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1. Streszczenie

Od wielu lat obserwowany jest lawinowy wzrost zakazen powodowanych przez bakterie
o skrajnej opornos$ci na antybiotyki. Z tego wzgledu istnieje pilna potrzeba wynalezienia
nowych substancji o potencjale antybakteryjnym, ktére umozliwig przeciwdzialanie
patogennym bakteriom. Jednym 2z proponowanych rozwigzah s3a nanoczastki
1 nanomateriaty, ze wzgledu na swoje unikalne wilasciwosci fizykochemiczne jakie
wykazuja. Celem pracy byto okreslenie potencjalnych wtasciwosci antybakteryjnych
nanokompozytow sktadajacych sie z materiatéw grafenowych (GN, GO) dekorowanych
nanoczgstkami metali (AgNPs, CuNPs, ZnONPs) na komorki bakterii gatunkow takich
jak: Staphylococcus aureus, Pseudomonas aeruginosa, Salmonella enterica, Listeria
monocytogenes 1 Enterobacter cloacae oraz okre§lenie mechanizmu dziatania
nanokompozytéw. W niniejszych badaniach przeprowadzona zostala analiza
fizykochemiczna nanostruktur oraz nanokompozytow, ktéra obejmowata pomiar
potencjatu zeta (Zp) i srednicy hydrodynamicznej, wizualizacj¢ za pomocg transmisyjnej
mikroskopii elektronowej (TEM) oraz dodatkowe analizy przeprowadzone na wybranych
nanokompozytach i ich sktadowych takie jak: spektroskopia w podczerwieni
z transformacja  Fouriera (FT-IR), analiza dyspersji energii promieniowania
rentgenowskiego (EDX), skaningowa transmisyjna mikroskopia elektronowa (STEM),
analiza powierzchni za pomocg mikroskopii sit atomowych (AFM). Przeprowadzone
zostaly analizy biologiczne obejmujace podstawowe testy toksyczno$ci: metoda
dyfuzyjno-studzienkowa, XTT, PrestoBlue oraz okreslenie liczby jednostek tworzacych
kolonie. Przeanalizowane zostaly réwniez inne potencjalne punkty oddziatywan
nanostruktur z komoérkami bakterii, okreslajagce generowanie reaktywnych form tlenu
(ROS), przerwanie ciaglosci $Sciany i1 blony komoérkowej poprzez okreslenie wyplywu
dehydrogenazy mleczanowej (LDH), okreslenie zawarto$ci adenozyno-5'-trifosforanu
(ATP), okreslenie peroksydacji lipidow poprzez analiz¢ dialdehydu malonowego (MDA)
oraz zdolno$¢ antyoksydacyjna (TEAC). Komorki bakterii zostaty zwizualizowane za
pomoca TEM. Przeprowadzona zostala rowniez analiza biofilmu uformowanego na
powierzchni  nanofilméw  przygotowanych z hydrokoloidéw nanokompozytow,
obejmujgca ilosciowe 1 jakosciowe okreslenie uformowanego biofilmu poprzez
okreslenie jego grubosci i1 struktury za pomocg mikroskopii konfokalnej oraz
skaningowej mikroskopii elektronowej (SEM). Przeprowadzone analizy wykazaly, ze

GO jest odpowiednim no$nikiem dla AgNPs, CuNPs i ZnONPs, zapewniajac im wigksza
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stabilno$¢ koloidalng niz w przypadku oddzielnego stosowania. Nanokompozyty
wykazywaty znaczng toksyczno$¢ w stosunku do testowanych gatunkéw bakterii,
powodujac ograniczenia zywotnosci oraz zmiany metaboliczne w komoérkach bakterii
(indukcja ROS, peroksydacja lipidow, zmniejszenie zawartosci ATP, wyptyw LDH).
Powierzchnia nanofilmow nie byta sprzyjajaca do formowania biofilmu, ktoérego grubos¢
byta znacznie ograniczona, a struktura zmieniona. Co wigcej, wykazane zostato, zZe
nanokompozyty GOAg zachowuja wilasciwosci antybakteryjne nawet w przypadku
zastosowania powlekanych materialéw wtokienniczych, jak réwniez nie generujg
toksyczno$ci wzgledem btony kosmowkowo-omoczniowej zarodka kury (CAM). Z kolei
nanokompozyt na bazie GN — GNZnOCu powodowat niewielka toksyczno$¢ w stosunku

do linii komoérkowej HFFF2 powodujac wzrost cytokin prozapalnych TNF-B 1 TARC.

Stowa kluczowe: nanoczastki metali, materialy grafenowe, wlasciwosci antybakteryjne,

toksyczno$¢, biofilm
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Summary

For many years there has been observed an exponential increase in infections caused by
bacteria with extreme antibiotic resistance. Therefore, there is an urgent need to invent
new substances with antibacterial potential, which will make it possible to counteract
pathogenic bacteria. One of the proposed solutions are nanoparticles and nanomaterials
due to their unique physicochemical properties they exhibit. This study aimed to
determine the potential antibacterial properties of nanocomposites consisting of graphene
materials (GN, GO) decorated with metal nanoparticles (AgNPs, CuNPs, ZnONPs) on
bacterial cells of species such as Staphylococcus aureus, Pseudomonas aeruginosa,
Salmonella enterica, Listeria monocytogenes and Enterobacter cloacae, and to determine
the mechanism of action of the nanocomposites. In the present study, physicochemical
analysis of nanostructures and nanocomposites was carried out, which included
measurement of zeta potential (Zp) and hydrodynamic diameter, visualization by
transmission electron microscopy (TEM), and additional analyses performed on selected
nanocomposites and their components such as Fourier transform infrared spectroscopy
(FT-IR), energy dispersive X-ray analysis (EDX), scanning transmission electron
microscopy (STEM), surface analysis by atomic force microscopy (AFM). Biological
analyses were carried out, including basic toxicity tests: diffusion-well method, XTT,
PrestoBlue, and determination of the number of colony-forming units. Other potential
points of interaction of nanostructures with bacterial cells were also analyzed,
determining the generation of reactive oxygen species (ROS), disruption of the cell wall
and membrane by determining the efflux of lactate dehydrogenase (LDH), determination
of adenosine 5'-triphosphate (ATP), determination of lipid peroxidation by
malondialdehyde (MDA) analysis, and antioxidant capacity (TEAC). Bacterial cells were
visualized using TEM. Analysis of the biofilm formed on the surface of nanofilms
prepared from nanocomposite hydrocolloids was also carried out, including quantitative
and qualitative determination of the formed biofilm by determining its thickness and
structure by confocal microscopy and scanning electron microscopy (SEM). The analyses
conducted showed that GO was a suitable carrier for AgNPs, CuNPs and ZnONPs,
providing them with greater colloidal stability than when used separately. The
nanocomposites showed significant toxicity to the tested bacterial species, causing
viability limitations and metabolic changes in bacterial cells (ROS induction, lipid

peroxidation, decreases in ATP content, LDH release). The surface of the nanofilms was
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not favorable to biofilm formation, the thickness of which was significantly reduced and
the structure significantly altered. Moreover, it was shown that GOAg nanocomposites
retained antibacterial properties even when coated textiles were used, as well as did not
generate toxicity against the chicken embryo chorioallantoic membrane (CAM). In turn,
GN-based GNZnOCu nanocomposite caused low toxicity to the HFFF2 cell line by

causing an increase in the pro-inflammatory cytokines TNF-f3 and TARC.

Key words: metal nanoparticles, graphene materials, antibacterial properties, toxicity,
biofilm
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3. Wykaz skrotow

AFM — mikroskopia sit atomowych

AgNPs — nanoczastki srebra

ATCC - American Type Culture Collection

ATP - adenozyno-5'-trifosforan

AuNPs — nanoczgstki ztota

BHA — brain heart agar

CAM - btona kosmoéwkowo-omoczniowa zarodka kury
CuNPs — nanoczastki miedzi

DLS — dynamiczne rozpraszanie $wiatta

DMEM - Dulbecco’s modified Eagle’s culture medium
eDNA - zewnatrzkomorkowe DNA

EDX - analiza rentgenowska z dyspersja energii
ELS — elektroforetyczne rozpraszanie §wiatla

EPS — zewnatrzkomorkowa matryca polimerowa
FBS - ptodowa surowica bydleca

FeNPs — nanoczastki zelaza

FT-IR - spektroskopia fourierowska w podczerwieni
GN — grafen

GO — tlenek grafenu

Jtk — jednostki tworzace kolonie

LDH - dehydrogenaza mleczanowa

MDA - dialdehyd malonowy

NAG - N-acetyloglukozamina



NAM - kwas N-acetylomuraminowy

NIH - Narodowe Instytuty Zdrowia

ROS — reaktywne formy tleny

SEM - skaningowa mikroskopia elektronowa
STEM - skaningowa transmisyjna mikroskopia elektronowa
TEAC — zdolno$¢ antyoksydacyjna

TEM - transmisyjna mikroskopia elektronowa
TSA — tryptic soy agar

ZnNPs — nanoczastki cynku

ZnONPs — nanoczastki tlenku cynku

Zp — potencjal zeta

WHO - §wiatowa organizacja zdrowia

XTT - 2,3-Bis(2-metoksy-4-nitro-5-sulfofenylo)-2H-tetrazolo-5-karboksyanilid

sodu
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4. Wstep

Nanomateriaty weglowe 1 oparte na weglu zyskaty duza popularno$¢ w rozwoju
badawczym, ze wzgledu na wyjatkowe wlasciwosci jakie wykazuja: dobra
biokompatybilno$¢, wysoka wytrzymato§¢ mechaniczna oraz wzgledna latwos¢
funkcjonalizacji. Sposrdd innych nanomateriatéw weglowych, grafen (GN) stat sig
jednym z najczesciej wykorzystywanych ze wzgledu na swoje wyjatkowe wiasciwosci
fizyczne, chemiczne oraz mechaniczne. GN jest dwuwymiarowg pojedyncza warstwg
atomow wegla o hybrydyzacji sp® utozong w sze$ciokatny plaster sieci krystalicznej
poprzez wigzania ¢ i m. Podobng powierzchni¢ wykazuje tlenek grafenu (GO), ktory
dodatkowo posiada wiele grup zawierajacych tlen (epoksydowe, karbonylowe,
karboksylowe, hydroksylowe itp.). Materialy grafenowe takie jak GO Iub GN
charakteryzuja si¢ formga platkéw o duzej powierzchni aktywnej (Kumar i Kumar, 2020).

Nanoczastki majg unikalne wtasciwosci fizykochemiczne, w stosunku do swoich
odpowiednikéw w skali makrometrycznej. Wtasciwosci fizykochemiczne nanoczastek
metali tj. rozmiar, powierzchnia i jej sktad chemiczny oraz stabilno$¢ koloidalna,
odgrywaja kluczowg rolg w potencjalnej toksycznosci (Gatoo 1 wsp., 2014). Nanoczastki
czesto charakteryzuja si¢ tendencja do aglomeracji, ktora wptywa na ich wnikanie do
komorek, niekiedy zmieniajac pierwotne wilasciwosci jakie miaty wykazywaé (Zhang
1wsp., 2022). Wzrost proporcji atoméw i czastek na powierzchni nanomateriatu
powoduje, ze wlasciwosci powierzchni okreslajg ich zachowanie (Baer, 2011). Uznaje
si¢, ze male rozmiary nanoczastek przyczyniaja si¢ do wzrostu ich toksycznosci ze
wzgledu na wigkszy stosunek powierzchni do objetosci, co zwigksza reaktywnos$¢
1 zarazem zapewnia wigkszg powierzchni¢ do interakcji zaréwno z komorkami jak i ich
sktadnikami. Poza rozmiarem, rowniez ksztalt nanoczastek moze znaczaco wptywac na
ich toksycznos$¢ (Zhang i wsp., 2022). Jednakze dotychczasowe doniesienia naukowe nie
pozwalaja jednoznacznie stwierdzi¢ w jaki sposob ksztalt nanoczastek wptywa na
toksyczno$¢; jedne doniesienia przedstawiaja nanoczastki sferyczne jako bardziej
toksyczne z wigksza mozliwoscia wnikania do komorek, inne za§ przedstawiaja
nanoczastki cylindryczne czy tez trojkatne jako te o wigkszej toksycznosci (Sayed 1 wsp.,

2022).

Struktura GN oraz GO sprawia, ze sg one odpowiednie do dekorowania innymi

nanoczastkami takimi jak nanoczastki metali (Kumar i Kumar, 2020). Co wigcej,
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dotaczanie innych nanoczastek do materialéw grafenowych poprawia wlasciwosci obu
komponentow (Parnianchi i wsp., 2018). Materiaty grafenowe, podobnie jak nanoczastki
metali, wykazujg tendencj¢ do aglomeracji ze wzglegdu na oddzialywania
wewnatrzptaszczyznowe, aczkolwiek funkcjonalizacja powierzchni poprzez dodanie
nanoczgstek metali, tlenkoéw metali czy polimeréw zapobiega temu procesowi (Kumar
iwsp., 2019). Z drugiej strony, dyspersja nanoczastek na arkuszu grafenowym
(np. nanoczgstek tlenku cynku (ZnONPs)) zapobiega ich aglomeracji 1 zapewnia im
blizszy kontakt z komorkami bakterii (Szunerits i Boukherroub, 2016). GO moze
stanowi¢ funkcjonalng platforme dla nanoczastek metali, poniewaz zapewnia dlugotrwate
uwalnianie nanoczastek opartych na metalach, nawet jesli tworzone s nanokompozyty
z wigce] niz dwoch rodzajow nanoczgstek (Li 1 wsp., 2021). Jednak mechanizmy
wielosktadnikowych nanokompozytow majg znacznie wigcej punktow interakcji
z komoérkami bakterii, bioragc pod uwage mnogos$¢ efektow, jakie moga wykazywac

pojedyncze nanoczastki (Diez-Pascual, 2020).

Wprowadzenie antybiotykow jako §rodkéw leczniczych byto przelomem XX wieku.
Przyczynito si¢ to nie tylko do leczenia infekcji bakteryjnych, ale réwniez umozliwito
przeprowadzanie procedur klinicznych w obrgbie transplantologii czy operacji
na otwartym sercu (Hutchings 1 wsp., 2019). Rewolucja antybiotykoterapii sprawita, ze
obecnie antybiotyki sg stosowane jako $rodki do zwalczania infekcji, ale takze jako
stymulatory wzrostu i zdrowia zwierzat gospodarskich (Bartlett i wsp., 2013). Cho¢
przetomowe odkrycie i wprowadzenie antybiotykow do powszechnego uzytku
leczniczego wydawalo si¢ niezwykle obiecujacym wydarzeniem rewolucjonizujgcym
zwalczanie infekcji bakteryjnych, z czasem okazalo sig¢, ze jest to rownie duze zagrozenie.
Szybka eskalacja antybiotykoopornosci oraz coraz wolniejsze tempo odkrywania
1 opracowywania nowych antybiotykow przyczynitly si¢ do powaznych problemow
zdrowotnych, ekonomicznych 1 finansowych. Wzrost liczby lekoopornych szczepow
obserwuje si¢ gtownie przez nieuzasadnione stosowanie 1 naduzywanie antybiotykow
(Shallcross i Davies, 2014). Swiatowa Organizacja Zdrowia (WHO) juz w latach 90.
poprzedniego wieku uznata, ze problem antybiotykoopornosci stal si¢ zagrozeniem
globalnym, a znalezienie nowych metod terapeutycznych stato si¢ pilng potrzeba
w odpowiedzi na er¢ postantybiotykowa (Zhang 1 wsp., 2022). Obecnie, gdy tradycyjne
antybiotyki sg naduzywane, odkrycie nowych terapii przeciwbakteryjnych wydaje si¢

niezbedne do dalszego leczenia infekcji. Aktualnie, dzigki intensywnemu rozwojowi
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nanobiotechnologii, uwaza si¢, ze nanoczastki moga stanowi¢ $rodki terapeutyczne
przeciwko erze opornosci na antybiotyki (Fatima i wsp., 2021). Nanostruktury sa
stosowane jako $rodki przeciwdrobnoustrojowe, poniewaz wykazuja wiele
mechanizmow dziatania, w przeciwienstwie do tradycyjnych antybiotykéw, ktérych
dziatanie opiera si¢ zazwyczaj na interakcji z jednym celem molekularnym (Garg i wsp.,
2022; L. Wang i wsp., 2017; Yougbare i wsp., 2019). Jak zostato wspomniane wczes$niej,
nanostruktury wykazujg toksycznos¢ w stosunku do komorek bakterii na co wpltywa
wiele aspektow takich jak: stezenie, rozmiar, chemia powierzchni czy stabilnos¢
koloidalna (Gatoo i wsp., 2014). Aktywno$¢ antybakteryjna nanoczastek odnosi si¢
gléwnie do nanoczastek metali, miedzy innymi: nanoczastek srebra (AgNPs), ztota
(AuNPs), cynku (ZnNPs), miedzi (CuNPs) i1 zelaza (FeNPs) (Dadi i wsp., 2019;
Gabrielyan i wsp., 2019; Tiwari 1 wsp., 2018; Yin 1 wsp., 2020; Y. Zhang i1 wsp., 2015).
Toksycznos$¢ nanoczastek opiera si¢ m.in. na mechanicznym uszkodzeniu $ciany i1 blony

komorkowej, wydzielaniu jondéw 1 aktywacji stresu oksydacyjnego (Huh i Kwon, 2011).

Zewngtrzna powierzchnia bakterii ma kluczowe znaczenie w interakcji miedzy
komorka a otaczajacym ja Srodowiskiem, w tym z nanoczastkami (Wilson i wsp., 2001).
Peptydoglikan jest jednym z podstawowych sktadnikow struktury $ciany komorkowe;.
Sciana komoérkowa obu rodzajéw bakterii posiada ujemnie natadowana powierzchnie.
Bakterie Gram-dodanie posiadajg w $cianie komorkowe;j siatke sktadajacg si¢ z liniowych
tancuchéw reszt N-acetyloglukozaminy (NAG) i kwasu N-acetylomuraminowego
(NAM) polaczonych pomiedzy soba sekwencja kilku aminokwaséw, a dodatkowo
obecne sg kwasy tejchojowe z licznymi grupami fosforanowymi. Pomimo znacznie
cienszej $ciany komodrkowej, ktorg charakteryzujg si¢ bakterie Gram-ujemne, ma ona
skomplikowang budowe ze wzgledu na obecnos¢ fosfolipidow btony zewnetrzne;.
Zawiera ona cze$ciowo fosforylowane lipopolisacharydy, ktore dodatkowo zwigkszaja
powierzchniowy tadunek ujemny (Sanchez-Lopez i wsp., 2020). Sciana komérkowa petni
wazng role¢ w funkcjonowaniu komorki bakteryjnej, zabezpiecza btone komoérkowa oraz
chroni wnetrze komorki przed niesprzyjajagcymi warunkami. Ze wzgledu na ujemny
fadunek S$ciany komorkowej bakterii, fatwiej wytwarzane s3 oddziatywania
elektrostatyczne z dodatnio natadowanymi nanoczastkami. Kontakt nanoczastek ze
sciang komoérkowa skutkuje jej depolaryzacja, modyfikujac pierwotnie ujemny tadunek

1 sprawia, zZe staje si¢ ona bardziej przepuszczalna (Franco i wsp., 2022).
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Reakcje biochemiczne metabolizmu bakterii dostarczaja sktadnikow strukturalnych
i funkcjonalnych, a takze energii niezbednej do proceséw zyciowych (Prakasham
1 Kumar, 2019). Zmiany w metabolizmie energetycznym sg z kolei zwigzane z innymi
procesami komoérkowymi, takimi jak pobieranie sktadnikéw odzywczych lub wydalanie
toksycznych zwigzkow (Ward, 2015). Zalezno$ci energetyczne wyjasnia powszechnie
znana teoria Mitchella, zgodnie z ktoérg "nienaruszona" btona stuzy jako pompa
protonowa, w ktorej podczas transportu elektronow zachodzi reakcja wytlaczania
protonoéw 1 generowana jest energia. Energia ta jest $cisle zwigzana z syntezg adenozyno-

S'-trifosforanu (ATP) (Jurtshuk, 1996).

Jak zostato wspomniane wczes$niej, nanoczastki oddziatujg z komoérkami bakterii na
wiele r6znych sposobow. Uznaje si¢ jednak, ze generowanie stresu oksydacyjnego oraz
uwalnianie jonoéw, ktére nastepnie sg przenoszone do wnetrza komoérek, powoduje
oddziatywanie z jej strukturami np. poprzez reagowanie z grupami funkcyjnymi biatek
1 kwasow nukleinowych. Generowanie stresu oksydacyjnego wywotanego reaktywnymi
formami tlenu (ROS) moze by¢ rownowazone przez antyoksydacyjne mechanizmy
komorkowe. Jednak przy pewnym st¢zeniu, nadmiar ROS moze prowadzi¢ do uszkodzen
komoérkowych (Wahab 1 wsp., 2023). W zwigzku z tym, mechanizm generowania ROS
powigzany jest takze z innymi mechanizmami; uszkodzeniami S$ciany 1 blony
komorkowej, co ulatwia nanoczastkom niszczenie roéznych elementéw skladowych
komorki, skutecznie jg zabijajac (Slavin 1 wsp., 2017). Réwniez ptatkowe nanostruktury
weglowe takie jak GN czy GO moga generowac stres oksydacyjny, a uszkodzenia jakie
powstajg pod wplywem ROS (tj. dezaktywacja biatek i lipidow) sprawiaja, ze komorki
bakterii nie mogg si¢ dalej rozmnazaé. Co wigcej, ze wzgledu na swojg budowe, materialy
grafenowe moga dziata¢ jako akceptory elektrondw i pobieraé¢ elektrony z btlony
bakteryjnej, zagrazajac jej integralnosci. Oprocz tego, wspomniane nanomateriaty sg
w stanie uszkadza¢ komoérke juz przy pierwszym zetknieciu — poprzez mechaniczne

uszkodzenie ostrymi krawedziami (Kumar i wsp., 2019).

Model bakterii planktonicznych byl pierwszym, ktéry pozwolil naukowcom
rozpocza¢ prace nad srodkami przeciwdrobnoustrojowymi. Umozliwito to produkcje
biocydow, ktore moga zwalcza¢ bakterie (Rabin 1 wsp., 2015). Jednakze, w warunkach
naturalnych wiekszo$¢ gatunkéw bakterii wystepuje w zlozonej wielokomodrkowe;j
spoteczno$ci nazywanej biofilmem (Berlanga i Guerrero, 2016). Narodowe Instytuty

Zdrowia (NIH) ogtlosity, ze ponad 80% chorob bakteryjnych jest wywolywanych przez
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biofilmy. Wigkszo$¢ bakterii moze tworzy¢ struktur¢ biofilmu  zaréwno
na powierzchniach biotycznych, jak i abiotycznych, w tym na urzadzeniach medycznych
lub wszczepianych, ale takze w drogach moczowych i oddechowych oraz na skérze.
W tym stanie komoérki bakteryjne nie sg zwalczane przez komorki uktadu
odpornosciowego (Mirzaei 1 wsp., 2020). Cho¢ wiekszos¢ bakterii wystepuje w formie
biofilmu, ktory jest bardziej skomplikowany i1 znacznie r6zni si¢ od struktury komorek
planktonicznych (Saleh i wsp., 2015), tworzenie biofilmu rozpoczyna si¢ jednak od
przylegania swobodnie ptywajacych komorek bakterii planktonicznych do powierzchni
(Han i wsp., 2017). Bakterie w formie planktonicznej sg od 10 do 1000 razy mniej oporne
niz bakterie w formie biofilmu. Istnieja jednak pewne strategie, ktére pomagaja niszczy¢
strukture biofilmu, a takze znajdujace si¢ w nim komorki bakteryjne. Nalezg do nich
migdzy innymi terapie fotodynamiczne 1 fototermiczne, peptydy

przeciwdrobnoustrojowe, jak réwniez nanoczastki (Lin 1 wsp., 2021).

Komorki formujace biofilm sg zagniezdzone w zewnatrzkomorkowej polimerowe;j
matrycy (EPS), ktora sktada si¢ glownie z wysoce uwodnionych biopolimeréw, co
zapewnia zatrzymanie wody w przestrzennej strukturze matrycy. Nie jest to jedyny
sktadnik EPS - obecne sg takze polisacharydy, lipidy, biatka oraz zewnatrzkomodrkowe
DNA (eDNA) (Flemming i wsp., 2007). Umiejscowienie komoérek w biofilmie skutkuje
ich nierownomiernym ulozeniem wielowarstwowym, a komorki znajdujace si¢ na
spodzie biofilmu wykazuja mniejszg aktywno$¢ metaboliczna, co dodatkowo sprawia, ze
sg bardziej tolerancyjne na niesprzyjajace warunki $rodowiska (Pinto i wsp., 2020).
Srodki antybakteryjne moga byé transportowane w obrebie biofilmu dzigki kanatom
wodnym, ktore umozliwiajg dotarcie substancji do dolnych warstw biofilmu. Niemniej
jednak, struktura biofilmu pozostaje w ciaglej rearanzacji, tworzac wypetione woda
pory, w ktorych $rodki antybakteryjne mogg by¢ z kolei rozcienczane wykazujac stabsze
dziatanie (Quan i wsp., 2022). Biorac pod uwage ztozonos¢ struktury biofilmu, obecnie
proponowane sg dwa typy strategii antybiofilmowych — aktywna, w ktorej stosowane sg
srodki antybakteryjne bezposrednio w celu zniszczenia EPS i1 komorek bakterii
w strukturze biofilmu, oraz pasywna — w ktérej srodki antybakteryjne sg umieszczane na
danej powierzchni uniemozliwiajac osiadanie komodrek i dalej uformowanie biofilmu
(Balaure 1 Grumezescu, 2020). Nanoczastki tacza obie strategie — z jednej strony sg
w stanie zapobiega¢ formowaniu biofilmu, z drugiej niszcza jego komorki, a tym samym

calg strukture, nawet gdy jest ona dojrzata (Hosnedlova i wsp., 2022).
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Zastosowanie nanoczastek w testach in vitro jest szczegdlne wazne i przydatne w celu
ustalenia dzialania nanoczastek, cho¢ uzyskane wyniki moga sugerowac inny efekt niz te
same substancje w testach in vivo (Medici 1 wsp., 2021). Z tego wzgledu, uzycie
substancji w formie nanometrycznej niesie za sobg pewne ograniczenia. Najwiekszym
z nich jest toksyczno$¢ w stosunku do komorek i tkanek ssakow, co moze objawiaé si¢
reakcjami alergicznymi 1 stanami zapalnymi w obrebie organizmu, zwlaszcza, ze
nanoczastki niewielkich rozmiaréw sg w stanie przenikac przez barier¢ krew-mdzg oraz

akumulujg si¢ w organach (Girma, 2023).
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5. Hipoteza badawcza, cel i zakres pracy

Hipoteza badawcza

Materiaty grafenowe bedace strukturg ptaska o duzej powierzchni aktywnej stanowig
platforme dla nanoczastek metali zabezpieczajac je przed agregacja 1 zwigkszajac kontakt
z powierzchnia komorki bakteryjnej. Materialy grafenowe dodatkowo prowadza do
immobilizacji komoérek bakteryjnych. Nanokompozyty skladajace si¢ z materiatow
grafenowych dekorowanych nanoczastkami metali prowadza do mechanicznych
uszkodzen $ciany 1 blony komorkowej, zablokowania oddychania i transferu elektronow,
zaburzajac prawidtowy metabolizm bakterii i powodujac zniszczenie komorek. Ze
wzgledu na uszkodzenia w komorkach bakterii, nanokompozyty powoduja zaburzenia

formowania biofilmu.

Podstawowy cel naukowy

Celem pracy bylo okreslenie potencjalnych wlasciwosci antybakteryjnych
nanokompozytow sktadajacych sie z materiatéw grafenowych (GN, GO) dekorowanych
nanoczgstkami metali (AgNPs, CuNPs, ZnONPs) w stosunku do komorek bakterii
gatunkow takich jak: S. aureus, P. aeruginosa, S. enterica, L. monocytogenes i E. cloacae
oraz okreslenie mechanizmu ich dziatania. Ponadto, badania mialy na celu okreslenie
wiasciwosci fizykochemicznych wytworzonych nanokompozytdéw, ktore moga miec

wplyw na wywolywang toksycznos¢.

Szczegbdlowe cele naukowe

1. Celem doswiadczenia 1 bylo okreslenie wilasciwosci antybakteryjnych
nanokompozytu sktadajacego si¢ z GO z dodatkiem AgNPs w stosunku
do dwoch gatunkéw bakterii: S. aureus oraz P. aeruginosa. Dodatkowym celem
byl wybor stezenia poszczegdlnych nanostruktur do doswiadczenia I11.

2. Celem doswiadczenia II bylo okreslenie wlasciwosci antybakteryjnych
trojkomponentowych nanokompozytow sktadajacych sie z GO lub GN
z dodatkiem CuNPs i ZnONPs w stosunku do czterech gatunkéw bakterii:
S. aureus, S. enterica, L. monocytogenes 1 E. cloacae. Dodatkowym celem byt
wybor materialu grafenowego do do$wiadczenia II1.

3. Ze wzgledu na wykazanie wlasciwosci antybakteryjnych nanoczgstek
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w doswiadczeniach I i1 II, celem doswiadczenia III bylo okreslenie wplywu
wytworzonych nanokompozytow GOAg, GOCu, GOZnO na formowanie
biofilmu trzech gatunkéw bakterii: S. aureus, S. enterica oraz P. aeruginosa, jak

rowniez okreslenie wlasciwosci wytworzonych nanokompozytow.

Zakres pracy

1. Charakterystyka fizykochemiczna nanoczastek metalicznych (AgNPs, CuNPs,
ZnONPs) oraz nanomaterialdow weglowych (GN, GO) i wytworzonych z nich
nanokompozytdw za pomocg analizy potencjatu zeta, srednicy hydrodynamicznej,
FT-IR, EDX oraz wizualizacji przy uzyciu TEM.

2. Charakterystyka powierzchni wybranych nanofilméw otrzymanych z wytworzonych
nanokompozytéw w formie hydrokoloidéw przy uzyciu AFM oraz STEM.

3. Analiza toksycznos$ci nanostruktur za pomocg okre$lenia liczby jednostek
tworzacych kolonie, metody dyfuzyjno-studzienkowej, analizy zywotnosci
1 aktywnos$ci metabolicznej z uzyciem testow: XTT, PrestoBlue.

4. Okreslenie zmian morfologicznych komorek bakterii przy uzyciu TEM oraz SEM.

5. Okres$lenie wptywu nanostruktur na zmiany w obrgbie komorek bakterii poprzez
analiz¢ poziomu ROS, TEAC oraz ATP, jak réwniez analiz¢ integralnosci btony
komorkowej za pomoca testow LDH 1 MDA.

6. Okreslenie wlasciwosci antybakteryjnych czterech rodzajéw materiatéw
wiokienniczych (bawetna, jedwab, polipropylen, flizelina) funkcjonalizowanych
nanokompozytami GOAg w stosunku do dwoéch gatunkow bakterii S. aureus
1 P. aeruginosa.

7. Analiza angiogenezy na materialach wiokienniczych funkcjonalizowanych
nanokompozytem GOAg z wykorzystaniem modelu CAM.

8. Okreslenie zmian w ekspresji cytokin prozapalnych w linii komérkowej HFFF2
poddanych ekspozycji nanostruktur (GN, GO, CuNPs, ZnONPs, GNCuZnO,
GOCuZnO), z uzyciem membran antygenowych.

9. Analiza formowania i zmian w strukturze biofilmu wytworzonego przez trzy gatunki
bakterii: S. aureus, S. enterica i1 P. aeruginosa na nanofilmach, za pomoca barwienia

fioletem krystalicznym, analizy przy uzyciu SEM i mikroskopii konfokalne;.
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6. Materialy stosowane w badaniach

6.1. Nanostruktury

W przeprowadzonych badaniach zostaly wykorzystane materialty grafenowe oraz

nanoczastki metaliczne:

Dos$wiadczenie [:

Hydrokoloid GO pozyskany z Advanced Graphene Products (Zielona Gora,
Polska), w wyjsciowym stezeniu 4 mg/ml; stosowane stezenie koncowe 5 pg/ml,
Hydrokoloid AgNPs pozyskane =z Nano-Tech (Warszawa, Polska),

w wyjsciowym stezeniu 100 pg/ml; stosowane stgzenie koncowe 25 pg/ml.

Dos$wiadczenie 11:

CuNPs, ZnONPs, GN w formie proszku zostaly pozyskane z SkySpring
Nanometerials (Houston, TX, USA); stosowane st¢zenia koncowe: CuNPs
25 pg/ml, ZnONPs 100 pg/ml, GN 10 pg/ml,

Hydrokoloid GO pozyskany z Advanced Graphene Products (Zielona Gora,

Polska), w wyj$ciowym stezeniu 4 mg/ml; stosowane stezenie koncowe 10 pg/ml.

Dos$wiadczenie I1I:

Hydrokoloidy AgNPs, CuNPs zostaly pozyskane z Nano-Tech (Warszawa,
Polska), w wyjéciowym stezeniu AgNPs 100 pg/ml, CuNPs 50 pg/ml; stosowane
stezenia koncowe: AgNPs 25 pg/ml, CuNPs 12,5 ug/ml,

ZnONPs w formie proszku z SkySpring Nanomaterials (Houston, TX, USA),
stosowane stezenie koncowe 50 pg/ml,

Hydrokoloid GO z Advanced Graphene Products (Zielona Gora, Polska),

w wyj$ciowym stezeniu 4 mg/ml; stosowane stezenie koncowe 10 pg/ml.

6.2. Material biologiczny

W prowadzonych badaniach uzyty zostal materiat biologiczny in vitro:
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Dos$wiadczenie [:

e Szczepy bakteryjne P. aeruginosa (American Type Culture Collection (ATCC)
27853) 18S. aureus (ATCC 25923) pozyskane z LGC Standards (Lomianki,
Polska), ktore do doswiadczen hodowane byty na podtozu Mueller-Hinton broth
(Biomaxima, Lublin, Polska) w temperaturze 37°C.

e Model CAM - zaptodnione jaja kurze (linia Ross 308) pozyskane zostaty

z wylegarni (Marylka, wojewodztwo Mazowieckie, Polska).

Dos$wiadczenie I1:

o FE cloacae (ATCC BAA-2341), L. monocytogenes (ATCC
19111), S. enterica (ATCC 13076) 1 S. aureus (ATCC 25923) pozyskane z LGC
Standards (Lomianki, Polska), ktore do doswiadczen hodowane byty na podtozu
tryptic soy agar (TSA) (S. aureus i S. enterica), oraz brain heart agar (BHA)
(L. monocytogenes 1 E. cloacae) w temperaturze 37°C.

e Linia komérkowa HFFF2 (ATCC, Manassas, VA, USA) hodowana byla na
podtozu Dulbecco’s modified Eagle’s culture medium (DMEM, Gibco),
zawierajacym 10% dodatku ptodowej surowicy bydlecej (ang. fetal bovine serum,
FBS, Life Technologies, Houston, TX, USA), oraz 1% mieszanin¢ antybiotyku
penicylina (100 U/ml) i streptomycyna (100 pg/ml) (Life Technologies).

Hodowla prowadzona byta w 37°C w obecnosci 5% CO; oraz wilgotnosci 95%.

Dos$wiadczenie I1I:

o S aureus (ATCC 25923), S. enterica (ATCC 13076), P. aeruginosa (ATCC
27853) pozyskane z LGC Standards (Teddington, GB) hodowane na podtozach:
TSA (Biomaxima, Lublin, Poland) dla S. aureus i P. aeruginosa oraz BHA
(Biomaxima, Lublin, Poland) dla S. enterica. Hodowla prowadzona byta

w warunkach standardowych w temperaturze 37°C.
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7. Metodyka badan

Przygotowanie nanokompozytdéw i nanofilmow

W doswiadczeniu I wykorzystane zostaty nanostruktury takie jak GO 1 AgNPs.
Przygotowane zostaly hydrokoloidy o stezeniach GO 5 pg/ml 1 AgNPs 25 pg/ml
w ultraczystej wodzie w sterylnych warunkach. Nanoczastki zostaty poddane sonikacji
przez 30 min przy uzyciu pluczki ultradzwigkowej (Ultron, Dywity, Polska).
Nanokompozyty zostaly utworzone poprzez zmieszanie dwoch —skladnikéw
1 pozostawienie ich (wymuszona samoorganizacja) na 15 minut w temperaturze 25°C.
Koncowe st¢zenia nanokompozytow wynosily odpowiednio GO 5 pg/ml + AgNPs

25 pg/ml.

W doswiadczeniu II wykorzystane zostaty nanostruktury: GN, GO, CuNPs,
ZnONPs. Przygotowane zostaly roztwory o stgzeniach GN i1 GO 10 pg/ml,
CuNPs 25 pg/ml i ZnONPs 100 pg/ml w ultraczystej wodzie w sterylnych warunkach.
Nanoczastki byly sonikowane przy zastosowaniu nastepujacych parametrow 500 W,
20 kHz, 2 min przy uzyciu phluczki ultradzwigkowej VC 505 Vibra-Cell™ Ultrasonic
Liquid Processor (Sonics 1 Materials, Newton, CT, USA). Nanokompozyty zostaty
utworzone poprzez zmieszanie trzech sktadnikéw, ktorych koncowe stezenia wynosity
odpowiednio GN 10 pg/ml + CuNPs 25 pg/ml + ZnONPs 100 ug/ml oraz GO 10 pg/ml
+ CuNPs 25 pg/ml + ZnONPs 100 pg/ml. W przypadku nanokompozytow, uprzednio
sonikowane sktadniki byly pozostawione na 15 minut w temperaturze 25°C w celu

polaczenia poprzez samoorganizacje.

W doswiadczeniu III wykorzystane zostaly nanostruktury: GO, AgNPs, CuNPs,
ZnONPs. Przygotowane zostaly roztwory o stezeniach GO 5 pg/ml, AgNPs 25 pg/ml,
CuNPs 12,5 pg/ml i ZnONPs 50 pg/ml w ultraczystej wodzie w sterylnych warunkach.
Nanoczastki zostaly poddane sonikacji przy zastosowaniu nastgpujacych parametréw:
500 W, 20 kHz, 2 min przy uzyciu phluczki ultradzwigkowej VC 505 Vibra-Cell™
Ultrasonic Liquid Processor (Sonics i Materials, Newton, CT, USA). Nanokompozyty
zostaly utworzone poprzez zmieszanie GO z poszczegdlnymi nanoczastkami metali
umozliwiajgc otrzymanie nanokompozytow dwusktadnikowych, ktéorych koncowe
stezenia wynosily odpowiednio GO 5 pg/ml + AgNPs 25 pg/ml, GO 5 pg/ml + CuNPs
12,5 pg/ml 1 GO 5 pg/ml + ZnONPs 50 pg/ml. W przypadku nanokompozytdéw, uprzednio

sonikowane sktadniki byly pozostawione na 15 minut w temperaturze 25°C w celu
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polaczenia poprzez samoorganizacj¢. Nastgpnie w celu usunigcia niezwigzanych
nanoczgstek, nanokompozyty odwirowano (12 000 rpm, 10 min), supernatant odrzucono,
a uzyskany pellet zawieszono w sterylnej, ultraczystej wodzie. Nanofilmy zostaly
utworzone poprzez jednorazowe pokrycie dna dotkow plytek hodowlanych
nanokompozytami i ich skladowymi, a nastgpnie pozostawienie do catkowitego

wysuszenia w warunkach sterylnych w temperaturze pokojowe;.

Charakterystyka nanostruktur

W doswiadczeniu I 1 IT wykonano analiz¢ ultrastruktury wybranych nanostruktur
za pomocg transmisyjnego mikroskopu elektronowego JEM-1220 (TEM, Joel, Tokio,
Japonia). Dodatkowo przeprowadzona zostala analiza potencjatu zeta oraz $rednicy
hydrodynamicznej za pomoca ZetaSeizer Nano ZS (Malvern, Worcestershire, UK).
Analizowane nanostruktury zawieszono w wodzie ultraczystej doprowadzajac do stezen:
GO 5 pg/ml, AgNPs 25 pg/ml oraz nanokompozyt GO 5 pg/ml + AgNPs 25 pg/ml
(doswiadczenie I), oraz GN 10 pg/ml, GO 10 pg/ml, CuNPs 25 pg/ml, ZnONPs
100 pg/ml i nanokompozyty GN 10 pg/ml + CuNPs 25 pug/ml + ZnONPs 100 pg/ml
1 GO 10 pg/ml + CuNPs 25 pg/ml + ZnONPs 100 pg/ml (doswiadczenie II). Pomiar
potencjatu zeta zostal wykonany przy uzyciu metody elektroforetycznego rozpraszania
swiatta (ELS, ang. electrophoretic light scattering), a pomiar $rednicy hydrodynamiczne;j
metoda dynamicznego rozpraszania Swiatta (DLS, ang. dynamic light scattering).
Wszystkie pomiary wykonywane byty w temperaturze 25°C. Dodatkowo nanostruktury
zostaly przeanalizowane za pomocg spektroskopii fourierowskiej w podczerwieni (FT-
IR) uzywajac spektrometru Nicolet iS10 (Thermo Fisher Scientific, Waltham, MA,
USA).

W doswiadczeniu III wykonana zostala analiza ultrastruktury nanostruktur
za pomocg STEM (FEI, Hillsboro, OR, USA). Ponadto przeprowadzona zostata analiza
potencjalu zeta oraz $rednicy hydrodynamicznej za pomoca ZetaSeizer Nano ZS
(Malvern, Worcestershire, UK). Analizowane nanostruktury byly zawieszone w wodzie
ultraczystej doprowadzajac do stezen: GO 5 pg/ml, AgNPs 25 pg/ml, CuNPs 12,5 ug/ml,
ZnONPs 50 pg/ml, a takze nanokompozyty GO 5 pg/ml + AgNPs 25 pug/ml, GO 5 pg/ml
+ CuNPs 12,5 pg/ml i GO 5 pg/ml + ZnONPs 50 pg/ml. Pomiar potencjatlu zeta zostat
wykonany przy uzyciu metody ELS, a pomiar $rednicy hydrodynamicznej metodg DLS.

Pomiar potencjalu zeta =zostat wykonany bezposrednio po przygotowaniu
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nanokompozytéw (w czasie 0 h), oraz po 8, 12, 24 i 48 h. Wszystkie pomiary
wykonywane byly w temperaturze pokojowej. Dodatkowo we wspodtpracy z Wojskowa
Akademig Techniczng, przeprowadzona zostata analiza EDX (ang. Energy Dispersive
Analysis of X-Ray) za pomoca SEM (Quanta 250 FEG SEM, FEI, Hillsboro, OR, USA).
Wspomniana analiza zostata przeprowadzona takze w celu okreSlenia zwigzania
nanoczastek z GO, a pomiar wykonano zarowno dla supernatantu (niezwigzane
nanoczastki) jak 1 pelletu (wytworzone nanokompozyty). Powierzchnie wytworzonych
nanofilmow zostaly scharakteryzowane poprzez AFM (ang. atomic force microscopy;

NT-MDT Spectrum Instruments, Moskwa, Rosja).

Przygotowanie szczepdw bakteryinych do badan

Badane szczepy przechowywano w temperaturze —20°C w bulionie odzywczym
z dodatkiem 20% (v/v) glicerolu. Przed uzyciem szczepéw w trakcie prowadzenia
eksperymentéw, zostaly one rozmrozone i1 przeptukane trzykrotnie sterylng woda
destylowang w celu usuni¢cia resztek glicerolu. Nastepnie szczepy byly wysiewane na
podtoza wskazane w powyzszym rozdziale. Hodowle prowadzone byly w temperaturze
37°C przez 24 h. Przed uzyciem w poszczeg6lnych doswiadczeniach, zawiesina bakterii
byla przygotowywana w sterylnej soli fizjologicznej dostosowujac gestos¢ optyczng do

wymaganej wartosci w skali McFarlanda.

7.1. Uklad doswiadczen

Podczas realizacji pracy doktorskiej, przeprowadzone zostaly trzy dos§wiadczenia
(Rycina 1). Przeprowadzone doswiadczenia pozwolily na ocenge wlasciwosci
fizykochemicznych nanostruktur oraz wytworzonych z nich nanokompozytow,
a nast¢gpnie na ocen¢ potencjalnej toksycznosci w stosunku do szczepéw bakteryjnych
takich jak: S. aureus, P. aeruginosa, S. enterica, L. monocytogenes, E. cloacae w formie
planktonicznej, oraz dla wybranych gatunkéw na uformowanym biofilmie. Dodatkowo
przeprowadzone zostaty badania z zakresu toksycznos$ci na modelu CAM 1 na linii

komorkowej HFFF2.
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Doswiadczenie 1 Doswiadczenie 11

Publikacja 1 Publikacja 2
Modele badawcze: Modele badawcze:
* S aureus —* formy planktoniczne * E. cloacae
* P aeruginosa = L. monocytogenes — % formy
«  Model blony . S enterica planktoniczne
kosmowkowo- * S aureus
omoczniowej = Linia komorkowa HFFF2
zarodka kury
(CAM) Nanostruktury:
* GN
Nanostruktury: « GO

* GO «  CuNPs
- AgN-Ps \ . ZnONPs
Doswiadczenie 111

Publikacja 3

Modele badawcze:
— toni o
e S aureus formy planktoniczne

« S enterica — biofilm
* P aeruginosa

Ryec. 1. Schemat przeprowadzonych do§wiadczen w ramach realizacji pracy doktorskie;j.

7.1.1. Doswiadczenie I (Publikacja 1: Lange i wsp., 2022)

Celem doswiadczenia I byto okreslenie wptywu 1 dziatania nanokompozytu
GOAg oraz jego sktadowych na dwa gatunki bakterii: S. aureus i P. aeruginosa. Schemat

przeprowadzonego do$wiadczenia zostal przedstawiony na rycinie 2.

Nanostruktury: Analiza fizykochemiczna:

* GO \ « TEM
. L\DNPS]‘ HNanckeupazyty; — *  Potencjal zeta
o v G0ag *  Srednica hydrodynamiczna
= FT-IR

Modele badawcze:

* Metoda dyfuzyjno-studzienkowa

& A * Analiza aktywnosci metabolicznej (XTT)

« P aeruginosa — " + Analiza reaktywnych form tlenu (ROS)

» Analiza peroksydacji lipidow (MDA)

* Wizualizacja komorek za pomoca TEM

+ Badanie normatywne [SO 20645:2004 materialow wlokienniczych

- CAM — + Analiza angiogenezy

Ryec. 2. Schemat do§wiadczenia I wykonanego podczas realizacji pracy doktorskie;.

W celu wyboru stezen GO, AgNPs oraz GOAg do dalszych badan,
przeprowadzony zostat pomiar strefy zahamowania wzrostu mikroorganizmow przy
uzyciu metody dyfuzyjno-studzienkowej, w ktorej dwa gatunki bakterii S. aureus
1 P. aeruginosa poddane byly ekspozycji GO w stezeniach 10 1 5 pg/ml, AgNPs 50, 25,
10, 5, 2,5 pg/ml oraz GOAg, w dwoch wariantach GO 5 pg/ml + AgNPs 25 ng/ml oraz

29



GO 10 pg/ml + AgNPs 25 pg/ml. Aby potwierdzi¢ wybor stezen, dodatkowo
przeprowadzana zostata analiza aktywnos$ci metabolicznej (XTT; Cell Proliferation Kit
I, Merck, Darmstadt, Niemcy). W celu okres§lenia zmian, ktore moga zachodzi¢
w komorkach bakterii przeprowadzona zostata analiza generowania reaktywnych form
tlenu (ROS; Fluorometric Intracellular Ros Kit, Sigma, St Louis, MO, USA), analiza
peroksydacji lipidow (MDA; MDA assay kit, Sigma, St Louis, MO, USA) oraz
wizualizacja ultrastruktury komoérek za pomocg TEM. W wymienionych testach komorki
bakterii byty poddane ekspozycji GO 5 pg/ml, AgNPs 25 ng/ml oraz GOAg (GO 5 pg/ml
+ AgNPs 25 pg/ml). Wyniki testow XTT, ROS oraz MDA zostaly zmierzone

spektrofotometrycznie.

W celu okres$lenia potencjalnego komercyjnego zastosowania nanokompozytow,
przeprowadzona zostata analiza czterech rodzajoéw materialow widkienniczych (bawetna,
jedwab, polipropylen, flizelina), ktére funkcjonalizowane byty nanokompozytem GOAg
poprzez sonikacje (Ultron, Dywity, Polska) przez 30 minut. Analiza zostata
przeprowadzona zgodnie z Polskg Norma ISO 20645:2004 pt.” Plaskie wyroby
wlokiennicze. Wyznaczanie aktywno$ci antybakteryjnej. Metoda dyfuzji na plytce
z agarem.”. Badanie zostato przeprowadzone w stosunku do dwoch gatunkow bakterii
(S. aureus 1 P. aeruginosa), co pozwolito okresli¢ dziatanie antybakteryjne powlekanych
materiatow witokienniczych. W celu okreslenia wplywu powlekanych materialow
wlokienniczych, wytworzonym wczesniej nanokompozytem, na angiogeneze, podobnie
powlekane inserty materialowe zostaly umieszczone na btonie kosmoéwkowo-
omoczniowej zarodka kury w széstym dniu rozwoju zarodka. Do tego czasu zaptodnione
jaja byly utrzymywane w warunkach standardowych tj. w temperaturze 37°C
z wilgotnoscig 60%, obracane raz na godzing. W siddmym dniu inserty zostaly wycigte
1 przeprowadzona zostala analiza mikroskopowa (SZX10, Olympus Corporation, CellD
software version 3.1, Tokyo, Japonia). Angiogenez¢ mierzono na podstawie gestosci
1 dlugosci naczyn krwiono$nych, ktore utworzyly si¢ na powierzchni implantu przy
uzyciu oprogramowania ImageJ (National Institutes of Health, USA) w wersji 1.50e

z wtyczka Vessel analyzer.

Wszystkie uzyskane dane liczbowe zostaly opracowane statystycznie za pomoca
jednoczynnikowej analizy wariancji ANOVA z testem post-hoc HSD Tukey’a
z zalozeniem roznic istotnych statystycznie na poziomie p < 0,05 uzywajac programu

GraphPad Prism 9 (wersja 9.2.0, San Diego, CA, USA).
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7.1.2. Doswiadczenie II (Publikacja 2: Lange i wsp., 2022)

Celem doswiadczenia II byto okreslenie wptywu i1 dziatania nanokompozytoéw
trojsktadnikowych GNZnOCu oraz GOZnOCu oraz ich sktadowych na cztery gatunki
bakterii: E. cloacae, L. monocytogenes, S. enterica 1 S. aureus. Schemat

przeprowadzonego do$wiadczenia zostal przedstawiony na rycinie 3.

Nanostruktury:

. GO Analiza fizykochemiczna:
.« GN Nanokompozyty: « TEM
e  CuNPs * GOZnOCu P *  Potencjal zeta
*  GNZnOCu »  Srednica hydrodynamiczna
* ZnONPs 3 3

FT-IR

Modele badawcze:

« E cloacae = Analiza aktywnosci metabolicznej (PrestoBlue)
* L. monocyvtogenes — = Liczba jednostek tworzacych kolonie (jtk/ml)

« S enterica * Analiza integralnosci blony komorkowej (LDH)
* S aureus « Zawarto$¢ ATP

* Linia komorkowa HFFF2 —» » Ekspresja cytokin prozapalnych

Ryc. 3. Schemat doswiadczenia Il wykonanego podczas realizacji pracy doktorskiej.

Po wczesniejszym wyborze st¢zen stosowanych nanostruktur, do dalszych badan
zostaty wytypowane nastepujace stezenia: GN 10 pg/ml, GO 10 pg/ml, CuNPs 25 pg/ml,
ZnONPs 100 pg/ml i nanokompozyty GN 10 pg/ml + CuNPs 25 pug/ml + ZnONPs
100 pg/mli1 GO 10 pg/ml + CuNPs 25 pg/ml + ZnONPs 100 pg/ml. W celu potwierdzenia
toksyczno$ci wybranych stezen w stosunku do czterech badanych gatunkow bakterii
(E. cloacae, L. monocytogenes, S. enterica i S. aureus) przeprowadzona zostata analiza
zywotnosci za pomocg testu PrestoBlue (Invitrogen, Waltham, MA, USA) oraz szereg
rozcienczen prowadzacy do okreslenia liczby jednostek tworzacych kolonie. Nast¢pnie
przeprowadzono analiz¢ integralnosci btony komoérkowej (LDH, Sigma Aldrich,
Hamburg, Niemcy) i analize zawartosci ATP (Sigma Aldrich, Hamburg, Niemcy)
w komorkach. Podczas przeprowadzania kolejnych testow, komorki bakterii byty
poddane ekspozycji zarowno na nanokompozyty jak i ich pojedyncze sktadowe. Wyniki
z przeprowadzonych testow PrestoBlue, LDH 1 ATP zostaly zmierzone

spektrofotometrycznie.

W celu zbadania cytotoksycznosci jakg moglyby wywotywaé nanokompozyty

wzgledem ludzkich komorek, przeprowadzona zostala analiza ekspresji 42 cytokin

31



prozapalnych (Abcam, Cambridge, UK) w linii komorkowej o prawidtowej morfologii
HFFF2. Wyniki zostaly przeanalizowane za pomoca oprogramowania ImagelJ (version

1.50e, National Institutes of Health, USA) z wtyczka Protein-Array Analyzer.

Wszystkie uzyskane dane liczbowe zostaty opracowane statystycznie za pomoca
jednoczynnikowej analizy wariancji ANOVA =z testem post-hoc HSD Tukey’a
z zatozeniem roznic istotnych statystycznie na poziomie p < 0,05 uzywajac programu

GraphPad Prism 9 (wersja 9.2.0, San Diego, CA, USA).

7.1.3. Doswiadczenie I1I (Publikacja 3: Lange i wsp., 2024)

Celem doswiadczenia III byto okreslenie wptywu nanokompozytéw sktadajacych
si¢ z GO z dodatkiem AgNPs, CuNPs lub ZnONPs i utworzonych nanofilméw na
formowanie biofilmu trzech gatunkow bakterii: S. aureus, S. enterica oraz P. aeruginosa.

Schemat przeprowadzonego do§wiadczenia zostat przedstawiony na rycinie 4.

Nanostruktury:

GO Nanokompozyty: Analiza fizykochemiczna:
Ag « GOAg STEM
Cu - GOCu —_— * Ifo'renqal zeta
Zn0 . GOZno - S_l'cd_nica hydrodynamiczna
+ EDX
AFM

Modele badawcze:

8. aureus
S. enterica —p

Analiza reaktywnych form tlenu (ROS)

Analiza zdolnosci antyoksydacyjnej (TEAC)

Analiza biofilmu:
barwienie fioletem krystalicznym,
analiza grubosci i organizacji biofilmu (mikroskopia konfokalna),
analiza struktury (SEM).

E aeruginosa

Ryc. 4. Schemat doswiadczenia III wykonanego podczas realizacji pracy doktorskie;j.

W celu wyboru stezen stosowanych nanostruktur do dalszych badan,
przeprowadzone zostalo barwienie biofilmu za pomoca fioletu krystalicznego. Ptytki
hodowlane zostaty pokryte nanoczastkami metali (AgNPs, CuNPs, ZnONPs) oraz GO w
nastepujacych stezeniach: 0,25; 0,5; 1, 2,5; 5, 10, 25, 50, 100 pg/ml i pozostawione do
catkowitego wyschnigcia w warunkach sterylnych. Dotki kontrolne pokryte zostaly
ultraczysta woda. Nastepnie doltki zostaly uzupetione pozywka hodowlang, do ktorej
dodana zostala zawiesina bakterii 1 przygotowane w ten sposob plytki inkubowano przez
48 h w temperaturze 37°C w celu utworzenia biofilmu. Nastgpnie usuni¢to formy
planktoniczne, a wytworzony biofilm utrwalano metanolem i1 wybarwiono za pomoca

fioletu krystalicznego, a cato$¢ zmierzono spektrofotometrycznie. W kolejnych etapach
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przeprowadzona zostata dalsza analiza biofilmu za pomoca mikroskopii konfokalne;j
(FV-1000, Olympus Corporation, Tokyo, Japan) z podwdjnym barwieniem
fluorescencyjnym bioflmu: DAPI (10 ul/ml, Sigma Aldrich, Hamburg, Germany) oraz
Syto9 (1 ul/ml, ThermoFisher Scientific), w celu uniknigcia niespecyficznego barwienia.
Biofilm bakteryjny zostal wytworzony na nanofilmach sktadajacych si¢
z nanokompozytéw: GO 5 pg/ml + AgNPs 25 pg/ml, GO 5 pg/ml + CuNPs 12,5 pg/ml
oraz GO 5 pg/ml + ZnONPs 50 pg/ml. Zdjecia zostaly zobrazowane jako pionowy
przekroj probek. Wykonane zdjecia zostaty przeanalizowane z uzyciem oprogramowania
Gimp 2.10.18, dzigki czemu okre§lona zostala grubos$¢ (dane liczbowe obliczone
z 5 miejsc z minimum 3 zdje¢ w grupie) utworzonego biofilmu na podtozu z nanofilmow.
Nastepnie przeprowadzona zostata analiza struktury utworzonego biofilmu na podtozu

z nanokompozytow za pomocg SEM (SEM type FEI, Quanta 200, Jeol, Tokyo, Japan).

Ze wzgledu na liczne zmiany zaobserwowane w strukturze biofilmu,
przeprowadzona zostata analiza takze analiza zawartosci ROS (DCFDA Cellular
Reactive Oxygen Species Detection Assay Kit, Abcam, Cambridge, UK) oraz catkowite]
zdolno$ci antyoksydacyjnej (ang. Trolox equivalent antioxidant capacity, TEAC,
OxiSelect™ Trolox Equivalent Antioxidant Capacity Assay Kit (ABTS), Cell Biolabs

Inc, San Diego, California, USA). Wyniki zostaty zmierzone spektrofotometrycznie.

Wszystkie uzyskane dane liczbowe zostaty opracowane statystycznie za pomoca
jednoczynnikowej analizy wariancji ANOVA z testem post-hoc HSD Tukey’a
z zatozeniem roznic istotnych statystycznie na poziomie p < 0,05 uzywajac programu

GraphPad Prism 9 (wersja 9.2.0, San Diego, CA, USA).

8. Omowienie gléwnych wynikow przeprowadzonych doswiadczen

8.1. Doswiadczenie I: Okreslenie wplywu i dzialania nanokompozytu GOAg
oraz jego skladowych na dwa gatunki bakterii: S. aureus i P. aeruginosa

(Publikacja 1: Lange i wsp., 2022).

Doswiadczenie 1 rozpoczeto od analizy fizykochemicznej stosowanych
nanostruktur. Analiza ultrastruktury wykazata, ze GO wystepowat w formie platkow
o duzej powierzchni, natomiast AgNPs charakteryzowaty si¢ ksztattem kulistym oraz

duzymi utworzonymi aglomeratami. Potaczenie dwoch sktadnikow — GO i AgNPs
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skutkowalo roztozeniem AgNPs na powierzchni GO. Analiza potencjalu zeta, ktory
$wiadczy o stabilnosci koloidalnej, wykazata, Zze potacznie dwoch komponentéw
skutkowato stabilizacjg - warto$¢ potencjatu zeta byta wyzsza dla nanokompozytu niz dla
pojedynczych sktadowych (GO -20.8 + 9.06; AgNPs -18.7 £ 5.33; GOAg -23.6 = 8.78
(mV)). Synteza nanokompozytdw zapewniajacych lepsza stabilizacj¢ zostala
potwierdzona we wczesniejszych badaniach (Chen i wsp., 2015). Srednica
hydrodynamiczna badanych nanomaterialéw przekraczata 100 nm we wszystkich
analizowanych nanostrukturach. Jednakze AgNPs znane sg ze swojej tendencji do
tworzenia aglomeratéw (Bruna i1 wsp., 2021), co w przeprowadzonych badaniach
potwierdzit potencjat zeta (Zp) wykazujac warto$¢ najbardziej zblizong do 0. Cho¢ uznaje
si¢, ze mniejsze nanoczastki sg bardziej toksyczne (Sukhanova i wsp., 2018), sytuacja
moze by¢ inna w przypadku nanokompozytéw, w sktad ktérych wchodza dwa (lub
wigcej) sktadniki. Wyniki uzyskane przez Truong i wsp. 2020 wykazaly, Ze mniejsze
nanokompozyty GOAg nie mialy lepszego dziatania antybakteryjnego, poniewaz tylko
zaklocaly funkcjonowanie komoérek bakterii, podczas gdy wieksze fizycznie oddzielaly
komorki od pozywki 1 pozwalaty jonom srebra wnika¢ w strukture komorek, zapewniajac
lepsze whasciwos$ci antybakteryjne (Truong i wsp., 2020). Mimo to, w eksperymentach
prowadzonych przez innych badaczy, wykazane zostalo, ze GO jest odpowiednim
nosnikiem dla nanoczgstek o wiasciwosciach antybakteryjnych takich jak AgNPs
(Jaworski 1 wsp., 2018; Wang i wsp., 2020). Dodatkowym potwierdzeniem dla potaczenia
GO z AgNPs byta przeprowadzona analiza FT-IR, podczas ktorej wykazano, ze widma
nanokompozytow GOAg wyrazaja ztozone cechy dwoch pojedynczych widm. We
wszystkich widmach zaobserwowane zostaly widma odpowiadajace grupom: -OH,

-CH, a dodatkowo wynikajace z obecnosci GO wigzania: C=0, C-O 1 C-OH.

W celu okreslenia wlasciwosci antybakteryjnych stosowanych nanostruktur oraz
wyboru stezen do kolejnych badan, przeprowadzona zostala analiza dyfuzyjno-
studzienkowa. Najwicksze strefy zahamowania wzrostu zostaly zaobserwowane
w studzienkach wypelionych AgNPs oraz nanokompozytem GOAg, a strefa
zahamowania wzrostu byla dawkozalezna. GO nie wykazat duzej aktywnos$ci
antybakteryjnej, a strefa zahamowania wzrostu w obu gatunkach bakterii (S. aureus
1 P. aeruginosa) wynosita tylko 1 mm wigcej niz sama studzienka. Dyfuzja nanoczastek
w agarze jest utrudniona ze wzgledu na jego konsystencje. Jednak wyniki uzyskane

metoda dyfuzyjno-studzienkowa, wskazujace na duza toksycznos¢ AgNPs, sugeruja, ze
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uwalnianie jonéw srebra z AgNPs moze by¢ gldownym czynnikiem odpowiedzialnym za
ich dziatanie przeciwbakteryjne (Kourmouli i wsp., 2018). Ze wzgledu na ograniczong
dyfuzj¢ nanoczastek w agarze oraz duzy rozmiar i ptaski ksztatt GO, mogt on nie
wykazywac¢ efektu antybakteryjnego. Podobne wyniki zostaty uzyskane w badaniach
prowadzonych przez Prasada i wsp. 2017, w ktérych zredukowany tlenek grafenu (rGO)
powodowal dwa razy mniejsza stref¢ zahamowania wzrostu niz AgNPs (Prasad i wsp.,
2017). Z tego wzgledu, do dalszych badan wybrane zostaty stezenia 5 pg/ml GO oraz
25 ng/ml AgNPs, poniewaz nanokompozyty sktadajace si¢ z 5 ug/ml GO 1 25 pg/ml
AgNPs oraz 10 pg/ml GO 1 25 pg/ml AgNPs wykazywaly podobne dzialanie
antybakteryjne.

Wizualizacja interakcji pomigedzy nanomateriatami i komorkami bakterii zostata
przeanalizowana za pomocg TEM. Glownym widocznym punktem oddzialywania
nanostruktur byla akumulacja wokoét komoérek bakterii, a takze na ich powierzchni,
szczegoblnie po ekspozycji na GOAg, w przypadku ktorego duze platki GO z mniejszymi
kulistymi AgNPs pokrywaly powierzchni¢ bakterii. Akumulacj¢ nanokompozytu wokoét
komorek bakterii potwierdzili réwniez inni badacze (Moraes i wsp., 2015). Uzyskane
wyniki wyraznie pokazaty, Ze nanomaterialy oddzialuja ze $ciang i blong komorkowa.
Jednak ze wzgledu na przygotowanie probek, w ktorych komorki bakterii nie byly
przedstawione jako przekroj, mozliwe jest, ze istnieje wigcej punktow interakcji miedzy
nanoczastkami a bakteriami niz tylko adhezja do powierzchni warstw zewnetrznych. Jak
wspomniano wczesniej, oddzialywanie nanoczastek z komorkami bakterii wigze si¢
z dziataniem na wielu réznych poziomach, w tym z rozerwaniem $ciany komorkowe;j
1 btony, generowaniem ROS 1 hamowaniem wzrostu (Jaworski i wsp., 2018; Singh 1 wsp.,
2019). W celu dalszej analizy oddzialywania nanokompozytéw z komoérkami bakterii
oraz potwierdzenia wyboru stezen, przeprowadzono test aktywnosci metabolicznej XTT.
Uzyskane wyniki byly zgodne z uzyskanymi w metodzie dyfuzyjno-studzienkowej,
sugerujac, ze metabolizm komorek byt zahamowany po ekspozycji na zastosowane
nanomateriaty w sposob zalezny od dawki. Bakterie poddane ekspozycji GO wykazywaty
nieznacznie obnizong zywotno$¢ (97,3% u S. aureus, 98,7% u P. aeruginosa). Wigksze
obnizenie zywotno$ci zostalo zaobserwowane w komodrkach P. aeruginosa (po
ekspozycjina 25 pg/ml AgNPs 31,4%, oraz po ekspozycji na GOAg 27,2%) niz S. aureus
(po ekspozycji na 25 ug/ml AgNPs 33,8%, oraz po ekspozycji na GOAg 40,8%), cho¢

wyniki te nie sg tozsame, analizujac wrazliwo$¢ bakterii, z wynikami z analizy dyfuzyjno-
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studzienkowej, w ktorej to S. aureus charakteryzowal si¢ bardziej ograniczonym

wzrostem (strefa zahamowania wzrostu dla 25 pg/ml AgNPs wynosita 27 + 3.8 mm, dla
GOAg 28 £ 0.4 mm) niz P. aeruginosa (strefa zahamowania wzrostu dla 25 pg/ml AgNPs

wynosita 21 £ 0.7 mm, dla GOAg 23 £ 1.6 mm). Z jednej strony, cienka $ciana
komorkowa bakterii Gram-ujemnych nie zapewnia ochrony przed jonami srebra, ktore
moga przenikac¢ przez $ciane niezaleznie od obecnosci btony zewnetrznej (Pazos-Ortiz
1 wsp., 2017). Z drugiej strony, bakterie Gram-ujemne ze wzglgdu na blong zewnetrzng
charakteryzuja si¢ wysoko ujemnym tadunkiem i mogg odpycha¢ ujemnie natladowane
ptatki GO, wskazujac tym samym na wyzsza zywotno$¢ niz ta, ktorg wykazuja bakterie
Gram-dodatnie. Pomimo ujemnego potencjalu zeta GO, mogt on oddziatywaé
z komorkami bakterii Gram-dodatnich, ktére réwniez charakteryzuja si¢ ujemnym
fadunkiem powierzchniowym. Interakcja moze zachodzi¢ z powodu silniejszych wigzan
kowalencyjnych miedzy grupami karboksylowymi GO i aminowymi peptydoglikanu
1 aminokwasow (Di Giulio 1 wsp., 2018). Ze wzgledu na obecnos¢ grup C-O i C-OH
w GO (a tym samym w nanokompozycie na bazie GO), interakcja nanokompozytu

ze §ciang komoérkowa wydaje si¢ prawdopodobna.

Jak zostalo wspomniane wcze$niej, nanoczastki mogg generowacé stres
oksydacyjny, podczas ktorego produkowane sa ROS. Przekroczenie optymalnego
poziomu ROS skutkuje brakiem wychwytywania przez przeciwutleniacze, ktore sa
w stanie zneutralizowa¢ ROS. W konsekwencji indukowany stres oksydacyjny jest
wystarczajaco wysoki, aby zacza¢ niszczy¢ komorki poprzez bezposrednie dziatanie na
lipidy btonowe (Quinteros i wsp., 2016). W przeprowadzonych badaniach najwyzszy
poziom ROS wystgpowat w grupach traktowanych nanokompozytami GOAg w obu
gatunkach bakterii; jednak podczas gdy w grupach poddanych ekspozycji na AgNPs ROS
osiggaty podobny poziom, GO nie powodowatl stresu oksydacyjnego, osiggajac wartosci
zblizone do grup kontrolnych. Podobne wyniki zostaty uzyskane w analizie peroksydacji
lipidow, w ktoérej rowniez nanokompozyt GOAg powodowal najwigksza zawarto$¢
MDA, a GO najmniejszg. Podobna zalezno$¢ zostata potwierdzona przez Song 1 wsp.
2016 (Song i1 wsp., 2016), ktorzy zasugerowali, ze gldwnym mechanizmem dziatania
przeciwbakteryjnego GOAg jest synergia mig¢dzy zaburzeniem btony komorkowe;j
a peroksydacja lipidow. Mozna zatem stwierdzi¢, ze zdolno$¢ do generowania ROS
powoduje rowniez peroksydacje lipidow btonowych (Chang i wsp., 2016). Interakcja
miedzy poziomami ROS i MDA zostala réwniez wykazana w przypadku AgNPs

36



stosowanych samodzielnie (Adeyemi i wsp., 2020). Uzyskane wyniki sugeruja
prawdopodobny mechanizm dziatania nanokompozytu GOAg, ktéry rozpoczyna si¢ od
przylaczenia si¢ nanokompozytu do komoérek i powoduje zaburzenie $ciany i1 blony
komorkowej, ale takze generuje ROS 1 powoduje peroksydacje¢ lipidow, ktore ostatecznie

prowadza do $mierci komorek bakteryjnych.

Popularnos¢ tkanin wynika z wszechstronnego zakresu zastosowan jakie sg im
przypisywane, biodegradowalnosci oraz niskich kosztow pozyskania. Ze wzgledu na
wytwarzanie z tkanin produktow opieki zdrowotnej np. maseczek higienicznych,
poszukiwane sg rozwigzania umozliwiajace stworzenie materialdow o wlasciwosciach
antybakteryjnych, a tym samym przezwyci¢zenie niektérych ich cech, w tym
hydrofilowos$ci 1 porowatej struktury, ktore sprawiaja, ze materialy widkiennicze sg
odpowiednim podlozem do wzrostu mikroorganizméw (Ouadil 1 wsp., 2019).
W przeprowadzonych badaniach, cztery rodzaje materiatow wiokienniczych (bawena,
jedwab, polipropylen, flizelina) zostaty pokryte nanokompozytem GOAg, a wlasciwosci
antybakteryjne zostaly okreslone za pomoca normy ISO 20645:2004. Zgodnie ze
wspomniang norma SO, wyniki oceniane s3 na podstawie strefy zahamowania wzrostu
dookota oraz pod wysuszong probka. Efekt antybakteryjny okre§lony w normie jako
‘dobry’, zostat wykazany w grupach, w ktérych probka wykonana byta z bawelny badz
jedwabiu, co zapewnila strefa zahamowania wzrostu w zakresie 1-0 mm oraz niewielki
wzrost pod probka bawehy, i dla probki jedwabiu odpowiednio: >1mm oraz brak wzrostu
pod probka. Uzyskane wyniki sg zgodne z wynikami innych badawczy. Farouk i1 wsp.
2020 przygotowali bawelng 1 len pokryte nanokompozytami o wysoce antybakteryjnych
wiasciwosciach (Farouk 1 wsp., 2020). Podobnie zadowalajacy efekt zostalt wykazany
poprzez bawelng powlekang AgNPs osiggajac strefe¢ zahamowania wzrostu w dwoch
gatunkach bakterii: S. aureus 1 E. coli (Shateri-Khalilabad i wsp., 2017). Ponadto, zostato
wykazane, ze jedwab szczegOlnie mocno wigze si¢ z AgNPs izachowuje swoje
wlasciwosci antybakteryjne nawet po 30 ptukaniach (Belda Marin 1 wsp., 2020). Co
cickawe, rowniez GO jest w stanie zwigza¢ si¢ z materiatami takimi jak jedwab, za
pomocg wigzan elektrostatycznych ze wzgledu na obecnos¢ wielu grup funkcyjnych
z tlenem (Zulan 1 wsp., 2019). W przeprowadzonych badaniach GO zostat uzyty jako
nos$nik dla innych nanoczastek; jest wigc prawdopodobne, ze nanokompozyt zwigzat si¢
z jedwabiem poprzez interakcj¢ reaktywnych grup chemicznych GO z powierzchnig

jedwabiu, aczkolwiek mozliwe byto réwniez zwigzanie AgNPs, znajdujacym si¢ na
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powierzchni GO. Dwojakie wigzanie moglo zaowocowaé silnymi wiasciwo$ciami

antybakteryjnymi testowanych materialdow widkienniczych.

W przypadku stosowania materialdow widkienniczych lub jakichkolwiek innych
materiatdéw szczegdlnie wazne jest zbadanie ich biokompatybilnosci. Odpowiednim
sposobem badania takich wlasciwos$ci jest analiza angiogenezy z wykorzystaniem
modelu CAM (Zwadlo-Klarwasser i wsp., 2001), ktory jest szeroko stosowany jako
model toksykologiczny dla réznych substancji (Ribatti, 2017). W ostatnich latach model
ten stat si¢ nawet etapem posrednim mig¢dzy badaniami in vitro i in vivo na zwierz¢tach
(Fraguas-Sanchez 1 wsp., 2021). Prowadzenie badan w dziedzinie toksykologii
nanomateriatow jest niezwykle trudne ze wzgledu na duza liczbe aspektow, ktore nalezy
wzig¢ pod uwage, oraz fakt, ze do scharakteryzowania pojedynczej substancji
w konwencjonalny sposdb potrzeba wielu zwierzat (Buhr 1 wsp., 2020).
W przeprowadzonym badaniu nanokompozyt GOAg, jako czynnik wplywajacy na
mozliwe zmiany w blonie kosméwkowo-omoczniowej zarodka kury, nie powodowat
efektu toksycznego, o czym $§wiadczy gestos¢ 1 dlugos¢ naczyn krwionosnych w tescie
CAM. Wyniki nie roéznity si¢ w odniesieniu do nietraktowanych grup kontrolnych

materialdow wlokienniczych.

8.2. Doswiadczenie II: OkreSlenie wlasciwosci antybakteryjnych
trojkomponentowych nanokompozytow skladajacych si¢ z GO lub GN
z dodatkiem CulNPs i ZnONPs, oraz ich skladowych, w stosunku do czterech
gatunkow bakterii: S. aureus, S. enterica, L. monocytogenes i E. cloacae

(Publikacja 2: Lange i wsp., 2022).

GN, GO, CuNPs oraz ZnONPs jako nanostruktury uzywane w badaniu, zostaty
poddane analizie fizykochemiczej. Przeprowadzona zostala analiza potencjatlu zeta oraz
rozktadu wielkosci, a takze analiza FT-IR. Na podstawie pomiaru potencjalu zeta
stwierdzono, ze GO oraz GN byly najbardziej stabilnymi nanomateriatami, osiagajac
odpowiednio wartosci -27,53 = 0,70 mV oraz -27,40 £ 2,67 mV. Warto$¢ potencjatu zeta
dla CuNPs wynosita —19,03 £ 0,51 mV, adla ZnONPs 2,32 + 0,83 mV, czynigc ZnONPs
jedynym czynnikiem stosowanym pojedynczo z dodatnim potencjatem zeta. Utworzone
nanokompozyty trojsktadnikowe charakteryzowaty si¢ zréznicowanym potencjatem zeta:
GOZnOCu —20,47 £+ 1,42 oraz GNZnOCu 10,56 + 1,34 mV. Rozmiar nanostruktur we

wszystkich analizowanych przypadkach wynosit ponad 100 nm. Najwigksze wartosci

38



srednicy hydrodynamicznej wykazywaty nanokompozyty: GNZnOCu 2927,00 + 521,67
nm oraz GOZnOCu 3843,33 + 472,84 nm. Jednak nanoczastki metali, CuNPs i ZnONPs,
mialy $rednice aglomeratow wynoszace odpowiednio 682 i 2155 nm, ale oba typy
cechowaly sie brakiem stabilnosci, co bylo widoczne w pomiarach potencjalu zeta
(CuNPs =-19,03 £ 0,51 mV; ZnONPs = 2,32 + 0,83 mV). Zadna z uzyskanych wartosci
nie przekroczyta +30 mV, co zapewnitoby im silnie kationowy lub anionowy charakter
(Clogston 1 Patri, 2011). Na podstawie analizy TEM, wykazane zostato, ze duze
aglomeraty CuNPs i ZnONPs sktadaja si¢ ze znacznie mniejszych nanoczgstek. Ksztatt
materiatéw grafenowych byt podobny do tych w innych badaniach, w ktorych GN i1 GO
wykazywaty budowe cienkich, ptaskich ptatkow (Aziz i wsp., 2014), z czego wynika ich
wieksza $rednica hydrodynamiczna w porownaniu do CuNPs i ZnONPs. To samo
zjawisko zaobserwowano w przypadku nanokompozytdéw, w ktorych GN i GO stanowity
platform¢ dla innych nanoczastek. Ze wzgledu na swoj ksztatt wykazywaty one duzy
rozmiar w analizie DLS, ktora opiera si¢ na rozpraszaniu $wiatta, a wyniki z tej analizy
sg obliczane za pomocg rownania Stokesa-Einsteina, ktérego jednym z elementdéw jest
srednica hydrodynamiczna kulistej czastki (Stetefeld 1 wsp., 2016). Z tego samego
powodu nanokompozyty wykazywaly najwigksze rozmiary sposréd badanych
nanostruktur. Tworzenie aglomeratoéw z kolei wptywa na efekt biologiczny, jaki
wykazujg nanoczastki (Skoglund 1 wsp., 2017). Agregacja CuNPs moze by¢ wynikiem
szybkiego utleniania w warunkach ekspozycji na dziatanie atmosfery (Usman i wsp.,
2013). Biorac pod uwage przygotowanie nanoczastek, ktore znajdowaly sig
w normalnych warunkach (w temperaturze pokojowej z dostepem do tlenu), CuNPs,
pomimo ujemnego potencjalu zeta (—19.03 £ 0.51 mV), mogly tworzy¢ aglomeraty
przekraczajagce 600 nm. ZnONPs w analizie TEM rowniez charakteryzowaly sie¢
aglomeratami sktadajagcymi si¢ z pojedynczych nanoczastek, ktore wykazywaty
zrdznicowane rozmiary. Podobne wyniki wizualizacji ZnONPs uzyskali Mendes 1 wsp.
2022 (Mendes i wsp., 2022). W analizie FT-IR we wszystkich grupach zaobserwowano
szeroki pik miedzy 3000 a 3650 cm™!, ktory jest przypisany glownie wodzie i grupom
hydroksylowym (-OH). Dodatkowo zaobserwowane zostaty piki odpowiadajace
wigzaniom C-H oraz C=C, a takze C-O, C=01 C-C.

Po analizie fizykochemicznej przeprowadzona zostata analiza zywotnosci za
pomoca testu PrestoBlue, w ktorej cztery gatunki bakterii S. aureus, S. enterica,

L. monocytogenes 1E. cloacae zostaly poddane ekspozycji na nanostruktury oraz
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trojsktadnikowe nanokompozyty. Czynnikiem najbardziej ograniczajacym zywotnosc¢
gatunkoéw bakterii Gram-ujemnych byl nanokompozyt GOZnOCu (30% u S. enterica,
15% u E. cloacae), natomiast dla bakterii Gram-dodatnich (tj. L. monocytogenes
1S. aureus) takim czynnikiem byt nanokompozyt GNZnOCu (55% u L. monocytogenes,
54% u S. aureus). PrestoBlue jest efektywnym wskaznikiem wzrostu i zywotnos$ci
bakterii, pomimo faktu, ze cze$ciowa wrazliwos¢ na $wiatlo i czas testu zalezy od
metabolizmu bakterii (Lall 1 wsp., 2013). Niemniej jednak, istniejg pewne doniesienia
opisane wczesniej, ktore stwierdzaja, ze nanomaterialy weglowe moga powodowac
ponowne utlenianie rezorufiny (r6zowej) do resazuryny (niebieskiej) lub hiperredukcje
rezorufiny (r6zowej) do hydrorezorufiny (bezbarwnej), co wptywa na intensywnos$¢
koloru uzyskanego w tescie (Breznan i wsp., 2015). Z tego wzgledu, przeprowadzona
zostala analiza okreslajaca liczbe jednostek tworzacych kolonie (jtk/ml), jako analiza
potwierdzajagca wyniki testu PrestoBlue. W przeprowadzonych badaniach wyniki
uzyskane z obu analiz s3 zgodne i czynnikami najbardziej ograniczajagcymi wzrost
bakterii byly te same, ktore zostaly wskazane w analizie zywotnos$ci. Materiaty
grafenowe nie powodowaty istotnego obnizenia zywotnosci w wigkszosci przypadkow
(GN w niewielkim stopniu jedynie w S. aureus, a GO w E. cloacae, S. enterica
o kilkanascie punktow procentowych w zakresie 13-18%). Podobnie nie byly to czynniki
hamujace wzrost bakterii na podiozu agarowym, a w niektorych przypadkach (GN
w E. cloacae, GO w L. monocytogenes, S. enterica) warto$¢ log byta wyzsza niz w grupie
kontrolnej. Biorac pod uwage powyzsze fakty, GO i GN moga przylega¢ do powierzchni
bakterii 1 owija¢ si¢ wokoét niej, oddzielajac je od otaczajacego medium i sktadnikow
odzywczych, co jest jednym z juz znanych mechanizmow antybakteryjnych materiatow
grafenowych (Zhang i Tremblay, 2020), ale nie powoduje to mechanicznego uszkodzenia
komorek, przez co $mier¢ komorek nie nastepuje w rownie duzym stopniu jak
w przypadku nanoczastek metali. Ze wzgledu na duzy rozmiar oraz ksztalt materiatlow
grafenowych, moga mie¢ one utrudniong dyfuzje w agarze. W przypadku nanoczastek
metali, redukcj¢ o okoto 3 log jtk/ml po ekspozycji na CuNPs i ZnONPs zaobserwowano
tylko w przypadku L. monocytogenes. Zmniejszenie liczby jednostek tworzacych kolonie
L. monocytogenes o 1 log jtk/ml odnotowano w badaniu Skowron i wsp. 2022, gdy
komorki zostaty poddane dzialaniu nanoczastek miedzi i srebra, powodujac w ten sposéb

redukcje wzrostu 0 90% (Skowron 1 wsp., 2022).
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Inne dziatanie obserwuje si¢ w przypadku nanoczastek metali, ktore moga
wykazywa¢ wiele mechanizméw, w tym zaburzenie btony, obnizenie zawartosci ATP
iuwalnianie jonoéw (Slavin 1 wsp., 2017). Nanoczastki metaliczne ingeruja
w powierzchni¢ komorki, poniewaz jest to pierwszy punkt oddziatywania, ktory
powoduje zaklocenie potencjatu i integralnosci $ciany i btony komoérkowej z powodu
wigzania elektrostatycznego. Przerwanie blony komodrkowej powoduje wyplyw duzej
ilosci cytozolu, czemu bakterie zapobiegaja poprzez pompy wyplywu protondéw (efflux)
1 transport elektronow (Gold 1 wsp., 2018). Ze wzgledu na powyzsze, w niniejszym
doswiadczeniu przeprowadzona zostala analiza wyptywu LDH oraz zawarto$ci ATP.
Uzyskano wyniki, w ktérych nanokompozyty powodowaly najwiekszy wyptyw LDH
w stosunku do grup kontrolnych oraz najwigksze obnizenie zawartosci ATP. Wartos¢
wyplywu LDH po ekspozycji na GOZnOCu ksztaltowata si¢ na poziomie: 93,4%
u S. aureus, 42,9% u S. enterica, 60,6% u L. monocytogenes i 84,0% u E. cloacae.
Ekspozycja badanych gatunkéw bakterii na drugi ze stosowanych nanokompozytow
GNZnOCu spowodowata wyptyw LDH na poziomie: 77,6% u S. aureus, 38,3%
u S. enterica, 80,2% u L. monocytogenes 149,7% u E. cloacae. Podczas przeprowadzone;j
analizy ATP, wykazane zostato, Zze nanokompozyt GOZnOCu najbardziej ogranicza
wytwarzanie ATP we wszystkich badanych gatunkach bakterii (o okoto 9000 pmol/pl)
wywolujac silniejszy efekt niz GNZnOCu, ktory byt drugim w kolejnosci najbardziej
ograniczajagcym czynnikiem. Badania Panda i wsp. 2018 sugeruja, ze podtoze GO-metal
zmienia proces transferu elektronéw poprzez pochlanianie elektronow ze szlakow
oddechowych bakterii 1 modyfikacje zawierajacych tlen grup funkcyjnych na
powierzchni GO (Panda 1 wsp., 2018). Takie zjawisko rowniez moglo wystepowac
w przeprowadzonych badaniach, biorgc pod uwage fakt, ze GOZnOCu wywotywat
najwicksze obnizenie zawartosci ATP. ZnONPs rowniez spowodowat spadek
koncentracji ATP u wszystkich gatunkéw, natomiast znaczacy spadek w przypadku
CuNPs zaobserwowano tylko u gatunkéw Gram-dodatnich. Aktywno$¢ antybakteryjna
ZnONPs jest odwrotnie proporcjonalna do jego wielkosci (Siddigi 1 wsp., 2018).
W niniejszym badaniu ZnONPs charakteryzowal si¢ duzym rozmiarem ($rednica
hydrodynamiczna aglomeratéw 2155,33 nm), z tendencja do aglomeracji, co moze
wplywac na jego ograniczony efekt toksyczny. W tescie PrestoBlue ZnONPs powodowat
obnizenie zywotno$ci komorek bakterii o okoto 20 punktéw procentowych, jak rowniez
powodowat niewielki wyptyw LDH. Jednakze zawartos¢ ATP byla znacznie

zmniejszona. Powszechnie, w prowadzonych badaniach, ZnONPs ma dodatni tadunek
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powierzchniowy, co jest zgodne z uzyskanymi wynikami, zatem tatwo polaczy¢ go
zujemnie naladowanymi strukturami (Dlugosz i1 wsp., 2020).W przeprowadzone;j
analizie fizykochemicznej, ZnONPs wykazywat dodatni potencjat zeta (2,3 mV), podczas
gdy zarowno bakterie Gram-dodatnie, jak i Gram-ujemne wykazujg tadunki ujemne na
powierzchni (Ren i wsp., 2020). Ze wzgledu na mechanizm dziatania nanoczastek metali,
ktére moga uszkadza¢ i1 narusza¢ blon¢ komodrkowa, dodatkowy aspekt taczenia sig
ZnONPs ze $Sciang 1 btong komorkowga ttumaczy uzyskane wyniki z analizy ATP. Oprécz
stosowanych materiatow, niezwykle wazna jest budowa bakterii, poniewaz ich gtbwnym
punktem interakcji z jakimkolwiek $rodkiem antybakteryjnym jest powierzchnia
zewngtrzna (Wilson 1 wsp., 2001). Na powierzchni bakterii wystepuja rézne struktury,
ktore r6znig si¢ w zaleznos$ci od sciany komorkowej (Gram-dodatniej i Gram-ujemnej).
Kwas teichojowy (Gram-dodatnie) lub lipopolisacharydy i fosfolipidy (Gram-ujemne) sg
zwigzane zaré6wno zzasadowymi, jak 1 kwasowymi grupami funkcyjnymi. Takie
polaczenia determinujg elektrostatyczne zachowanie bakterii, szczego6lnie w odniesieniu
do jej interakcji z r6znymi czynnikami (Halder 1 wsp., 2015). Btona cytoplazmatyczna
jest wielofunkcyjna zaréwno u bakterii Gram-dodatnich, jak i Gram-ujemnych, poniewaz
stanowi miejsce aktywnego transportu i sktadnikéw tancucha oddechowego, a takze
systemow przenoszenia energii i H+-ATPazy pompy protonowej (Salton MRJ, 1996).
Z tego wzgledu w przeprowadzonym badaniu, gdy integralnos$¢ btony zostata zakidcona,
co jest widoczne poprzez wyplyw LDH, zmieniona zostala rowniez zawarto$¢ ATP,
poniewaz koncentracja ATP zalezy od prawidlowego funkcjonowania btony. Gdy
niektore struktury dostaja si¢ do wnetrza komorki, bakterie moga przezwyciezy¢
zagrozenie ze strony substancji o wlasciwosciach antybakteryjnych, takich jak
nanoczastki, poprzez zalezny od energii aktywny wyptyw toksycznych jonow
(Hochvaldova i wsp., 2022). Oznacza to, ze nawet skuteczne nanostruktury moga miec
stabsze dzialanie, gdy bakterie s3 w stanie ,,wypompowac” zagrazajace zwiagzki. Jednak
aby taka sytuacja miata miejsce, btona i $ciana komérkowa powinny by¢ nienaruszone,
co nie zostato zaobserwowane w przeprowadzonych badaniach. Ze wzgledu na tak duze
zmiany w zawarto$ci ATP oraz zaburzenia integralno$ci btony, ktore byty obserwowane,
nanokompozyty mogly wpltywaé na sil¢ protonomotoryczng (PMF), ktora jest
elektrochemicznym lub chemiosmotycznym gradientem protondéw, okre§lanym przez
aktywne pompowanie protonéw i wtdrne ruchy jonow (Slonczewski i wsp., 2009). PMF,
generowana przez btone¢ komodrkowa, opiera si¢ na przemieszczaniu protondw przez

fancuch transportu elektrondw. Jest to niezbedne do syntezy ATP w komorkach bakterii.

42



PMF stanowi roéwniez kluczowy element przetrwania bakterii, ale w terapii
przeciwdrobnoustrojowej cel ten zostat w duzej mierze pominigty z obawy o toksycznos$¢,

ktora moze mie¢ podobny wptyw na inne komorki (Farha 1 wsp., 2013).

Nanomaterialty moga stanowi¢ alternatywe dla tradycyjnych antybiotykéw ze
wzgledu na wielopoziomowe dziatanie jakie wykazuja. Kliniczne zastosowania
nanoczastek nie sg jednak pozbawione trudnosci, ktore zwigzane sg z metodg
dostarczania danej terapii (Mubeen 1 wsp., 2021). Obecnie wykorzystywane sg nowe
metody stosowania nanoczastek, np. transfer laserowy wykorzystywany do zwalczania
biofilmoéw (Nastulyavichus 1 wsp., 2020), chociaz mimo to, konieczne jest
przeprowadzenie podstawowych badan dotyczacych wlasciwo$ci nanoczastek
koloidalnych 1 ich interakcji z komoérkami bakteryjnymi, aby mdc wprowadzi¢ nowe
rozwigzania terapeutyczne. Toksyczno$¢ nanoczastek podczas ich stosowania jest
kluczowym elementem w dalszych zastosowaniach dla zwierzat i ludzi. Wiele aspektow
wptywa na ich interakcje z komorkami i tkankami, ze wzgledu na unikalne wtasciwosci
nanoczastek. Ich dziatanie rézni si¢ w zaleznos$ci od typu, dawki, wihasciwosci
fizykochemicznych nanoczastek, jak rowniez rodzaju zastosowanej linii komorkowe;.
Biorac pod uwagg, ze istnieje kilka aspektow, ktore nalezy wzia¢ pod uwage, konkretny
wpltyw nanoczastek nadal nie jest w peini zrozumiaty (Ozdal 1 Gurkok, 2022). W celu
okreslenia potencjalnej toksycznosci w stosunku do modelu linii komérkowej HFFF2,
przeprowadzona zostala analiza ekspresji 42 cytokin prozapalnych. Na podstawie
uzyskanych wynikow zidentyfikowano trzy rodzaje cytokin o podwyzszonej ekspres;ji:
TNF-B, GRO 1 TARC. Chociaz toksyczno$¢ nie byla znaczgca, biorgc pod uwage
mozliwos¢ wystapienia szkodliwych skutkéw, nanomaterialty powinny by¢ doglebnie

analizowane.

TNF-B, ktory jest czynnikiem nekrozy nowotwordéw, jest rowniez znany jako
limfotoksyna. Bierze udziat w proliferacji, ré6znicowaniu i apoptozie komorek. Jest
toksyczny dla wielu komoérek nowotworowych (Joo, 2011). Wzrost poziomu TNF-
zaobserwowano w przypadku stosowania CuNPs, GNZnOCu i GOZnOCu; jednak
w przypadku CuNPs i GNZnOCu wzrost byl najwyzszy ze wszystkich probek. TARC,
znany réwniez jako ligand chemokiny 17 (CCL17), dziata jako chemoatraktant komorek
T-helper-2 (Th2). Chemokina ta jest zwigzana z niektérymi chorobami uktadu
oddechowego, w tym astmg oskrzelowa, alergicznym niezytem nosa i eozynofilowym

zapaleniem pluc (Ness 1 wsp., 2006). Wzrost ekspresji TARC zaobserwowano
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w komorkach HFFF2, ktore zostaty poddane dziataniu CuNPs i GNZnOCu. GRO nalezy
do rodziny chemokin, ktéra odgrywa kluczowa role w reakcjach zapalnych i procesach
gojenia si¢ ran, ale jest roéwniez zwigzana z nowotworzeniem, angiogeneza
1 przerzutowaniem (Wang 1 wsp., 2006). GRO zaobserwowano w komorkach tylko po
traktowaniu ich CuNPs. Uzyskane wyniki sugeruja, ze CuNPs wiaczona do kompozytu
wykazuje mniej toksyczny wptyw na lini¢ komérkowa HFFF2 niz stosowana bez dodatku
pozostatych nanostruktur. Inne sktadniki nanokompozytow (GN, GO lub ZnONPs) nie
byly toksyczne dla komoérek HFFF2 1 nie powodowaly wzrostu ekspresji cytokin
prozapalnych.

8.3. Doswiadczenie III: Okreslenie wplywu nanokompozytow skladajacych
sie¢ Z GO, AgNPs, CuNPs lub ZnONPs i utworzonych z nich nanofilméw na
formowanie biofilmu trzech gatunkow bakterii: S. aureus, S. enterica oraz

P. aeruginosa (Publikacja 3: Lange i wsp., 2024).

Wszystkie nanostruktury (GO, AgNPs, CuNPs, ZnONPs oraz nanokompozyty
GOAg, GOCu, GOZnO) stosowane w badaniu zostaly poddane analizom
fizykochemicznym. Przeanalizowany zostal potencjal zeta, na podstawie ktérego
stwierdzono, ze najwigksza stabilno$¢ koloidalng wykazywat nanokompozyt GOAg
osiggajac warto$¢ -41,7 mV. Pozostate dwa nanokompozyty wykazywatly wartosci
swiadczace o wigkszej stabilnosci niz stosowane pojedynczo CuNPs i ZnONPs (GOCu
-24,8 mV; CuNPs -18,8 mV; GOZnO -12,2 mV; ZnONPs 10,8 mV). Sam GO wykazywat
warto$¢ potencjatu zeta -39,6 mV. Potencjal zeta uznawany jest za parametr §wiadczacy

o stabilnos$ci koloidalnej, ktorg mozna okresli¢ gdy wartos¢ ta zbliza si¢, badz przekracza

+ 30 mV.

Z tego wzgledu, na podstawie uzyskanych wynikéw zaobserwowano wzajemng
stabilizacje pojedynczych sktadnikow. Co wigcej, wykazane zostalo, ze wszystkie
nanokompozyty zachowuja stabilno$¢ koloidalng do 48 h, osiagajac wyzsze wartosci
potencjatu zeta niz bezposrednio po przygotowaniu nanokompozytow (po 48 h GOAg
-50,5 mV; GOCu -29,3 mV; GOZnO -25,7 mV). Dekorowanie GO nanoczgstkami metali
moze zapewni¢ wyjatkowa wydajnos¢ w proponowanych rozwigzaniach, ktora opiera si¢
na synergicznym efekcie, jaki te materiaty moga wykazywac (Iordache i wsp., 2023).
Wzajemne oddziatywanie sktadnikéw byto widoczne takze w ksztalcie jaki wykazywaty
nanokompozyty, w ktorych GO stanowil platforme¢ dla pozostatych nanoczastek
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osadzonych na jego powierzchni. Ze wzgledu na wielko$¢ jaka charakteryzowat si¢ GO
(>400 nm) oraz form¢ ptlatkdw, nanokompozyty roéwniez charakteryzowaly sie¢
wielko$cig przekraczajacg 100 nm. GOZnO byl nanokompozytem o najwigkszych
rozmiarach, czego przyczyng mogto by¢ tworzenie aglomeratéw na powierzchni GO, ze
wzgledu na najmniejszg stabilno$¢ koloidalng jaka wykazywaty ZnO (Zp = 10,8 mV).
Aglomeracja na powierzchni GO byfa widoczna takze podczas wizualizacji STEM.
Tworzenie aglomeratéw (stabych wigzan pomigdzy pojedynczymi nanoczastkami)
wynika z wysokiej energii powierzchni jakg wykazuja pojedyncze nanoczastki (Shrestha
1 wsp., 2020). Aglomeraty sg strukturami stosunkowo tatwymi do przezwycig¢zenia,
poniewaz sity interakcji pomigdzy poszczegdlnymi czastkami sg slabymi
oddzialywaniami, takimi jak sily van der Waalsa, oddzialywania elektrostatyczne czy sita
solwatacji (Endres 1 wsp., 2021). Co wigcej, istnieja doniesienia mowigce o tym, ze
aglomeraty nie powoduja mniejszej toksycznosci niz mniejsze czastki ze wzgledu na inne

mechanizmy jakie wykazuja w potencjalnej szkodliwosci (Zhang 1 wsp., 2022).

Wykazane zostalo, ze rownomierne rozmieszczenie nanoczastek metali na
powierzchni materiatow grafenowych pozwala zapobiega¢ ponownemu osadzaniu
grafenu na warstwach nanokompozytow (Moafi i wsp., 2022). To zjawisko thumaczy
chropowato$¢ powierzchni nanokompozytoéw uzyskang w przeprowadzonych badaniach
za pomocg AFM. Powierzchnia wszystkich nanokompozytow wykazala wigksza
chropowato§¢ w porownaniu do samego GO. Najwickszag chropowatoscig
charakteryzowat si¢ nanofilm GOZnO (195 nm), co jest uzasadnione poprzez utworzenie
aglomeratow przez ZnONPs na powierzchni GO. Drugim w kolejnosci byt nanofilm
GOAg ze $rednig chropowatoscig rowng 134 nm. Szorstkie powierzchnie sg bardziej
sprzyjajace adhezji bakterii niz powierzchnie gladkie z powodu zwigkszonej powierzchni

oraz ochrony przed czynnikami zewn¢trznymi (Schubert 1 wsp., 2024).

Nastgpnie przeprowadzona zostata analiza rentgenowska z dyspersja energii
(EDX) nanokompozytéw. Wszystkie nanokompozyty wykazywatly wysoka zawartos¢
wegla 1 tlenu. Wysoka zawartos$¢ tlenu w GO jest zwigzana z obecnoscig licznych grup
zawierajacych tlen, takich jak grupy hydroksylowe, karbonylowe i epoksydowe, ktore sa
umieszczone na platkach wykonanych z wegla zgrupami karboksylowymi na
krawedziach (Uflyand 1 wsp., 2021). Co ciekawe, nanokompozyt GOZnO

charakteryzowal si¢ najmniejsza zawarto$cig tlenu w porownaniu do innych
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nanokompozytow, ktore sktadaly si¢ z GO z dodatkiem nanoczastek metali a nie tlenkow
metali, aczkolwiek wyniki te sg zgodne z wynikami uzyskanymi przez innych badaczy,
w ktorych ZnONPs rozmieszczony na powierzchni ptatkow GO powodowat defekty tlenu
w ich strukturze (Le i wsp., 2022). Oprocz wspomnianych wczesniej pierwiastkow,
nanokompozyt GOAg wykazywat rowniez zawarto$§¢ Ag, o czym $wiadczylo spektrum
w okolicy 3 keV. Jest to zgodne z wynikami innych zespoldw badawczych, jako ze jest
to typowy pik dla srebra (Safaepour 1 wsp., 2009). Rowniez w nanokompozycie GOCu
zaobserwowane zostaty spektra typowe dla Cu w okolicy 8 keV oraz ponizej 1 keV.
Podobne widma zostaty zaobserwowane przez Guzman i wsp. 2018 (Guzman i wsp.,
2018). Przeprowadzona zostala takze analiza EDX wytworzonych nanokompozytow
w stosunku do supernatantu (po odwirowaniu), w celu okreslenia zwigzania si¢
nanoczastek metali/tlenkow metali z GO. Wyniki wykazaty, ze w supernatancie obecne
byty nanoczastki metali/tlenkéw metali w zawarto$ci mniejszej niz 1% (wagowo), co

sugeruje, ze wszystkie nanoczastki byly zwigzane z GO w minimum 99%.

Generowanie reaktywnych form tlenu jest jednym z gtownych mechanizméw
cytotoksycznosci w badaniach in vitro podczas analizy nanoczastek. Uwaza si¢, ze
nanoczgstki metaliczne oddziatuja z blong komoérkowa bakterii poprzez wydzielanie
jonow, co jest glownym mechanizmem ich dzialania (Alavi 1 wsp., 2022).
W przeprowadzonej analizie ROS, czynnikiem wywotujacym najwickszy stres
oksydacyjny byt ZnONPs dla bakterii Gram-ujemnych (P. aeruginosa i S. enterica),
natomiast dla bakterii Gram-dodatniej (S. aureus) byt to GOAg. Struktura komoérkowa
bakterii Gram-ujemnych charakteryzuje si¢ obecnos$ciag blony zewngtrznej oraz cienka
sciang komorkowa. Blona zewnetrzna jest przepuszczalna dla niewielkich,
rozpuszczalnych w wodzie molekut (Sun i wsp., 2022). Jak zostalo wykazane przez
Yusof i wsp. 2021 (Mohd Yusof i wsp., 2021), nanoczastki tlenku cynku uwalniajg jony
proporcjonalnie do czasu inkubacji. Nanokompozyt GOCu wykazywat podobny poziom
generowania ROS jak pozostate nanokompozyty, co sugeruje jego efektywne dzialanie.
Jednym z proponowanych mechanizméw dzialania CuNPs rowniez jest uwalnianie
jondéw, ktore, miedzy innymi, oddzialuja z komédrkami poprzez hamowanie produkcji
enzymow 1 bialek, ale maja rowniez wysokie powinowactwo do amin i grup
karboksylowych znajdujacych si¢ na powierzchni komoérek, umozliwiajac bezposrednie
wigzanie si¢ z komérkami (Kim 1 wsp., 2023). Zdolnos$¢ przeciwutleniajgca to zdolnosé

do usuwania wolnych rodnikow (Bedlovicova 1 wsp., 2020) 1 jest to sumaryczna
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aktywnos$¢ skladnikow komorek, ktore chronig przed stresem oksydacyjnym
i wytwarzanymi rodnikami (Liu i wsp., 2020). Nanoczastki metali moga hamowac
enzymy antyoksydacyjne (tj. SOD, CAT) poprzez zmiang ich struktury drugorzedowe;j,
co wptywa na funkcjonowanie enzyméow. Oznacza to, ze podczas ekspozycji komorek na
nanoczastki metali, enzymy antyoksydacyjne wykazuja mniejsza lub brak aktywnosci
z powodu zmiany ich struktury. W przedstawionych analizach zdolno$¢ antyoksydacyjna
byla nizsza w przypadku traktowania nanokompozytami niz w grupach kontrolnych
(niepoddanych dziataniu nanokompozytow/nanoczastek), co oznacza, ze catkowita
aktywnos¢ antyoksydacyjna byta nizsza niz w przypadku prawidlowo funkcjonujacych
komorek (grupa kontrolna). Co ciekawe, wszystkie nanostruktury oraz nanokompozyty
powodowaty wzrost ROS 1 obnizenie zdolnosci antyoksydacyjnej w bakteriach Gram-

ujemnych, ale jednoznaczna zalezno$¢ nie zostata zaobserwowana w S. aureus.

Nastepnie zostaly wykonane analizy biofilmu. W celu wybrania odpowiednich
stezen pojedynczych nanostruktur do wytworzenia nanokompozytow o wtasciwosciach
antybiofilmowych, przeprowadzone zostato barwienie fioletem krystalicznym struktury
biofilmu. Jedynym st¢zeniem GO, ktore powodowato ograniczenie formowania biofilmu
1 bylo istotne statystycznie we wszystkich gatunkach bakterii byto 5 pg/ml, cho¢ sam GO
nie wykazywat silnej toksyczno$ci. Dla wszystkich gatunkéw AgNPs byt czynnikiem,
ktory cechowat sie dawkozalezng toksycznos$cig. St¢zenia nizsze niz 25 pg/ml
powodowaty formowanie biofilmu w minimum 50%. Nanofilm CuNPs skutkowat
podobnymi warto$ciami uformowania biofilmu w stezeniach 12,5; 25; 50; 100 pg/ml.
W przypadku ZnONPs formowanie biofilmu zostalo zredukowane tylko w dwoch
najwyzszych stezeniach tj. 50 1 100 pg/ml. Nawet jesli niektéore ze stosowanych
nanostruktur nie wykazywaty zamierzonego dzialania jakim bylta inhibicja formowania
biofilmu, co zostato zaobserwowane w nizszych stezeniach ZnONPs, istniejg metody
umozliwiajace efektywne dziatanie takich nanostruktur. Przyktadowo, antybakteryjna
efektywnos¢ ZnONPs w stosunku zardwno do bakterii Gram-dodatnich jak i Gram-
ujemnych mozna zwigkszy¢ poprzez taczenie z nanomateriatami weglowymi,
aw szczegolnosci z GO. Uwaza sig, ze takie potgczenie moze skutkowaé nawet
dwukrotnie zwigkszona wydajnoscia nanofilmu niz pojedynczo stosowane ZnONPs

(Gudkov i wsp., 2021).
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W celu analizy grubosci 1 jakoSciowej oceny formowania biofilmu
przeprowadzone zostalo podwodjne barwienie fluorescencyjne za pomoca dwoch
barwnikow DAPI 1 Syto9. Zastosowanie dwoéch barwnikéw pozwolito wykluczy¢
niespecyficzne barwienie struktur. Grubo$¢ utworzonego biofilmu byta znacznie
zmniejszona we wszystkich probkach w poréwnaniu z grupa kontrolng. Najcienszy
biofilm zostat zaobserwowany na nanofilmie GOAg we wszystkich trzech testowanych
gatunkach bakterii, aczkolwiek pozostale nanofilmy (GOCu 1 GOZnO) rdéwniez
powodowaty ograniczenia w formowaniu biofilmu oraz przyczynialy si¢ do innego
umieszczenia komorek, ktore byly znacznie luZzniej utozone, nie tworzac zwartej
warstwy. P. aeruginosa charakteryzowat si¢ biofilmem, w ktérym duza liczba komorek
w gornej czesci nie przylegata do dolnych czesci osadzonych na nanofilmach. Transport
nanoczastek w obrgbie biofilmu moze zachodzi¢ za pomocg kanatow wodnych, co
zapewnia dostarczenie nanoczastek do dolnych warstw biofilmu. Takie zjawisko jest
pozadane, poniewaz zapewnia nie tylko degradacje komodrek w gornych warstwach, ale
takze niszczenie struktury od wewnatrz, gdzie komorki wykazuja inne wilasciwosci
metaboliczne. W niniejszym badaniu moglo to mie¢ miejsce w przypadku
nanokompozytéw dekorowanych nanoczastkami metali, co zostalo czgsciowo
potwierdzone podczas analizy za pomocg mikroskopii konfokalnej, ktorej wykazano, ze
struktura biofilmu zostala czgsciowo zdegradowana. Jednak migracja nanoczastek jest
pozadana, gdy ich transport odbywa si¢ przez kanatly, podczas gdy w strukturze biofilmu
wystepuja takze struktury zwane porami. Srodki antybakteryjne sa rozcienczane
w porach, co moze ostabia¢ ich dziatanie (Quan i wsp., 2022). Wyniki przeprowadzone;j
analizy nie wskazuja na gromadzenie si¢ nanoczastek w porach. Jednak ze wzgledu na
ciggla reorganizacj¢ struktury biofilmu nie mozna wykluczy¢ tego zjawiska podczas

dtugotrwatej ekspozycji.

W celu okreslenia struktury wytworzonego biofilmu, przeprowadzona zostata
analiza przy uzyciu SEM. Wizualizacja komorek wykazata, Ze nanofilmy nie sprzyjaty
tworzeniu biofilmu. S. aureus w grupie kontrolnej wykazywat przestrzenng strukture,
ktora stanowity upakowane warstwowo komorki. Na powierzchni nanofilméw GOCu
oraz GOZnO komorki rowniez przylegaty do siebie, jednak ugrupowan komoérkowych
byto znacznie mniej niz w grupie kontrolnej. W odréznieniu od wspomnianych powyzej
nanofilmow, nanofilm GOAg skutkowat obecno$cia jedynie kilku komorek. Podobne

rezultaty zostaly zaobserwowane w biofilmie wytwarzanym przez P. aeruginosa.
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W grupie kontrolnej biofilm P. aeruginosa utworzyt bardzo gruba i niejednorodng
strukture z dobrze rozbudowang macierza EPS, w ktorej osadzone byty komorki, czego
nie zaobserwowano w probkach testowych. Biofilm utworzony przez S. enterica na
nanofilmie GOAg byt podobny do tego z grupy GOZnO. Komorki wszystkich gatunkow
w grupie kontrolnej wykazywaty prawidtowa morfologi¢, podczas gdy w grupach
testowych poszczegdlne komorki wykazywaty zmiany w strukturze komorkowe;j, stajac

si¢ bardziej ptaskie, a nawet skurczone.

Najmniejsze zageszczenie komoérek wystgpowalo na podtozu z nanofilmow
GOAg i GOZnO. Co cickawe, byty to dwa nanofilmy o najwyzszej chropowato$ci
powierzchni. Wyniki te sg zgodne z innymi wynikami badan Wu 1 wsp. 2018, ktore
wykazaty, ze szorstkie powierzchnie zmniejszaty liczbe zywych komoérek bakteryjnych
(S. aureus 1 P. aeruginosa zostaty uzyte jako modele bakteryjne) juz po 4 godzinach, we
wczesnych etapach tworzenia biofilmu (Wu i wsp., 2018). W przeprowadzonych
badaniach, chropowata powierzchnia GOZnO przyczynita si¢ do mniejszej aktywnosci
metabolicznej, a w konsekwencji do zmniejszonej zywotnosci komérek w poréwnaniu
do ptaskich powierzchni (Xiang i wsp., 2023). Wyniki te sugeruja, ze chociaz chropowate
powierzchnie sg uwazane za bardziej sprzyjajace adhezji komorek bakteryjnych, nie
sprzyjaja one tworzeniu biofilmow, ale tylko wtedy, gdy formy planktoniczne osiedlaja
si¢ na nanofilmach. Moze to by¢ zwigzane z duzymi odleglo§ciami mi¢dzy bakteriami
zamieszkujacymi szorstkie powierzchnie, co uniemozliwia im tworzenie tréjwymiarowe;j
struktury ze wzgledu na niezdolno$¢ wymiany informacji poprzez quorum sensing
w oparciu o sygnaty chemiczne, ktére informuja je o gestosci populacji, transferze
materiatu genetycznego lub syntezie metabolitow wtérnych (Preda 1 Sandulescu, 2019).
Pomimo, ze uzyskane wyniki z analizy ROS sugeruja efektywne dziatanie antybakteryjne
nanokompozytu GOCu, w tak duzym stopniu nie zostato to zaobserwowane w analizie
biofilmu. Sugeruje to, ze nanokompozyt GOCu moze by¢ skutecznym S$rodkiem
antybakteryjnym dla form planktonicznych, ale nie dla biofilmu. Mechanizm taki wydaje
si¢ prawdopodobny ze wzgledu na to, ze uwaza si¢, ze CuNPs wydziela jony, ktore
bezposrednio wigza si¢ z komorkami bakterii, a komorki te w biofilmie zagniezdzone sg
w EPS, przez co dostgp do nich jest trudniejszy. Najwigksze ograniczenie biofilmu
w przeprowadzonych analizach miato miejsce na powierzchni nanokompozytu GOAg.
Nanoczastki srebra sg dobrze znane ze swoich wilasciwosci antybakteryjnych dzigki

uwalnianiu jondéw, ktére miedzy innymi moga przylega¢ do $cian komédrkowych i bton

49



oraz przerywac struktury zewnetrzne (Yin i wsp., 2020). Co wigcej, nanoczastki srebra
stosowane sg jako czynniki antybakteryjne od czaséw starozytnych, zatem efektywnos¢

ich dzialania jest dobrze poznana (Bruna i wsp., 2021).

9. Podsumowanie

Wyniki doswiadczenia 1 wskazujg na silny potencjal antybakteryjny
nanokompozytu GOAg (w stezeniu GO 5 ug/ml, AgNPs 25 pg/ml), przewyzszajac
dziatanie samych AgNPs, wobec dwoch szczepow bakterii P. aeruginosa 1 S. aureus
(zywotnos¢ po potraktowaniu P. aeruginosa i S. aureus wybranym stezeniem GOAg
wynosita odpowiednio 27% 1 31% w poréwnaniu do samych AgNPs, gdy zywotno$¢ obu
gatunkow wynosita odpowiednio 31% 1 34%). Wykazane zostato, ze traktowanie
komorek bakterii nanokompozytem GOAg charakteryzuje si¢ kilkoma punktami
interakcji. Udowodniono, ze btona i $ciana komodrkowa mikroorganizméw zostaje
naruszona, a stres oksydacyjny i peroksydacja lipidow dodatkowo przyczyniaja si¢ do
smierci komoérek. W oparciu o uzyskane wyniki, nanokompozyty GOAg sa w stanie
zapewni¢ wigksza stabilno$¢ koloidalng AgNPs (Zp GOAg wynosit -23,6 = 8,78 mV,
podczas gdy Zp AgNPs wynosit -18,7 + 5,33 mV). Co wigcej, materialy wtokiennicze
pokryte nanokompozytem GOAg wykazaty doskonate wlasciwosci antybakteryjne,
sposrod ktorych wyrdznial si¢ jedwab. Biorae pod uwage powyzsze fakty dotyczace
skutecznego dziatania nanokompozytow, stwierdzono, ze nanokompozyt GOAg moze
mie¢ praktyczne zastosowanie zarowno w powlekaniu materiatéw witdkienniczych, jak
iich niezaleznym uzytkowaniu, ze wzgledu na skuteczne wlasciwosci

przeciwdrobnoustrojowe, ktore wykazujg uzyskane nanokompozyty.

Wyniki  doswiadczenia II  wskazuja na  wieloaspektowe  dziatanie
nanokompozytéw trdjsktadnikowych. W przeprowadzonych badaniach GN i1 GO
stanowily platform¢ dla CuNPs i1 ZnONPs. Nanokompozyty trdjsktadnikowe
wykazywaty dzialanie antybakteryjne w stosunku do czterech gatunkow bakterii:
S. aureus, S. enterica, L. monocytogenes 1 E. cloacae. Nanokompozyty spowodowaly
zmiang integralno$ci blony (wyptyw LDH po ekspozycji na GOZnOCu ksztattowat si¢
na poziomie: 93,4% u S. aureus,42,9% u S. enterica, 60,6% u L. monocytogenes i 84,0%
u E. cloacae; po ekspozycji na GNZnOCu 77,6% u S. aureus, 38,3% u S. enterica, 80,2%

u L. monocytogenes 1 49,7% u E. cloacae). To z kolei wplyngto na zmiany
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w metabolizmie bakterii, co nast¢pnie spowodowato wyczerpanie zawartosci ATP. GN
1 GO byly najbardziej stabilnymi materiatami, osiagajac warto$ci potencjatu zeta
odpowiednio: -27,4 £ 2,67 mV oraz -27,53 £ 0,7 mV, natomiast najmniejsza stabilno$¢
wykazywat ZnO (Zp = 2,32 £+ 0,83 mV) oraz GNZnOCu (Zp = 10,56 + 1,34 mV).
Pomimo wtasciwosci antybakteryjnych nanokompozytow, podczas ich ewentualnego
stosowania zawsze nalezy bra¢ pod uwage ogolng toksycznos¢, ktora czgsto wymaga
dalszych badan w celu zapewnienia bezpieczenstwa. Analiza ekspresji cytokin
prozapalnych wykazata nieznacznie podniesiong ekspresj¢ kilku cytokin, jednakze
zostalo to zaobserwowane w przypadku CuNPs (TNF- B, TARC, GRO), GNZnOCu
(TNF- B, TARC) oraz w jednej cytokinie (TNF- ) w GOZnOCu.

Wyniki do$wiadczenia III wskazuja na mozliwo$¢ efektywnego potaczenia
nanoczgstek metali z GO, ktéry stanowi platform¢ 1 poprawia wlasciwosci
fizykochemiczne nanoczastek metali ze wzgledu na wigksza stabilno$¢ koloidalng jaka
wykazywaty wszystkie nanokompozyty w porownaniu do stosowanych pojedynczo
AgNPs, CuNPs i ZnONPs. Nanokompozyty GOAg oraz GOZnO charakteryzowaly si¢
najwiekszg chropowato$cia powierzchni (134 nm dla GOAg oraz 195 nm dla GOZnO).
Nanokompozyty generowaty stres oksydacyjny, przez co wptywaty takze na obnizenie
zdolnosci antyoksydacyjnej komorek. Utworzone nanokompozyty (GOAg, GOCu
1 GOZnO) byty skuteczne jako nanofilm ograniczajacy formowanie biofilmu przez trzy
gatunki bakterii: S. aureus, S. enterica oraz P. aeruginosa, powodujac zmiany zarOwno
w architekturze biofilmu, jak 1 grubosci catej struktury. Nanokompozyt GOAg
najbardziej ograniczat grubo$¢ formowanego biofilmu w stosunku do wszystkich trzech
gatunkow bakterii (4,41 = 1.01 ym u S. aureus, 3,46 + 0,89 umu S. enterica, 4,08 = 1, 25
um u P. aeruginosa w stosunku do grup kontrolnych: 9,20 + 1.62 um u S. aureus, 8,90 +
1,54 um u S. enterica, 19,51 + 2,75 um u P. aeruginosa). Jest to szczegdlnie wazne,
poniewaz biofilmy stanowig realne zagrozenie dla zdrowia publicznego; jednak ze
wzgledu na ich zlozong strukture sg trudne do wyeliminowania i mogg utrzymywac si¢

pomimo stosowania konwencjonalnych $rodkow przeciwbakteryjnych.

10. Wnioski

1. Nanokompozyty tlenku grafenu i nanoczastek srebra (GOAg) (w stezeniu GO
5 pg/ml 1 AgNPs 25 pg/ml) wykazuja toksyczne dziatanie w stosunku do dwoch
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gatunkow bakterii: S. aureus i P. aeruginosa poprzez zahamowanie ich wzrostu,
indukcje  produkcji reaktywnych form tlenu, peroksydacje lipidow
1 immobilizacj¢ komorek.

Materiaty ~ widkiennicze  (bawelna 1 jedwab)  funkcjonalizowane
nanokompozytami GOAg (w stezeniu GO 5 pg/ml i AgNPs 25 pg/ml) wykazuja
dziatanie antybakteryjne, nie indukujac toksycznosci okreslonej na modelu btony

kosmoéwkowo-omoczniowej zarodka kury.

. Nanokompozyt tlenku grafenu, nanoczastek tlenku cynku i nanoczgstek miedzi

GOZnOCu (w stezeniach GO 10 pg/ml, ZnONPs 100 pg/ml i CuNPs 25 pg/ml)
wykazuje dziatanie antybakteryjne wzgledem czterech gatunkow bakterii:
S. aureus, S. enterica, L. monocytogenes 1 E. cloacae poprzez obnizenie
zywotnos$ci oraz przerwanie ciggtosci $ciany i btony komorkowej, jak rowniez

obnizenie zawarto$ci wewnatrzkomorkowego ATP.

. Nanokompozyt trojsktadnikowy GNZnOCu (w stezeniu GN 10 pg/ml, ZnONPs

100 pg/ml i CuNPs 25 pg/ml) wykazuje dziatanie toksyczne wobec gatunkow
bakterii (S. aureus, S. enterica, L. monocytogenes 1 E. cloacae), jak réwniez
wobec komorek linii HFFF2, powodujac wzrost poziomu ekspresji cytokin

prozapalnych (TNF-f i TARC).

. Nanokompozyty GOAg, GOCu, GOZnO (GO 5 pg/ml, AgNPs 25 ng/ml, CuNPs

12,5 pg/ml 1 ZnONPs 50 pg/ml) indukujg produkcje reaktywnych form tlenu oraz
zmniejszaja zdolno$¢ antyoksydacyjng trzech gatunkéw bakterii: S. aureus,

S. enterica oraz P. aeruginosa.

. Nanofilmy GOAg, GOCu, GOZnO, utworzone z wodnych roztworow

koloidalnych nanostruktur GO, AgNPs, CuNPs, ZnONPs (odpowiednio
o stezeniach 5, 25, 12,5, 50 pg/ml), powoduja ograniczenie formowania biofilmu
przez trzy gatunki bakterii: S. aureus, S. enterica oraz P. aeruginosa, wptywajac
na zmniejszenie grubosci uformowanego biofilmu oraz zmiany w obrebie catej

struktury.

. Wilaczenie GO do nanokompozytow zawierajacych nanoczastki metaliczne

(AgNPs, CuNPs, ZnONPs) w proporcjach GO1:Ag5, GO1:Cu2,5, GO1:Zn0O10,
a takze do nanokompozytéw trojsktadnikowych GOZnOCu w proporcji
GO1:Cu2,5:Zn010, zwigksza stabilno$s¢ wodnych roztworéw w porownaniu do

roztwordw poszczegdlnych nanoczastek metali 1 ich tlenkow.
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Abstract: The resistance of microorganisms to antibiotics is a crucial problem for which the applica-
tion of nanomaterials is among a growing number of solutions. The aim of the study was to create
a nanocomposite (composed of graphene oxide and silver nanoparticles) with a precise mode of
antibacterial action: what enables textiles to be coated in order to exhibit antibacterial properties.
A characterization of nanomaterials (silver nanoparticles and graphene oxide) by size distribution,
zeta potential measurements, TEM visualization and FI-IR was performed. The biological studies of
the nanocomposite and its components included the toxicity effect toward two pathogenic bacteria
species, namely Pseudomonas aeruginosa and Staphylococcus aureus, interaction of nanomaterials with
the outer layer of microorganisms, and the generation of reactive oxygen species and lipid peroxi-
dation. Afterwards, antibacterial studies of the nanocomposite’s coated textiles (cotton, interlining
fabric, polypropylene and silk) as well as studies of the general toxicity towards a chicken embryo
chorioallantoic membrane model were conducted. The toxicity of the nanocomposite used was higher
than its components applied separately (zones of growth inhibition for P. aeruginosa for the final se-
lected concentrations were as follows: silver nanoparticles 21 & 0.7 mm, graphene oxide 14 &+ 1.9 mm
and nanocomposite 23 & 1.6 mm; and for S. aureus were: silver nanoparticles 27 & 3.8 mm, graphene
oxide 14 & 2.1 mm, and nanocomposite 28 = 0.4 mm. The viability of P. aeruginosa and S. aureus after
treatment with selected GO-Ag decreased to 27% and 31%, respectively, compared to AgNPs, when
the viability of both species was 31% and 34%, accordingly). The coated textiles showed encouraging
antibacterial features without general toxicity towards the chicken embryo chorioallantoic membrane
model. We demonstrated that graphene oxide might constitute a functional platform for silver
nanoparticles, improving the antibacterial properties of bare silver. Due to the application of the
nanocomposite, the textiles showed promising antibacterial features with a low general toxicity,
thereby creating a wide possibility for them to be used in practice.

Keywords: nanocomposite; silver nanoparticles; graphene oxide; antibacterial; coating
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1. Introduction

The introduction of antibiotics into medicine has revolutionized the therapy of in-
fectious diseases. Antibiotics are used primarily to fight infections and as growth and
health promoters in livestock [1]. However, the unjustified use and overuse of antibi-
otics has contributed to an increase in the number of resistant bacteria strains [2]. Among
Gram-positive bacteria, methicillin-resistant Staphylococcus aureus and vancomycin-resistant
Enterococcus sp. cause great difficulties in treatment. The most serious Gram-negative infec-
tions are caused by Enterobacteriaceae, Pseudomonas aeruginosa and Acinetobacter [3]. Every
time a new antimicrobial is introduced, resistant strains emerge. Infections caused by
antibiotic-resistant germs are difficult and sometimes impossible to treat. Growing antibi-
otic resistance is forcing the search for new, alternative antibacterial agents. Nanoparticles
(NPs) are often used to target microorganisms as an alternative to antibiotics. Furthermore,
nanomaterials may be used effectively in biomedical practice to coat textiles, which is
what ensures them antibacterial properties [4]. Among popular textiles, especially im-
portant are medical types which are popular in everyday life (for example those from
which face masks are produced) and, due to the coating, do not contain bacteria, especially
drug-resistant ones.

Most of the mechanisms of antibiotic resistance are not related to nanoparticles nor
nanomaterials. The toxicity of nanoparticles is based on the mechanical damage of the cell
wall and membrane, ion secretion and the activation of oxidative stress [5]. Studies have
shown that many NPs have antibacterial activity, including silver nanoparticles (AgNPs),
gold, zinc, copper and iron [6-10]. However, most research has focused on the use of AgNPs.
It has been demonstrated that the bactericidal properties of AgNPs are strongly influenced
by their size, shape and concentration [11,12]. Various shapes of nanoparticles show dif-
ferent antibacterial properties. Pal et al. [13] showed that triangular-shaped nanoparticles
exhibit stronger antibacterial properties than rod-shaped and spherical nanoparticles. Dif-
ferent surface chemistry and functionalization may change the interaction of nanoparticles
with bacteria and inhibit their antibacterial activity. Some studies have shown that smaller
diameter nanoparticles have stronger antibacterial properties [14]. The smaller size also
promotes the secretion of ions that destroy bacterial cell structures. Silver nanoparticles can
accumulate on the bacterial cell membrane and cause denaturation of membrane proteins.
They can also penetrate the bacterial cell, damaging the organelles [6]. However, silver
nanoparticles often agglomerate upon contact with bacteria. The inhibitory effect of aggre-
gated nanoparticles decreases with an increase in the degree of aggregation of AgNPs [15].
To reduce this problem, it is possible to synthesize nanocomposites containing AgNPs,
ensuring a better and more stable dispersion of the AgNPs. As we showed in a previous
study [16], one of the materials that can act as a carrier for AgNPs is graphene oxide (GO).
It is water-soluble and provides a large platform for convenient functionalization-based
molecule attachment [17]. Nanocomposites can provide a better dispersion of nanoparticles
and reduce their agglomeration. Factors such as size and agglomeration are especially
important for nanocomposites, since, depending on these, some nanomaterials may not be
able to penetrate the bacteria cell wall [18]. However, an increase in the exposed surface
while creating platforms for AgNPs also causes a prolonged release of active Ag ions which
damage the bacteria’s external membrane by direct contact [19].

In this study, we hypothesized that GO-based nanocomplexes (GO-Ag) will have a
stronger antibacterial effect than bare AgNPs. Nanoparticles distributed evenly on the
surface of graphene may have a stronger contact with the surface of bacterial cells, leading
to their damage. The objective of this study was to evaluate the antimicrobial activity of GO
decorated with AgNPs compared to bare AgNPs with the distinction of a nanocomposite
mechanism, using the bacteria Pseudomonas aeruginosa and Staphylococcus aureus. Thereafter,
its antibacterial features on medical textiles were assessed.

In order to examine the initial assumptions, the following analyses were carried
out: physicochemical characterization of nanomaterials, evaluation of bacterial growth by
the agar well diffusion method, ultrastructural analysis of bacteria cells by transmission
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electron microscopy (TEM), determination of bacteria viability by XTT assay, evaluation
of reactive oxygen species (ROS) generation, assessment of lipid peroxidation by MDA
assay and estimation of antibacterial activity of textile materials coated with nanomaterials
by the ISO 20645:2004 standard, as well as general toxicity by chorioallantoic membrane
(CAM) assay.

2. Materials and Methods
2.1. Bacterial Culture

Microbial strains (P. aeruginosa (ATCC 27853) and S. aureus (ATCC 25923)) were ob-
tained from LGC Standards (Lomianki, Poland). Both strains in the form of spore sus-
pensions were maintained frozen in 20% (v/v) glycerol at —20 °C. In order to use them
in experiments, they were defrosted and purified from glycerol by washing with dis-
tilled water. Afterwards, bacterial strains were cultured in Mueller-Hinton broth medium
(BioMaxima, Lublin, Poland) and incubated in a shaking incubator at 37 °C overnight.

Before the experiments, the bacterial cells were adjusted to a dedicated concentration
by dilution in a sterile distilled saline solution, based on the McFarland scale [20].

2.2. Characterization of Nanoparticles

Silver nanoparticles were obtained from Nano-Tech (Warsaw, Poland) and GO was
obtained from Advanced Graphene Products (Zielona Gora, Poland). Suspensions of Ag-
NPs (25 ng/mL), GO (5 pg/mL) and their mixture GO-Ag (AgNPs (25 pg/mL) + (GO
5 pug/mL)) were prepared in deionized water and sonicated for 30 min before usage in
each experiment. In order to specify the physicochemical properties of the nanocomposites,
the individual characteristics of the AgNPs and GO as well as their combination were
defined with the methods previously described in the research of Jaworski et al. [16]. The
shape was determined using TEM JEM-1220 (JEOL, Tokyo, Japan) at 80 keV. Size distribu-
tion (dynamic light scattering method) and zeta potential (laser Doppler electrophoresis
method) measurements were carried out using the Zetasizer Nano-ZS ZEN 3600 (Malvern
Instruments Ltd., Malvern, UK) at room temperature (23 °C).

FT-IR measurements were performed using a Nicolet iS10 spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA): 200 mg of KBr powder (Sigma-Aldrich, Munich,
Germany) was pressed together under 10 Atm to form discs, and then a droplet of the
suspension (concentration of 75 pg/mL) was pipetted onto the KBr disc and dried in a
vacuum overnight. The dried KBr with the analyte was then once again milled and dried.
The operation was repeated multiple times if necessary. The discs were investigated in
transmittance mode.

2.3. Agar Well Diffusion Method

The well diffusion test was performed in order to determine the antibacterial activity
of the nanoparticles. Different concentrations of nanoparticles were tested in order to
select the optimal antibacterial concentration of the nanocomposites created (AgNPs-
50, 25, 10, 5, 2.5 (pg/mL); GO-10, 5 (ug/mL); GO-Ag-Ag 25 (ug/mL) + GO 5 (ug/mL);
Ag 25 (ug/mL) + GO 10 (ug/mL)). Nanoparticles were prepared by dilution in deionized
water and sonicated for 30 min before usage. The bacterial inoculum was prepared by
adjusting the turbidity of the suspensions to match 0.5 McFarland standard, which is
equivalent to 1.5 X 108 cells/mL [20]. A total of 100 uL of both strains of microorganisms
was spread over the surface of a Mueller-Hinton agar plate (BioMaxima, Lublin, Poland).
Wells (made by a 13 mm diameter sterile cork borer) were punched in culture agar plates,
and 100 pL of nanoparticles as the substances tested and 100 pL of distilled water as the
control were placed into each well. The plates were incubated at 37 °C for 24 h. The area of
inhibition was identified as a clear zone around a well and the zone was measured in mm.
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2.4. Ultrastructural Analysis by Transmission Electron Microscopy (TEM)

The effect of the interaction between the nanoparticles used and the bacteria cells was
evaluated by transmission electron microscope JEM-1220 (JEOL, Tokyo, Japan), operated at
a voltage of 80 keV. The overnight bacteria suspension was adjusted to 1.5 x 10® cells/mL
and treated with AgNPs, GO and GO-Ag. Droplets of each sample were placed onto
TEM grids (Formvar on 3 mm 200 Mesh Cu Grids, Agar Scientific, Stansted, UK), and the
samples were observed immediately.

2.5. Viability XTT Assay

The viability rate was determined by Cell Proliferation Kit II (Cat. No. 11465015001,
Merck, Darmstadt, Germany), where the tetrazolium salt XTT (sodium 3'-[1-[(phenylamino)-
carbony]-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene-sulfonic acid hydrate) is reduced
by dehydrogenase enzymes in metabolically active cells, giving a colored formazan product
which is measured spectrophotometrically. Bacterial strains were cultured in Mueller—
Hinton broth medium (BioMaxima, Lublin, Poland) in a shaking incubator at 37 °C
overnight. Nanoparticles were prepared by dilution in deionized water and sonicated
for 30 min before usage. The final concentrations of the nanoparticles were as follows:
AgNPs (0.8; 1.56; 3.125; 6.25; 12.5; 25 (ug/mL)), GO (5 pg/mL) and GO-Ag (Ag 0.8 + GO 5;
Ag 1.56 + GO 5; Ag 3.125 + GO5; Ag 6.25 + GO5; Ag 12.5 + GO 5; Ag 25 + GO 5 (ug/mL)). A
total of 90 L of bacterial suspension (5 x 10° cells/well) was placed in a 96-well plate and
treated with 10 pL Ag, GO and GO-Ag nanoparticles for 24 h in a bacteriological incubator
under standard conditions (37 °C). Subsequently, 50 uL of XTT mix was added into each
well and incubated for 3 h at 37 °C. Absorbance at 450 nm was measured using a microplate
Elisa reader (Infinite M200, Tecan, Durham, NC, USA). The results were repeated a min-
imum of three times for each group. Cell viability was expressed as a percentage of the
optical density of the test sample reduced by a blank probe in relation to the optical density
of the control reduced by a blank probe, where the control is the optical density of the
bacterial suspension without nanoparticles, and the blank probe is optical density of the
wells without bacterial cells.

2.6. ROS Production

The detection of intracellular ROS was determined using the Fluorometric Intracellular
Ros Kit (Cat. No. MAK143, Sigma, St Louis, MO, USA), with the main principle being
that ROS reacts with a sensor in the cytoplasm, giving a fluorometric product. Bacterial
strains were cultured in Mueller—Hinton broth medium (BioMaxima, Lublin, Poland)
in a shaking incubator at 37 °C overnight. Nanoparticles were prepared by dilution in
deionized water (final concentration used: AgNPs 25 ug/mL, GO 5 ng/mL and GO-Ag
(Ag 25 pg/mL + GO 5 ng/mL)) and sonicated for 30 min before usage. Bacterial inocula
(5 x 10° cells per well) with test nanoparticles (final volume 100 uL) were placed in 96-well
plates and incubated at 37 °C for 24 h. A Master Reaction Mix was prepared according to
protocol and 50 uL of the mixture was added to each well. Shortly after, the fluorescence
measurements were conducted with an excitation wavelength at 490 nm and an emission
wavelength at 525 nm using the microplate reader Infinite M200 (Infinite M200, Tecan,
Durham, NC, USA). The results were replicated a minimum of three times for each group.

2.7. Lipid Peroxidation (MDA) Assay

Lipid peroxidation was determined by MDA assay kit (Cat. No. MAKO085, Sigma,
St Louis, MO, USA) in which malondialdehyde (MDA), as a by-product of lipid peroxida-
tion of the bacterial cell membrane, reacts with thiobarbituric acid (TBA), giving the fluori-
metric product proportional to the MDA present. The bacterial strains were cultured in
Mueller-Hinton broth medium (BioMaxima, Lublin, Poland) in a shaking incubator at 37 °C
overnight. The nanoparticles were prepared by dilution in deionized water (final concen-
tration used: AgNPs 25 pug/mL, GO 5 ug/mL and GO-Ag (Ag 25 ng/mL + GO 5 ng/mL))
and sonicated for 30 min before usage. After being exposed to the nanoparticles for 24 h,
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bacterial inoculum (1 x 10°) were homogenized by MDA Lysis Buffer and centrifuged at
13,000 g for 10 min, according to the protocol. A total of 200 uL of supernatant was placed
into a microcentrifuge tube, and then 600 uL. TBA was added and incubated at 95 °C for
60 min. A total of 200 uL of the mixture was placed into a 96-well plate and the absorbance
at 532 nm was measured. The test was replicated a minimum of three times for each group.

2.8. Textile Fabrics—Determination of Antibacterial Activity—Agar Diffusion Plate Test
(ISO 20645:2004)

The antibacterial activity of the textile fabrics was determined according to normative
test ISO 20645:2004. Four types of medical materials (silk, polypropylene, cotton and
interlining fabric) in round form (diameter 25 mm) were covered with 500 pL of the GO-Ag
nanocomposite by ultrasonic treatment for 30 min.

The agar phase consisted of two distinct layers. The lower layer was agar only and
the upper layer was agar with a bacteria culture. First, 10 mL of nutrient agar (BioMaxima,
Lublin, Poland) was placed on Petri dishes (90 mm in diameter). Then, 150 mL of cooled
nutrient agar was mixed with 1 mL of bacterial suspension (1.5 x 10 cells/mL) and poured
on the surfaces of prepared Petri dishes. After complete solidification, textile fabrics were
placed on the surface of the inoculum medium, ensuring that they adhered evenly to the
surface. The plates were incubated for 24 h at 37 °C and the results were determined by
the presence or absence of bacterial growth in the area of contact between the sample and
the agar.

2.9. Chorioallantoic Membrane (CAM) Assay

The textile fabric implants were made of four types of medical materials (silk,
polypropylene, cotton and interlining fabric). Implants of 10 mm diameter were cov-
ered with 200 uL of the GO-Ag nanocomposite by ultrasonic treatment for 30 min to
complete surface coverage.

Fertilized eggs (line Ross 308) were obtained from a local hatchery (Marylka, Mazovian
voivodship, Poland). The eggs were cleaned and sterilized with UVC and then kept in
standard conditions (temperature 37 °C, humidity 60%, turned once per hour) until the
sixth day of chicken embryo development. Then, small holes were made in the shell
above the air space and the textile fabric implants (10 mm diameter) were placed on
the chicken embryo chorioallantoic membrane. The eggs were incubated in standard
conditions to day seven of chicken embryo development. Thereafter, implants with CAM
were affixed with 1.5 mL 4% paraformaldehyde and incubated for 30 min at 4 °C. Then,
the implants with CAM were slightly cut out using a sterile scalpel and observed under a
stereomicroscope (SZX10, Olympus Corporation, CellD software version 3.1, Tokyo, Japan).
Angiogenesis was measured by the density and length of the blood vessels that formed on
the implant surface using Image] software version 1.50e with a plugin Vessel analyzer. All
measurements were repeated a minimum of three times.

2.10. Statistics

In this study, all data are represented as mean = standard deviation. For statistical anal-
ysis, one-way analysis of variance with the post-hoc Tukey test (HSD) was performed using
GraphPad Prism 9 software, and the significance level was considered at p-value < 0.05.

3. Results
3.1. Characterization of Nanoparticles

The physicochemical characteristic of nanomaterials allows the interpretation of their
properties in relation to living cells, tissues and organisms. The results from the size
distribution, zeta potential and visualization of nanoparticles/agglomerates are presented
in Figure 1. The hydrodynamic diameter of the AgNPs exceeded 200 nm, but the slightly
negative zeta potential and visualization by TEM indicated that they create agglomerates.
In the case of GO, the large hydrodynamic diameter (1170 nm) is related to the GO’s
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shape; its visualization by TEM revealed it to be in the form of flakes, not a sphere. Finally,
complexes created between GO and AgNPs were visualized, showing a variable zeta
potential as well as differentiated size; however, the value of the zeta potential was the
most negative, approaching the limit value of 30 mV (zeta potential value for GO-Ag
was—23.6 &+ 8.78 mV).
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GO-Ag 350.4 —-236+8.78 100-3000

Figure 1. Physicochemical characterization of nanomaterials-silver (AgNPs), graphene oxide (GO)
and GO with AgNP complexes (GO-Ag): (A) hydrodynamic diameter measured by dynamic light
scattering; (B) zeta potential of nanomaterials measured by laser Doppler electrophoresis, three
colors (blue, green, red) represent repeated measurements of the same sample; (C) TEM visualization;
(D) values of measurements. Each measurement was repeated three times.

The FTIR spectra of the pellets prepared from KBr and the analytes are presented in
Figure 2. Wide bands at 3430 cm ! related to the -OH groups were found in all spectra. The
bands at 2913 cm ™! and 2843 cm ! are related to the CH groups. The band at 1743 cm ! in
the GO spectrum is related to the carboxyl C=O group. The band at 1640 cm ! in the case of
GO should be associated with the overlapping H-O-H and C=C vibrations [16]. The bands
found at 1445 cm ™1, 1374 em ™! 1160 cm~! 1066 cm ™! and 1015 cm ™! are related to the
C-O and C-OH hydroxyl groups. The AgNPs spectrum is related to the moieties attached
to the surface of the nanoparticles. The bands related to the CH groups are also present
at around 2900 cm~! band. The band at around 1640 cm~! is due to the OH scissoring
vibrations. The 1374 cm ™! and the 1066 cm ! bands can be ascribed to the C-O and the
C-OH vibrations as well [21]. The spectra of the GO and AgNPs composites express the
composite characteristics of the two spectra.
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Figure 2. FT-IR transmittance spectrum of graphene oxide (GO), silver (AgNPs) and GO with AgNP
complexes (GO-Ag) in comparison to KBr spectrum.

3.2. Agar Well Diffusion Method

We examined the antibacterial effect of AgNPs, GO and GO-Ag towards two bacteria
strains—S. aureus and P. aeruginosa (Figure 3). The GO-Ag nanocomplex caused higher
antibacterial activity but the zone of inhibition created by the complex was indistinguish-
able between the two different concentrations of GO, so that the combination of silver
nanoparticles and GO was still the most effective towards bacteria species. Based on our
results, it is noticeable that growth inhibition depends on the microbial species. S. aureus
showed much bigger zones of growth inhibition in all samples of AgNPs and GO-Ag
nanocomposites than P. aeruginosa. Thus, S. aureus was more sensitive than P. aeruginosa to
exposure to the substances tested.

3.3. Ultrastructural Analysis by TEM

One of the most possible mechanisms of interaction of nanomaterials with bacteria
cells is the disruption of the cell membrane and wall, which both form an outer cover of
bacteria. Bare AgNPs and GO were located near cells (Figure 4). AgNPs were found in
direct contact with bacteria; they covered the outer layer of P. aeruginosa, but the same
location of those nanoparticles was not observed for S. aureus. The GO provided a large
platform on which bacterial cells were situated. The GO-Ag nanocomplex enabled the
AgNPs to wrap the bacteria by using a GO carrier, which ensured the bacteria’s direct
exposure to the AgNPs.



Materials 2022, 15, 3122

8of 17
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Figure 3. Antibacterial effect of nanomaterials-silver nanoparticles (AgNPs), graphene oxide (GO)
and GO with AgNP complexes (GO-Ag) by agar well diffusion method: (A) effect on P. aeruginosa
(sample picture); (B) effect on S. aureus (sample picture); (C) zone of inhibition [mm] after treatment
with nanomaterials. Ag25GO5 means the composite consisting of AgNPs at concentration 25 pug/mL
and GO at 5 pg/mL; Ag25GO10 means the composite consisting of AgNPs at concentration 25 pg/mL
and GO at 10 pg/mL; different letters (a—e) indicate significant differences between groups within
bacteria species (p-value < 0.05).

3.4. Viability XTT Assay

Both AgNPs and GO-Ag affected the bacterial viability in a dose-dependent manner
(Figure 5A). The complex decreased the viability of P. aeruginosa more than when using the
component nanoparticles separately in major probes with diverse AgNP concentrations.
However, the same tendency was not observed in the S. aureus bacterial culture, although
the complex reduced the viability by up to 40%.

3.5. ROS Production

In the presented study, all nanomaterials caused the generation of ROS at a higher
level compared to the control (Figure 5B). The ROS effect strictly depends on the ROS
amount, as it may pose a risk to bacterial function if the optimum is exceeded. The highest
ROS production was observed in the GO-Ag complex in both bacterial strains, while the
lowest was seen in the GO group. AgNPs led to increased ROS production in all tested
microorganisms, though this was only slightly lower than in the complex group.
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Figure 4. Ultrastructural analysis of bacteria using TEM; silver (AgNPs), graphene oxide (GO) and
GO with AgNP complexes (GO-Ag). White arrows point to AgNPs/agglomerates and black arrows
point to bending of GO flakes.

3.6. Lipid Peroxidation (MDA) Assay

Lipid peroxidation was determined to be a result of oxidative stress from the reaction
between malondialdehyde (MDA) and thiobarbituric acid (TBA). The highest lipid peroxi-
dation, which was twice as high as the control, occurred after the treatment of the bacteria
suspension with GO-Ag within all samples (Figure 5C). The other individual nanoparticles
also increased the MDA level; however, GO was the lowest in relation to the control.

3.7. Textile Fabrics—Determination of Antibacterial Activity—Agar Diffusion Plate Test
(ISO 20645:2004)

According to ISO standard [22], a zone of inhibition in the range of 0-1 mm and more
than 1 mm is assumed to be a good antibacterial effect of the materials tested. Such an
effect was achieved in both bacteria strains in the cotton and silk groups (Figure 6). The
results showed that polypropylene and interlining fabric had no antibacterial effect for
P. aeruginosa and S. aureus.
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Figure 5. Metabolic activity of bacteria after treatment with silver nanoparticles (Ag), graphene oxide
(GO) and GO with AgNP complexes (GO-Ag) in relation to control (C): (A) viability determined by
XTT analysis, column C is control; (B) generation of reactive oxygen species; (C) lipid peroxidation

determined by MDA assay. The columns are mean values; error bars are standard deviations; different
letters (a—e) indicate significant differences between groups within bacteria species (p-value < 0.05).

3.8. Chorioallantoic Membrane (CAM) Assay

Angiogenesis was measured using the chicken embryo CAM implantation method.
Both length and density in the nanoparticle treatment group were similar to the control
(Figure 7). The biggest changes in the development of blood vessels in relation to the control
were observed in the interlining fabric implant; however, the differences were insignificant.
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Figure 6. Antibacterial activity of textile materials against: (A) P. aeruginosa; (B) S. aureus; (C) evalua-

tion according to ISO 20645:2004. Within each plate shown, implants placed closer to the upper edge

of each plate are treated with nanomaterials and implants placed closer to the lower edge of each

plate are control textiles.
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Figure 7. Angiogenesis analysis measured using CAM model: (A) measurements under stereomi-

croscope and the same measurements as binary images (sample pictures), respectively; (B) percent-

age of density and length of blood vessels. There were no significant differences between groups
(p-value < 0.05).
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4. Discussion

Currently, with traditional antibiotics being overused, the discovery of new antibac-
terial therapies appears to be essential for the further curing of infections. The possible
solutions are currently attributed to nanotechnology, in which nanoparticles are considered
to be therapeutic agents against the antibiotic resistance era [23]. The aim of our study was
to evaluate an effective nanocomposite that is able to combat pathogenic bacteria. In order
to achieve the intended effect, we conducted a two-level study in which the antibacterial
effect was determined by the use of a nanocomposite as the main agent; subsequently, its
application to textiles was defined.

In the present study, we demonstrated that AgNPs and GO flakes are able to create
a complex structure with changed size distribution and zeta potential in comparison to
individual nanoparticles (Figure 1). Silver nanoparticles, which have been used as medical
agents since ancient times, are known for their tendency to create agglomerates which
may weaken their antibacterial properties [24]. However, the formation of complexes
composed of AgNPs and GO ensures better stabilization of the components [25]. This
was evident in our study, in which the GO-Ag complex had zeta potential closest to
£30 mV, which indicated that the complex was characterized by better colloidal stability
than the components alone. The size distribution of GO indicated the presence of large
nanoparticles/agglomerates exceeding 1000 nm in diameter. However, as shown in the
TEM analysis, GO was in the form of flakes, not a sphere, and therefore the definition
of diameter is not completely clear. Nevertheless, the TEM visualization showed that
GO still provides a large platform for attaching AgNPs to its surface, creating a carrier to
transport smaller particles. It has been previously demonstrated that GO may be used as a
carrier for other antibacterial components, including AgNPs [16,26], CuO [27], or CuO [28].
Moreover, Vi et al. [29] indicated the strong synergetic effect of GO-Ag due to its promotion
of AgNPs on the scaffold formed of GO, so that AgNPs, well known for their antibacterial
properties, might directly attack bacteria. The lack of colloidal stability of AgNPs was
also visible in the hydrodynamic diameter exceeding 200 nm, as evidenced by the creation
of agglomerates. Although it is recognized that smaller particles are more toxic [30], it
may be slightly different when using composites. Results obtained from the research of
Truong et al. [31] indicated that smaller GO-Ag did not have a better antibacterial effect
because they only disturbed bacteria cells, while the bigger ones physically separated those
cells from the nutrient medium and allowed silver ions to penetrate the cells” structure,
giving better antibacterial properties.

The antibacterial properties of nanomaterials are shown in Figure 3, where the inhibi-
tion of growth is visible by the zone around each well. The biggest zones of inhibition were
observed in the bacteria in the wells with AgNPs as well as with the GO-Ag nanocomplex.
GO had no antibacterial effect, giving the zone of inhibition growth was only 1 mm more
than the well’s diameter itself. Similar results were obtained in previous studies where
the zone of inhibition created by a complex of reduced GO (rGO) and AgNPs was twice
the size of the rGO used on its own [32]. The diffusion of nanoparticles through the agar
is hampered, but due to the highly satisfactory results obtained from agar diffusion tests,
it appears to release silver ions from AgNPs as the main antibacterial agent [33]. This
confirms our results where the zone of inhibition was similar in two groups: the bare
AgNPs and the GO-Ag complex where AgNPs were used in the same concentration as
in the individual AgNPs group. Considering that the GO nanoparticles were large flakes,
the mechanism of releasing Ag ions from nanoparticles, which inhibits bacterial growth in
GO-Ag nanocomposites, seems likely due to satisfactory antibacterial results from the agar
well diffusion test, where bare GO did not cause an antibacterial effect and, due to its large
size, may have diffusion limitations in agar.

The visualization of the interaction between nanomaterials and bacteria cells was
analyzed by TEM (Figure 4). The main visible point of action was the accumulation around
the bacteria cells, as well as on their surface, especially in the case of GO-Ag, where
large GO flakes with smaller AgNPs coated the bacteria surface. The accumulation of
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the nanocomposite around the bacteria cells was confirmed by Moraes et al. [34]. The
results clearly showed that nanomaterials interact with the cell membrane. This was also
confirmed in our previous study [16], where the disruption of the cell membrane was
expressed by LDH leakage in all groups of microorganisms after exposure to AgNPs and
GO-Ag composites. However, due to the preparation of samples in which the cells were in
one piece, it is possible that there are more interaction points between nanoparticles and
bacteria than just adhesion to the membrane surface. As outlined previously, the exposure
of NPs to bacteria cells involves action at many different levels, including disruption of the
cell wall and membrane, generation of ROS and growth inhibition [16,35]. To determine
the changes that occur in the bacteria metabolism, we performed the tetrazolium salt assay
XTT. The results clearly showed that the cells” metabolism was limited after exposure to
the nanomaterials used in a dose-dependent manner (Figure 5A). Viability did not differ
substantially between two bacteria species in the same groups; however, P. aeruginosa
seemed to be more sensitive to GO-Ag, although the difference was marginal.

The higher susceptibility of P. aeruginosa was not visible in other analyses, for example,
the agar well diffusion method, where S. aureus was more sensitive. The complexity of
using a composite, however, leads to different parts interacting with different bacteria
properties. On the one hand, the thin cell wall of Gram-negative bacteria does not provide
protection against silver ions, which can penetrate the wall regardless of the presence of
an outer layer [36]. On the other hand, it was reported that Gram-negative bacteria repel
negatively-charged GO sheets, thereby indicating a higher viability than Gram-positive
bacteria. GO sheets, despite their negative zeta potential, may interact with the negative
surface charge of Gram-positive bacteria, even if, theoretically, these two charges should
repel each other. The interaction may occur due to the stronger covalent bonds among
carboxylic groups of GO and amines of peptidoglycan and amino acids [37]. In the FT-IR
analysis (Figure 2), C-O and C-OH hydroxyl groups were found; thus, the hypothesis about
their interaction with peptidoglycan seems to be probable.

The interaction of AgNPs with bacteria is defined as bimodal; the mechanism primarily
consists of the impact on the cell membrane and wall, but subsequently leads to adsorption
of NPs into the cell. ROS are also generated, which, despite their action inside the cell,
are considered to be possible elements of the primary mechanism, as they counteract the
antioxidant defense and lead to cell damage [38]. In our study, the highest level of ROS
was in the nanocomplex groups; however, while bare AgNPs achieved a similar level, GO
caused no oxidative stress, with the value close to the control groups (Figure 5B). A higher
ROS production caused by GO-Ag than the level triggered by GO was also confirmed by
Truong et al. [31].

Exceeding the optimum level of ROS results in a lack of scavenging by antioxidants
which are able to neutralize ROS. Consequently, the induced oxidative stress is high enough
to start destroying cells by acting directly on membrane lipids [39]. In the present study,
both AgNPs and the complex GO-Ag caused oxidative stress, as reflected in the increase
in the lipid peroxidation level. Such a correlation was confirmed by Song et al. [40],
who suggested that the main mechanism of the antibacterial action of GO-Ag is synergetic
between cell membrane disruption and lipid peroxidation. The capability of ROS generation
resulted in membrane lipid peroxidation [41]. The interaction between the levels of ROS
and MDA was also determined in the case of bare AgNPs [42]. In our research, the
concentration of MDA in both bacteria species was the highest after exposure to GO-Ag,
compared with the control. Similarly high values were achieved in the group of AgNPs, but
the concentration was lower than in the abovementioned example (Figure 5C). Curiously,
the higher concentration of MDA and lower generation of ROS presented in P. aeruginosa,
which is Gram-negative bacteria, indicated that they react in a different way than Gram-
positive bacteria due to the presence of an outer membrane in the Gram-negative species.
To summarize, the probable mechanism of action of the GO-Ag nanocomposite begins with
the attachment to cells, which causes cell wall and membrane disturbance, but also the
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generation of ROS and lipid peroxidation, which, all together, ultimately lead to bacterial
cell death (Figure 8).
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Figure 8. The mechanism of action of GO-Ag nanocomposite toward bacterial cells, including
attachment of the complex, generation of ROS, lipid peroxidation and degradation of outer layer of
bacteria resulting in bacteria death.

Textile fabrics” popularity is due to their wide range of applications, biodegradability,
low cost and versatile usage. In order to create these materials with antibacterial properties,
it is necessary to overcome some of their features, including hydrophilicity and porous
structure, which make textiles a suitable growth medium for microorganisms [43]. Coating
textiles in order to exhibit antibacterial features enables a wide range of usage, especially in
the context of textiles from which healthcare products such as face masks are produced. It
not only assures better properties, but also limits the spread of microorganisms, which are
frequently drug-resistant. Farouk et al. [44] prepared nanocomposite-coated cotton and
linen with highly antibacterial properties. In our study, only cotton and silk coated with the
nanocomposite GO-Ag had antibacterial properties that had a good effect on both bacteria
species, according to the standard ISO 20645:2004 for textile fabrics (Figure 6). A similar
effect with the use of those two textiles was confirmed in other studies, where cotton coated
with AgNPs had antibacterial properties demonstrated by the zone of inhibition towards
the two bacteria E. coli and S. aureus [45]. Furthermore, silk coated with AgNPs inhibited
the growth of bacteria strains even after 30 washes, implying a strong bond between the
two structures [46]. GO contains many oxide functional groups by which it is able to bind,
through the electrostatic interaction between two types of chemical groups, to textiles
such as silk [47]. In our research, GO was used as a carrier for other nanoparticles; thus,
it is probable that the nanocomposite attached to the silk through the interaction of the
GO's reactive chemical groups and the silk surface, which resulted in the best antibacterial
properties of the tested textiles.

When using textiles or other kinds of materials, it is especially important to study their
biocompatibility. An appropriate way to investigate such properties is the CAM assay [48],
which is widely used as a toxicology model for different substances [49]. In recent years,
this model has even become an intermediate step between in vitro and in vivo animal
studies [50]. Conducting research in the field of nanomaterial toxicology is extremely
challenging due to the large number of aspects that have to be taken into consideration, and
the fact that many animals would be required to characterize a single substance [51]. In our
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study, the GO-Ag complex, as a factor influencing possible changes in the chorioallantoic
membrane, did not cause the toxicity effect (Figure 7), as shown by the density and length
of blood vessels from the CAM assay. The results were not diverse in relation to the non-
treated control groups of the textile materials. The biggest differences were observed in
the interlining group, but the difference was a few percentage points only. Similar results
when using the nanoplatform GO-Ag were obtained by Wierzbicki et al. [52].

5. Conclusions

In conclusion, the effect of the application of GO decorated with silver nanoparticles
towards two bacteria strains, P. aeruginosa and S. aureus, exhibited strong antibacterial
potential (viability after the treatment of P. aeruginosa and S. aureus with the selected GO-
Ag decreased to 27% and 31%, respectively, compared to AgNPs, when the viability of
both species was 31% and 34%, accordingly). We demonstrated that, when bacteria cells
are treated with a GO-Ag nanocomposite, more than the basic interaction point occurs.
It was proven that the microbial cell membrane is disrupted, and oxidative stress and
lipid peroxidation also contribute to cell death. Based on our results, nanocomposites
of GO-Ag are able to overcome the limitation of single nanocomponents (zeta potential
of GO-Ag was —23.6 = 8.78 mV, while bare AgNPs was —18.7 £ 5.33 mV), and they
may, therefore, constitute an effective agent towards resistant bacteria. Furthermore,
nanocomposite-coated textiles showed excellent antibacterial properties, especially silk.
Given the abovementioned facts concerning the effective action of nanocomposites and the
coated textiles, we concluded that composites of GO-Ag may have practical applications
in both coating textiles and using them independently, due to the efficient antimicrobial
features that GO-Ag nanocomposites demonstrate.
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Abstract: Combating pathogenic microorganisms in an era of ever-increasing drug resistance is
crucial. The aim of the study was to evaluate the antibacterial mechanism of three-compound
nanocomposites that were based on graphene materials. To determine the nanomaterials’ physico-
chemical properties, an analysis of the mean hydrodynamic diameter and zeta potential, transmission
electron microscope (TEM) visualization and an FI-IR analysis were performed. The nanocomposites’
activity toward bacteria species was defined by viability, colony forming units, conductivity and
surface charge, cell wall integrity, ATP concentration, and intracellular pH. To ensure the safe usage of
nanocomposites, the presence of cytokines was also analyzed. Both the graphene and graphene oxide
(GO) nanocomposites exhibited a high antibacterial effect toward all bacteria species (Enterobacter
cloacae, Listeria monocytogenes, Salmonella enterica, and Staphylococcus aureus), as well as exceeded
values obtained from exposure to single nanoparticles. Nanocomposites caused the biggest mem-
brane damage, along with ATP depletion. Nanocomposites that were based on GO resulted in lower
toxicity to the cell line. In view of the many aspects that must be considered when investigating such
complex structures as are three-component nanocomposites, studies of their mechanism of action are
crucial to their potential antibacterial use.

Keywords: nanocomposites; bacteria; graphene materials; cell functions

1. Introduction

The biochemical reactions of bacterial metabolism constitute the base of their survival.
They provide structural and functional components as well as the energy required for life
processes [1]. Changes in energy metabolism are, in turn, associated with other cellular
processes such as nutrient uptake or the efflux of toxic compounds [2]. Energy dependen-
cies are explained by the commonly known Mitchell’s theory, under which the “intact”
membrane serves as a proton pump, in which, during electron transport, a proton extrusion
reaction occurs, and energy is generated. Such energy is strictly linked to ATP synthesis [3].

The bacteria’s external surface is crucial in the interaction between the cell and the
surrounding environment [4]. Peptidoglycan is one of the basic components of the cell
wall structure. Differentiation between Gram-positive and Gram-negative bacteria relies
on the various natures of peptides, while the sugar moieties’ compositions are common for
both types [5].

Nanomaterials are used as antimicrobial agents because they perform multiple mecha-
nisms that occur simultaneously in bacteria cells, in contrast to traditional antibiotics whose
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mechanisms are acting as simple structures or processes [6-8]. The toxicity of nanomaterials
is affected by many different aspects, including size, surface area and chemistry, and the
ability to agglomerate [9]. An increase in the proportion of atoms and molecules on a
nanomaterial’s surface causes the surface properties to determine their behavior [10]. One
possible usage of nanoparticles is their application in the form of drug carriers, given that
they have a small size and that they may be potentially biocompatibility if their surface elec-
tron status, which is involved in cytotoxicity, is properly prepared [11]. Despite the same
scale, distinct types of nanomaterials exhibit different physical and chemical properties.
Metal and metal oxide nanoparticles possess promising conductive properties, and they
may transfer electrons, while carbon-based nanoparticles (graphene, graphene oxide /GO,
or carbon nanotubes) possess electrochemical features. The connection between metal and
carbon nanomaterials leads to a higher surface-to-volume ratio, which results in enhanced
electrocatalytic properties [12].

Metal-based nanoparticles (e.g., silver, copper, copper oxide, zinc oxide) have already
been defined as antibacterial with non-specific toxicity, which makes them able to fight
pathogens that are listed as a priority [13]. This is especially important, given the new age
of bacterial resistance, as many bacteria species have acquired resistance to bactericides and
antibiotics, and many organic substances with antibacterial potential cause allergic reac-
tions [14]. Despite this, graphene family materials may also exhibit antibacterial properties
toward typical groups of pathogenic bacteria such as Listeria monocytogenes, Staphylococcus
aureus, Pseudomonas aeruginosa, Salmonella typhimurium, Streptococcus mutans, Escherichia
coli, Staphylococcus epidermidis, and Enterococcus faecalis, which may cause infections that
are harmful to human health [15]. The planktonic bacteria model was the first to allow
researchers to begin the work on antimicrobial agents. This enabled the production of bio-
cides that could combat bacteria [16]. Even though most bacteria species are able to live in a
biofilm structure, which is more complicated and different from that of planktonic cells [17],
biofilm formation, nonetheless, starts with the adherence of free-floating planktonic bacteria
cells to the surfaces [18]. Some of the genera (Salmonella, Listeria, Staphylococcus, Clostridium,
Campylobacter, Enterobacter) are related to food products; therefore, they cause foodborne
diseases because of the colonization of food products or the production of toxins which are
subsequently ingested by humans [19-21]. Graphene family materials tend to agglomerate
because of inner-plane interactions; thus, to counteract this process, the graphene-based
materials” surfaces have been modified and functionalized by a metal ions’, oxides’, and
sulfides” NPs or polymers [15]. In addition, the dispersion of some metal nanoparticles
such as zinc oxide on the graphene sheets prevents their agglomeration by allowing this
material to come into close contact with bacterial cells [22]. GO may constitute a functional
platform for metal nanoparticles as it provides a long-term release of metal-based nanopar-
ticles, even if more than two compounds’ nanocomposites are created [23]. However, the
mechanisms of multicomponent nanocomposites have many more interaction points, given
the effects that single nanoparticles may exhibit [24]. Given the many components that
these composites may have, the creation of antibacterial nanocomposites is strongly needed
to examine the strict mechanism of the antibacterial effect [25].

The aim of the study was to evaluate the mechanism of three-compound nanocom-
posites that can disrupt bacterial cells by the disorder of proton and electron flow. For
this purpose, the following processes were carried out: for the physicochemical analysis
of the nanomaterials, the zeta potential measurements were taken, a hydrodynamic di-
ameter determination was made, a transmission electron microscope (TEM) visualization
was conducted, and an FT-IR analysis was performed; to determine their impact on the
bacteria cells, a viability analysis was performed via a PrestoBlue assay, and their ability to
conduct colony formation, and the cell wall and membrane integrity were determined via
a lactate dehydrogenase (LDH) assay, then, the bacterial conductivity and zeta potential,
ATP concentration, and intracellular pH were measured. Thereafter, the toxicity toward
human cells was verified.
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2. Materials and Methods
2.1. Bacterial Culture

Enterobacter cloacae (ATCC BAA-2341), Listeria monocytogenes (ATCC 19111), Salmonella
enterica (ATCC 13076), and Staphylococcus aureus (ATCC 25923) were obtained from LGC
Standards (Teddington, GB) in the form of a spore suspension. Before their use in the
experiments, the suspensions were defrosted and washed with distilled water to remove
glycerol. The bacteria strains were cultured in nutrient media: tryptic soy agar (TSA) for
S. aureus and S. enterica, and brain heart agar (BHA) for L. monocytogenes and E. cloacae.
Before each experiment, the bacteria’s suspension in distilled buffer saline was prepared
according to the appropriate density in the McFarland scale [26].

2.2. Physicochemical Analysis of Nanoparticles

Copper nanoparticle (Cu) (purity 99.8%, 25 nm), zinc oxide (ZnO), and graphene (GN)
nanopowders (11-15 nm) were obtained from SkySpring Nanometerials (Houston, TX,
USA), and GO was obtained from Advanced Graphene Products (Zielona Gora, Poland).

The zeta potential was measured by electrophoretic light scattering (ELS), and the
hydrodynamic average was measured by dynamic light scattering using the Zeta Sizer
Nano-ZS90 analyzer (Malvern Instruments, Malvern, UK) at room temperature for all
nanomaterials, preceded by sonication at 500 W and 20 kHz for 2 min, and in case of
nanocomposites, they were left for 15 min for self-combination.

TEM analysis was conducted with the use of the JEM-1220 (JEOL, Tokyo, Japan),
operated at a voltage of 80 KeV. Droplets of each sample were placed onto TEM grids
(Formvar on 3 mm 200 mesh Cu grids, Agar Scientific, Stansted, UK), and the samples were
observed immediately.

FT-IR measurements were performed using a Nicolet iS10 (Thermo Scientific, Waltham,
MA, USA) spectrometer. Before the sample measurement, a “dry air” background was
recorded, which was subtracted automatically during the registration of spectra for the
investigated samples. The samples were mixed with KBr at a ratio of 1/300 mg and then
compressed at 7 MPa cm~? to form a pellet, and the transmission spectrum was recorded.
The spectra were collected in the range of 400-4000 cm ™ _.

The pH measurements of nanomaterials in ultra-pure water as a solvent were mea-
sured with the use of the pH meter SI Analytics HandyLab 100 (Xylem Water Solutions,
Washington, WA, USA). The analysis was performed in triplicate at the room temperature.

2.3. Bacteria Viability

To analyze cell viability, the PrestoBlue assay (Cat. No. A13261, Invitrogen, Waltham,
MA, USA) was conducted. The bacterial cultures were adjusted to 1.5 x 10® cfu/mL in a
distilled buffer saline; 90 pL of each suspension were added onto the 96-well plate, and 10
uL of ten concentrated nanomaterials (ZnO, 100 ug/mL; Cu, 25 pg/mL; GO, 10 ug/mL;
and GN, 10 pug/mL, along with the following nanocomposites: GO, 10 ug/mL + ZnO,
100 pg/mL + Cu, 25 pg/mL; GN, 10 pg/mL + ZnO, 100 pg/mL + Cu, 25 ng/mL) were
added into the appropriate wells and incubated for 24 h (37 °C). Thereafter, 10 uL of the
PrestoBlue™ reagent was added, and after 10 min of incubation (37 °C), fluorescence
was measured (Aex = 570 nm, Aem = 600 nm) using a microplate reader (ELISA) (Infinite
M200, Tecan, Durham, NC, USA). The assays were conducted for graphene and GO that
was connected with zinc oxide and copper, separately, but the results from the three-
component composites (the most effective for the most bacteria strains) were clearer and
are thus, presented.

Cell viability was expressed as a percentage of control reduced by appropriate blank
probes, where the control was the optical density of the wells with cells without nanomate-
rials and “blank” was the optical density of the wells with the medium without cells.
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2.4. The Plate Count Method

To determine the number of colony forming units (CFU) that were affected by nanopar-
ticle suspension, the plate count method was performed. The bacterial cultures were
adjusted to 1.5 x 10® cfu/mL in a distilled buffer saline and treated with nanoparticle
suspensions (ZnO, 100 ng/mL; Cu, 25 pg/mL; GO, 10 ug/mL; GN, 10 pg/mL, along with
the following nanocomposites: GO, 10 ug/mL + ZnO, 100 pg/mL + Cu, 25 ug/mL; GN,
10 pg/mL + ZnO, 100 ug/mL + Cu, 25 pg/mL). Samples were then incubated for 24 h
under shaking conditions at 37 °C. Thereafter, a dilution of 10~® was made and spread
onto the nutrient agar plates (Biomaxima, Lublin, Poland). Plates were incubated for 24 h
at 37 °C. The colony forming units were counted and transformed to the logarithmic scale.

2.5. Bacterial Cell Conductivity and Zeta Potential

The characterization of bacterial cell conductivity and zeta potential was assessed by
ELS, with the use of the Zeta Sizer Nano-ZS90 analyzer (Malvern Instruments, Malvern,
UK). The bacterial cultures (1.5 x 10 cells/mL) were treated with nanoparticle suspen-
sions (ZnO, 100 pg/mL; Cu, 25 pg/mL; GO, 10 ug/mL; GN, 10 ug/mL, along with the
following nanocomposites: GO, 10 ug/mL + ZnO, 100 pg/mL + Cu, 25 pg/mL; GN,
10 pg/mL + ZnO, 100 ug/mL + Cu, 25 pg/mL). Conductivity and zeta potential were
measured at room temperature immediately after the addition of nanoparticles and after
24 h of incubation (37 °C). The results were presented as the difference between the values
obtained in 24 h and 0 h (the beginning of the experiment), reduced by a blank probe
(nanosuspension without cells).

2.6. LDH Leakage

The membrane integrity was measured by the release of LDH using the Cytotoxicity
Detection Kit (Cat. No. 11644793001, Sigma Aldrich, Hamburg, Germany); 90 pL of bacteria
inocula (4.5 x 108 cells/mL) were prepared in Mueller-Hinton broth (Biomaxima, Lublin,
Poland) in a 96-well plate, and then 10 uL nanoparticle suspensions were added into
each well to obtain the appropriate concentrations (ZnO, 100 pg/mL; Cu, 25 ng/mL; GO,
10 pg/mL; GN 10 pug/mL, along with the following nanocomposites: GO, 10 pg/mL + ZnO,
100 pg/mL + Cu, 25 pg/mL; GN 10 ug/mL + ZnO 100 pug/mL + Cu 25 pg/mL). The bacteria
suspensions without nanoparticles were used as the control, and the nanoparticles without
bacteria suspensions were the blank probes. After replenishing each well, the microplate
was centrifuged at 3000 rpm for 5 min. One hundred microliters of the supernatant were
transferred to 96-well plates, and 100 uL of the LDH assay mixture were added to each
well. The plate was incubated for 30 min at room temperature. The optical density of
each well was recorded at 450 nm on an ELISA reader (Infinite M200, Tecan, Mannedorf,
Switzerland). LDH leakage was expressed as the percentage between the optical densities
of the samples tested and of the control probes, both reduced by the optical density of the
blank probes for appropriate samples.

2.7. ATP Concentration

ATP concentration was measured using the ATP Assay Kit (Cat. No. MAK190, Sigma
Aldrich, Hamburg, Germany). The bacteria inocula (4.5 x 108 cells/mL) were treated with
the appropriate nanosuspension concentrations for 24 h (37 °C), and the samples were
placed in a 96-well plate with a volume of 50 pL; 50 pL of the reaction mix was added into
the appropriate wells. The standard curve and preparation of the samples were conducted
according to the manufacturer’s instructions. The fluorescence (Aex = 535/Aem = 587 nm)
was measured after 30 min of incubation of the 96-well plate that was protected from the
light in a microplate reader (Infinite M200, Tecan, Mannedorf, Switzerland).

2.8. Intracellular pH

To examine the intracellular pH of the cells, the Fluorometric Intracellular pH Assay
Kit (cat. no. MAK150, Sigma Aldrich, Hamburg, Germany), using BCFL-AM, was used.
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The bacteria were centrifuged for 5 min at 5000x g, the pellet was suspended in PBS
(McFarland scale, 0.5), and 100 puL of the dye-loading solution was added into each well.
The cells were incubated, while they were protected from the light, for 30 min at 37 °C,
followed by incubation at room temperature for an additional 30 min. The compounds that
were tested (nanoparticles and nanocomposites) were added into each appropriate well
with a volume of 50 pL. The fluorescence (Aex = 490/ Aem = 535 nm) was measured after
3 min from the addition of compounds using a microplate reader (Infinite M200, Tecan,
Miénnedorf, Switzerland).

2.9. Cytokine Antibody Array

The cytokine expression profiles in HFFF-2 (ATCC, Manassas, VA, USA) were detected
using Human Cytokine Antibody Array Membrane (Cat. No. ab133997, Abcam, Cam-
bridge, UK) for 42 targets. HFFF-2 was maintained in Dulbecco’s modified Eagle’s culture
medium, containing 10% fetal bovine serum (Life Technologies, Houston, TX, USA), with
1% penicillin and streptomycin (Life Technologies) at 37 °C in a humidified atmosphere
of 5% CO,/95% air in the NuAire DH AutoFlow CO, Air-Jacketed Incubator (Plymouth,
MN, USA). When the cells reached 80% confluence, the medium was removed, and the
nanosuspensions were added into the cell cultures and incubated for 24 h. Thereafter, the
cells were trypsinized and harvested. The protein extracts were prepared using TissueLyser
LT (Qiagen, Hilden, Germany) by centrifugation at 13,000x g for 10 min at 4 °C, with a
pre-frosted adapter at 50 Hz for 10 min. The concentration of protein extracts was deter-
mined using the BCA Protein Assay (Thermo Scientific). Three samples from each group
were diluted to a final concentration of 5 ug/uL. The procedure was performed according
to the manufacturer’s instructions. The immunoblot pictures were captured using Azure
Biosystem C200 (Dublin, CA, USA) and analyzed with the Protein-Array Analyzer plugin
of the Image]J software (version 1.50e, National Institutes of Health, USA).

2.10. Statistical Analysis

All the data are represented as mean values with standard deviation. One-way analysis
of variance with the post-hoc Tukey test (HSD) was performed using the GraphPad Prism
9 software (version 9.2.0, San Diego, CA, USA). The statistically significant differences were
considered at p-value < 0.05.

3. Results
3.1. Physicochemical Analysis of Nanoparticles

The nanoparticles that were tested were able to create agglomerates, which is evident,
given the values of the zeta potential (Figure 1 and Table 1) and the TEM analysis (Figure 2).
Interestingly, ZnO and GNZnOCu had positive zeta values (2.32 mV and 10.56 mV, respec-
tively) in comparison to the other samples, which all had negative values. The highest
values were observed in the GO (—27.53 mV) and GN (—27.40 mV) samples, and they were
also the most stable samples, reaching zeta values closest to the limit value of 30 mV.

The mean hydrodynamic diameter indicates that all the samples exceeded the nanome-
ter scale. However, as shown in the TEM analysis, the large agglomerates contain much
smaller nanoparticles, which is due to their instability when they are clumped together.
It is also shown in the mean average that was gained by DLS (Figure 1), that GN, GO,
and GNZnOCu had two fractions of particles in which one was much bigger than the
other one. Furthermore, GN and GO were in the form of flakes; thus, their hydrodynamic
diameters were bigger than those of the metal nanoparticles. The same phenomenon was
observed in the case of nanocomposites, where GN and GO constituted the platform for
other nanoparticles.
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Figure 1. Physicochemical analysis (mean average and zeta potential, respectively) of nanoparticles:
(A) GN; (B) GO; (C) ZnO; (D) Cu; (E) GNZnOCu; (F) GOZnOCu. The mean average was measured
by DLS, and the zeta potential was measured by ELS. Three different colors mean repetitions.
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Table 1. Mean diameter (nm) and zeta potential (mV) of nanoparticles aggregates and nanocomposites

tested.
Nanomaterials z-Average (nm) Zeta Potential (mV)

GN 2194.33 + 691.22 —27.40 £ 2.67
GO 614.90 £ 23.39 —27.53 +£0.70

ZnO 2155.33 + 148.74 2.32+0.83
Cu 681.87 = 47.18 —19.03 £0.51

GNZnOCu 2927.00 £ 521.67 10.56 + 1.34
GOZnOCu 3843.33 + 472.84 —2047 £1.42

200 nm e, 200 nm

m

Figure 2. Visualization of nanomaterials by TEM: (A) GN; (B) GO; (C) ZnO; (D) Cu; (E) GNZnOCu;
(F) GOZnOCu.
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The pH of the nanomaterials tested were: 6.51 (£0.12) (water), 6.55 (£0.07) (GN),
6.49 (£0.1) (GO), 6.76 (£0.06) (ZnO), 6.59 (+0.03) (Cu), 6.63 (+0.05) (GNZnOCu), and 6.50
(£0.05) (GOZnOCu).

The FT-IR spectra of GN, GO, and ZnO as well as their composites are shown in
Figure 3. The broad peak observed between 3000 and 3650 cm ! is assigned mainly to the
water and hydroxyl groups (O-H). The smaller features from 2850 to about 3000 cm ! can
be attributed to the C-H stretch and C-H bending around 1310 cm~!. The peak around
1615 cm ™! can be assigned to aromatic (sp? vibrational) C=C bonds that are present in
graphitic carbon. Another peak was observed around 1500 cm~! on the FT-IR spectrum
revealed C=0 bonds. An absorption band at 1385 cm™! was present because of aliphatic
C-C bonds (sp® C-H bend). The overlapping peaks, which form an absorption band in the
1300-950 cm ! region, can be attributed to C-O moieties existing in a different structural
environment [27,28].

A

Transmittance [a.u.]

; Cu

. Zn0
P GNZnOCu

T T T T T T T T T T T T
4000 3500 2000 2500 o000 1500 1000

Wavenumber [cm-7]

Transmittance [a.u ]

Cu
— GO
Zn0

GOZn0OCu

T T T T T T T T T T
4000 3500 2000 2500 2000 1500 1000

Wavenumber [cm-T]

Figure 3. FT-IR spectra of nanomaterials: (A) GNZnOCu nanocomposite and its components;
(B) GOZnOCu and its components.



Nanomaterials 2022, 12, 3058

9 of 25

150+

100+

viability [%]
3

150+

1004

viability [%]

[4)]
[=]
1

3.2. Bacteria Viability

In all the bacterial species, one of the types of the nanocomposites were the most toxic
compounds, and bare GN was less toxic than these (Figure 4). GNZnOCu was the most
toxic compound for L. monocytogenes and S. aureus, while GOZnOCu was the most toxic
compound for E. cloacae and S. enterica. GO caused a viability of approximately 80% (ZnO
caused slightly less). Cu were harmful compounds to a similar extent to nanocomposites
(more harmful for E. cloacae than GNZnOCu, and for L. monocytogenes than GOZnOCu). In
Gram-negative species, GOZnOCu was more toxic than GNZnOCu, which was contrary to
Gram-positive species, where the latter caused a higher decrease in viability.

E. cloacae L. monocytogenes
150-
¥ @ < 100-
2
= *
* 8
s 50-
*
*
T T T 0- T T T
O O > N N ¢ » 0 (o] N NS N
& & > &
S. enterica S. aureus
150-
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* * 2 100 * .
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= .  #
* * e
o . S 50-
T T T 0- T T T
1) (\0 o\\ o\) ()Q (¢ Oé 1) QO G) 0\) ()Q
4V 00 O Vv () ()
Gl &
& >

Figure 4. Viability of bacteria after treatment with nanoparticles. C is the control sample, and the
results are mean values =+ standard deviation. “*” symbols indicate statistically significant differences
in comparison to the control.

3.3. The Plate Count Method

One of the types of nanocomposites were the most limiting factor of all the probes
(Figure 5); these were: GOZnOCu for E. cloacae and S. enterica, and GNZnOCu for L.
monocytogenes and both for S. aureus. Metal nanoparticles were effective toward most
bacteria species, especially for L. monocytogenes (in a similar extent as GNZnOCu). GN and
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GO did not limited colony formation, however a slight decrease was observed in the GO
probe for S. aureus and GN for L. monocytogenes.
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Figure 5. Mean CFU/mL (log) for bacteria after treatment with nanoparticles. C is the control sample,
and the results are mean values =+ standard deviation. “*” symbols indicate statistically significant
differences in comparison to the control.

3.4. Bacterial Cells” Conductivity and Zeta Potential

The zeta potential values of Gram-positive bacteria were positive in contrast to those
of Gram-negative bacteria, which were less than zero (Figure 6). The factor that was most
different from the control in the case of L. monocytogenes and S. aureus was GNZnOCu,
while for E. cloacae and S. enterica, these were GO and GOZnOCu. The values for GOZnOCu
in the Gram-positive bacteria decreased, but in the Gram-negative bacteria, they increased.
GNZnOCu and Zn0O, in control, exhibited a positive zeta potential.
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3.5. LDH Leakage

The largest amount of LDH release was observed in one of the types of nanocomposite
probes, among all the bacteria that was tested (Figure 7). For E. cloacae and S. aureus,
the most toxic factor was GOZnOCu, as well as for S. enterica, but in a similar extent as
GO. GNZnOCu was the most reactive for L. monocytogenes. Cu was more reactive than
GNZnOCu for E. cloacae and it was also more reactive than GOZnOCu for L. monocytogenes.
GN and GO caused slightly higher values of LDH release in comparison to the negative
control. A higher LDH release was observed in the Gram-positive species, in which, after
treatment with nanocomposites, these values were closer to the positive control, which
indicates the maximum amount of LDH leakage.
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Figure 7. Bacteria LDH release after treatment with nanomaterials. PC signifies the positive control
samples, while NC signifies the negative control samples, and the results are mean values + standard

17

deviation. “*” symbols indicate statistically significant differences in comparison to the control.

3.6. ATP Concentration

In all the bacteria species, the nanocomposites caused the smallest ATP concentration
among all the samples, and the highest concentration in the GN and GO probes (Figure 8).
Zn0 also caused decreases in the ATP concentration in all the species; however, a significant
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decrease in the case of Cu was observed only in the Gram-positive species. Based on
the results obtained, the metal nanoparticles led to a greater reduction of ATP than the
graphene-based nanoparticles did. Additionally, GOZnOCu was the most limiting factor,
with a stronger effect than GNZnOCu.
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Figure 8. ATP content in bacteria species after treatment with nanomaterials. C signifies the control
symbols indicate statistically
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samples, and the results are mean values + standard deviation.
significant differences in comparison to the control.

3.7. Intracellular pH

The intracellular pH assay measured decreases in the cells treated with various sub-
stances (Figure 9). Interestingly, the decrease in fluorescence was observed in all the bacteria
species (except E. cloacae) that were treated with GOZnOCu. This decrease was also ob-
served in the Gram-positive species (L. monocytogenes and S. aureus) in probes with GN and
GO, which does not occur in the case of the Gram-negative species.
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Figure 9. Intracellular pH in bacteria species after treatment with nanomaterials. C signifies the con-
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3.8. Cytokine Antibody Array

A slight increase in the protein expression was observed for TNF-3, growth-related
oncogene (GRO), and thymus and activation-regulated chemokine (TARC) for HFFEF-2
cells that were treated with GNZnOCu (Figure 10). The increase in the level of GRO was
observed for GNZnOCu. The increase in TARC was observed for Cu and GNZNoCu.
TNEF-f3 was observed, to a small extent, in GOZnOCu, and at a higher level for the Cu and
GNZnOCu samples.
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Figure 10. Analysis of the expression of cytokine proteins of the HFFF-2 cells after being treated with
the following: (A) control; (B) GN; (C) GO; (D) ZnO; (E) Cu; (F) GNZnOCu; (G) GOZnOCu.
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4. Discussion

The obtained results indicate that it is possible to create three-compound nanocompos-
ites that exhibit great antibacterial properties. However, given the many aspects influencing
the behavior of nanocomposites, it is especially important to investigate them in depth.

The shape of the nanoparticles was similar to those in other studies, where graphene
sheets and GO composed thin flat flakes [29]. Because of their shape, they appeared to be
large when analyzed by DLS which is based on light scattering, and which is calculated
using the Stokes-Einstein equation, and one of its elements is the hydrodynamic diameter
of an equivalent spherical particle [30]. For the same reason, the nanocomposites appeared
large. However, the metal nanoparticles, Cu and ZnO, had the diameters of aggregates that
were 682 and 2155 nm, respectively, but both types were unstable, which was visible in
the zeta potential measurements (Cu = —19.03 £ 0.51 mV; ZnO = 2.32 + 0.83 mV). None
of the values that were obtained exceeded +30 mV, which would provide them with a
strongly cationic or anionic character [31]. Therefore, they are large as a result of us creating
agglomerates by them. This, in turn, influences the biological effect that the nanoparticles
will have [32]. The analysis of the zeta potential in a different pH indicated (Figure S1) that
the zeta potential became more negative as the pH increased. In our results, the nanosus-
pensions had pH values of around 6.5. Due to that aspect, they may be able to agglomerate,
especially as bacterial culture additionally acidifies the environment [33], so in the tests that
were performed, nanoparticles may have had the tendency to agglomerate. In addition, the
agglomeration of the nanoparticles was clearly visualized in the TEM analysis (Figure 2). As
mentioned before, the creation of aggregates/agglomerates influences the biological effect
that is induced by the nanoparticles. It should be remembered that research on the influence
of pH on nanoparticle stability and agglomeration state reflects the situation in an aqueous
solution. There will be different situations in both in vitro and in vivo studies, in which
the conditions will be additionally changed due to the presence of proteins, lipids, and
other biomaterials that may adhere to the nanoparticle surface and change its properties,
chemistry, and agglomeration state, and this will have a serious impact on the toxicology
aspects [34]. Cu aggregation may be the result of rapid oxidization under the conditions
of exposure to the atmosphere [35]. Given the preparation of the nanoparticles, which
were in normal conditions (with room temperature and had access to oxygen), Cu, despite
having a fairly negative zeta potential, may create agglomerates/aggregates exceeding 600
nm. ZnO in the TEM analysis showed aggregates with single nanoparticles that exhibited
different shapes and sizes. Similar results for the visualization of ZnO were obtained by
Mendes et al. [36]. In general, ZnO has a positive surface charge, which is compatible
with our results, so it can be easily connected with negatively charged structures [37]. The
FT-IR analysis showed that the bonds presented in the components, alone, are compatible
with those found in the composites (Figure 3). Given the presence of C=0 groups in the
nanomaterials, the bond between the nanocomposites and the bacterial cell surface (amines
of peptidoglycan and amino acids) can have a strong character [38].

Bacteria exposure to antimicrobials results in two basic mechanisms: bacterial injury
or agent adhesion to the bacterial surface, and both of these mechanisms occur simul-
taneously [39]. In our results, the latter occurred. GO and GN, which were both in the
form of flakes, were not highly effective antibacterial factors, which was visible from the
PrestoBlue assay. These nanomaterials, applied in the concentration of 10 pg/mL, limited
the viability to a small extent. PrestoBlue is a good indicator for bacterial growth and
viability, despite the fact that some of the light sensitivity and test time is dependent on the
bacterial metabolism [40]. Nevertheless, there are some reports, described previously, that
state that carbon nanoparticles can cause the re-oxidation of resorufin (pink) to resazurin
(blue) or hyper-reduction of resorufin (pink) to hydroresorufin (colorless), which affects the
intensity of the color obtained in the test [41]. GN and GO, given their physicochemical
analysis (Figures 1 and 2), were multilayered, and so their weak antibacterial action is
caused by their form because single flakes have a stronger antibacterial effect [42]. All the
samples—even GN and GO, which were slightly toxic for bacteria—exceeded the LDH
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leakage levels in relation to the negative control; however, this exceedance was not high in
all the species. Remarkably, the conductivity of bacteria cells that were treated with GN and
GO increased in all the cases, relative to the control. In contrast, the ATP assay indicated
that these nanomaterials did not cause the limitation of the ATP content, but the internal
pH was altered. Interestingly, these types of nanomaterials have the most negative zeta
values in the physicochemical analysis, while in the analysis of bacterial zeta potential, the
samples that were treated with them had values of greater than 0. An increase in the values
of the zeta potential indicates strong binding between the cell surface and the dispersing
solution [43]. The pH value, which is one of factors that influences the zeta potential, in the
case of the nanomaterials in the medium was around 7.3, and this did not change over time
(Table S1). However, bacteria, during the growth process, acidify the environment [33],
which may level out the zeta potential values (Figure S1). Given the abovementioned facts,
GO and GN may adhere to the bacterial surface and wrap around it, separating them from
the surrounding medium and the nutrient, which is one of the already known graphene
material antibacterial mechanisms [44], but this does not disrupting the cells mechanically,
so cell death has not happened to that extent. An increase in the GN and GO samples was
therefore observed in the colony forming units (Figure 5), because the bacteria cells were
wrapped by the graphene-material sheets and during the spread plate method, the bacteria
adhered with their surface to the surface of the agar plates, and these could grow easily if
they were not disturbed mechanically. The mechanism wherein GO sheets wrap around
the bacteria cells was shown in our previous study (Lange et al., 2022), where bacteria
were directly on the surface of the GO flakes [45]. In the other tests that were presented,
where the bacteria were grown in a liquid media, the flakes may have isolated them from
the surrounding medium and thereby, affected their metabolism, causing effects such as a
disturbance of conductivity.

A different pattern is observed with the metal nanoparticles, which may exhibit many
mechanisms, including membrane disruption, ATP depletion, and ion release [46]. The
metal-based nanoparticles interfere with the cell surface as this is the first interaction
point, which generates the disruption of the cell membrane potential and integrity because
of the process of electrostatic binding. By breaking the cell membrane, a large amount
of cytosol is released, and the bacteria try to prevent this through proton efflux pumps
and electron transport [47]. Considering the results obtained, Cu and ZnO decrease the
bacterial viability (Figure 4), contributing to LDH leakage and a substantially reduced ATP.
Metal nanoparticles influence the surface charge of the bacteria and affect their membranes
(Figure 7), especially after the ZnO treatment. Also, for the ATP analysis, ZnO was the one
that limited the ATP concentration in all bacteria species (Figure 8). A high concentration
of ATP supports the bacteria division processes [48], thus, metal nanoparticles may be
inhibited by the ability of bacteria to multiply, which resulted in the colony formation
disturbances, to a small extent (Figure 5). The reduction of about 3 log CFU/mL after the
exposure to Cu and ZnO was observed only for L. monocytogenes. A reduced number of L.
monocytogenes by 1log CFU/mL was reported in the study by Skowron et al., when they
were treated with copper and silver nanoparticles, thus causing a reduction of 90% [49]. Cu,
as a nanocolloid, had the value of the zeta potential equal to —19.03 mV, but the bacterial
cells after treatment with those nanoparticles reached less negative values, which also
surpassed the control values in three strains: E. cloacae, L. monocytogenes, and S. enterica.
Only S. aureus had more negative values than its control. This suggests that despite the
limited viability, bacteria may multiply, increasing the negative charge that they exhibit
on the surface, especially since the LDH assay clearly showed that Cu was the least toxic
compound and the cell contents did not leak, which could contribute to an increase in the
zeta potential value. Analyzing ZnO, which had positive zeta potential (2.32 mV), in Gram-
negative species, the values were more neutral (closer to 0) after the exposure of positively
charged nanoparticles. Similar results were obtained by Halbus et al., where the reduction
of the negative zeta potential value was observed after the binding with positively charged
nanoparticles [50]. However, the antibacterial activity of ZnO is inversely proportional to
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its size [51]. In our study, ZnO was large (hydrodynamic diameter of 2155.33 nm), with
a tendency to agglomerate, so its mode of action might be limited. In the viability test,
ZnO was slightly toxic to bacteria cells, which was similar to the LDH assay, but the ATP
content was considerably reduced. This may be the cause for the surface charge because
opposite charges bind to each other more easily, and ZnO had a positive charge (2.3 mV),
whereas both the Gram-positive and Gram-negative bacteria exhibited negative charges on
the surface because of the presence of lipopolysaccharides in the Gram-negative bacteria
and teichoic acids in the Gram-positive bacteria [52].

The situation is different at the stage of nanocomposite usage. Their mechanism of
action is multilevel. As previously shown, nanocomposites have a stronger antibacterial
effect than their components do, alone [45,53]. An addition of already known nanoparticles
with antibacterial properties to other carriers provides support for the nanoparticles and
enhances the antimicrobial activity, thereby making wider use for them in biomedical fields
a possibility [54]. As shown in a TEM analysis, GN and GO provide platforms for metal
nanoparticles due to their flake’s form. Nanocomposites may disrupt the cellular outer
membrane and wall, but they may cause different disturbances in cell metabolism and life
processes, and such a phenomenon was observed in our study. First, nanocomposites cause
the biggest limitation to viability as well as LDH release and ATP reduction. Considering
that fact, the bacterial cells formed fewer colonies after the treatment with nanocomposites
(Figure 5) than they did with the metal nanoparticles. Differences in viability (Figure 4)
and CFU number (Figure 5) may be the result of a reaction between carbon nanoparticles
(GN and GO) with resazurin [41], but the general trend that nanocomposites were the
most toxic was upheld in both cases. The metal nanoparticles damaged the bacteria
mechanically through direct contact, as GN and GO constitute a platform which separate
them from environment. It is believed that GO may entrap bacteria cells, which inhibits their
division ability [25]. The enhanced antibacterial activity of nanocomposites was observed
by Fontecha-Umaria et al., where they noted that the effect was more than 2 log CFU/mL
because of the stabilization and slower release of metal ions [55]. The phenomenon of ion
release affecting the cells may also have existed in our research, especially as the plate count
method did not show the mechanism of the cellular effect, and it may pose a challenge
when there are viable but not culturable cells, which have intact membranes and genetic
material, but have different metabolic functions from viable culturable cells [56]. For this
reason, we also analyzed other aspects of bacterial cell function in order to illustrate the
possible action of the complex structures such as three-compound nanocomposites. LDH
leakage, which may occur while the external layer is interrupted, was visible after the
nanocomposites’ treatment, to the largest extent (Figure 6). The limitation of CFU in the
nanocomposite probes may be the results of membrane disturbances (Figure 7) and a
reduction of ATP content (Figure 8), which resulted in the decreased ability to perform cell
division and thus, resulted in a lower number of colonies being formed. However, their
bacteria zeta potential is not consistent (same as the conductivity), which may be because
the nanocomposites consisted of many compounds, among which each one has its own
physicochemical properties. One study suggested that the GO-metal substrate changed
the electron transfer process by absorbing electrons from the bacteria respiratory pathways
and modifying the oxygen-containing functional groups on the GO surfaces [57]. Such a
prediction may be true as the nanocomposites have significantly altered the conductivity
of the bacteria, which may suggest the occurrence of the abovementioned phenomenon.
Furthermore, a nonconductive substrate such as the GO/Glass system had no antibacterial
activity [58], which suggests that metal nanoparticles, in addition to the graphene-based
nanomaterials, changed their ability to disrupt the conductivity and surface potential.

Apart from the materials, the structure of the bacteria is extremely important because
their main interaction point with any antibacterial agent is the external surface [4]. Various
structures occur on the bacterial surface, which differ depending on the cell wall (Gram-
positive and Gram-negative). Teichoic acid (Gram-positive) or lipopolysaccharides and
phospholipids (Gram-negative) are associated with both basic and acid functional groups.
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Such connections determine the bacteria’s electrostatic behavior, especially in regard to
its interaction with various agents [59]. Plasma membranes are multifunctional in both
Gram-positive and Gram-negative bacteria; they constitute the site of active transport
and respiratory chain components as well as the energy-transducing systems and the H+-
ATPase of the proton pump [60]. Therefore, in our study, if the integrity of the membrane
was disrupted, the ATP content, conductivity, and zeta potential of the bacterial cells would
also be altered, along with the intracellular pH, since all these functionalities depend on
the proper functioning of the membrane.

In this research, the Gram-positive species demonstrated a lower susceptibility than
the Gram-negative species did, based on the viability and integrity assays (Figures 4 and 7).
However, the results that were obtained did not exhibit an unambiguous tendency as
some species are more resistant than others. The cell wall structure of the Gram-positive
bacteria is difficult to penetrate because of its thickness, and nanoparticles act only on
the bacteria surface through electrostatic binding. This causes membrane depolarization
and changes the potential, which results in the loss of integrity that finally leads to the
interruption of energy transduction and cell death [61]. In this study, the bacteria had
changed the electrostatic potential, which was differentiated by the group (Figure 6). The
zeta potential values, in terms of bacterial function and metabolism, are strain dependent.
However, this parameter may be used in accessing the interaction between the bacteria and
the antibacterial agent, the dysfunction of the cell membrane, and ultimately in bacterial
viability [39]. The zeta potential and conductivity results may be understood in two ways.
Highly negative values of zeta potential may indicate that the bacteria will multiply, thus,
increasing its negative charge. However, in live cells, ion homeostasis is maintained because
of the functional transport systems (such as efflux pumps). In dead cells, this system is
inactive; thus, ions may leak from cells that are remaining on their surface and change
their charge to negative [43]. Additionally, the electrical conductivity may be changed
by the metabolic processes during microbial growth, given the presence of the ions that
are generated throughout those processes [62]. This suggests that the obtained results are
not unambiguous, making the viability analysis (Figure 4) and ATP analysis (Figure 8)
worth considering. However, when some structures get inside, bacteria may overcome
the risk from antimicrobial agents such as nanoparticles by the energy-dependent active
efflux of toxic ions [61]. This means that effective structures can have a weaker effect once
the bacteria are able to “pump out” the threatening compounds. Such a phenomenon
may be present in the case of S. aureus that was treated with GOZnOCu, which had the
lowest zeta potential value in comparison to the control (Figure 6), but in other tests, the
composite was the most toxic agent. This theory confirms the results of the pH assay, in
which the decrease in fluorescence intensity was the lowest, but the intracellular pH was
also influenced by the movement of the efflux pumps, which depends on the ATP. When the
cytoplasmatic pH varies, it contributes to power or inhibit the protonmotive force (PMF),
which is the electrochemical or chemiosmotic gradient of protons, determined by active
proton pumping and secondary ion movements [63]. BCECF/AM may also be used to label
clinical isolates to check the uptake [64]. Nonfluorescent BCECF/AM esters are hydrolyzed
to a fluorescent BCECF acid form by an intracellular esterase, after entering the cell [65,66].
The fluorescence intensity of the intracellular BCECF may provide information about the
intracellular pH [67], as the acid form of the dye is maintained inside the cell. However,
acquiring such measurements may be complicated in the case of bacteria because some
bacteria may excrete BCECF from their cells as a result of the ATP-driven efflux pumps [67].
Therefore, the samples that did not have a depleted ATP content could successfully pump
out the BCECF of the cells, therefore giving disrupting results. Such a phenomenon could
be the case for E. cloacae and L. monocytognes, which had drastically depleted ATP levels
when they were treated with nanocomposites, and an increase in fluorescence was observed.
Under standard growth conditions, most bacteria have a higher internal pH than in the
surrounding environment does. The resulting pH gradient can be used as a motor force for
processes requiring the supply of energy, such as ATP synthesis [68]. Not surprisingly, in
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our results, the differences in fluorescence in the measurement of intracellular pH appeared
in the samples where the contents of ATP were disturbed. PMF that is generated across the
cell membrane is based on the extrusion of protons by the electron transport chain. This is
necessary for ATP synthesis in bacteria cells. PMF also constitutes the crucial element of
bacterial survival, but in antimicrobial therapy, it has been largely omitted for concerns of
toxicity, which could have similar effects on other cells [69].

One of the tested bacteria showed results with higher values than the other species
in conductivity, zeta potential, and intracellular pH. Listeria monocytogenes is a Gram-
positive pathogen, but its structure is not typical for Gram-positive bacteria and it is similar
to that of Gram-negative bacteria because of the presence of partially deacetylated N-
acetyloglucosamine residues and the ability for it to encode a high number of surface
proteins [70]. There are suspicions that Listeria monocytogenes is the only Gram-positive
bacteria that contains authentic LPS [60]; however, other studies have disproved this
idea [71]. Furthermore, this bacteria species is characterized by small cells, around 0.5-4 pm
in diameter and 0.5-2 pm in length [72]. Given its ability to invade and live inside cells,
Listeria possesses defense factors that allow it to modify its metabolism, enabling it to
survive. This main mechanism is based on the action of alternative sigma transcription
factors, which are activated during environmental stress, nutrient deficiency, or altered
pH. The nanoparticles/nanocomposites that are introduced into the bacterial suspension
affected all these environmental factors, so it is very likely that this bacterial species coped
with them through the action of sigma transcription factors. However, these factors are
present in Gram-positive species, and also in S. aureus, although in our study, this bacterium
had greater wall and membrane damage, which was the main cause of bacterial death, so
the transcription of these factors may not have occurred. Furthermore, it has been shown
that Listeria manages pH homeostasis differently from the way other species do [73], which,
in the case of this study, may explain the high values that were obtained.

To summarize, the probable mechanism of action of graphene-based nanocomposites
that are decorated with ZnO and Cu is multidimensional (Figure 11). GN and GO, which
serve as a platform for metal nanoparticles, wrap around the bacteria and separate them
from the medium containing the nutrient. When the structures are close to the cells, at
the same time, with the addition of metal nanoparticles, ions are generated. They cause
the modification of the zeta surface potential, membrane interruption, and LDH leakage,
which cause cell death. Membrane integrity alteration and separation from the medium
cause changes in the bacterial metabolism, which subsequently causes disorders of surface
charge and ATP content depletion because of the alteration of proton and electron flow.

Nanomaterials may constitute an alternative for traditional antibiotics, owing to more
specific targeting and controllability. Clinical applications of nanoparticles, however, are
not without their difficulties, which are related to the delivery method of the therapy [74].
Novel methods of applying nanoparticles, such as by solid-film laser transfer, are currently
in use [75], although basic research regarding the properties of colloidal nanoparticles and
their interaction with bacterial cells must be carried out in order to be able to introduce new
therapeutic solutions. The toxicity of nanoparticles when they are used is a crucial element
in further applications to animals and humans. Many aspects influence their interaction
with cells and tissues, owing to the unique properties of nanoparticles. Its effect varies
depending on type, dose, physicochemical property, and the type of cell line that is used.
Given that there are several aspects that need to be considered, the specific impact is still
not fully understood [76]. The possibility of toxicity toward human cells is present in
Figure 10. The assay enabled the detection of 42 cytokines at the same time. Based on our
results, only three types of cytokines have been identified: TNF-f3, GRO, and TARC. While
toxicity was not significant, given the possibility of harmful effects, nanomaterials should
be analyzed in depth.
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Figure 11. Mechanism of action of nanocomposites, which act on outer layer interruption, wrapping
bacteria cells, and ATP depletion, causing cell death.

TNF-f3, which is a tumor necrosis factor, is also known as lymphotoxin. It is involved in
cell proliferation, differentiation, and apoptosis, and it is connected to the cell permeability
membrane. It is toxic toward many cancer cells [77]. An increase in the level of TNE- 3 was
observed in the cases of CuNPs, GNZnOCu, and GOZnOCu treatment; however, in Cu and
GNZnOClu, the increase was the highest of all the samples. TARC, also known as chemokine
ligand 17 (CCL17), acts as a chemoattractant of T-helper-2 (Th2) cells. This chemokine is
connected with some respiratory diseases, including bronchial asthma, allergic rhinitis, and
eosinophilic pneumonia [78]. The increase in TARC expression was observed in the HFFF-2
cells that were exposed to Cu and GNZnOCu. GRO is a member of the chemokine family
that plays a critical role in inflammatory reactions and wound-healing processes, but it
is also related to tumorigenesis, angiogenesis, and metastasis [79]. GRO was observed in
the cells after their treatment with Cu, only. The obtained results suggest that Cu, when
incorporated into the composite, shows a less toxic effect toward the HFFF-2 cell line. Other
components of nanocomposites (GN, GO, or ZnO) were not toxic toward HFFE-2 cells and
did not cause a rise in the cytokine levels.
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5. Conclusions

Each type of bacteria reacts differently and has its own defense factors against unfavor-
able environmental conditions; on the other hand, each type of nanoparticle has a unique
effect. For this reason, we have demonstrated the actions of nanocomposites consisting of
three components, which evidently exhibit a multifaceted effect, damaging bacterial cells
through different mechanisms of action, which include the mechanical damage of the mem-
brane, changes in conductivity and surface charge, ATP content reduction, and changes
in the intracellular pH. Despite the nanocomposites’” excellent antimicrobial properties,
general toxicity must always be considered during their possible application, which often
needs to be further investigated to ensure safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12173058 /s1, Figure S1: Zeta potential of nanomaterials
tested in different pH values; Table S1: pH values of nanomaterials tested in culture medium in two
time points (0 h and 24 h).
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Analysis of zeta potential dependence on pH

Zeta potential was measured by electrophoretic light scattering (ELS) using the Zeta
Sizer Nano-Z590 analyzer (Malvern Instruments, Malvern, UK) at room temperature for
all nanomaterials, preceded by sonication at 500 W and 20 kHz for 2 min, and in case of
nanocomposites, they were left for 15 min for self-combination. Each nanosuspension
was measured in 3 different pH values (4, 7 and 10).
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Figure S1. Zeta potential of nanomaterials tested in different pH values. Each measurement was
performed in triplicate.

pH analysis of nanoparticles in culture medium

The pH measurements of nanomaterials in Mueller-Hinton broth medium (Bio-
maxima, Lublin, Poland) were measured with the use of the pH meter SI Analytics
HandyLab 100 (Xylem Water Solutions, Washington, WA, USA). Each measurement was
conducted in two time points: immediately after added nanoparticles into medium (Oh)
and after 24 hours of incubation (24h). The analysis was performed in triplicate at the
room temperature.
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Table S1. pH values of nanomaterials tested in culture medium in two time points (Oh and 24h).
Results are presented as a mean values = standard deviation. C is control medium without nano-

particles.
Nanomaterials Oh 24h
C 729+0.11 7.29+0.01
GN 7.28 £0.02 7.28 +£0.01
GO 7.28 £0.03 728 +0.01
Zn0O 7.33+0.02 7.36 + 0.01
Cu 7.29+0.02 7.30+ 0.01
GNZnOCu 7.32+£0.02 7.31+£0.01

GOZnOCu 7.31+0.02 7.31+£0.01
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Purpose: Biofilms are one of the main threats related to bacteria. Owing to their complex structure, in which bacteria are embedded in
the extracellular matrix, they are extremely challenging to eradicate, especially since they can inhabit both biotic and abiotic surfaces.
This study aimed to create an effective antibiofilm nanofilm based on graphene oxide-metal nanoparticles (GOM-NPs).

Methods: To create nanofilms, physicochemical analysis was performed, including zeta potential (Zp) (and the nanocomposites
stability in time) and size distribution measurements, scanning transmission electron microscopy (STEM), energy dispersive X-ray
analysis (EDX), and atomic force microscopy (AFM) of the nanofilm surfaces. During biological analysis, reactive oxygen species
(ROS) and antioxidant capacity were measured in planktonic cells treated with the nanocomposites. Thereafter, biofilm formation was
checked via crystal violet staining, biofilm thickness was assessed by confocal microscopy using double fluorescent staining, and
biofilm structure was analyzed by scanning electron microscopy.

Results: The results showed that two of the three nanocomposites were effective in reducing biofilm formation (GOAg and GOZnO),
although the nanofilms were characterized by the roughest surface, indicating that high surface roughness is unfavorable for biofilm
formation by the tested bacterial species (Staphylococcus aureus (ATCC 25923), Salmonella enterica (ATCC 13076), Pseudomonas
aeruginosa (ATCC 27853)).

Conclusion: The performed analysis indicated that graphene oxide may be a platform for metal nanoparticles that enhances their
properties (eg colloidal stability, which is maintained over time). Nanocomposites based on graphene oxide with silver nanoparticles
and other types of nanocomposites with zinc oxide were effective against biofilms, contributing to changes throughout the biofilm
structure, causing a significant reduction in the thickness of the structure, and affecting cell distribution. A nanocomposite consisting of
graphene oxide with copper nanoparticles inhibited the biofilm, but to a lesser extent.

Keywords: biofilm, graphene oxide, metal nanoparticles, nanocomposites, nanofilms

Introduction

Bacterial cells living in liquid medium have enabled us to discover basic life functions, including metabolic aspects and
genetic features connected with microorganisms. However, in nature, bacteria mostly exist in the form of complicated
multicellular communities known as biofilms.' Biofilm-forming bacteria are embedded in self-produced extracellular
polymeric substances (EPSs), which constitute a matrix for a specific cellular community.? EPS consists mostly of water
due to highly hydrated biopolymers, which consequently allows water to be retained in the matrix.’> Because of the
formation of a spatial structure consisting of many components (polysaccharides, lipids, proteins, and extracellular
DNA), EPS has a protective function against adverse environmental factors while at the same time creating a distinct
habitat for bacteria anchored in the biofilm. However, bacteria embedded in a biofilm structure exhibit different
properties than planktonic forms, especially when considering the lower parts of the structure, where cells exhibit
lower metabolic activity, which increases to enhance resistance to both unfavorable environmental conditions and
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antibiotics.* The National Institutes of Health (NIH) announced that more than 80% of bacterial diseases are caused by
biofilms. Most bacteria may create a biofilm structure on both biotic and abiotic surfaces, including medical or indwelling
devices as well as the urinary and respiratory tracts and skin. In this state, bacterial cells are not even fought by the
immune system’s cells.” Bacteria that form biofilms on the surface of medical devices often belong to species such as
Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, or Pseudomonas aeruginosa.® As the vast majority
of bacteria species can create biofilms, biofilms are also frequently multispecies. Biofilms produced by S. aureus are the
etiological agent of many recurrent infections. These include infection of the bone knowns as osteomyelitis, but also
periodontitis and peri-implantitis, chronic wound infection, chronic rhinosinusitis, endocarditis, ocular infection and
indwelling medical device infection. The latter includes biofilm formed on orthopedic implants including prosthetic
joints, wires, pins, external fixators, plates, screws, nails and mini-large fragment implants, on which biofilm formed by
S. aureus is a major problem and cause of failure of the mentioned implants.” P aeruginosa is a well-known biofilm
former, which makes it an excellent candidate model to examine biofilm formation. The biofilm formed by P. aeruginosa
is found in the polymicrobial environment of cystic fibrosis in the lungs. Similar to the previous bacterium mentioned,
P. aeruginosa colonizes various medical surfaces, including (urinary catheters, implants, contact lenses, as well as food
industry equipment (mixing tanks, vats and tubing).® Nontyphoidal biofilms produced by Salmonella, which is an enteric
pathogen, pose a particular threat in the food processing and packaging industry. Such biofilms have been shown to
adhere to abiotic materials used in the industry, including stainless steel, polystyrene or glass. Despite disinfection
practices in the food industry, biofilms are much more resistant than planktonic forms, rendering commonly used
practices ineffective.’

Therefore, biofilms are responsible for most diseases, especially chronic antibiotic-resistant infections, implying that
they cannot be cured with conventional antibiotics. The difficulty of combating biofilms is not only based on the
multidimensionality of their structure but also on the several stages of development that biofilms exhibit. Therefore, it is
recommended that agents with antibiofilm properties have more than one impact point, which may include inhibition of

304 https: Nanotechnology, Science and Applications 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Lange et al

the quorum-sensing pathway, degradation of EPS, disruption of single bacterial cells, or decomposition and disorganiza-
tion of biofilm structure. '

Bacteria in biofilms are 10-1000 times more resistant to antibiotics than are free-floating cells. Nevertheless, some
strategies have been developed to help destroy biofilm structures and bacterial cells. These include, among others,
photodynamic and photothermal therapies, antimicrobial peptides, nanoparticles (NPs) and plant extracts.'"'* Due to the
high reactivity of nanoparticles, they may interact with a biofilm’s extracellular matrix (ECM), which contains multiple
polymeric molecules with different charges. Most bacteria have a negatively charged ECM owing to the presence of
chemical compounds, such as uronic acid and metal-bound pyruvate, which allows the creation of electrostatic forces
with positively charged metal ions and organic compounds.'®> Antimicrobials may be transported within the biofilm
structure. However, this was affected by the presence of sufficiently wide water channels that allowed the substance to
reach the deeper layers. Unfortunately, due to the complex structure and continuous rearrangement of the structure, in the
lower layers, there are often pores filled with water instead of the mentioned channels, resulting in dilution of the
concentration of antimicrobial agents.'* For this reason, not only an active strategy (which involves applying antimi-
crobial agents directly) is used but also a passive one, which involves the production of coatings disrupting the first step
of biofilm formation, which is attachment and surface biofouling.'> Coating implants and devices with agents exhibiting
antibacterial/antibiofilm properties is a promising approach for infection prevention, and research is currently underway
on strategies that could have an impact in this way.®

In general, nanoparticles’ effect on biofilms may be two-folds: on the one hand, nanoparticles can prevent the
formation of a biofilm structure before it emerges; on the other hand, they can destroy a well-formed biofilm structure.'®
Nanoparticles may be able to harm cells at several levels, indicating that they have non-specific effects. Metal
nanoparticles may not only damage cell structures, such as walls and membranes, proteins, enzymes, DNA, and
ribosomes, but also interfere with processes and pathways essential to the cell’s proper functioning, as well as contribute
to reactive oxygen species (ROS) production.'” The main nanoparticles used as antibacterial agents are silver, gold,
copper and zinc nanoparticles. Silver nanoparticles exhibit remarkable antibacterial properties, both against planktonic
forms and the biofilm structure due to their penetration of the biofilm matrix. Gold nanoparticles are also characterized by
their ability to destroy biofilm structure and impair bacterial metabolic activity, but their high price means they are
usually not chosen as a first choice agent.'® Copper nanoparticles, on the other hand, release toxic ions that bind to
bacterial cell membranes and increase their permeability by entering the cell interior, where they bind to large molecules
containing sulfhydryl and phosphate residues destroying protein and DNA structure. Copper nanoparticles can also be
effective against multidrug-resistant microorganisms.'” Zinc oxide nanoparticles show strong antibacterial activity
against both Gram-negative and Gram-positive bacteria also due to ion release but also generation of reactive oxygen
species. However, a common problem with metal oxide nanoparticles is their oxidation under sunlight.'®

The physicochemical properties of NPs are particularly crucial because of their potential toxicity. Nanoparticle
agglomeration influences their uptake and distribution, and consequently impacts their toxicity,”’ often changing their
intended properties. However, the unique properties of nanoparticles can be maintained and even enhanced by the
synergistic effect they can display when combined with materials, such as graphene or graphene oxide. The benefits of
combining the two materials are significantly advantageous compared to the use of single materials, thereby significantly
increasing their application potential.”' Graphene materials have a flake structure with a large specific surface area,
making them suitable structures for decoration with metal nanoparticles.”> What is more, combining graphene materials
with metal nanoparticles improves the functional properties of the components.”® Despite the possibility of combining
GO with other substances, GO itself can result in an antibacterial effect, in which several mechanisms are highlighted.
One of them is mechanical damage to the structures of the outer layers of cells due to the sharp edges that GO has. In
addition to this, in the planktonic form of bacteria, the predominant antibacterial effect of GO is the wrapping of cells,
which causes a reduction in the availability of nutrients, but also contributes to the perturbation of membranes resulting
in complete cell degradation. Cell degradation and release of intracellular contents also occur due to generation of ROS,
due to Van der Waals interactions between GO functional groups and cell membranes.**?

Given the above facts, we hypothesize that graphene oxide provides a platform for the controlled distribution of metal
nanoparticles in the proposed nanofilms, which, owing to their antibacterial properties, will harm bacterial cells by
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generating ROS, which will hinder the formation of a biofilm and change its overall structure. This study aimed to create
a nanofilms based on graphene oxide and silver, copper, and zinc oxide nanoparticles to prevent biofilm formation by
S. aureus, S. enterica, and P. aeruginosa.

Material and Methods

Nanoparticles

Silver nanoparticles (Ag) and copper nanoparticles (Cu) were obtained from Nano-Tech (Warsaw, Poland), zinc oxide
nanoparticles (ZnO; purity 99.5%) from SkySpring Nanomaterials (Houston, TX, USA), and graphene oxide (GO) from
Advanced Graphene Products (Zielona Goéra, Poland). Nanoparticles were diluted in ultrapure Milli-Q water (GO 5 pg/
mL, Ag 25 pg/mL, Cu 12.5 pg/mL, ZnO 50 pg/mL) and sonicated at 500 W and 20 kHz for 2 min using a VC 505
Ultrasonic Liquid Processor with a cup horn (Sonics & Materials, Newtown, CT, USA); nanocomposites were left for
15 min for self-combination (physical adsorption). Thereafter, nanocomposites were centrifuged (12,000 rpm, 10 min),
supernatant was discarded, and the pellets were suspended in sterile ultrapure water. Nanofilms were prepared as
described above from single nanomaterials and nanocomposites (Ag 25 pg/mL + GO 5 pg/mL, Cu 12.5 pg/mL + GO
5 pg/mL, ZnO 50 pg/mL + GO 5 ng/mL) by total evaporation under sterile conditions. Similar method for nanofilms
preparation was used by Pruchniewski et al 2023.2°

Characterization of Nanomaterials

Size distribution and zeta potential were assessed for selected concentrations of nanomaterials. The nanomaterials were
prepared using ultrapure water. Size distribution was evaluated by dynamic light scattering (DLS) and zeta potential by
electrophoretic light scattering (ELS) with Smoluchowski approximation using a Zeta Sizer Nano-ZS90 analyzer
(Malvern Instruments, Malvern, UK), in triplicate for size distribution and quadruplicate for zeta potential, at room
temperature (Supplementary Materials). Both DLS and ELS are recommended methods for measuring size distribution

and zeta potential, respectively.?’

Scanning Transmission Electron Microscopy (STEM) Analysis of Nanoparticles
A drop of the suspension (approximately 5 pL) was applied to a TEM mesh made of copper foil. Then, to remove excess
solution, the mesh was placed in a rotary coater chamber (POLOS Spin 150 i-NNP by SPS Semiconductor Production
Systems). Thus, a thin even layer of the applied substance on the TEM mesh was obtained. The following coating
parameters were used: 2000 rpm for 60s at 21°C.

After removing the mesh from the rotary coater chamber, the TEM mesh was placed in the SEM stage holder located
in the scanning electron microscope chamber (Quanta 250 FEG SEM, FEI, Hillsboro, OR, USA) coupled to the scanning
transmission electron microscopy detector (STEM, FEI, Hillsboro, OR, USA).28

Scanning Electron Microscope with Energy Dispersive X-Ray (SEM-EDX) Analysis of Nanoparticles

To perform chemical analysis of the nanocomposites using a Quanta 250 FEG FEI scanning electron microscope with an
energy dispersive X-ray (SEM-EDX) detector,”® the nanoparticle hydrocolloids were centrifuged using an MPW
Centrifuge MPW-352R (10,000 rpm, 20 min) (Supplementary Materials). Then, the droplets (0.05-0.1 pL) of hydro-
colloids were placed 10x on the SEM tables and dried successively in a vacuum-dried Vacucell 55 (MMM Group) at

30°C. The following parameters were used: spot 4.5, 20 kV.

Characterization of Nanofilms

The morphology and roughness of samples (GO and GO metal nanoparticles) were examined by atomic force micro-
scopy (AFM) (NT-MDT Spectrum Instruments, Moscow, Russia). The measurements were carried out under ambient
conditions in the semi-contact mode using a silicon AFM probe (NSG10/Au, NT-MDT Spectrum Instruments, Moscow,
Russia) featuring a tetrahedral tip with a curvature radius of ~10 nm. The cantilever of the probe was characterized by
a force constant range from 3.1 to 37.6 N/m and a resonant frequency range of 265-410 kHz. The scan size of the
collected topographies was 20 pm % 20 um with a resolution of 256 points per line. The average surface roughness (Sa)
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was calculated using the Gwyddion 2.62 software (http:/gwyddion.net). Similar method was performed by Olkowicz
et al.”’

Bacterial Cultures

S. aureus (ATCC 25923), S. enterica (ATCC 13076), and P. aeruginosa (ATCC 27853) were obtained from the LGC
Standards (Teddington, GB). The bacterial strains were defrosted and washed three times with distilled water to purify
glycerol. Thereafter, the bacteria were cultured in trypticase soy agar (TSA) (Biomaxima, Lublin, Poland) for S. aureus
and P, aeruginosa and brain heart agar (BHA) (Biomaxima, Lublin, Poland) for S. enterica in a microbiological incubator
at 37°C for 24 h.

Reactive Oxygen Species Production

The DCFDA Cellular Reactive Oxygen Species Detection Assay Kit (Abcam, Cambridge, UK) was used to measure
intracellular ROS production in the bacterial cells. Fifty microliters of bacterial culture (0.5 on the McFarland scale) with
DCFDA reagent (1uL/mL) were added to a 96-well plate, 50 uL of nanoparticles was added (GO 5 ug/mL, Ag 25 pg/
mL, Cu 12.5 pg/mL, ZnO 50 pg/mL; nanocomplexes GO 5 pg/mL + Ag 25 pg/mL, GO 5 pg/mL + Cu 12.5 pg/mL, GO
5 ng/mL + ZnO 50 pg/mL), and the plates were incubated at 37°C protected from the light. Fluorescence was measured
at excitation and emission wavelengths of 485 and 535 nm, respectively, using an ELISA reader (Infinite M200; Tecan,
Durham, NC, USA). The results were expressed as the ratio between two time points: 0 and 45 min.*

Antioxidant Capacity

To determine antioxidant capacity, Trolox was measured using an OxiSelect™ Trolox Equivalent Antioxidant Capacity
(TEAC) Assay Kit (ABTS) (Cell Biolabs Inc., San Diego, California, USA). Cell lysates were prepared according to the
manufacturer’s instructions. Bacterial strains were cultured in TSA for S. aureus and P. aeruginosa and in BHA for
S. enterica at 37°C for 24 h. Thereafter, bacteria were placed in distilled saline buffer (control samples) and in
nanoparticle solutions (concentrations prepared in distilled saline buffer; final concentrations: GO 5 ug/mL, Ag 25 ng/
mL, Cu 12.5 pg/mL, ZnO 50 pg/mL; nanocomplexes GO 5 pg/mL + Ag 25 pg/mL, GO 5 pg/mL + Cu 12.5 pg/mL, GO
5 pg/mL + ZnO 50 pg/mL) at 37°C for 8 h. All samples were then centrifuged at 5000 g for 10 min, and the supernatant
was collected. The test procedure was performed according to the manufacturer’s instructions using standard curve
dilutions. The absorbance was measured at 410 nm. The results were expressed based on a standard curve in accordance
with the manual.

Biofilm Formation

Bacterial Biofilm Formation

Crystal violet staining and confocal microscopy analyses were performed to characterize the biofilm formation on the
nanofilm surfaces. Crystal violet staining allowed the selection of the concentrations from which the composites were
formed. Crystal violet staining is one of the basic methods for evaluation biofilm formation.*!

For crystal violet staining, 96-well plates were covered with GO at concentrations of 2.5, 5, 10, 25, 50, and 100 pg/
mL and nanoparticles (Ag, Cu, and ZnO) at concentrations of 3.125, 6.25, 12.5, 25, 50, and 100 pg/mL. Wells covered
with water were used as control wells. The plates were left to completely dry under sterile conditions. Thereafter,
bacterial suspensions (0.5 on the McFarland scale) were added to each well and incubated for 48 h at 37°C. After
incubation, the suspensions were removed, washed 3 times with phosphate buffer saline (PBS, pH = 7.4) and fixed with
methanol for 15 min. After fixation, each well was washed with PBS 3 times, and crystal violet staining was performed
for 15 min. The plates were then washed five times with PBS and ethanol was added for 30 min. After the final
incubation, absorbance was measured at a wavelength of 584 nm. The results are expressed as a percentage of the control
sample.

For confocal microscopy analysis, nanofilms were prepared in p-Slide 8 Well (Ibidi GmbH) in a volume of 300 pL
and left for total evaporation under sterile conditions. Thereafter, 300 pL of liquid medium (tryptic soy broth for
S. aureus and P. aeruginosa, brain heart infusion broth for S. enterica) and 10 uL of bacterial suspension (0.5 on the
McFarland scale) were added into each well and incubated at 37°C for 48 h. After incubation, the medium containing the
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bacteria was removed, washed three times with sterile saline buffer (pH = 7.0), fixed with methanol for 30 min, and
washed with sterile saline buffer three times. To avoid non-specific staining of the biofilm structure, two dyes for nucleic
acids were used. DAPI staining solution (10 pL/mL, Sigma Aldrich, Hamburg, Germany) and SYTO9 staining solution
(1 pL/mL, Thermo Fisher Scientific) were added at a volume of 300 pL to each well and incubated for 30 min at room
temperature protected from the light. After the staining step, the staining solutions were removed, each well was washed
three times with buffer saline, and samples were placed in 90% glycerol. Each sample was analyzed using a confocal
microscope (FV-1000; Olympus Corporation, Tokyo, Japan) and imaged using 60x objective lasers at 405 nm for DAPI
and 488 nm for SYTO9. All images were obtained using the same laser parameters, and each sample was imaged as
horizontal sample slices (Z-stack) in five fields of view. Images were analyzed using Gimp 2.10.18 software by
measuring the thickness of the captured biofilm structure at five points from at least three pictures. The results are
presented as the mean + standard deviation. Examination of biofilm by confocal microscopy is a valuable tool in
visualizing 3D architecture.’

SEM—-Bacterial Biofilm Structure

Biofilm structures were analyzed by scanning electron microscopy (SEM type FEI, Quanta 200, Hillsboro, OR, USA) in
low-vacuum mode at an accelerating voltage of 20 kV. Only the nanocomposites were chosen for further analysis.
Nanofilms were prepared by adding 1 mL onto sterile coverslips until total evaporation under sterile conditions. Liquid
medium in a volume of 1 mL and 10 pL bacterial suspension (0.5 on the McFarland scale) was placed on each coverslip
and incubated at 37°C for 48 h. Thereafter, the medium with bacteria was removed, and after washing three times with
sterile buffer saline, they were fixed with 2.5% glutaraldehyde for 30 min. The samples were washed three times with
buffer saline, post-fixed with 1% OsO, in dH,O for 30 min, and washed three times with buffer saline. Subsequently, the
samples were dehydrated using a series of ethanol solutions of increasing concentrations (25% EtOH for 5 min, 50%
EtOH for 5 min, 75% EtOH for 5 min, 95% EtOH for 5 min, and 100% anhydrous EtOH for 10 min). Each sample was
imaged at least five times at 5000x magnification.

Statistical Analysis

All measurements are presented as mean + standard deviation. Data were analyzed by one-way analysis of variance
(ANOVA) with a post-hoc Tukey’s test using GraphPad Prism 9 software (version 9.2.0, San Diego, CA, USA).
Differences were considered statistically significant at p-value < 0.05.

Results

Characterization of Nanomaterials and Nanofilms

Electrophoretic light scattering was used to evaluate the colloidal stability of the nanomaterials. The zeta potential values
of all the samples, except ZnO, were negative (Figure 1). Metal/metal oxide nanoparticles, when combined with GO,
exhibited a more negative zeta potential, even for ZnO, which reached a negative value from being initially positive.
GOAg showed the most negative zeta potential value (—41.7 mV), followed by GOCu (—24.8 mV) and GOZnO (—12.2
mV). The zeta potential of the nanocomposites up to 48 h in all cases was at a constant level or became slightly more
negative. Only the zeta potential of GOAg decreased to a value of —38 mV after 4 h, but began to return to its initial value
after 8 h and then increased to a value of =50 mV in the following hours. The other types of nanocomposites showed
more negative zeta potential values over time (Figure S1).

The size distribution of each nanomaterial exceeded 100 nm owing to the presence of GO flakes, which were visible
in STEM analysis. Metal/metal oxide nanoparticles were associated with the surface of the GO flakes. Ag was evenly
distributed over the surface, unlike Cu and ZnO, which formed large agglomerates that covered the entire surface of the
GO flakes. The large coverage of flakes by Cu and ZnO is also evident during DLS analysis, in which those two samples
showed the largest average size (437.0 nm for GOCu and 3079.7 nm for GOZnO), larger than the GO flakes themselves.
A topographical analysis of the nanofilm surfaces was conducted using AFM. The addition of metal/metal oxide
nanoparticles to the GO flakes caused the formed nanofilms to be characterized by increased roughness and varying
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Figure | Zeta potentials of nanomaterials used. All measurements were performed four times. Zp is the mean value of each sample’s zeta potential.

heights (Figure 2), especially when observing GOAg (Sa = 134 nm) and GOZnO (Sa = 195 nm). Interestingly, these two
nanocomplexes were the most and least colloidally stable, as indicated by zeta potential analysis (Figure 1).

EDX analysis of GO and the nanocomposites showed that the spectrum of all nanomaterials consisted of signals from
C and O atoms (Figure 3). The nanocomposites contained atoms typical of nanoparticles on the surface of GO. GOAg
exhibited an absorption band peak for Ag at approximately 3 keV. In GOCu, the band peak corresponding to Cu was
around 0.5 keV, and in GOZnO, the peak of Zn was around 1 keV. The content of the various elements found in the
hydrocolloids after centrifugation is shown in Table S1. In all cases, the content of metals bound to GO was more than
99%, and residual amounts were present in the supernatant as unbound particles.

ROS Generation and Total Antioxidant Capacity

All the metal nanoparticles and nanocomposites contributed to the generation of ROS (Figure 4). For S. aureus, the
highest level of ROS was observed in the group treated with GOAg, whereas for Gram-negative species (S. enterica and
P. aeruginosa), the factor that generated the most ROS was ZnO. Antioxidant capacity was lowest in the samples treated
with nanocomposites compared to the control (untreated) samples for each bacterial strain. For S. aureus, but no other
species of bacteria tested, GO caused this value to be heightened.

Biofilm Formation
To determine the concentrations of the nanocomposites, biofilm formation from individual nanoparticles on the nanofilms
was evaluated (Figure 5). The only significant concentration of GO was 5 pg/mL; however, GO was not highly toxic to
the three tested bacterial species. In all species, Ag were the factor, which caused limited biofilm formation in dose-
depended manner (except the lower concentration 3.125 pg/mL for S. aureus and S. enterica). Ag concentrations
exceeding 25 pg/mL caused biofilm formation to a greater extent than 50%. Cu inhibited biofilm formation at similar
level in the concentrations of 100 pg/mL (except P. aeruginosa), 50, 25, 12.5 pg/mL. Only two of the highest
concentrations of ZnO (100 and 50 pg/mL) significantly reduced biofilm formation in bacteria tested.

The thickness was significantly reduced in all samples compared with that of the control probe (Figure 6). The
smallest thicknesses were observed for GOAg among the three tested bacterial strains; however, the other
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Figure 2 Physicochemical analysis of nanofilms using scanning transmission electron microscopy (STEM), atomic force microscopy (AFM), and size distribution. Sa is average
surface roughness; Sd is average sample size (nm).

nanocomposites also caused a reduction in thickness and a change in the distribution of cells, which were much more
loosely arranged without forming a compact layer. P. aeruginosa forms a biofilm with a large number of single cells that
do not adhere directly to the lower layers and are located in the upper part of the biofilm. Z-stack images from which 3D
views were created are shown in the Figure S2.

Visualization of the cells in the biofilm showed that the nanofilm was not favorable for creating a biofilm structure
(Figure 7). S. aureus in the control sample (non-treated) created a spatial structure of compact cells clumped together.
Many cells were observed in the GOCu and GOZnO groups although they formed significantly smaller clusters. In
contrast, only a few individual cells were observed in the case of S. aureus and P. aeruginosa. S. enterica on the GOAg
nanofilm formed a biofilm that was similar to that of the GOZnO group. Non-treated P. aeruginosa created a very thick
and heterogeneous structure full of ECM, in which the cells were embedded, which was not observed in the test samples.
The cells of all species in the control group showed proper morphology, whereas in the test groups, individual cells

showed collapses in cell structure, appearing flatter, and even shrunken.
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GO GOAg

Element Weight % | Atomic % Element Weight % Atomic %
CK 12.20-16.98 | 15.62-21.41 CK 4.24-10.04 | 7.43-14.16
oK 83.02-87.80 | 78.59-84.38 oK 62.20-80.38 | 81.09-88.68

AgL 10.40-30.29 | 1.63-5.86

GOCu GOZnO

Element Weight % Atomic % Element Weight % | Atomic %
CK 8.72-13.34 | 12.79-19.16 CK 49.70-53.58 | 59.94-64.57
oK 67.54-80.27 | 76.59-83.02 OK 36.82—42.31 | 33.31-37.20
CuK 9.13-21.66 | 2.38-6.22 Zn K 7.22-10.89 | 1.58-2.45

Figure 3 EDX analysis of GO and nanocomposites: GOAg, GOCu, GOZnO. Graphs are representative pictures. Ranges in the tables are values from at least seven spots.

Discussion

Graphene oxide is known for its electrical, optical, thermal, and mechanical properties, and metal nanomaterials exhibit
special physical and chemical properties. Therefore, they can be used in a wide range of applications, from nanomedicine
to optics. The decoration of GO with metal nanoparticles may provide outstanding performance in the proposed
solutions, which is based on the synergistic effect these materials can demonstrate.*® Currently, although there is research
involving nanocomposites consisting of graphene oxide with metal nanoparticles, the lack of an exact mechanism of
action of such nanocomposites is still highlighted, even among the latest studies.** The mutual change in the properties of
the materials used has been demonstrated in the research presented, which is noticeable during the zeta potential analysis,
in which nanocomposites were characterized by higher negative zeta potential values than the metal nanoparticles alone
(Figure 1). This demonstrates the mutual stability of the two materials (GO and metal/metal oxide nanoparticles) because
the zeta potential is considered a parameter indicating colloidal stability when it approaches the border value of £30 mV.
Combining materials that had negative zeta potentials with GO (—39.6 mV) increased the negative values: Ag from —34.4
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Figure 6 Confocal microscopy visualization of biofilm structure of S. aureus, S. enterica, and P. aeruginosa created on the surface of nanofilms. At is average thickness of
biofilms * standard deviation. *: statistically significant differences (p < 0.05) from the control.

mV to GOAg —41.7 mV and Cu from —18.8 mV to GOCu (—24.8 mV). The only nanoparticles with a positive zeta
potential were ZnO (10.8 mV), although with GO, the value was also negative and amounted to —12.2 mV. Interestingly,
the produced nanocomposites showed similar and even slightly higher stability over time up to 48h (Figure S1). These
results are consistent with those obtained by Iravani et al, in which the GO nanocomposites also stabilized over time,
increasing the zeta potential values toward higher colloidal stability.>> The mutual action of both nanomaterials was also
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Figure 7 The biofilm structure of S. aureus, S. enterica, and P. aeruginosa created on the nanofilms using scanning electron microscopy with 5000% magnification. The red
frames show enlarged sections. The blue arrows indicate the ECM fragments.
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visible in the shape of the nanocomposite, in which GO was observed as a platform for the metal/metal oxide
nanoparticles arranged on its surface (Figure 2). As GO exhibited the largest size (>400 nm) and was in the form of
flakes, its nanocomposites also exhibited larger sizes owing to the arrangement of metal nanoparticles on the GO surface.
Moreover, the GOZnO nanocomposite was characterized by the largest size; however, because ZnO is the least stable
nanomaterial, it may have created agglomerates on GO. The formation of agglomerates (weakly bound nanoparticles) by
nanoparticles with a zeta potential close to zero was also confirmed in our previous research.’®>” This is because of the
small size of individual nanoparticles, which have a high surface energy.>® Agglomerates are relatively easy structures to
overcome because the forces of interaction that occur in them are mainly electrostatic, van der Waals, solvation, or
capillary effects.®® Moreover, there are reports that larger agglomerates do not cause lower toxicity than smaller ones,
which allows for further studies of even larger structures, as they may exhibit equally effective properties.” For this
reason, the nanocomposites are larger than single nanoparticles typically exceeding 100 nm. This size of nanocomposites
is consistent with the results obtained by other researchers.”®°

Each nanocomposite showed high carbon and oxygen contents in the samples with graphene oxide components
(Figure 3). The high oxygen content of the GO group is associated with the presence of numerous oxygen-containing
groups like hydroxyl, carbonyl, and epoxy groups, which are placed on the flakes made of carbon with carboxyl groups
on the periphery.*’ Interestingly, GOZnO had the lowest oxygen content compared to other nanowires that were not
oxides but metals themselves, yet these results are consistent with other studies that have proven that ZnO located on GO
sheets can cause oxygen defects in their structure.*' An optical absorption band peak around 3 keV is typical for Ag
nanocrystallites.*> Similar peaks around <1 keV and around 8 keV for Cu were observed by Guzman et al.*> The metal
element content of the supernatant-to-pellet comparison (nanocomposites produced) showed that all types of metal
nanoparticles bound to graphene oxide at a minimum of 99% (Table S1).

It was previously demonstrated that metal nanoparticles are uniformly distributed over the surface of graphene
materials, which avoids the re-deposition of graphene.** This phenomenon also explains the surface roughness of the
nanocomposites. The surfaces of the nanocomposites were characterized by a greater surface roughness than that of bare
GO (Figure 2). The surface roughness of GOZnO was 195 nm; however, as mentioned before, it was the least stable
nanocomposite forming agglomerates. GOAg had the second-highest surface roughness, with an average value of 134
nm. This is consistent with the results obtained by Ahmad et al, in which silver nanoparticles were shown to decorate
wrinkled graphene oxide sheets on the basis of AFM and SEM analysis.*> However, rough surfaces are more suitable for
bacterial adhesion than smooth surfaces because of the increased surface area and protection against external forces.*
Depending on the stimuli provided by the environment, bacterial cells promote the transcription of genes responsible for
the transition from planktonic forms to cells adjacent to the surface. Interactions of cells with each other as well as cells
with the surface therefore play an important role in biofilm formation. In a study conducted by Yadav et al it has been
shown that its presence can interfere with any of these processes, helping to reduce biofilm formation.*” In our study, all
types of nanocomposites contained GO, albeit they were doped with metal nanoparticles, which further affected their
properties.

All nanocomposites caused generation of reactive oxygen species (statistically significant) (Figure 4). For S. aureus,
GOAg was the causative agent of ROS formation to the greatest extent, while for Gram-negative bacteria it was ZnO.
However, the antibacterial properties of ZnO are mainly attributed to membrane disruption or generation of intracellular
ROS. It is also believed that zinc oxide nanoparticles’ morphology affects their interaction with bacterial cells.*® In our
studies, ZnO was one of the least colloidally stable nanoparticles; thus, these nanoparticles created agglomerates which
restricted direct contact with the bacterial surface. In general, ROS generation is one of the main cytotoxic factors during
in vitro studies following exposure to NPs. Therefore, it is believed that metal-based nanoparticles act on the bacterial
membrane by releasing ions, and this is proposed as a main antibacterial mechanism.*’ The generation of oxidative stress
in bacteria may result from the disruption of the electron transport chain due to the high affinity of silver nanoparticles
for the cell membrane.*® In our study, nanocomposites interact with cell membrane (which is evident in SEM analysis in
our study due to the presence of cells with changed structures). Cell membrane is responsible for electron chain transfer.
Molecular oxygen produces O2e, which is the primary ROS by one-electron reduction catalyzed by nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase. Further reduction of molecular oxygen may lead to forming either H202 or
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OHe, via dismutation and metal-catalyzed Fenton reaction via dismutation and metal-catalyzed Fenton reaction.
Nevertheless, the exact mechanism of ROS-mediated antibacterial action of nanoparticles (eg AgNPs) is not fully
clear.’’ Gram-negative cell structures are characterized by an outer membrane (OM) and thin cell wall. As the cell
membrane is the cover and barrier between the cell interior and external environment, it represents the first point of direct
contact between nanoparticles and bacterial cells. In contrast to typical biological membranes, OM is permeable to small,
water-soluble molecules.’® As shown by Yusof et al,’* zinc oxide nanoparticles realize zinc ions in parallel with
incubation time. ZnO generates ROS because of its electronic band structure. GOCu contributed similar levels of ROS
to other nanocomposites, which suggests an effective action; however, this was not observed in the biofilm analysis
(Figures 6 and 7), where GOCu appeared to be the least toxic. Similarly, the biofilm formed on its base was the thickest
and had the highest number of cells, which indicates that GOCu is effective for planktonic forms, but not for biofilms.
One of the proposed mechanisms of copper nanoparticles is the release of ions that, among other things, interact with
cells by inhibiting the production of enzymes and proteins but also have a high affinity for amines and carboxyl groups
found on the surface of cells, allowing direct binding to cells.* This could explain the results obtained, since the cells in
the biofilm are nested in an ECM. Even if some materials do not show a reduction in biofilm formation in crystal violet
staining (such as bare GO, ZnO, and some concentrations of Cu and Ag) (Figure 5), there are some ways to overcome
this and improve their toxicity. For example, the antibacterial efficiency of ZnO nanoparticles toward both Gram-positive
and Gram-negative species can be increased by combining them with carbon materials, particularly GO. Thus, it is
possible to increase the efficiency by up to two times compared with single nanoparticles.>

Antioxidant capacity is the ability to scavenge free radicals.’® If the nanocomposites produce ROS, this capacity is
reduced, as can be seen in the present study (Figure 4). Interestingly, in Gram-negative bacteria, all metal nanoparticles
and nanocomposites caused an increase in ROS and a decrease in antioxidant capacity, whereas in Gram-positive bacteria
such as S. aureus, similar results were observed in the extent of ROS production, but no similar relationship was
observed when analyzing antioxidant capacity. Although these results do not show a clear relationship in all groups,
according to Metryka et al, nanoparticles’ antioxidant capacity may be connected with down-regulation of the genes
encoding antioxidants, which are, in turn, related to increased regulation of genes involved in repairing bacterial outer
layers, nucleic acids, and other genes responsible for cell homeostasis.>” Such a mechanism seems probable, especially as
in our studies, the bacterial cells had defects in their outer layers, which is visible in SEM analysis. Moreover, metal
nanoparticles may inhibit antioxidant enzymes (eg SO, CAT) because of altering their secondary structure, which in
consequence cannot function properly. Antioxidant capacity is the summary activity of cells’ components, which protect
from oxidative stress and free radicals produced.’® It means that during exposure to metal nanoparticles, antioxidant
enzymes show no or lesser activity due to change in their structure. In study presented, the antioxidant capacity was
lower in case of nanocomposites than in the control sample (not treated with nanocomposite/nanoparticles), meaning that
total antioxidant activity was lowered than properly functioning cells (control group).

The changes caused by the nanocomposite base also contributed to a reduction in the thickness of the resulting
biofilm (Figure 6), which indicates not only the degradation of individual cells but also the destruction of the entire
structure. However, only cells were stained during biofilm analysis, with no separate staining of the extracellular matrix.
In the control groups, the interconnected cells formed a multilayer structure, as shown in z-stack images in Figure S2.
The transport of nanoparticles within the biofilm structure may be affected by the presence of water channels, which
makes it possible for nanoparticles to reach deeper layers. Such a phenomenon is desirable because it ensures not only
the degradation of cells in the upper layers but also the destruction of the structure from within, where the cells exhibit
other metabolic properties. In the present study, this may have been the case with nanocomposites decorated with metal
nanoparticles, which was partially confirmed by confocal microscopy analysis (Figure 6), where the entire biofilm
structure was degraded, and the cells were arranged in a thinner layer. In addition, their arrangement changed when
treated with nanocomposites, especially GOAg, forming a much less layered structure (Figure S2). However, the
migration of nanoparticles is desirable when their transport occurs through channels, whereas in the biofilm structure,
there are structures called pores. Antibacterial agents are diluted within the pores, which can weaken their effect.'* The
test results do not indicate the accumulation of nanoparticles in the pores. However, because of the constant reorganiza-
tion of the biofilm structure, this cannot be excluded during prolonged exposure.
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Nevertheless, the obtained results were confirmed by SEM analysis (Figure 7), in which the cells were further apart,
and EPS was partially degraded, although small fragments of the matrix were visible in the treated groups. The lowest
cell density was observed for the GOAg and GOZnO groups. Interestingly, the two types of films exhibited the highest
average surface roughness values. These results are consistent with other research findings by Wu et al, which indicated
that rough surfaces reduced the number of viable bacterial cells (S. aureus and P. aeruginosa were used as bacterial
models) after only 4 h in the early stages of biofilm formation.’” In other research, rougher surfaces of ZnO contributed
to less metabolic activity and, consequently, to a decrease in bacterial viability in comparison to smooth surfaces.®® These
results suggest that even though rough surfaces are generally considered more attractive for bacterial cell adhesion, they
are not conducive to biofilm formation, but only when planktonic forms settle on nanofilms. This may be related to the
long distances between bacteria when they inhabit rough surfaces, making them unable to form a three-dimensional
structure through their inability to communicate via quorum sensing based on chemical signals, which informs them
about population density, transfer of genetic material, or synthesis of secondary metabolites.®’

GOAg despite its rough surface, was the most limiting factor for biofilm formation by all species tested, which was
visible during biofilm analysis (Figures 6 and 7). Silver nanoparticles are well known for their antibacterial properties
owing to ion realization, which, among other things, can adhere to cell walls and membranes and interrupt envelope
structures.®” This may also explain why the bacterial cells were deformed when exposed to the nanocomposites, as was
evident from the SEM analysis (Figure 7). Jang et al also demonstrated the great potential of the GOAg nanocomposite,
which significantly inhibited Gram-positive bacteria exemplified by S. epidermidis and to a lesser extent Gram-negative
bacteria P. aeruginosa.®® Codita et al** documented that nanofilms composed of silver and copper had strong antibacterial
properties against both Gram-positive and Gram-negative species, although this depended on the physicochemical
properties of these nanofilms.

Summarizing the effect of the nanocomposites, GOAg was the most effective against all three bacterial strains
(S. aureus, S. enterica and P. aeruginosa). It was the agent with the highest colloidal stability (zeta potential of —41.7
mV), and thus the lowest tendency to agglomerate, which can also be seen in the expressed hydrodynamic diameter of
214.4 nm. The nanocomposites had a high average surface roughness (Sa = 134 nm), but due to their high toxicity, this
was not a parameter promoting biofilm formation. For Gram-positive bacteria, using S. aureus as an example, this was
the factor generating the highest amount of ROS formation, as well as reducing the total antioxidant capacity of the
bacteria to the greatest extent. Exposure of all three tested bacterial species to GOAg resulted in the greatest reduction in
biofilm thickness based on cell alignment. A significantly degraded biofilm structure is also observed during SEM
analysis, in which S. aureus and P. aeruginosa were characterized by the presence of only a few cells.

The GOCu nanocomposite had medium colloidal stability, with a zeta potential of —24.8 mV. The nanocomposites
had the lowest surface roughness among the types of nanocomposites analyzed (Sa = 60 nm) and a larger hydrodynamic
diameter than GOAg (437.0 nm). The nanocomposite caused ROS generation at a similar level to GOZnO in S. aureus,
and for the other two bacterial species at a similar level to all nanocomposites used, although these results are statistically
significant. GOCu also inhibited biofilm structure for two bacterial species (S. aureus and P. aeruginosa), although
a lower number of S. enterica cells were apparent on SEM analysis compared to the control group (results not
statistically significant on analysis by confocal microscopy).

GOZnO nanocomposites were characterized by the lowest colloidal stability (zeta potential equal to —12.2 mV), and
thus the highest hydrodynamic diameter and the highest surface roughness, due to the formation of agglomerates.
Nevertheless, it was a factor that statistically significantly caused ROS generation and reduced total antioxidant capacity
in all tested bacterial species. In addition, it significantly reduced the cell content of the biofilm, although to the greatest
extent in P. aeruginosa.

Conclusion

These results make it possible to select an effective antimicrobial agent that can reduce biofilm formation. The
combination of metal nanoparticles with graphene oxide, which constitutes a platform and improves the physicochemical
properties of metal nanoparticles, is effective as a film that limits biofilm formation, resulting in changes in both the
biofilm architecture and the thickness of the overall structure. This is particularly important, as biofilms are a real threat
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to public health; however, owing to their complex structure, they are difficult to eradicate and can persist despite the use

of conventional antibacterial agents.

In conclusion, the nanocomposites prepared as presented resulted in significant binding of metal nanoparticles to

graphene oxide. In addition, all nanocomposites remained stable after 48h, which is particularly important for long-term

applications such as coating materials associated with medical-related fields or food packaging, among others. These

results therefore contribute to the possibility of developing coating technologies for such surfaces that will reduce biofilm

formation in a controlled manner.
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1 Supplementary materials

2  Stability of Nanocomposites

3 The stability of nanocomposites were assessed by measurements of zeta potential by
4 electrophoretic light scattering (ELS) over time 0, 8, 12, 24 and 48h using a Zeta Sizer Nano-

5 ZS90 analyzer (Malvern Instruments, Malvern, UK) quadruplicate, at room temperature.

-60-
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408 GOZnO

zeta potential [mV]
2
-

0 T T 1
0 20 40 60
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7 Figure S1 Zeta potentials of nanocomposites in time. All measurements were performed four

8 times. Zp is the mean value of each sample’s zeta potential.

9 Chemical analysis of nanocomposites formed

10 Chemical analysis of nanocomposites was performed using a Quanta 250 FEG FEI scanning

11 electron microscope with an energy dispersive X-ray (SEM-EDX) detector. Nanocomposites were
12 centrifuged (12 000 rpm, 10 mins) and the supernatant was separated from the pellets. The

13 pellets were suspended in ultrapure water. Then, the droplets (0.05-0.1 yL) of hydrocolloids were
14 placed 10x on the Silicon Wafer (Siegert Wafer, Wafer Specialist) and dried successively in a

15  vacuum-dried Vacucell 55 (MMM Group) at 30°C. The following parameters were used: spot 4.5,
16 20 kV.

17

Information Classification: General



18

19

20  Table S1 EDX analysis of created nanocomposites: GOAg, GOCu, GOZnO.

GOAg
supernatnat pellet
Element W%/ight Atc(:)/mic Element W%/ight Atomic %
(o] 0 0
CK 20.97 38.12 CK 8.62 16
oK 0.93 1.27 oK 43.8 61.05
SiK 77.89 60.56 SiK 22.33 17.73
AgL 0.21 0.04 AgL 25.26 5.22
21
GOCu
supernatnat pellet
Element W%/'oght Atoo/zmc Element W%/'l?ht Atoo/zmc
CK 22.01 39.23 CK 12.77 21.15
oK 2.73 3.65 OK 38.02 47.29
SiK 74.68 56.92 SiK 40.86 28.95
CuK 0.58 0.19 CuK 8.35 2.62
22
GOZnO
supernatnat pellet
Element Weo/loght AtOO/T'C Element W?,/'l?ht Atoo/T'C
CK 16.43 31.48 CK 22.34 40.26
oK 0.83 1.19 oK 31.53 42.65
SiK 81.75 66.98 SiK 4.16 3.2
ZnK 0.99 0.35 ZnK 41.97 13.89
23

24 Bacterial biofilm formation

25 Section completely described in the main manuscript.



26

S. aureus

S. enterica

P. aeruginosa




27  Figure S2 Z-stack images (confocal microscopy visualization) of biofilm structure of S. aureus, S.

28 enterica, and P. aeruginosa created on the surface of nanofilms.
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