectraGryph 1.2 software.
From each spectrum, the baseline was removed, and then spectra were normalised to the
area of the band at the amide II region (~1530 cm™!). The preprocessed spectra were
used for 2D correlation spectroscopy analysis using OriginPro2021. Next, the significant
cross bands were selected and evaluated according to the ratio between the area of bands
depending on the amount of immobilised AlgL.

3.10. Assessment of Antibiotic Susceptibility by Flow Cytometry Method

AlgL in a concentration of 0.2 mg/mL and gentamicin sulphate salt (Merck KGaA,
Darmstadt, Germany) in a concentration in the range of 0.25-1.0 pg/mL were immobilised
on BC membranes, as mentioned above. Next, the overnight culture of P. aeruginosa PAO-1
was normalised to 0.5 MacFarland scale and diluted 1:100 in TSB medium supplemented
with 1% of glucose. Following the 50 uL of prepared bacterial suspension was spread on
the surface of BC membranes with immobilised AlgL and gentamicin and incubated at
37 °C for 24 h. After incubation, BC membranes were rinsed in 50 mM phosphate buffer
(pH 7.4) to remove the nonadherent cell, rinsed again in 50 mM phosphate buffer (pH 7.4)
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and vortexed three times for 1 min. Next, the solution with released bacterial cells was
centrifuged for 10 min at 6000 rpm and rinsed in 1 mL of 50 mM phosphate buffer (pH 7.4).
The live/dead staining was done using SYTO 9 (Thermo Fisher Scientific, Waltham, MA,
USA) and propidium iodide (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The number of live and dead bacterial cells released from one BC membrane
was assessed using a BD Accuri C6 Plus flow cytometer.

3.11. Statistical Analysis

Statistical analyses were conducted using OriginPro2021. The statistical significance
differences of means were tested by Tukey’s multiple comparison test, and statistical
significance was considered with p < 0.05.

4. Conclusions

Bacterial cellulose has been found to be an ideal material for wound dressing applica-
tions. In its wet state, it meets all the conditions that an ideal dressing should have, such as
high tensile strength, flexibility, good water-holding capacity, biodegradability, and biocom-
patibility. Moreover, the highly porous structure of BC, due to the presence of numerous
hydroxyl groups, allows for the immobilisation of various compounds on its surface, giving
BC new unique properties [41,78]. In this work, the potential of BC membranes as a carrier
for simultaneous immobilisation of AlgL purified from P. aeruginosa PAO-1 and gentamicin
for wound dressing applications was investigated. The use of alginate, an enzyme that
catalysed degradation of alginate, an essential component of the biofilm matrix of mucoid
P. aeruginosa strains, resulted in the inhibition of exopolysaccharides formation by a tested
strain of P. aeruginosa PAO-1 on BC membranes. This allowed the gentamicin present in
the dressing to be more effective against P. aeruginosa cells, even at a very low dose. To
sum up, this innovative dressing material may be a solution to the widespread overuse of
antibiotics and, consequently, the problem of antibiotic resistance that has been growing
for years.
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Table S1. Oligonucleotides for PCR amplification and colony-PCR.

Primer Sequence (5’to 3”)
AlgL fwd cetggtgecgegeggeagecatATGGCCGACCTGGTACCCCCGCC
AlgL rvs aagcttgtcgacggagctcgaattcTCAACTTCCCCCTTCGCGGC

pET283 fwd tgagatccggctgetaacaaage

pET28a rvs catatggetgeegegegg
T7 fwd TAATACGACTCACTATAGGG
T7 rvs GCTAGTTATTGCTCAGCGG
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Figure S1. The relative changes in the band ratio 1530 cm™/1450 cm™ (a) and 1230 cm™'/1395

cm™! (b). The means with the same superscript are not significant different with p >0.05. Error

bars represent standard deviation.
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Abstract: Bacterial cellulose is a unique biopolymer that has found numerous biomedical applications,
such as being an excellent wound-dressing material or a carrier for delivering active compounds. The
purpose of this study was to analyze the ability of modified bacterial cellulose (BC) using low-pressure
Ar plasma to control the release of glycoside hydrolases with antibiofilm activity, namely PelAy, and
PslGy,, from Pseudomonas aeruginosa. The chemical composition and morphology of the BC surfaces
were characterized using photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM). The analyses revealed significant changes in the
chemical composition of the BC surface due to the introduction of charged functional groups and the
conversion of its well-ordered structure into a more amorphous form. The release profiles of enzymes
from both forms of the carrier were different and depended on their structural properties. However, a
significant impact of BC modification on protein release behavior from the carrier was observed only
for PslGy,. Both enzymes, when immobilized on pristine and argon plasma-modified BC, retained
their ability to effectively reduce biofilm levels, similarly to their soluble form. Ar plasma-modified
BC with immobilized specific hydrolases can be used as an effective tool for inhibiting P. aeruginosa
biofilm development.

Keywords: bacterial cellulose; argon plasma; biofilm; surface modification; immobilization

1. Introduction

Extensive skin damage is a common health issue that has become a major problem in
healthcare systems around the world. Damaged skin loses its natural protective mechanism
and becomes a target for microorganisms, leading to severe wound infections, delaying
the healing process, disfiguring, and even potentially threatening life [1]. Dynamically
developing skin tissue engineering is leading to the development of modern dressing
materials. Contrary to standard ones, modern ones are designed not only to cover the
surface of the wound but also to support healing; therefore, more advanced materials that
are classified as interactive and bioactive are being used [2]. Modern bioactive dressings
should be highly hygroscopic to keep the wound bed moist and absorb exudate. In addition,
they should ensure a free flow of oxygen and are characterized by a high mechanical
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strength and flexibility, thanks to which the dressing can adapt to various parts of the body.
It should easily detach from the wound while changing the dressing, be biocompatible,
and have homeostatic and antimicrobial action, preventing infection and bacterial biofilm
formation [1,3]. One of the biomaterials that meets most of the above criteria is bacterial
cellulose (BC) [4]. In addition, the advantage of BC used in biomedicine is also the ability to
modify its structure via various in situ and ex situ modifications [5]. The in situ modification
of BC can be achieved by supplementing the culture medium with various types of organic
and inorganic substances. These modifications can lead to enhanced porosity, water-
holding capacity, and rehydration rates, which are crucial properties for wound-dressing
materials. However, a significant challenge in the use of biomaterials involving BC is
their susceptibility to bacterial infections, which restricts their applications in biomedicine.
As a result, there has been a growing interest in the development of methods to confer
antibacterial and antibiofilm properties to natural polymeric materials, including bacterial
cellulose [6-8].

One of the possible methods for the ex situ modification of BC is the use of plasma,
which is a well-known approach for effectively modifying the surfaces of various polymers.
Depending on the composition of the gas phase, plasma technology offers the possibility
of targeted polymer modification by introducing different functional groups or convert-
ing existing ones on the polymer surface. Various gas plasma technologies for polymer
modification can be classified into two types based on the temperature of the gas: “hot”
plasma and “cold” plasma [9]. Earlier studies have demonstrated that the surface of BC
can be improved for various applications through the use of different types of plasmas.
The application of nitrogen plasma for BC modification has been found to improve the
adhesion of eukaryotic cells to the BC surface and increase its porosity [10,11]. The mod-
ification of BC membranes’ surfaces using oxygen plasma can lead to a decrease in the
effective pore area and water flux, while increasing the number of O-H groups. As a result,
there is a significant change in the water contact angle, making the membrane surface
more hydrophilic [12]. The modification of BC with argon plasma can confer bactericidal
properties, making it suitable for use as antibacterial and antiviral filters based on BC [11].
Moreover, the introduction of new functional groups on the surfaces of polymer matrices
through plasma exposure may affect the release process of active compounds, including
enzymes, from the surfaces of polymeric materials, especially in applications related to
biofilm eradication [13-16].

Pseudomonas aeruginosa and Staphylococcus aureus are the most frequently isolated
bacterial pathogens found in wounds of various origins. Unlike wounds infected by
S. aureus, which can readily colonize the upper layers of the wound, P. aeruginosa tends
to establish itself in the deeper regions of the wound bed, making eradication more chal-
lenging. P. aeruginosa is known for its high resistance to antimicrobial agents, resulting
in a significant prolongation of the wound healing process or even complete stoppage of
healing [17,18]. The main reason for the increased risk associated with P. aeruginosa infec-
tions is its ability to form biofilms, which are recognized as the most significant virulence
factors of this bacterium. Biofilms exhibit a complex structure composed primarily of
proteins, nucleic acids, lipids, biosurfactants, and exopolysaccharides. The presence of
exopolysaccharides plays a crucial role due to their diverse functions, including bacte-
rial adhesion to surfaces, protection against phagocytosis and the immune system, and
restriction of antibiotic diffusion within the biofilm structure. P. aeruginosa is capable of
synthesizing three of the polysaccharides involved in biofilm matrix formation: alginate,
Pel, and Psl. However, the specific types and quantities of the polysaccharides produced
can vary depending on the strain [19-23]. Psl is a neutral polysaccharide composed of re-
peating units of D—mannose, D—glucose, and D—rhamnose, while until recently, the exact
structure of Pel remained unclear. In the latest research, Le Maulff et al. described the struc-
ture of Pel as a linear homopolymer of partially de-N-acetylated «-1,4-GalNAc comprised
predominantly of dimeric repeats of galactosamine and N—acetylgalactosamine [24,25].
To prevent the development of these polysaccharide components of the biofilm matrix, it
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is possible to use an enzyme with specific activity against the P. aeruginosa matrix, such
as PelAy, and PslGy, glycoside hydrolases [26-30]. In the field of medicine, it is crucial
to develop suitable approaches for creating non-fouling biomaterials. Currently, there
is a growing interest in the use of immobilized PelA}, and PslGy, on polymer surfaces in
medical applications. These proteins have shown potential in limiting the development
of P. aeruginosa biofilms, thereby aiding the effectiveness of antibiotics and the immune
system. Asker et al. investigated the immobilization of PslGy, on surfaces such as silica
glass, polydimethylsiloxane, polystyrene, and indwelling catheters, confirming the ability
of surface-attached enzymes to effectively inhibit P. aeruginosa biofilm formation. Similarly,
Szymanska et al. conducted studies demonstrating that the adsorption of PelAy, on BC
surfaces could reduce the polysaccharide components of the P. aeruginosa matrix, thereby
expanding the utility of BC as a wound-dressing material [26,27,30,31].

The aim of this study was to evaluate the effectiveness of combining surface modifica-
tion of BC using low-pressure argon plasma (LPArP) with the immobilization of antibiofilm
enzymes, namely PelAy, and PslGy,, on P. aeruginosa biofilm formations.

2. Materials and Methods
2.1. Cloning, Expression, and Purification of PelAy, and PslGy,

PelAy, was purified as previously described [26]. To obtain the target gene sequence
that encodes the protein construct fragment of psIG (GenBank ID AAG05625.1) from the
genomic DNA of P. aeruginosa, PAO-1 and pET28a were used as a vector template and
amplified separately through polymerase chain reactions using Phusion® High-Fidelity
DNA Polymerase (New England Biolabs). For psIG gene amplification, primers were de-
signed as follows: forward (5'-TGTTTAACTTTAAGAAGGAGATATACCATGGAGATCCA
GGTACTGAAGGC-3') and reverse (5 AGCCGGATCTCAGTGGTGGTGGTGGTGGTG
CTCCCAGACCAGCATCTGCA-3'). For pET28a, primers were designed as follows: forward
(5'-TGAGATCCGGCTGCTAACAAAGC-3') and reverse (5'-CATATGGCTGCCGCGCGG-3).
Construct was prepared according to the FastCloning and SLiCE methods [26,32]. The
expression and purification of recombinant PslG;, was performed according to previous
work [26,32]. To check the purity of the obtained protein, SDS-PAGE analysis was per-
formed. The protein concentration was measured via UV absorbance at 280 nm using a
Biotek Synergy HT plate reader (BioTek, Santa Clara, CA, USA) using a molar extinction
coefficient equal to 44,920 M~! cm ™!, as calculated according to the amino acid sequence
of Pel A, (UniProt accession code: Q9HZE4), and 111,840 M~ ! ecm ™!, calculated according
to the amino acid sequence of PsIGy, (UniProt accession code: Q9I1N2).

2.2. Preparation of BC Membranes

The BC production was performed according to Chareza el al., with slight modifications [32].
A culture of Komagataeibacter xylinus ATCC® 53524 that was purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) was set up in 9 cm petri dishes with liquid
Hestrin-Schramm (HS) medium containing glucose at 20 g/L, yeast extract at 2.0 g/L,
peptone at 2 g/L, citric acid at 1.15 g/L, NayHPOy4 at 2.7 g /L, and MgSO4x7H,0O at 0.06 g/L
with 1% ethanol and 0.01% of silicone polyether. Before pouring the cultivation medium on
the petri dishes, the medium was inoculated with 1% of a 1-week-old culture of K. xylinus
that was previously shaken vigorously for 5 min. The cultivation was carried out at 28 °C
for 4 days. After this time, the formed BC membranes were collected and transferred to
plastic containers with deionized water for 24 h at 4 °C. In the next step, the BC membranes
were digested with 0.1 M of NaOH at 80 °C (3) to remove bacterial cells and residual
medium components. Following digestion, the BC membranes were transferred again to
plastic containers with extensive amounts of deionized water. The water was changed
periodically until the pH stabilized to a neutral range. Finally, the pure BC membranes
were dried at 64 °C and sterilized by autoclaving at 121 °C for 15 min.
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2.3. Modification of BC with Low-Pressure Argon Plasma (LPArP)

LPArP treatment of the BC membranes was performed using an HPT-100 Benchtop
Plasma Treater (Henniker Scientific, Runcorn, UK). The process was carried out with argon
as the process gas in the gas chamber, at a power of 100 W and flow rate of 10 standard
cubic centimeters per minute (SCCM) that was constant in all experiments. To determine
the optimal time for BC modification, the samples were treated with LPArP for various
durations of 120, 240, 480, and 960 s from both sides.

2.4. Characterization of BC Surfaces after LPArP Treatment
2.4.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

After the Ar plasma modification of the BC, the chemical structure of the surfaces of
BC was analyzed using ATR-FTIR. The analysis was carried out using an ALPHA II FTIR
spectrophotometer (Bruker Daltonic, Bremen Germany) with a diamond ATR adapter. The
spectra were collected in the wavenumber range of 3800400 cm ! with a resolution of
2 cm~! (32 scans). The processing of collected ATR-FTIR spectra was performed using
SpectraGryph 1.2 and OriginPro2021 software. The IR indices of the BC crystallinity, such
as the total crystallinity index (TCI), lateral order index (LOI), and hydrogen bond intensity
(HBI), were calculated from the band’s absorbance ratios of A1371 cm~!/A2900 cm ™1,
A1429 cm 1 /A897 cm !, and A3400 cm~!/A1320 cm !, respectively. The allomorph I
content was calculated using Equation (1):

[y = 2.55 — ( A750 )> ~032 1)

(A710 + A750

where A750 is a band intensity of 750 em ! for I, and A710 is a band intensity of 710 cm~1
forl B-

2.4.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectra were obtained using Mg Ka (hv = 1253.6 eV) radiation
with a Prevac system equipped with a Scienta SES 2002 electron energy analyzer operating
at a constant transmission energy (Ep = 50 eV). The samples were attached to a stainless
steel holder with the use of carbon conductive double-sided adhesive discs. Charging
effects were corrected by assuming that the maximum of the C 1s peak corresponded to the
aliphatic carbon bindings of C-OH in cellulose, and its location was set to 286.7 eV [33]. The
XPS lines of the other observed elements were shifted correspondingly. The reproducibility
of the peak positions thus obtained was £0.1 eV. The surface compositions of the samples
were obtained on the basis of the peak area intensities using the sensitivity factor approach
and assuming homogeneous composition of the surface layers.

2.4.3. Scanning Electron Microscopy (SEM)

Prior to SEM analysis, samples of BC membranes, both LPArP-modified and nonmod-
ified, were immersed in 2% glutaraldehyde for 16 h. Then the samples were flushed with
50 mM of phosphate buffer at pH 7.4. Following, BC samples were immersed in increasing
concentrations of ethanol (20%, 40%, 60%, 80%, 95% v/v) for 10 min and finally immersed
two times in absolute ethanol for 15 min. Then samples were sputtered with Cr using
a SEM Quorum Q150T ES, a turbomolecular-pumped coater, and analyzed with using a
Hitachi SU3500 (Hitachi, Tokyo, Japan) scanning electron microscope [7,34].

2.5. PelAy, and PslGy, Stability—Differential Scanning Fluorimetry (DSF)

Differential scanning fluorimetry employing the Prometheus NT.48 apparatus (Nan-
oTemper Technologies GmbH, Miinchen, Germany) was used to investigate the thermal
stability of PelAy, and PslG;, at given time points during storage at 4 °C as protein solutions
or lyophilisates. The lyophilisates of PelA;, and PslGy, were resuspended in distilled water
at concentrations of 0.3 mg/mL. The PelA}, and PslGy, in the solutions were used at con-
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centrations of 0.3 mg/mL. The samples were then loaded into nanoDSF standard-grade
capillaries and then heated from 20 °C to 95 °C at a rate of 1 °C per min. Protein unfolding
was monitored by measuring the fluorescence intensity at two emission wavelengths of
330 nm and 350 nm. Analysis of the obtained data was performed using PRThermControl
software (NanoTemper Technologies GmbH, Miinchen, Germany), which allowed calcula-
tion of the proteins’ melting temperatures (Tr,) based on the first derivative of the ratio of
fluorescence intensity measured at 350 and 330 nm. Four independent measurements of
T were performed for each time point.

2.6. Analysis of the Cytotoxicity of PslGy, Hydrolase

The potential cytotoxicity of the recombinant enzyme was analyzed using an 1.929
mouse fibroblast (ATCC® no. CCL-1™). In vitro dose-response experiments were con-
ducted using the CCK-8 Cell Counting Kit-8 (Sigma-Aldrich, St. Louis, MO, USA). Firstly,
cells (passages 20-25) were maintained in standard cell culture conditions at 37 °C, 5% CO,,
and 95% humidity in T25 flasks (Sarstedt, Niimbrecht, Germany) in complete DMEM
culture medium that was supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(PAA Laboratories GmbH, Pasching, Austria), 2 mM L-glutamine, 50 IU/mL penicillin,
and 50 pg/mL streptomycin (Corning Inc., Corning, NY, USA). For the CCK-8 assay, cells
were plated into the wells of 96-well plates (at 5 x 10° cells per well for a 24 h observation
and 10 x 103 cells per well for a 48 h observation). Secondly, twenty-four hours after cell
seeding, 6 different final concentrations (5.0, 10.0, 25.0, 50.0, 100.0, 250.0 ng/mL; 5 replicates
of each dose) of the enzyme were prepared in DMEM medium and added to the cells. The
effect of the recombinant enzyme on cell viability was calculated using Equation (2), as
described elsewhere [35]:

le A
Relative viability from CCK-8 assay (%) = ( S;r;lg; A450_650 nm > x 100 (2)
450-650 nm

where A is an absorbance at 450 nm and 650 nm.

The morphologies of the 1929 cell line exposed to the recombinant enzyme at different
concentrations and the control samples were analyzed using a Nikon TS-100 phase-contrast
inverted microscope (NIS Elements F Package, camera Nikon DS-Fil, Nikon, Melville, NY,
USA) at 100x magnification [35].

2.7. The Loading of PelAy, and PslGy, on BC and Ar_BC

The solutions of PelA;, and PslGy, proteins (0.5, 0.25, and 1.25 and mg/mL) were
prepared in 50 mM phosphate buffer at pH 7.4, which corresponded to 2.5, 1.25, and 0.62 pg
of protein in 5 uL. The 5 uL of protein was loaded onto Ar treatment and non-treatment
BC samples with a diameter of around 6 mm. Next, the samples with loaded protein were
frozen using dry ice until the samples were completely frozen. Finally, the samples were
freeze dried (Alpha 1-2 LDplus, Christ, Germany) at —60 °C and 0.1 mBar.

2.8. Analysis of In Vitro Release of PelAy, and PslGy, from Ar_BC and BC

The samples of immobilized proteins on LPArP-modified and pristine BC were trans-
ferred to Eppendorf tubes with 500 puL of 50 mM phosphate buffer, pH 7.4, and equilibrated
to 25 °C in thermoblock. Next, in one-minute intervals, 2 pL of solution was transferred to
a Take3 microvolume plate for the determination of the proteins’ concentrations according
to protocol described in Section 2.1.

2.9. Antibiofilm Activity

The antibiofilm activity of BC membranes with immobilized PelA;, and PslG;, was
conducted according to Amborgi et al., with modifications [36]. The strain of P. aeruginosa
PAO-1 was grown in TSB medium supplemented overnight at 37 °C. For biofilm analysis,
the overnight culture of P. aeruginosa PAO-1 was adjusted to 0.5 on the McFarland scale and
then diluted to 1:1000 in TSB medium supplemented with 1% glucose. A total of 100 pL
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of bacterial suspension was transferred to 96-well flat plates and incubated at 37 °C for
24 h with the presence or in absence of LPArP-modified BC membranes or nonmodified BC.
After incubation, the biofilm as washed with 200 uL of distilled water and then dried at
37 °C for 1 h. Next, 100 uL of 0.1% crystal violet was added to each well and incubated for
15 min. Following incubation, the wells were washed with 200 pL of dH,O until unbound
dye was removed. Finally, 100 uL of 96% ethanol was added to each well, incubated for
15 min, and the absorbance of crystal violet was measured at 595 nm using a Tecan Infinite
200 Pro microplate reader.

2.10. Statistical Analysis

Statistical analysis was conducted using OriginPro2021. The statistical significance
differences of means were tested by Tukey’s multiple comparison test, and statistical
significance was considered with p < 0.05.

3. Results and Discussion
3.1. Influence of LPArP Treatment on BC Membrane Surface Properties

To analyze the changes in the chemical structure of the BC surfaces after treatment
with LPArP, the ATR-FTIR and XPS methods were used. Figure 1 presents the regions
of 1800-800 cm ™! of the ATR—FTIR spectra of the untreated BC and the BC treated with
LPArP, depending on the treatment time. The obtained spectra from all tested BC samples
showed the characteristic absorption band profile for BC, with bands at 897 cm~! assigned
to C-O-C bending vibration of (1-4) B linkage, ~1060-1030 cm ! corresponding to C-O
stretching, 1111 cm ! assigned to the C-C stretching ring in polysaccharides, ~1160 cm ™!
indicating C-O-C stretching of the glycosylic bond of the crystalline cellulose, 1370 cm ™!
assigned to C-H stretching vibrations, and 1430 cm ! indicating the symmetric CH; bend-
ing vibration and referred to as a “crystallinity band”. The next band at 1640 cm~! marks
the H-O-H bending of absorbed water molecules [37—41]. The time-dependent BC surface
treatment with LPArP was evident in the spectra through a gradual increase in the intensity
of absorption in the band at 1720 cm~!, which is attributed to the carbonyl group (C=0O
stretching vibrations) [42]. The intensity of this band increased with time and reached a
plateau after 480 s of treatment with the LPArP. The appearance of this band can indicate
the oxidation of the -OH group of anhydrous D-glucose units in the BC microfibrils or the
formation of a carbonyl group after pyranose ring cleavage between C1 and C2 and further
oxidation [43]. It is also in accordance with the observed reduction in band intensity at a
wavelength range of ~1050 cm~!—~2950 cm ! that can be associated with conformational
changes in the pyranose ring and the primary alcohols at the C6 carbon typical for more
amorphous bacterial cellulose.

14+

11720 cm™!

~

960 s

SMJJN
240's
bwﬂ/w\x
120 s
2
N\/‘/\—\M/\/\/vv\’&
0_

T T T T 1
1800 1600 1400 1200 1000 800

Absorbance (normalized)
)
1

Wavenumber (ecm™)

Figure 1. The ATR—FTIR spectra of the control BC (C) and the BC modified with LPArP for various

times (120 s, 240 s, 480 s, and 960 s). The red arrow marking the changes in the intensity of the band

at 1720 cm ! is assigned to the C=0O group. The spectra were normalized to band area at 1161 cm™!.



Appl. Sci. 2023,13,7797

7 of 18

The values of the IR crystallinity indices LOI and TCI decreased with the modification
time, while the value of the HBI increased (Table 1). The most significant changes in
the IR crystallinity indices were noted until 480 s of treatment. The changes in values of
TCI and LOI clearly indicated that the structure of LPArP-treated BC is characterized by
lower crystallinity and ordered structure as a result of the destructive action of the argon
plasma [38,44].

Table 1. The values of the IR crystallinity indices (LOI, TCI), the hydrogen bond index (HBI), and the
mass fraction of the crystalline allomorph I« of pristine BC and BC modified by LPArP.

IR Crystallinity HBI
Sample A1372/A2900 A1429/A897 Cellulose I
(TC) LoD A3400/A1320 Index
BC 1.683 4 0.20 2 0.993 + 0.17 2 0.801 4 0.08 2 0.683 4+ 0.02 2
120 s Ar_BC 1.685 & 0.04 2 0.877 £ 0.10 b 0.751 4 0.03 2 0.667 & 0.01 ab
240 s Ar_BC 1.673 +0.08 2 0.849 + 0.04 ab 0.899 +0.10 2 0.650 =+ 0.02 be
480 s Ar BC 1.492 +£0.10° 0.818 &+ 0.09 1.266 £ 0.15° 0.637 +0.02 ¢
960 s Ar_BC 1351 £ 0.07b 0.766 & 0.04 P 1.468 + 0.16 ¢ 0.611 £ 0.006 4

The results are presented as means + S.D. The means with the same superscript are not significantly different,
with p > 0.05.

3.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was applied to evaluate the surface composition of
the LPArP-treated BC. Analysis of the XPS spectra indicated only the presence of oxygen
and carbon on the surfaces of the samples. The ratio of oxygen atoms to carbon atoms on
the surfaces of the studied materials was determined from the atomic concentration of these
elements, which was calculated from the intensity of the XPS signals: O 1s and C 1s (Table 2).
The calculations assumed a homogeneous distribution of oxygen and carbon atoms in the
surface layer. Considering the formula of cellulose as (C¢H19Os)n, the theoretical ratio of
oxygen atoms to carbon atoms in this material is 0.83. According to the study of the surface
composition, it was lower than the theoretical value for all tested materials and ranged
from 0.56 to 0.73, with the lowest value of the O/C ratio observed for the sample obtained
after 480 s of plasma exposure. The highest O/C ratio was observed not for a pure cellulose
sample, but for a sample exposed to plasma for only 120 s. Such relative enrichment of the
surface with oxygen atoms can be attributed to the partial etching of the cellulose surface
from “adventitious carbon” caused by argon ions.

Table 2. The percentage of Comp (1)-Comp (4) components in the total signal of the XPC C 1s line
and the ratio of oxygen atoms to carbon atoms on the surfaces of bacterial cellulose exposed to LPArP
depending on the treatment time (s).

Components of XPS C 1s Signal (Total C1 s Intensity = 100)

Sample C-C/C-H C-OH COC (Comp 0=C-0 o/C
(Comp (1)) (Comp (2)) (3)) (Comp (4)) Ratio

BC 14 61 25 0 0.69

120 s Ar_BC 19 53 20 7 0.73
240 s Ar_BC 26 49 17 7 0.62
480s Ar_BC 34 39 18 8 0.56
960 s Ar_BC 38 33 21 6 0.64

The high-resolution spectra of the XPS C 1s lines acquired for all examined samples are
presented Figure 2. A deconvolution model which consists of four basic components of C 1s
transition was applied. The component denoted as Comp (1), having a binding energy of
285.0 £ 0.1 eV, essentially corresponds to nonfunctionalized carbon atoms. The component
Comp (2), having a binding energy of 286.7 eV, is ascribed to a group of differently bonded
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carbon atoms linked to one atom of oxygen, as in hydroxyl group C-OH. Comp (3), located
at a binding energy of 288.2 + 0.1 eV, is ascribed to O-C-O bonding. The component Comp
(4), having a binding energy of 289.6 = 0.1 eV, corresponds to O-C=0O bonding. The values
of the binding energies used in the present model are based on the deconvolution models
applied elsewhere [33]. The percentage of Comp (1)-Comp (4) components in the total
signal of the XPS C 1s line is presented in Table 2.

50

404 - Exp.data
Comp (1)
Comp (2)
Comp (3)
Comp (4)
Envelope

BC

W J
n"30_,

O 20
X 20
10

120 s Ar_BC

240 s Ar_BC

0 T T T T T T 1

480 s Ar_BC

-~

0 T T T T T T 1

201 960 s Ar_BC

294 292 290 288 286 284 282
Binding energy (eV)

Figure 2. High-resolution XPS C 1s spectra of non-modified BC and bacterial cellulose (Ar_BC)
modified by different exposure times to LPArP.

Highly purified bacterial cellulose should contain only carbon—-oxygen bonds corre-
sponding to Comp (2) and Comp (3) of the model used to analyze the XPS C 1s spectra.
The theoretical ratio of these components should be 80:20, respectively. It is common for
real cellulose samples to have Comp (2) accounting for about 60% of the signal from carbon
atoms and Comp (3) about 20% of this signal. In actual samples, even of pure cellulose,
a component corresponding to Comp (1) is also identified, which accounts for less than
20% of the C 1s signal [43]. The XPS C 1s spectrum of the reference material (BC) used in
this study was very close to those reported. Exposure of this material to plasma results
in several characteristic changes in the composition of its surface. As the exposure to
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plasma increases, the concentration of Comp (2) decreases and the concentration of Comp
(1) unequivocally increases. The decrease in Comp (2) is most likely due to the removal of
hydroxyl groups from the cellulose surface. The removal of such bonds is accompanied
by a simultaneous increase in the concentration of C-C- or C-H-type bonds, i.e., Comp
(1). The concentration of Comp (3) is essentially independent of the plasma exposure.
This component corresponds to the presence of an O-C-O bond at the C; carbon in the
pyranose ring. This suggests the stability of the pyranose ring during the plasma action
on the cellulose surface. The exposure to argon plasma also induces the appearance of
Comp (4), which is directed to the oxidation of D-glucose alcoholic group C-OH without
significant effect on the integrity of the pyranose ring. The changes in the BC surface
composition demonstrated by the XPS analysis are in good agreement with the ATR-FTIR
and showed that BC surfaces can be more negatively charged as a result of the presence of
the carboxyl group.

3.3. Influence of LPArP on the BC Surface Morphology

In order to check the morphological changes in the BC structure after LPArP modifica-
tion, scanning electron microscopy was used. Figure 3 shows the SEM micrograph of BC
surface morphology (a) and the Ar_BC after modification with LPArP for 480 s (b). The
unmodified BC sample shows a typical reticulated surface of pristine BC with a well-visible
ultra-fine network of microfibrils and pores [45,46]. After modification with LPArP, the sur-
face morphology of the BC changed significantly and presented a heterogeneous structure
typical for amorphous BC. These results are consistent with the studies by Tang et al. and
Vasil’kov et al., where they reported that the oxygen plasma treatment of BC can cause a
burn of the surface which results in an increase in the surface roughness and heterogeneity
due to the destruction of the BC fibril structure [47,48].

(@) (b)
Figure 3. SEM images of the surface morphology the BC (a) and Ar_BC after 480 s LPArP treatment (b).

3.4. Differential Scanning Fluorimetry

In recent years, the importance of protein preparations in medicine has increased
significantly; however, most of the preparations available on the market are in liquid
form, which requires storage at low temperatures. This is associated with difficulties with
high transport costs, among others. Moreover, during long-term storage of proteins in
solutions, the activity of proteases shortens their activity time and also causes reactions
such as oxidation, leading to protein unfolding that may also occur [49,50]. One method
to overcome these obstacles is to store proteins in lyophilized form. In order to determine
the usefulness of the PelA}, and PslGy, enzymes in freeze-dried and soluble form, their
stability was tested after 30 days using the DSF method, which is a biophysical technique
widely used to study the thermal stability of a protein [51]. Figure 4 shows the plot of the
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first derivative of the fluorescence melting curves of PelAy, and PslG;, in freeze-dried and
soluble form at the beginning and after 30 days of storage at 4 °C. The Ty, values of the
PelAy}, in the soluble form were 52.7 °C and 52.8 °C at days 0 and 30 of storage, respectively,
while upshifting of the freeze-dried form by ~1.3 °C was observed after 30 days, suggesting
the acquisition of a slight thermal structural stability. In the case of the soluble form of
PslGy,, there was no significant difference in the Tr, value during the storage conditions
(Tm equal to ~53.1 °C), and the same observations were made with the freeze-dried form
(Tm equal to ~53.7 °C).
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Figure 4. The thermal stability profile of soluble and freeze-dried forms of PelA}, and PslGy, stored at
4 °Con day 0 (a,c) and after 30 days of storage (b,d).

3.5. Cytotoxicity of the PsIGy,

To enable the use of recombinant enzymes in biomedicine, among other things, as
elements of wound-dressing materials, it is important to assess their cytotoxicity against
eukaryotic cells. The cytotoxicity of PelA} was investigated in our previous research,
and we concluded that there is no cytotoxicity effect of the enzyme on murine fibroblast
(L929) cultures [26].Therefore, the PsIGy, enzyme obtained in this study was also tested to
determine its potential cytotoxicity towards murine fibroblast (L929) cultures. Six different
enzyme concentrations (5.0, 10.0, 25.0, 50.0, 100.0, and 250.0 ug/mL) were used for 24 h and
48 h observations of cell viability and morphology. After 24 h, no reduction in cell viability
(Figure 5a) and cell morphology (Figure 6) was observed. After 48 h, the cell morphology
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for the experimental cultures did not demonstrate changes in comparison to the control
culture. In the case of cell viability, a ~29% reduction was found for the 250.0 pg/mL
enzyme concentration (Figure 5b). These results are consistent with earlier studies on the
cytotoxicity of PelAy, and PslGy, against eukaryotic cells from line IMR-90 of human lung
fibroblasts and red blood cells [27,28].
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Figure 5. 1929 cell viability after 24 h (a) and 48 h (b) incubation with the recombinant PslGy,.

3.6. In Vitro Release Study of PelAy, and PslGy, from Pristine and LPArP-Modified BC

The immobilization of proteins on different kinds of surfaces is used in many areas
of industry, including the biomedical and pharmaceutical industries in drug delivery
systems [49]. To evaluate the PelAy, and PslGy, from the BC and LPArP-modified BC, the
release behavior was monitored in 50 mM of phosphate buffer at pH 7.4. The release
profiles of PelAy, and PslG;, are shown in Figure 8. The release profiles of PelAy, from the
BC and Ar_BC membranes did not differ and were characterized by sustained diffusion.
The same release profile was observed for the PslGy, from nonmodified BC, while the PslGy,
released from Ar_BC was characterized by an initial burst release for 2 min. In both cases,
higher amounts of enzyme were retained on the BC matrix, and the maximum releases of
PslGy, were 58% and 63% after 10 min for BC and Ar_BC, respectively. For PelAy, the % of
release from the carrier was faster compared to PslGy,, and the maximum release at the same
time was around 80% for both unmodified and modified BC. The observed PelAy, release
profile did not differ between the unmodified and LPArP-modified BC, but it showed a
significantly faster release of this protein compared to PslGy,. The charge distributions on
the molecular surfaces of the analyzed enzymes at pH 7.4 showed the occurrence of large
negatively charged patches. The calculated charges of the protein molecules did not differ
significantly between PelAy, and PslG;, and were —8.24 and —6.94, respectively (Figure 7).
In contrast to PelAy, the structure of PslGy, consist of large catalytic N- terminal domain
and significantly smaller C-terminal domain recognized as possible carbohydrate binding
domain (Figure 7). Occurrence of this domain in PsIG structure was reported as reason of
higher binding to dextran and may be reason of different releasing profile. Furthermore,
the differences in release profile of PslGy, from native and LPArP-modified BC suggest that
the CBM occur in PslGy, molecular structure belongs to Type B CBMs, which has affinity to
amorphous form of BC.
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Figure 6. Morphology of L1929 cells of 24 h (a) and 48 h controls (c) and exposed to the recombinant
PslGy, (250 pg/mL) for 24 h (b) and 48 h (d).

To explain the enzymes’ release mechanisms from the BC and Ar_BC, pharmacokinetic
models were used, including zero-order, first-order, Higuchi, and Korsmeyer-Peppas
models. The fitting results are summarized in Table 3. For the PslGy, loaded on the
nonmodified BC, the release of the protein was fitted to the Higuchi and Korsmeyer-Peppas
models for both types of BC, which indicated that the release of PslGy, is controlled by
diffusion. The n exponents of the Korsmayer-Peppas model were around 0.25 and 0.22 for
the LPArP-modified and native BC, respectively. This demonstrated that PslG}, was released
through Fickan diffusion. In the case of PelAy,, it was observed that the release profile for
the Ar_BC fit well with the first order, with a correlation coefficient of R? equal to 0.98,
which indicates that the PelAy, release is dependent on the differential concentration [54].
Moreover, the PelA}, release mechanism also fit the Higuchi and Korsmayer-Peppas models,
with a correlation coefficient of R? > 0.9. The value of exponent n for the PelAy, release was
>0.5 and followed non-Fickan diffusion [54,55].
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Figure 7. The 3D crystal structure models of PelAy, (PDB:5TCB) and PslG;, (PDB:5BX9) proteins
with highlighted elements of secondary structure and distribution of the electrostatic potential of
their molecular surfaces. The electrostatic potential of the protein molecules” molecular surfaces at
pH 7.4 was computed according to predictions of the pKa value by the PROPKA server and the

APBS solver via the PDB2PQR server. The final analysis was performed with UCSF Chimera 1.17.1rc
package [52,53].
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Figure 8. Experimental in vitro PelAy, (a) and PslGy, (b) release profiles from BC and Ar_BC (in
50 mM phosphate buffer at pH 7.4.
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Table 3. Release constants and correlation coefficients of the model equation applied to PelAp, and
PslG, release from native BC and LPArP-modified BC.

Mathematical Model
Sample Zero-Order First-Order Higuchi Korsmeyer-Peppas
Ko Ro? K1 Rq? Kn Ry? Kk.-p Rg.p? n
PelA,—Ar BC 124 x 1073 0.92 —27 %1073 0.98 0.034 0.97 0.016 0.93 0.63
PelA;,—BC 113 x 1073 0.94 —2.7 x 1073 0.98 0.031 0.98 0.033 0.98 0.51
PslG,—Ar_ BC 5.1 x 1074 0.60 —9.8 x 107* 0.71 0.016 0.85 0.15 0.90 0.25
PslG,—BC 49 x 1074 0.88 —9.1x10* 0.92 0.014 0.98 0.14 0.98 0.22

3.7. Influence of the Immobilization of PelAj, and PslGy, on P. aeruginosa PAO-1 Biofilm Eradication

The effect of PelA}, and PslGy, in soluble and immobilized forms on the ability of
P. aeruginosa PAO-1 to form biofilm was measured in a microplate model using crystal
violet staining. The results for the biofilm inhibition assay are presented in Figure 9. For
the soluble form of PslGy,, around 70% of the biofilm inhibition was observed when 2.5
and 1.25 ug of enzyme were applied, while for 0.62 pg, the inhibition was slightly lower,
amounting to around 50% (Figure 9a). When PelAy, in the same concentration was added
to the culture medium, the biofilm inhibition rate was lower compared to PslGy, and was
around 50% for 2.5 and 1.25 pg of enzyme and 30% for 0.62 pg (Figure 9d). The composition
of the P. aeruginosa biofilm matrix is strain dependent. The tested strain of P. aeruginosa
PAO-1 produces mainly Psl as a dominant exopolysaccharide of the biofilm matrix, which
may be the reason for the more effective inhibition of biofilm formation after the use of
the PslGy, enzyme [56,57]. In the case of the immobilized enzymes on native BC, it was
observed that the biofilm inhibition rate was slightly lower compared to the soluble forms
of PelAy, and PslGy, due to lowering release rate of the proteins into the culture medium
(Figure 9b,e). The biofilm inhibition rate for the PelAy, released from the Ar_BC (Figure 9f)
was similar to the native enzyme released from the BC. The PslGy, released from the Ar_BC
exhibited significantly higher inhibiting activity against biofilm development compared
to the enzyme released from the unmodified BC, which is consistent with the obtained
protein release results. As shown in Figure 9b, for 2.5 ug and 1.25 ug of PslGy, loaded on
Ar_BC, the biofilm inhibition rates were 63% and 55%, whereas for protein released from
the nonmodified BC, the biofilm inhibition rates were 57% and 53%, respectively. The
highest influence of BC modification by LPArP was observed for the concentration of PsIGy,
equal to 0.62 pg, whereas for nonmodified CB, the biofilm inhibition rate was 12%, while
for Ar_BC it was 43%.
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Figure 9. The antibiofilm activity of PelAy, and PslGy, against P. aeruginosa PAO-1 biofilm in soluble
form (a,d), immobilized on BC (b,e), and immobilized on Ar_BC (c,f). The means with the same
superscript are not significantly different, with p > 0.05. Error bars represent standard deviation.
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4. Conclusions

Bacterial cellulose (BC) is a highly promising biopolymer with a wide range of appli-
cations in biomedicine. In this study, we investigated the modification of bacterial cellulose
using low-pressure argon plasma to assess its suitability as a carrier for delivering PelAy, and
PslGy, proteins, aiming to inhibit the formation of Pseudomonas aeruginosa PAO-1 biofilms.
Exposure to LPArP strongly influences the structure of bacterial cellulose, converting the
surface into a more amorphous form. XPS and ATR-FTIR analyses revealed a significant
change in the chemical composition of the BC surfaces, with a reduction in oxygen content
and an increase in carbon components. The introduction of a significant number of charged
carboxyl groups did not affect the analyzed enzyme’s ability to destabilize biofilms. How-
ever, the observed structural differences between PelA;, and PslG;, were assumed to be
the main reason for the different profiles of their release from modified and nonmodified
BC, although the observed differences did not have a significant effect on their antibiofilm
activity. Bacterial cellulose modified through exposure to LPArP shows potential for further
development as a versatile carrier for delivery systems based on BC. It possesses varying
crystallinity and can accommodate proteins with diverse molecular structures, allowing for
effective combat against infections caused by biofilm-forming bacteria.
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70-311 Szczecin

OSWIADCZENIE

W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Char¢za o stopien naukowy doktora o§wiadczam,

ze jestem wspodtautorem publikacji wehodzacych w sklad cyklu rozprawy doktorskie;j:

Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E., Zielinska,
B. & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.
https://doi.org/10.1016/j.ijbiomac.2022.03.124.

Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B., Bottcher, D.,
Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelAn) immobilization prevents
Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

Chareza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S.,
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24 (5), 4740. https://doi.o
rg/10.3390/ijms24054740.

Chargza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak-Silicka M., Drozd R. (2023). An
Evaluation of the Usability of Argon Plasma-Treated Bacterial Cellulose as a Carrier for
Controlled Releases of Glycoside Hydrolases PelAn and PslGn, Which Are Able to Eradicate
Biofilm. Applied Sciences, 13(13), 7797. https://doi.org/10.3390/app13137797.




Méj wkiad w przygotowanie tych publikacji polegat na wspétudziale w opracowaniu koncepcji
i zakresu metodycznego badan, nadzorowaniu wykonywanych przez doktorantk¢ badan, udziale
w analizach i dyskusji wynikow, udziale w przygotowaniu i koncowej edycji manuskryptu. Autor

korespondencyjny.

Dr inz. Radostaw’Drozd
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Katedra Mikrobiologii i Biotechnologii
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70-311 Szczecin

OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chargza o stopien naukowy doktora

o$wiadczam, Ze jestern wspotautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskie;j:

e Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B., Béttcher, D.,
Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelAr) immobilization prevents
Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

Mgj udziat w przygotowaniu tej publikacji polegal na edycji oraz przygotowaniu ostatecznej wersji

manuskryptu.
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Co — authorship statement

I hereby declare that I am the co — author of the publication included in the doctoral thesis of M. Sc.

Magdalena Chareza:

e Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B., Béttcher, D.,
Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelA;) immobilization prevents
Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

I contributed to supervising of preparation of gene construct and careful reviewing of the paper and approved

the final version of the manuscript.
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Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelA;) immobilization prevents

Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

I contributed to supervising of preparation of gene construct and careful reviewing of the paper and approved

the final version of the manuscript.
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OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chargza o stopien naukowy doktora oswiadczam,

ze jestem wspotautorem publikacji wehodzacych w sktad cyklu rozprawy doktorskiej:

e Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E., Zielinska,
B. & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.

https://doi.ore/10.1016/1.iibiomac.2022.03.124.

e Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B., Bottcher, D.,
Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelAn) immobilization prevents
Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

e Chargza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S.,
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24 (5), 4740. htips://doi.o

re/10.3390/1ims24054740.

M6j udzial w przygotowaniu tych publikacji polegat na opracowaniu i przeprowadzeniu analiz

cytotoksycznosci, interpretacji wynikow oraz przygotowaniu ostatecznej wersji manuskryptu.
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Dr iDZ./Piotr Sobolewski
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W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chargza o stopiefi naukowy doktora oswiadczam,

ze jestem wspotautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskiej:

e Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E., Zielinska,
B. & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.

https://doi.org/10.1016/i.ijbiomac.2022.03.124.

Méj udziat w przygotowaniu tej publikacji polegal na wykonaniu analizy rentgenostrukturalne;

(XRD) celulozy bakteryjnej.

Dr hab. inz. Beata Zielinska prof. ZUT
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OSWIADCZENIE
W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chare¢za o stopien doktora oswiadczam, Ze jestem

wspotautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskie;j:

e Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B., Bottcher, D.,
Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelAy) immobilization prevents
Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

e Chareza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S..
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate

re/10.3390/11ms24054740.

Mo6j udziat w przygotowaniu tej publikacji polegat na koordynowaniu badan z wykorzystaniem

cytometru przeplywowego oraz przygotowaniu ostatecznej wersji manuskryptu.
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W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chargza o stopien naukowy doktora o§wiadczam,

ze jestem wspotautorkg publikacji wehodzacej w sktad cyklu rozprawy doktorskiej:

e Chareza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S.,
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24 (5), 4740. https://doi.o
rg/10.3390/ijms24054740.

Moj udziat w przygotowaniu tej publikacji polegat na wykonaniu analizy potencjatu zeta celulozy

bakteryjne;j.

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

prof. dr hab. inz. Sylwia Mozia



Poznan, 19.05.2023

Dr Michat Dutkiewicz

Fundacja Uniwersytetu im. A. Mickiewicza w Poznaniu
Poznanski Park Naukowo — Technologiczny
ul. Rubiez 46, 61-612 Poznan

OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien doktora oswiadczam, Ze jestem

wspdlautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskie;:

e Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E., Zielinska.
B. & Drozd. R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.

https://doi.org/10.1016/j.ijbiomac.2022.03.124.

Méj udzial w przygotowaniu tej publikacji polegat syntezie polieteru silikonowego, analizie jego

struktury oraz opisie wynikow.

Dr Michat Dutkiewicz



Szczecin, 28.06.2023
Dr inz. Urszula Kowalska
Centrum Bioimmobilizacji i Innowacyjnych Materialéw Opakowaniowych
Wydziat Nauk o Zywnosci i Rybactwa
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
ul. Klemensa Janickiego 35

71-270 Szczecin

OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien naukowy doktora oswiadczam,

ze jestem wspotautorem publikacji wchodzacej w sktad cyklu rozprawy doktorskiej:

Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B., Bottcher, D.,
Bornscheuer, U.T. & Drozd, R. (2020). Glycoside hydrolase (PelAy) immobilization prevents
Pseudomonas aeruginosa biofilm formation on cellulose-based wound dressing. Carbohydrate

polymers, 246, 116625. https://doi.org/10.1016/j.carbpol.2020.116625.

Moj udzial w przygotowaniu tej publikacji polegat na wykonaniu zdje¢ za pomocg skaningowego

mikroskopu elektronowego.

Dr inz. Urszula Kowalska



Poznan, 01.06.2023

dr Magdalena Palacz

Poznanski Park Naukowo - Technologiczny

OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Charegza o stopien doktora oswiadczam, ze jestem

wsp6btautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskiej:

e Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E., Zielinska,
B. & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.
https://doi.org/10.1016/].ijbiomac.2022.03.124.

Méj udziat w przygotowaniu tej publikacji polegat na wykonaniu zdj¢¢ za pomocg skaningowego

mikroskopu elektronowego.

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

dr Magdalena Palacz



Szczecin, 13.06.2023
Drinz. Anna Zywicka
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
Wydziat Biotechnologii i Hodowli Zwierzat
Katedra Mikrobiologii i Biotechnologii
Aleja Piastow 45
70-311 Szczecin

OSWIADCZENIE

W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopief naukowy doktora o§wiadczam,

ze jestem wspétautorem publikacji wchodzacej w skiad cyklu rozprawy doktorskiej:

e Chargza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S.,
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24 (5), 4740. https:/doi.o
1rg/10.3390/1jms24054740.

Moj udziat w przygotowaniu tej publikacji polegat na przeprowadzeniu analiz z wykorzystaniem

cystometrii przeptywowe;j.

/\ Wi, . .25 wﬂux

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

Dr inz. Annd Zywicka



Szczecin, 12.06.2023
Dr hab. inz. Ewa Janus prof. ZUT
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
Wydziat Technologii i Inzynierii Chemicznej
Katedra Technologii Chemicznej Organicznej i Materialéw Polimerowych
ul. Pulawskiego 10
70-322 Szczecin

OSWIADCZENIE

W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien naukowy doktora oswiadczam,

ze jestem wspolautorem publikacji wchodzacej w skiad cyklu rozprawy doktorskiej:

e Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E., Zielinska,
B. & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.
https://doi.org/10.1016/j.ijbiomac.2022.03.124.

Mo6j udziat w przygotowaniu tej publikacji polegal na wykonaniu analiz napigcia

powierzchniowego medium hodowlanego.




Szczecin, 28.06.2023
mgr inz. Katarzyna Przygrodzka
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
Wydziat Biotechnologii i Hodowli Zwierzat
Katedra Mikrobiologii i Biotechnologii
Aleja Piastow 45
70-311 Szczecin

OSWIADCZENIE

W zwiazku z ubieganiem sie mgr inz. Magdaleny Chareza o stopien doktora oswiadczam, ze jestem

wspotautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskiej:

e Chareza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S.,
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24 (5), 4740. https:/ doi.o
rg/10.3390/ijms24054740.

Méj udziat w przygotowaniu tej publikacji polegal na udziale w oznaczeniu aktywnosci liazy

alginianowe;j.

mgr inz. Katarzyna Przygrodzka



Szczecin, 03.07.2023
dr hab. inz. Dariusz Moszynski, prof. ZUT
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
Wydziat Technologii i Inzynierii Chemicznej
Katedra Technologii Chemicznej Nieorganicznej i Inzynierii Srodowiska
ul. Putaskiego 10
70-322 Szczecin

OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien naukowy doktora o§wiadczam,

ze jestem wsp6tautorem publikacji wchodzacej w sktad cyklu rozprawy doktorskiej:

* Chareza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak-Silicka M., Drozd R. (2023). An
Evaluation of the Usability of Argon Plasma-Treated Bacterial Cellulose as a Carrier for
Controlled Releases of Glycoside Hydrolases PelAn and PslGh, Which Are Able to Eradicate
Biofilm. Applied Sciences, 13(13), 7797. https://doi.org/10.3390/app13137797.

Moj udziat w przygotowaniu tej publikacji polegat na przeprowadzeniu analiz technikg XPS oraz

na interpretacji i opisie wynikéw.

dr hab. inz. Dafiusz Moszyfiski, prof. ZUT



Szczecin, 03.07.2023
Dr inz. Ewa Ekiert
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
Wydziat Technologii i Inzynierii Chemicznej
Katedra Technologii Chemicznej Nieorganicznej i Inzynierii Srodowiska
ul. Putaskiego 10
70-322 Szczecin

OSWIADCZENIE
W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chargza o stopief naukowy doktora
o$wiadczam, Ze jestem wspolautorem publikacji wchodzacej w skiad cyklu rozprawy

doktorskiej:

e Chareza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak-Silicka M., Drozd R. (2023).
An Evaluation of the Usability of Argon Plasma-Treated Bacterial Cellulose as a Carrier
for Controlled Releases of Glycoside Hydrolases PelAn and PsiGn, Which Are Able to
Eradicate Biofilm. Applied Sciences, 13(13), 7797. https://doi.org/10.3390/app13137797.

M6j udziat w przygotowaniu tej publikacji polegal na wykonaniu zdje¢ za pomocg

skaningowego mikroskopu elektronowego.

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

Dr inz. Ewa Ekiert



Poznan, 26.06.2023

Mgr inz. Jakub Hoppe

Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydzial Chemii

Zaktad Chemii i Technologii Zwiazkéw Krzemu
ul. Umultowska 89 b

61-614 Poznan

OSWIADCZENIE

W zwiazku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien doktora o§wiadczam, ze jestem

wsp6tautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskie;:

e Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palaci, M., Janus, E., Ziclinska,
B. & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial cellulose synthesis and
water holding capacity. International Journal of Biological Macromolecules, 208, 642-653.
https://doi.org/10.1016/j.ijbiomac.2022.03.124. |

Moj udziat w przygotowaniu tej publikacji polegal na wykonaniu skaningowej kalorymetrii

roznicowej i analizy termograwimetrycznej oraz opisie uzyskanych wynikow.




Szczecin, 03.07.2023
Dr inz. Magdalena Jedrzejczak-Silicka
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
Wydziat Biotechnologii i Hodowli Zwierzat
Katedra Nauk o Zwierzetach Przezuwajacych
Pracownia Cytogenetyki Molekularne;j

ul. Klemensa Janickiego 29

70-322 Szczecin

OSWIADCZENIE

W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chargza o stopiei naukowy doktora

o$wiadczam, ze jestem wspotautorem publikacji wehodzacej w skfad cyklu rozprawy doktorskiej:

e Chareza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak-Silicka M., Drozd R. (2023).
An Evaluation of the Usability of Argon Plasma-Treated Bacterial Cellulose as a Carrier for
Controlled Releases of Glycoside Hydrolases PelAy and PsIG, Which Are Able to Eradicate
Biofilm. Applied Sciences, 13(13), 7797. https://doi.org/10.3390/app13137797.

Méj udzial w przygotowaniu tej publikacji polegat na opracowaniu i przeprowadzeniu analiz

cytotoksycznosci oraz interpretacji wynikow.

Dr inz. Magdaléna Jedrzejczak-Silicka



Krakéw, 03.07.2023

dr inz. Mariusz Madej

Uniwersytet Jagiellonski w Krakowie

Wydzial Biochemii, Biofizyki i Biotechnologii
Zaktad Mikrobiologii

ul. Gronostajowa 7

30-387 Krakow

OSWIADCZENIE

W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien naukowy doktora oswiadczam,

ze jestem wspotautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskiej:

e Chareza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak-Silicka M., Drozd R. (2023). An
Evaluation of the Usability of Argon Plasma-Treated Bacterial Cellulose as a Carrier for
Controlled Releases of Glycoside Hydrolases PelAn and PslGy, Which Are Able to Eradicate
Biofilm. Applied Sciences, 13(13), 7797. https://doi.org/10.3390/app13137797.

Moéj udzial w przygotowaniu tej publikacji polegal na opracowaniu i przeprowadzeniu analiz

technikg DSF.



Poznan, 12.07.2023
Dr hab. inz. Marcin Smiglak
Fundacja Uniwersytetu im. A. Mickiewicza w Poznaniu
Poznanski Park Naukowo — Technologiczny
ul. Rubiez 46
61-612 Poznan

OSWIADCZENIE

W zwigzku z ubieganiem si¢ mgr inz. Magdaleny Chareza o stopien naukowy doktora oswiadczam,

ze jestem wspodtautorem publikacji wehodzacej w sktad cyklu rozprawy doktorskiej:

e Chareza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia, S.,
Smiglak, M. & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas sp. biofilm
formation on bacterial cellulose-based wound dressing by the combined action of alginate
lyase and gentamicin. International Journal of Molecular Sciences, 24 (5), 4740. https://doi.o
rg/10.3390/ijms24054740.

Moj udziat w przygotowaniu tej publikacji polegal na wspétudziale w edycji oraz przygotowaniu

ostatecznej wersji manuskryptu.

Dr hab. inz. Marcin Smiglak
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mgr inz. Magdalena Char¢za Zatacznik 3 — Sumaryczne zestawienie dorobku naukowego

|. Imie i nazwisko

Magdalena Chargza

1. Wyksztalcenie

10.2017 — obecnie

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie

Studia  doktoranckie na  Wydziale Biotechnologii i Hodowli Zwierzat
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie

Praca realizowana w Katedrze Mikrobiologii i Biotechnologii pt.: ,,Wptyw immobilizacji
enzymow majacych zdolno$¢ do degradacji biofilméw na ich aktywno$¢ katalityczng
z wykorzystaniem celulozy bakteryjnej jako no$nika”

Promotor: dr hab. Jolanta Kochel-Karakulska, prof. ZUT

Promotor pomocniczy: dr inz. Radostaw Drozd

02.2015 - 06.2017

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie

Studia magisterskie na Wydziale Nauk o Zywnosci i Rybactwa Zachodniopomorskiego
Uniwersytetu Technologicznego w Szczecinie

Kierunek: mikrobiologia stosowana

Praca magisterska napisana w Katedrze Mikrobiologii i Biotechnologii pt.: ,,Czule na pole
magnetyczne, modyfikowane polietylenoiming sfery celulozy bakteryjnej jako no$nik do
immobilizacji esteraz pochodzenia mikrobiologicznego”

Promotor: dr inz. Radostaw Drozd

09.2015 - 06.2016
Uniwersytet Rolniczy w Plowdiw
Studia magisterskie w ramach programu Erasmus +

02.2015 - 06.2016

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie

Studia  magisterskie na  Wydziale Biotechnologii i Hodowli Zwierzat
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie

Kierunek: biotechnologia

Praca magisterska napisana w Katedrze Fizjologii, Cytobiologii i Proteomiki
pt.: ,,Identyfikacja wybranych bialek osocza emu zwyczajnego (Dromaius novaehollandiae)
na podstawie map peptydowych z wykorzystaniem spektrometru masowego typu MALDI
TOF”

Promotor: dr hab. Matgorzata Ozgo, prof. ZUT



mgr inz. Magdalena Char¢za Zatacznik 3 — Sumaryczne zestawienie dorobku naukowego

10.2011 - 02.2015

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie

Studia  inzynierskie na  Wydziale Biotechnologii i Hodowli  Zwierzat
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie

Kierunek: biotechnologia

Praca magisterska napisana w Katedrze Fizjologii, Cytobiologii i Proteomiki
pt., ,,Rejestracja widm masowych oraz identyfikacja wybranych biatek watroby rosngcych
prosiat z wykorzystaniem spektrometru masowego typu MALDI-TOF”

Promotor: dr hab. Matgorzata Ozgo, prof. ZUT

I11. Publikacje naukowe wchodzace w sklad cyklu stanowiacego rozprawe
doktorska

1. Szymanska, M., Karakulska, J., Sobolewski, P., Kowalska, U., Grygorcewicz, B.,
Bottcher, D., Bornscheuer U.T., & Drozd, R. (2020). Glycoside hydrolase (PelAn)
immobilization prevents Pseudomonas aeruginosa biofilm formation on cellulose-based
wound dressing. Carbohydrate polymers, 246, 116625.

IF2020 — 9,381, 140 p. MEiN2020

2. Szymanska, M., Hoppe, J., Dutkiewicz, M., Sobolewski, P., Palacz, M., Janus, E.,
Zielinska, B., & Drozd, R. (2022). Silicone polyether surfactant enhances bacterial
cellulose synthesis and water holding capacity. International Journal of Biological
Macromolecules, 208, 642-653.

IF2022 — 6,953, 100 p. MEiN2022

3. Chareza, M., Przygrodzka, K., Zywicka, A., Grygorcewicz, B., Sobolewski, P., Mozia,
S., Smiglak, M., & Drozd, R. (2023). Enhancement of inhibition of the Pseudomonas
sp. biofilm formation on bacterial cellulose-based wound dressing by the combined
action of alginate lyase and gentamicin. International Journal of Molecular
Sciences, 24(5), 4740.

IF2023 — 6,208, 140 p. MEiN2023

4. Chareza M., Ekiert E., Moszynski D., Madej M., Jedrzejczak — Silicka M., & Drozd R.
(2023). Evaluation of argon plasma treated bacterial cellulose usability as carrier for
controlled releases enzymes PelAn and PsIGh able to biofim eradication. Applied
Sciences, 13

IF2023 — 2,838; 100 p. MEiN2023



mgr inz. Magdalena Char¢za Zatacznik 3 — Sumaryczne zestawienie dorobku naukowego

5.

Pozostale publikacje naukowe

Drozd, R., Szymanska, M., Rakoczy, R., Junka, A., Szymczyk, P., & Fijatkowski, K.
(2019). Functionalized magnetic bacterial cellulose beads as carrier for Lecitase® Ultra
immobilization. Applied Biochemistry and Biotechnology, 187(1), 176-193.

IF2010 — 2,442, 70 p. MEiN2019

(20 kt MNiSW2019)
Lesniarek, A., Chojnacka, A., Drozd, R., Szymanska, M., & Gtadkowski, W. (2020).
Free and immobilized lecitase™ ultra as the biocatalyst in the kinetic resolution of (E)-
4-arylbut-3-en-2-yl esters. Molecules, 25(5), 1067.

IF2020— 4,411, 100 p. MEiN2020

Lesniarek, A., Chojnacka, A., Drozd, R., Szymanska, M., & Gtadkowski, W. (2020).
Enantioselective transesterification of allyl alcohols with (E)-4-arylbut-3-en-2-ol motif
by immobilized Lecitase™ Ultra. Catalysts, 10(7), 798.

IF2020 — 4,146, 100 p. MEiN2020

Drozd, R., Szymanska, M., Przygrodzka, K., Hoppe, J., Leniec, G., & Kowalska, U.
(2021). The simple method of preparation of highly carboxylated bacterial cellulose with
Ni-and Mg-ferrite-based versatile magnetic carrier for enzyme
immobilization. International Journal of Molecular Sciences, 22(16), 8563.

IF2021 — 6,208, 140 p. MEiN2021

Drozd, R., Szymanska, M., Zywicka, A., Kowalska, U., Rakoczy, R., Kordas, M., Junka,
A.F., & Fijatkowski, K. (2021). Exposure to non-continuous rotating magnetic field
induces metabolic strain-specific response of Komagataeibacter xylinus. Biochemical
Engineering Journal, 166, 107855.

IF2021 — 2,768, 100 p. MEiN2021

Hoppe, J., Byzia, E., Szymanska, M., Drozd, R., & Smiglak, M. (2022). Acceleration of
lactose hydrolysis using beta-galactosidase and deep eutectic solvents. Food
Chemistry, 384, 132498.

IF2022 — 9,231, 200 p. MEiN2022

Hoppe, J., Byzia, E., Drozd, R., Szymanska, M., Bielecki, P., & Smiglak, M. (2022). An
effect of choline lactate based low transition temperature mixtures on the lipase catalytic
properties. Colloids and Surfaces B: Biointerfaces, 216, 112518.

IF2022 — 5,999, 100 p. MEIN



mgr inz. Magdalena Chargza Zalacznik 3 — Sumaryczne zestawienie dorobku naukowego

10.

Przygrodzka, K., Chareza, M., Banaszek, A., Zielinska, B., Ekiert, E., & Drozd, R.
(2022). Bacterial cellulose production by Komagateibacter xylinus with the use of
enzyme-degraded oligo-and polysaccharides as the substrates. Applied Sciences, 12(24),
12673.

IF2022 — 2,838, 100 p. MEiN2022

Zywicka, A., Ciecholewska-Jusko, D., Chareza, M., Drozd, R., Sobolewski, P., Junka,
A., Gorgieva, S., El Fray, M., & Fijatkowski, K. (2023). Argon plasma-modified bacterial
cellulose filters for protection against respiratory pathogens. Carbohydrate
Polymers, 302, 120322.

IF2023 — 10,723, 140 p. MEiN2023

Roman, B. H., Chareza, M., Janus, E., & Drozd, R. (2023). Evaluation of new L-amino
acids triethanolammonium salts usability for controlling protease activity. International
Journal of Biological Macromolecules, 123218.

IF2022 — 8,025, 100 p. MEiN2022

Patenty

Patent: Lesniarek A., Gltadkowski W., Drozd R., Szymanska M. Sposob kinetycznego
rozdziatu racemicznego (E)-4-fenylobut-3-en-2-olu, numer zgtoszenia P.430758, numer
prawa wytacznego Pat.240592, 2019.

Patent: Les$niarek A., Gladkowski W., Drozd R., Szymanska M., Sposob kinetycznego
rozdziatu racemicznego octanu (E)-4-fenylobut-3-en-2-ylu, numer zgloszenia: P.430751,
numer prawa wylacznego: Pat.239852, 2019.

Patent: Fijatkowski, K., El Fray, M., Drozd, R., Zywicka, A., Sobolewski, P.,
Ciecholewska-Jusko, D., Szymanska, M. Sposob wytwarzania modyfikowanej celulozy
bakteryjnej o wlasciwosciach przeciwdrobnoustrojowych, numer zgloszenia: P.430149,
2021.

Patent: Fijatkowski, K., El Fray, M., Drozd, R., Zywicka, A., Sobolewski, P.,
Ciecholewska-Jusko, D., Szymanska, M. Sposob wytwarzania biodegradowalnych
materialow filtracyjnych na bazie bionanocelulozy, numer zgloszenia: P.430150, 2021.
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~

Udzial w projektach badawczych

1. 08.2020 — 10.2020 — Udziat w grancie dofinansowanym w ramach projektu wtasnego
przez Urzad Marszatkowski wojewodztwa zachodniopomorskiego
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nr Proto 1lab/K2/2021/U/7.

2. 12.2020 — 12.2021 — Udzial w grancie pn. ,,Analiza mechanizméw zwigkszonej
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wirujacego pola magnetycznego”, w ramach grantu OPUS 14 finansowanego ze zrddet
Narodowego Centrum Nauki, nr 2017/27/B/NZ6/02103.

3. 04.2021 — 10.2021 — Udzial w grancie dofinansowanym w ramach projektu wiasnego
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z bionanocelulozy”, nr Proto_1ab/K1/2020/U/11.
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2. Szymanska M., Paczkowski W., Wasak A., 2017, ,,Zastosowanie celulozy bakteryjne;j
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,»Symbioza”, Warszawa (poster).

Szymanska M., Drozd R., Karakulska J., 2019, ,,Zastosowanie celulozy bakteryjnej jako
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Szymanska M., Karakulska J., Drozd R., 2019, ,Immobilizacja rekombinowanej
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formation by Pseudomonas aeruginosa PAO-1”, FEMS Online Conference
on Microbiology (referat).

Szymanska M., Hoppe J. Drozd R., 2021, ,,Wptyw zwigzkdéw powierzchniowo czynnych
na proces produkcji celulozy bakteryjne;”, XIV Kopernikanskie Seminarium
Doktoranckie, Torun (referat).

Chareza M., Ciecholewska-Jusko D., Zywicka A., Drozd R., Sobolewski P., El Fray M.,
Fijatkowski K., 2022, ,Highly effective protective face masks with argon plasma
modified BC filter to control spread of the SARS-CoV-2 virus”, 1% Baltic Symposium
on Polymer and (Bio)Materials Science, Szczecin (poster).
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Inne
Cztonek studenckiego Kota Naukowego Enzymologdéw (od 2015 do chwili obecnej).
Cztonek Polskiego Towarzystwa Mikrobiologow (od 2021 do chwili obecnej).

Wspotautorstwo jednego rozdziatu w skrypcie pt.. ,Nanobioinzynieria w praktyce —
wybrane  zagadnienia”,  rozdzial 12: ,Metody inzZynierii = enzymowej
w nanobioinzynierii”. Autorzy: Drozd R. Szymanska M. Wydawnictwo Uczelniane
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie. ISBN: 978-83-
7663-321-3.

Stypendium Naukowe Prezydenta Miasta Szczecin dla doktorantéw w roku 2021.

DANE NAUKOMETRYCZNE

e Sumaryczna liczba punktow za publikacje wg wykazu czasopism naukowych
MNIiE, zgodna z rokiem ukazania si¢ prac — 1630

e Sumaryczny Impact Factor (IF) za wszystkie publikacje zgodny z rokiem
ukazania sie¢ prac — 82,171 (Journal Citation Reports)

e Liczba cytowan (bez autocytowan) — 61

e Indeks Hirsha —5 (Web of Science)
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