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VI. Oswiadczenia doktoranta i wspotautorow



I. Autoreferat rozprawy

I.1. Wprowadzenie

Nanotechnologia na przestrzeni ostatnich kilkudziesigciu lat stala si¢ jednym z wiodacych 1
najbardziej obiecujacych odkry¢ naukowych, oferujacym niezwykly postep w badaniach, produkcji i
praktycznym zastosowaniu nanomaterialdbw. Za pioniera i wizjonera nanotechnologii uznaje si¢
Richarda Feynmana, ktory w czasie wyktadu ,,There’s plenty of room at the bottom — an invitation to
enter a new field of physics” w 1959 roku przedstawil koncepcje manipulacji materii na poziomie
pojedynczych atoméw. Byto to znaczacym osiggnigciem naukowym, zapoczatkowujacym ztotg erg
nanowszechswiata (Hulla 1 in., 2015; Bayda i in., 2020). Wspodtczesny postep w nanotechnologii
dotyczy gltownie produkcji nowych nanomateriatdw i1 opracowywania procesOw w nanoskali,
wykorzystywanych w réznych dziedzinach/branzach/galeziach przemystu poczawszy od artykutow
gospodarstwa domowego, produkcji zywnosci, nanoinformatyki, elektroniki, motoryzacji,
pozyskiwania energii, medycyny, farmakologii, diagnostyki czy tez ochrony srodowiska (Khan i in.,
2019; Ali, 2020; Bayda 1 in., 2020). W raporcie analitycznym Europejskiej Agencji Chemikaliow
(ECHA, ang. European Chemicals Agency) z maja 2022 roku 1 dotyczacym wdrazania
nanomateriatow, ich produkcji, eksploatacji i przeznaczonych naktadéw finansowych na rynku w Unii
Europejskiej (w tym krajow Europejskiego Obszaru Gospodarczego i Szwajcarii) oszacowano, ze
budzet w roku 2020 wyniost 5 200 min EUR i dotyczyt produkcji 140 000 ton produktow. Szacuje si¢
rébwniez, ze w ciagu najblizszych 5 lat ilos¢ wprowadzanych na rynek produktow
nanotechnologicznych bedzie rosta na poziomie 13,9% skumulowanego rocznego wskaznika wzrostu
(CAGR, ang. compound annual growth rate). Liderem rynku nanotechnologicznego w Unii
Europejskiej sa Niemcy. W Polsce wedlug danych statystycznych wytworzonych zostalo w latach
2016 - 2022 okoto 4 kiloton produktoéw z dodatkiem nanomateriatow o tacznej wartosci 200 milionow
EUR. Europejski rynek nanotechnologiczny niezaprzeczalnie zdominowany jest przez nanomateriaty
nieorganiczne na bazie tlenkéw metali, stanowigce 75,7% udzialu w rynku, natomiast ich
odpowiedniki metaliczne stanowig jedynie 8,3% (https://euon.echa.europa.eu). Globalny naktad
przemyshu nanotechnologicznego na nieorganiczne nanomaterialy oszacowano na 2,4 miliarda USD
w 2021 roku i prognozuje si¢, ze do 2030 roku bedzie on eskalowaé¢ z CAGR na poziomie 11,66%
(https://www.polarismarketresearch.com).

Wyktadniczy wzrost produkcji 1 zastosowan nanomateriatow zwigzany jest z ich unikalnymi 1
cennymi wlasciwosciami, gldéwnie efektami kwantowymi 1 powierzchniowymi, ktore odrozniajg je od
odpowiednikow w wiekszej skali. Nanomaterialy charakteryzujg si¢ duzym stosunkiem powierzchni
do objetosci, co zwicksza ich reaktywno$¢ ze wzgledu na zwigkszong powierzchnie reakcji, liczbe
czastek na jednostke masy oraz udzial atomow na powierzchni materiatu (Joudeh i Linke, 2022;
Vineeth Kumar i in., 2022). Szczegdlng cecha nanomateriatéw, w szczegolnosci nanoczastek (NPs,
ang. nanoparticles) na bazie metali, jest ich aktywno$¢ przeciwdrobnoustrojowa, polegajaca na
wieloptaszczyznowym 1 niespecyficznym sposobie dzialania na rdézne biomolekuly i1 procesy
metaboliczne (Sanchez-Lopez 1 in., 2020). Chociaz takie wtasciwosci sg pozadane w walce z
mikroorganizmami patogennymi, to ich niezamierzone uwalnianie do srodowiska moze stanowi¢
zagrozenie dla mikroorganizmow niebedacych celem ich dziatania. Dodatkowo ich wysoka trwatos¢,
stabilnos¢, reaktywno$¢, niska biodegradowalno$¢ oraz mozliwo$¢ bioakumulacji 1 biomagnifikacji

5


https://euon.echa.europa.eu/documents/2435000/3268573/eumarketstudy.pdf/3a9daabf-eef9-9294-1e1a-2273bd219dc4?t=1667820390467
https://www.polarismarketresearch.com/industry-analysis/metal-nanoparticles-market

zwigkszaja ryzyko ich toksycznego dziatania na organizmy zywe. Inzynieryjne NPs dostaja si¢ do
srodowiska (atmosfery, wod powierzchniowych, gleby) w wyniku zamierzonych lub niezamierzonych
dzialan, w tym posrednio i bezposrednio jako odpady z zakladow produkcyjnych, transportu,
ogolnego uzytkowania i utylizacji (Bundschuh 1 in., 2018; Vineeth Kumar 1 in., 2022). Szacuje si¢, ze
zintensyfikowane stosowanie 1 wytwarzanie nanoproduktow prowadzi do niekontrolowanego
uwalniania ich do srodowiska, z czego 63 - 91% trafia na sktadowiska odpadow, a 8 - 28% do gleby
(Bundschuh 1 in., 2018; Ameen i in., 2021). Dane szacunkowe z 2014 roku wskazuja, ze w Unii
Europejskiej nanomateriaty zawierajace w swoim skladzie TiOz i ZnO ulegly kumulacji w glebie
(odpowiednio 45 000 i 1400 ton), osadach (odpowiednio 44 000 i1 7000 ton) i na sktadowiskach
odpadéw (odpowiednio 40 000 i 1000 ton). Podobnie nanomaterialy z dodatkiem Ag trafiaja na
sktadowiska odpaddéw (40 ton) i do osadéw (30 ton) (Sun i in., 2016). Pomimo znacznego postepu w
rozwoju metod analitycznych, nadal nie ma dostepnych narzg¢dzi, ktore umozliwityby kontrole stezen
nanomateriatow w réznych ekosystemach oraz ocen¢ zagrozenia wynikajacego z pojawienia si¢ ich
w $rodowisku. Wynika to gltownie z trudno$ci w odroznieniu nanomateriatow naturalnych od
inzynieryjnych, braku wystandaryzowanych metod analitycznych 1 skali do oceny ich potencjalnego
zagrozenia. Ponadto nanomateriaty moga ulega¢ r6znym biotransformacjom i wchodzi¢ w ztoZzone
reakcje z innymi sktadnikami ekosystemu, znacznie utrudniajac ich ilo§ciowy pomiar w matrycach
biologicznych (Bundschuh 1 in., 2018; Abdolaphur Monikh 1 in., 2022). Pomimo licznych doniesien
naukowych dotyczacych toksycznego dzialania nanoczastek na mikroorganizmy i zaawansowanych
badan w tym zakresie, wiedza na temat mechanizmoéw interakcji NPs z komorkami bakterii jest wcigz
fragmentaryczna i nie odzwierciedla w petni ich negatywnego dziatania na poziomie komérkowym.
Odnoszac si¢ do najnowszych wynikow prac naukowych w literaturze, nieorganiczne NPs
wyrdzniaja si¢ wszechstronnym 1 wielokierunkowym dzialaniem przeciwdrobnoustrojowym. Do
glownych mechanizméw bakteriobdjczego dziatania metalicznych NPs naleza: naruszenie
integralnos$ci 1 ciaglosci oston komorkowych, generowanie reaktywnych form tlenu (RFT),
genotoksyczno$¢, uszkodzenia struktur wewnatrzkomorkowych, rozprzgganie proceséw
metabolicznych, inicjujgcych w ostatecznosci kaskade sygnalizacyjng proceséw apoptotycznych
(Slavin 1 in., 2017; Parra-Ortiz i Malmsten, 2022). Podstawowymi mechanizmami dziatania
nieorganicznych NPs na komorki bakterii sg zewnatrzkomérkowe 1 wewnagtrzkomorkowe
generowanie produkcji RFT oraz indukcja stresu oksydacyjnego (Slavin iin., 2017; Shaikh i in., 2019;
Yehiin., 2020). Do gtownych RFT naleza: anionorodnik ponadtlenkowy (O2""), rodnik hydroksylowy
("OH), rodnik wodoronadtlenkowy (HO>"), nadtlenek wodoru (H20>), tlen singletowy ('O2) oraz
rodniki organiczne, takie jak rodnik nadtlenkowy (ROO") czy alkoksylowy (RO") (Dayem i in., 2017;
Slavin 1 in., 2017; Canaparo 1 in., 2020). Metaliczne NPs z rdzeniem zbudowanym z metali
przejsciowych, jako nietrwate zwigzki redoks, moga generowa¢ RFT w wyniku reakcji redukcji-
utleniania zachodzacych na powierzchni NPs, ich bezposredniego oddziatywania z obecnymi w
srodowisku utleniaczami/rodnikami oraz katalitycznej dysocjacji tlenu czasteczkowego na atomy
tlenu (Li 1 in., 2012; Canaparo i in., 2020; Gao i in., 2021). Elektrony wtorne uwolnione z sieci
napromieniowanych NPs moga reagowac z akceptorami obecnymi w otoczeniu, takimi jak woda czy
czasteczki biologiczne, promujac produkcje réznych RFT (Hubenko i1 in., 2018). Ponadto
dodatkowym atrybutem zwigkszajacym bakteriobdjcze dzialanie NPs jest uwalnianie jonoéw metali z
powierzchni, co moze przyczyni¢ si¢ do zwiekszenia poziomu RFT w wyniku zaburzen komérkowych



cykli redoks, destabilizacji fancucha transportu elektronéw, zaburzen ekspresji wybranych genow oraz
wzmozonej reakcji Fentona, typu Fentona i Habera-Weissa (Manke i in., 2013; Canaparo i in., 2020;
Yu i in., 2020). Uwolnione jony metali ci¢zkich moga rowniez reagowac z biatkami, zawierajgcymi
wytwarzanie RFT (Makabenta i in., 2021). Ponadto wolne jony metali, takie jak Cu®>* moga przytaczaé
si¢ do okreslonych miejsc w czagsteczce DNA 1 w wyniku przejsciowych reakcji redoks generowac
‘OH w poblizu miejsc przylaczenia (Shkodenko 1 in., 2020). Doniesienia literaturowe wskazuja
réwniez na mozliwo$¢ wzmozonej generacji RFT przez NPs po uprzedniej fotoaktywacji
(napromieniowaniu), indukujac powstawanie dziur elektronowych w pasmie walencyjnym (E,).
Wzbudzone elektrony w pasmie przewodnictwa (e’) i dziury w pasmie walencyjnym (h*) posiadaja
potencjal redoks, co czyni je wysoce reaktywnymi czynnikami redukujgcymi i utleniajagcymi (Li i in.,
2012; Hubenko i in., 2018).

Warto podkresli¢, ze RFT powstaja takze w komorkach bakterii niepoddanych stresowi 1
pehig istotne funkcje w ich metabolizmie (Cheeseman i in., 2020; Li i in., 2021). Jednym z
najczestszych mechanizméw syntezy RFT w komorkach drobnoustrojow jest fosforylacja
oksydacyjna. Podczas przenoszenia elektronéw przez tancuch transportu elektrondw moze dochodzi¢
do ich przypadkowego wycieku i wykorzystania w reakcjach wtoérnych indukujacych produkcje O™
oraz H>O», bedacych prekursorami do syntezy innych RFT (Imlay, 2003; McBee i in., 2017; Collin,
2019). Ponadto O oraz H,O» powstaja jako produkty uboczne autoutleniania oksydoreduktaz i
dehydrogenaz oddechowych oraz nieselektywnego przenoszenia elektronéw przez flawonoidy
(Imlay, 2003). Z kolei 'O2 moze powstawaé jako produkt uboczny w takich procesach, jak:
peroksydacja lipidow, rozktad nadtlenkow organicznych czy utlenianie O> (Onyango, 2016; Hubenko
1 in., 2018). Paradoks toksycznosci RFT przypisuje si¢ obecno$ci niesparowanego elektronu na
zewngtrznej powloce, co czyni je wysoce niestabilnymi i reaktywnymi w poroéwnaniu z innymi
czasteczkami (Bisht 1 Dada, 2017). W warunkach naturalnych zachowana jest rtOwnowaga mi¢dzy
wytwarzaniem RFT a ich usuwaniem, natomiast w warunkach stresu ta rtownowaga zostaje zaburzona.

Stres oksydacyjny indukowany przez NPs, uwolnione jony metali oraz RFT w komorkach
drobnoustrojow moze prowadzi¢ do uszkodzen réznych struktur komorkowych i skladnikow
budulcowych oston zewnetrznych, inicjujac kaskade reakcji utleniania i w konsekwencji prowadzac
do degradacji biatek i lipidow (Mufiiz Diaz i in., 2017; Behera i in., 2019). Co interesujace, kazdy
rodzaj RFT charakteryzuje si¢ swoista reaktywnoscig oraz poziomem toksycznos$ci, a wybiodrcze
dziatanie wolnych rodnikow jest odwrotnie proporcjonalne do ich reaktywnosci. Na przyktad
anionorodnik ponadtlenkowy (O2") moze by¢ zardwno utleniaczem i reduktorem, jak rowniez
prekursorem innych RFT, w tym H>O», ‘OH i 'O, (Li i in., 2012; Collin, 2019; Canaparo i in., 2020).
Przeciwnie H,0O: jest silnym utleniaczem, ale ze wzgledu na stabilno$¢ i brak wypadkowego tadunku
stanowi substrat do syntezy ‘OH (Li 1 in., 2012; Collin, 2019). W odr6znieniu od pozostaltych RFT,
*OH ze wzgledu na wysoki potencjat redoks jest wysoce reaktywnym i niespecyficznym utleniaczem,
reagujacym z kazda napotkang makroczasteczka (Collin, 2019; Cui 1 Smith, 2022). Komorki
bakteryjne posiadaja systemy ochronne, ktdre zabezpieczaja je przed dzialaniem NPs i RFT. System
antyoksydacyjny sklada si¢ z enzymdéw antyoksydacyjnych, tj. katalazy (CAT, ang. catalase),
peroksydazy (PER, ang. peroxidase) i dysmutazy ponadtlenkowej (SOD, ang. superoxide dismutase)
oraz ze zredukowanego glutationu (GSH, ang. reduced glutathione) - nieenzymatycznego



przeciwutleniacza, ktory stanowi gotowy uktad do ochrony komorek bakteryjnych przed stresem
oksydacyjnym (Ezraty i in., 2017; Slavin i in., 2017; Borisov i in., 2021). Funkcja wymienionych
antyoksydantow jest redukcja ogdlnego poziomu RFT w komoérkach. SOD obniza stgzenie O2™ w
wyniku reakcji dysmutacji. Z kolei CAT, PER 1 GSH redukujg poziom H>O> w komoérce (Imlay, 2003;
Fang, 2011; Ezraty i in., 2017). W warunkach stresowych wywotanych obecnosciag NPs i RFT
skuteczne funkcjonowanie przeciwutleniaczy moze zosta¢ zaburzone w wyniku trwatego uszkodzenia
biatek lub uposledzenia poczatkowych etapéw ich syntezy (Ezraty i in., 2017; Borisov i in., 2021;
Mammari i in., 2022). Wykazano, ze metaliczne NPs posiadaja wtasciwosci genotoksyczne i
uszkadzaja DNA. Hamuja réwniez replikacje DNA, zaburzaja ekspresje informacji genetycznej w
komorce oraz stymulujg horyzontalny transfer genéw (Karimi i Mohseni Fard, 2017; Wang i in., 2017;
Zhang 1 in., 2018a). Szczegdlnym przypadkiem ich dziatania jest wptyw na ekspresj¢ informacji
genetycznej komorki, prowadzacy do zmian w syntezie przeciwutleniaczy. Warto podkresli¢, ze RNA
jest bardziej podatny na szkodliwe dziatanie RFT niz DNA, co prowadzi do uposledzenia procesu
transkrypcji (Seixas 1 in., 2022). Wybrane przyktady genotoksycznego dziatania NPs przedstawiono
w pracy Metryka i in. (2022), stanowigcej rozdzial 1.2 niniejszej rozprawy doktorskiej. Ze wzgledu
na bardzo ograniczong liczbe prac dotyczacych generowania réznorodnych form RFT, ekspres;ji
gendéw stresu oksydacyjnego i funkcjonowania ukladu antyoksydacyjnego komorek bakteryjnych
traktowanych NPs jako powigzanych ze soba mechanizmoéw toksyczno$ci, przedstawione we
wspomnianej pracy wyniki mozna uzna¢ za nowatorskie.

Ciekawym 1 tylko fragmentarycznie wyjasnionym mechanizmem dzialania NPs jest ich wptyw
na $ciane i blong¢ komodrkowa bakterii. Wykazano, ze bezposrednie oraz posrednie oddziatywanie NPs
z ostonami zewng¢trznymi bakterii moze prowadzi¢ do trwalych uszkodzen barier ochronnych,
destabilizacji potencjatu blonowego, zmian strukturalnych, zwigkszenia przepuszczalnosci blony,
nasilenia peroksydacji lipidow, zaktdcenia aktywnoS$ci transportowej, rozprzegnigcia fosforylacji
oksydacyjnej 1 wycieku zawartosci wewnatrzkomorkowej (Baptista i in., 2018; Yeh i in., 2020; Staron
i Dhugosz, 2021). Modyfikacjom tym towarzyszy miedzy innymi zmiana aktywno$ci enzymdéw
metabolizmu oddechowego, w tym dehydrogenaz (DEH) 1 ATPazy (Vardanyan i in., 2015; Goémez-
Nuifiez i in., 2020; Lange i in., 2022). Ze wzgledu na odmienng budowe $ciany komorkowej bakterii
Gram-ujemnych i Gram-dodatnich, mechanizmy interakcji bakterii z tych grup mikrobiologicznych a
NPs s3 odmienne i przewaznie specyficzne gatunkowo (Yeh 1 in., 2020; Linklater i in., 2021).
Przedstawione w artykule Metryki i in. (2023) wyniki dotyczace funkcjonowania btony komoérkowe;j
1 aktywnos$ci oddechowej komorek dostarczaja nowej wiedzy na temat roznic w odpowiedzi roznych
bakterii na stres NPs i stanowig cenny wktad w wyjasnienie mechanizméw ich dziatania.



I.2. Cel pracy doktorskiej

Celem rozprawy doktorskiej jest wieloaspektowa analiza mechanizmow indukcji stresu
oksydacyjnego w komorkach bakterii: Escherichia coli (ATCC® 25922™), Bacillus cereus (ATCC®
11778™) i Staphylococcus epidermidis (ATCC® 12228™), eksponowanych na dzialanie nanoczastek
metalicznych: Ag-NPs, Cu-NPs, TiO2-NPs i ZnO-NPs.

W pracy zweryfikowano nastgpujace hipotezy badawcze: (1) NPs wplywaja na dziatanie
bakteryjnych antyoksydantéw; (2) NPs wptywaja na poziom ekspresji genow stresu oksydacyjnego;
(3) NPs modyfikujg aktywnos$¢ oddechowa komorek bakteryjnych oraz (4) NPs oddziatuja z ostonami
zewngtrznymi bakterii i powoduja zmiany morfologiczne komorek.

Aby osiggna¢ powyzszy cel oraz zweryfikowac stuszno$¢ hipotez badawczych, zrealizowano
nastgpujace zadania badawcze:

Wyznaczono wskazniki toksyczno$ci NPs wzgledem badanych szczepdw bakterii,

Zbadano role NPs w indukcji stresu oksydacyjnego w komoérkach baktertii,

Przeprowadzono analiz¢ genotoksycznosci NPs,

Okreslono zmiany w metabolizmie oddechowym bakterii oraz w strukturze 1 wtasciwosciach
btony komorkowe;,

5. Zobrazowano komorki bakterii eksponowane na NPs z wykorzystaniem skaningowej mikroskopii
elektronowej (SEM-EDS).

2w =

Zadania badawcze wykonywano w trzech etapach. Pierwszy etap obejmowat oceng toksycznosci
NPs oraz analize wskaznikoéw stresu oksydacyjnego, w drugim etapie zbadano genotoksycznos¢ NPs,
a na trzeci etap sktadaty si¢ badania metabolizmu oddechowego komorek bakterii oraz zmian w
strukturze 1 wlasciwosciach zewnetrznych oston komorkowych. Schemat obrazujacy uktad
eksperymentalny z uwzglednieniem wszystkich wykonanych analiz ilustruje rys. 1.
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ﬂ ﬂ . Genotoksycznoéé

Szczep bakterii
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5. epidermidis

Analizy

Aktywnosc¢ enzymow antyoksydacyjnych:
katalazy, peroksydazy, dysmutazy
ponadtlenkowej

Poziom glutationu
Stopien utlenienia biatek
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Poziom ekspresji genow stresu
oksydacyjnego

Aktywnos¢ dehydrogenaz
Aktywnosc ATPazy

Poziom zewnatrzkomérkowego
i wewngtrzkomérkowego ATP

Sktad i zawartosé kwasow ttuszczowych
Poziom peroksydacji lipidow
Przepuszczalnosé bton komérkowych

Wyciek zawartosci wewnatrzkomérkowej
Obrazowanie komérek bakteryjnych SEM-EDS

Rys. 1. Schemat uktadu eksperymentalnego z uwzglednieniem etapow realizacji i zadan badawczych.
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I.3. Materialy i metody

1.3.1. Materialy do badan i warunki hodowli bakterii

W badaniach wykorzystano trzy referencyjne szczepy bakterii pochodzace z American Type
Culture Collection (ATCC): Escherichia coli (ATCC® 25922™), Bacillus cereus (ATCC® 11778™) i
Staphylococcus epidermidis (ATCC® 12228T™), Bakterie przechowywano i pasazowano na podtozu
agarowo-bulionowym rekomendowanym przez ATCC® (BD Difco™ Nutrient Broth BD 234000, BD
Bacto™ Tryptic Soy Broth BD 211825). Wyj$ciowym punktem do badan bylo wyznaczenie krzywych
wzrostu bakterii oraz okreSlenie czasu, w ktorym komorki bakterii osiagaly potoweg fazy
logarytmicznego wzrostu. Krzywe wzrostu bakterii wyznaczano tradycyjng metoda hodowli komoérek
w bulionie lizogenicznym Luria-Bertani (LB; pepton K 10 g L', ekstrakt drozdzowy 5 g L', chlorek
sodu 10 g L) i oznaczenia ich liczebnos$ci metodg posiewu powierzchniowego na podtoze LB
zestalone agarem (Monod, 1949; Pepper 1 Gerba, 2005; Maier, 2009).

W kolejnym etapie komorki bakterii pochodzace z potowy fazy logarytmicznego wzrostu
poddawano 24-godzinnej ekspozycji na dziatanie czterech rodzajow NPs: Ag-NPs (<100 nm, Sigma-
Aldrich nr. kat. 576832), Cu-NPs (25 nm, Sigma Aldrich nr. kat. 774081), ZnO-NPs (<50 nm, Sigma-
Aldrich nr. kat. 677450) 1 TiO2-NPs (20 nm, US Research Nanomaterials Inc. nr. kat. US1019F).
Doboru NPs do badah dokonano na podstawie danych literaturowych oraz sondazy statystycznych
uwzgledniajacych produkcje i1 eksploatacj¢ nanomaterialdow nieorganicznych. Wszystkie NPs
charakteryzowatly si¢ wysoka czystoscig, w granicach 97 - 99,5%. Roztwory podstawowe NPs
przygotowywano w sterylnej wodzie Millipore 1 kazdorazowo przed uzyciem poddawano sonikacji
przez 10 - 20 minut z wykorzystaniem dezintegratora ultradzwickowego Vibra Cell™ (20 kHz), aby
zapobiec aglomeracji/agregacji NPs (Nowak 1 in., 2016). Szczegétowe warunki prowadzenia hodowli
bakteryjnych opisano w pracy Metryka i in. (2021), stanowigcej rozdzial 1.1 niniejszej rozprawy
doktorskie;j.

1.3.2. Wyznaczanie wskaznikow toksycznosci

Potencjalng toksyczno$¢ Ag-NPs, Cu-NPs, ZnO-NPs i TiO>-NPs wzgledem bakterii E. coli,
B. cereus 1 S. epidermidis badano w podtozu LB z dodatkiem roznych stezen NPs (Wiegand i in.,
2008; Bagchi i in., 2013). W tym celu podtoze zaszczepiano zawiesing bakteryjng w 0,85% NaCl do
uzyskania gesto$ci optycznej hodowli ODeoo = 0,1 (~107 jtk mL"). Kolejno do hodowli bakteryjnych
dodawano NPs w stezeniach od 0,1 do 1500 mg L' i inkubowano w temperaturze 37 °C z
wytrzasaniem (140 obr./min). Proby kontrolne stanowity hodowle bakterii nietraktowane NPs. Po 24-
godzinnej inkubacji przygotowywano seri¢ rozcienczen kazdej hodowli w 0,85% NaCl, wysiewano
na podloze stale LB i inkubowano przez 24 godziny w temperaturze 37 °C. Liczebnos¢ komorek
wyrazano jako log jtk mL™!. Na podstawie zebranych danych wyznaczono nastepujace wskazniki
toksycznos$ci: minimalne stezenie hamujace (MIC, ang. minimal inhibitory concentration), minimalne
stezenie bakteriobojcze (MBC, ang. minimal bactericidal concentration) oraz st¢zenie hamujgce w
50% wzrost bakterii (ICso, ang. half-maximal inhibitory concentration). Wartosci MIC i MBC
wyznaczano za pomocg wskaznika §miertelno$ci, przyjmujac odpowiednio 99% i 100% zahamowania
wzrostu bakterii jako warto$ci rownoznaczne (Wiegand i in., 2008; Bagchi i in., 2013). Natomiast
stezenie ICso wyznaczano za pomocg kalkulatora AAT Bioquest (https://www.aatbio.com/tools/ic50-
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calculator), ktore weryfikowano z wykorzystaniem oprogramowania GraphPad Prism 5 (GraphPad
Software, USA). Wyznaczenie wartosci tych wskaznikow stanowito kluczowy etap do kolejnych
badan, w ktérych uzywano komorek bakterii eksponowanych na NPs w stezeniu ICsg oraz Y41Cso.

1.3.3. Pomiary steZenia wolnych rodnikow tlenowych

W celu zbadania rodzaju generowanych RFT przez Ag-NPs, Cu-NPs, ZnO-NPs i TiO,-NPs w
komorkach E. coli, B. cereus 1 S. epidermidis wykonywano pomiary og6lnego st¢zenia RFT oraz
poszczegdlnych form RFT, w tym O2", !0z, H,O; i "OH metodami spektroskopowymi. Ze wzgledu
na wysoka reaktywnos$¢ oraz niski okres pottrwania roznych form RFT, w tej czgsci badan zastapiono
podtoze LB buforowang fosforanem solg fizjologiczna (PBS) w celu zapobiegnigcia niespecyficznym
reakcjom RFT ze zwigzkami obecnymi w podlozu. Co wigcej, czas ekspozycji komorek bakterii na
NPs zostat dostosowany do pomiaru wybranych RFT. Pomiary RTF prowadzono w prdobach
biotycznych zawierajagcych komorki bakteryjne 1 NPs oraz w probach abiotycznych zawierajacych
PBS 1 NPs. Prowadzenie pomiar6w w probach abiotycznych miato na celu zbadanie zdolnosci NPs
do spontanicznego generowania RFT w roztworach niezawierajacych komorek bakteryjnych.
Otrzymane wartosci dla prob abiotycznych wykorzystywano jako tto do skorygowania danych
otrzymanych dla prob biotycznych. Wewnatrzkomérkowe stezenie RFT oznaczano za pomoca
barwnika dioctanu 2'7'-dichlorodihydrofluoresceiny (H.DCFDA, ang. 2'7'-
dichlorodihydrofluorescein diacetate), ktory jest utleniany przez RFT w cytozolu do zwiazku
fluorescencyjnego 2',7'-dichlorofluoresceiny (DCF, ang. 2',7'-dichlorofluorescein) (Yang i in., 2013).
Pomiary fluorescencji powstatego DCF wykonywano przy dtugosci fali wzbudzenia A = 485 nm 1
dtugosci fali emisji A = 530 nm. W mi¢dzyczasie z badanych prob pobierano zawiesing bakterii w celu
wykonania posiewoéw powierzchniowych na podtozu statym i1 oznaczenia liczebnosci bakterii. Z kolei
stezenie O2" mierzono metoda polegajaca na redukcji soli tetrazoliowej XTT do barwnego formazanu
(Horst i in., 2013). Rownolegle okreslano poziom 'O na podstawie wygaszania fluorescencji 1,3-
difenyloizobenzofuranu (DPBF, ang. 1,3-diphenylisobenzofuran) przy A = 410 nm (Zhang i in.,
2018b). Stezenie H>O2 w komorkach bakterii mierzono z uzyciem odczynnika Amplex Red (AR) i
peroksydazy chrzanowej, ktéra przeksztalca AR w rezorufing fluorescencyjng w obecnosci H>O»
(Seaver 1 Imlay, 2001). Stezenie H>O> (uM) w badanych prébach obliczano korzystajac ze
wspotczynnika kierunkowego krzywej kalibracyjnej (y = 1592,9x) wyznaczonej dla roztworu
wzorcowego H>O> (100 uM) w zakresie stezen od 0,024 uM do 50 pM. Natomiast tworzenie ‘OH w
komorkach bakterii badano metoda posrednig opartag na degradacji dezoksyrybozy do produktow
fatwo reagujacych z kwasem tiobarbiturowym (TBA, ang. thiobarbituric acid) i mierzonych
spektrofotometrycznie przy A = 532 nm (Rice-Evans 1 in., 1991a; Meghana i in., 2015). Stezenie "OH
obliczano korzystajac ze wspotczynnika kierunkowego krzywej kalibracyjnej (y = 8,832x) wykonanej
dla r6znych stezen dialdehydu malonowego (MDA, ang. malondialdehyde) w zakresie stezen od 0 do
0,1 uM. Szczegdtowe warunki oznaczen ogdlnego poziomu RFT oraz poszczegdlnych rodzajow RFT
w komorkach bakteryjnych traktowanych NPs opisano w pracy Metryka i in. (2021), stanowiace;j
rozdziat II.1 niniejszej rozprawy doktorskie;j.
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1.3.4. Pomiary aktywnosci enzymow antyoksydacyjnych oraz poziomu glutationu

W celu poznania odpowiedzi komodrek bakterii na stres wywotany obecnoscig NPs 1 generacja
RFT, badano funkcjonowanie bakteryjnego systemu antyoksydacyjnego i towarzyszacych zmian
patologicznych. Ze wzgledu na to, ze enzymy antyoksydacyjne, tj. CAT, PER 1 SOD stanowig
pierwsza lini¢ obrony komorki przed szkodliwym dzialaniem RFT, pomiary ich aktywnosci byly
kluczowe w celu oceny dziatania systemu ochrony komorek bakteryjnych przed stresem. Aktywnos¢
enzymow antyoksydacyjnych mierzono w surowych frakcjach enzymatycznych otrzymanych metoda
Hegeman’a (1966), z uwzglednieniem ogdlnego stezenia biatka oznaczanego metoda Bradford’a
(1976). Metoda pomiaru aktywnos$ci CAT polegata na degradacji H,O> w obecno$ci aktywnego
enzymu (Banerjee i in., 2015; David i in., 2016). Aktywno$¢ PER mierzono metoda kolorymetryczng
z pirogalolem jako donorem elektronow i H>O» jako akceptorem elektronéw. Natomiast aktywnos¢
SOD mierzono z wykorzystaniem gotowego zestawu odczynnikOw zawierajacych oksydaze
ksantynowg 1 sol tetrazoliowg. W metodzie tej O>" powstajacy w wyniku reakcji katalizowanej przez
oksydaze ksantynowg redukuje sol tetrazolu do czerwonego formazanu. W obecnos$ci aktywnego
enzymu SOD st¢zenie O:" spada, ograniczajac redukcje soli tetrazolowej. Dodatkowo w celu
zidentyfikowania wptywu NPs na uktad antyoksydacyjny bakterii mierzono poziom zredukowanego
GSH, ktory jest waznym nieenzymatycznym skladnikiem uktadu antyoksydacyjnego. Zasada
oznaczania GSH opierata si¢ na reakcji grupy sulthydrylowe; z kwasem 5,5'-ditiobis(2-
nitrobenzoesowym) (DTNB, ang. 5,5'-dithiobis(2-nitrobenzoic acid)), znanym jako odczynnik
Ellman’a, w wyniku czego powstaje barwny kwas 5-tio-2-nitrobenzoesowy (TNB, ang. 5-thio-2-
nitrobenzoic acid) (Kumar i in., 2011). Metody i warunki oznaczenia stezen CAT, PER 1 SOD oraz
poziomu zredukowanego GSH w komorkach bakteryjnych traktowanych NPs przedstawiono w pracy
Metryki i in. (2021), stanowigcej rozdziat 1.1 niniejszej rozprawy doktorskiej.

1.3.5. Utlenianie bialek i peroksydacja lipidow

W oddzielnych eksperymentach zbadano wplyw NPs na utlenianie bialek poprzez pomiar
zawartosci grup karbonylowych (>C=0) i aminowych (-NH>) oraz indukcj¢ peroksydacji lipidow w
komorkach bakterii traktowanych NPs. Zasada oznaczenia zawarto$ci >C=0 opierata si¢ na reakcji
grup karbonylowych biatek z 2,4-dinitrofenylohydrazyng (DNPH, ang. 2,4-dinitrophenylhydrazine),
w wyniku ktorej powstaja 2,4-dinitrofenylohydrazony, mierzone kolorymetrycznie (Levine 1 in.,
1990; Rice-Evans i in., 1991b; Chatterjee 1 in., 2014). Pomiar zawarto$ci -NH> opierat si¢ natomiast
na reakcji fluoresceiny z grupami aminowymi, w wyniku ktdrej powstaje produkt fluorescencyjny
proporcjonalnie do zawarto$ci aminy w probce, podczas gdy niezwigzana fluorescamina hydrolizuje
do produktéw niefluorescencyjnych (Rice-Evans 1 in., 1991b; Wang i in., 2021). W procesie
peroksydacji lipidow jednym z najbardziej powszechnych produktéw jest aldehyd malonowy MDA,
ktory reaguje z TBA tworzac chromofor, mierzony spektrofotometrycznie (Rice-Evans i in., 1991c;
Chatterjee 1 in., 2014). Szczegdtowe opisy powyzszych analiz przedstawiono w pracy Metryki i in.
(2021), stanowigcej rozdziat II.1 niniejszej rozprawy doktorskie;.
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1.3.6. Badanie genotoksycznosci NPs

Istotnym 1 bardzo waznym etapem badan byta analiza wtasciwosci genotoksycznych NPs,
polegajaca na ocenie zmian w ekspresji wybranych genow kodujacych biatka o aktywnosci podobne;j
do CAT, PER i1 SOD. Pozyskane informacje umozliwity porownanie zmian w tworzeniu produktu na
poziomie ekspresji wybranych gendéw oraz aktywnos$ci ich drugorzedowych odpowiednikow
molekularnych. W ramach tej serii eksperymentow przeprowadzono: (1) izolacje i oczyszczanie
catkowitego RNA, (2) synteze cDNA na matrycy RNA, (3) analiz¢ poziomu transkrypcji genow z
uzyciem cDNA (jako matrycy) oraz wybranych gendw stresu oksydacyjnego metodg RT-qPCR (Zur
1in., 2020). U bakterii E. coli byly to nastepujace geny: katE (kodujacy katalazg HPII), katG (kodujacy
enzym dwufunkcyjny o dzialaniu katalazy i peroksydazy), sodA (kodujacy dysmutaze ponadtlenkowa
zawierajaca Mn w centrum aktywnym), sodB (kodujacy dysmutaze ponadtlenkowg zawierajaca Fe w
centrum aktywnym), sodC (kodujacy dysmutaze ponadtlenkowa zawierajacg Cu-Zn w centrum
aktywnym) oraz ycdB (kodujacy podjednostke peroksydazy). Z kolei do gendéw stresu oksydacyjnego
bakterii B. cereus nalezalty: katA (kodujacy katalaze), katE (kodujacy katalaze HPII), sodA 1 (kodujacy
dysmutaze ponadtlenkowa zawierajaca Mn w centrum aktywnym), sodA2 (kodujacy dysmutaze
ponadtlenkowg zawierajaca Mn w centrum aktywnym), #px (kodujacy peroksydaze tiolowa) 1 yojM
(kodujacy enzym o charakterze dysmutazy ponadtlenkowej zawierajacej w centrum aktywnym Zn).
Natomiast u bakterii S. epidermidis analizie poddano geny: bsaA (kodujacy homolog peroksydazy
glutationowej), katA (kodujacy katalaze), npr (kodujacy peroksydaze NADH), sodA (kodujacy
dysmutaze¢ ponadtlenkowg zawierajaca w centrum aktywnym Mn/Fe) oraz tpx (kodujacy peroksydaze
tiolowg). Aby okresli¢ poziom ekspresji badanych gendéw, wykorzystano metod¢ opracowang przez
Livak i Schmittgen (2001). Geny metabolizmu podstawowego wykorzystano jako geny referencyjne
do normalizacji poziomu ekspresji genow docelowych ze wzgledu na podobny poziom ich ekspresji
zardwno w komorkach traktowanych NPs, jak i w komorkach kontrolnych (Sohm i in., 2015; Moore
1 1in., 2017). Genami referencyjnymi stosowanymi jako kontrola wewnetrzna w komorkach E. coli
byly: gyrA (kodujacy podjednostke A gyrazy DNA), gyrB (kodujacy podjednostke B gyrazy DNA) i
rpoE (kodujacy czynnik sigma-E polimerazy RNA) (Hou 1 in., 2012; Osonga 1 in., 2018). Podobny
zestaw genow metabolizmu podstawowego wybrano dla szczepu B. cereus, z wyjatkiem rpoE, ktory
zastgpiono genem rpoB (kodujacym podjednostke B polimerazy RNA) (Ko 1 in., 2004). Natomiast
jako geny metabolizmu podstawowego S. epidermidis wybrano gyrB, rpoB 1 pyk (kodujacy kinazg
pirogronianowg) (Sihto i in., 2014). Startery dla kazdego wybranego genu zaprojektowano przy
uzyciu Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) oraz sekwencji genomow
SZCZEPOW referencyjnych dostepnych na stronie internetowej ATCC
(https://genomes.atcc.org/genomes/). Specyficzno$¢ zaprojektowanych starterow przetestowano
wstepnie za pomocg reakcji kontrolnej z Color Taqg PCR Master Mix (2x) (EURX, nr. kat. E2525) w
celu wyeliminowania nieprawidlowo dobranych starteréw do wygenerowane] matrycy cDNA.
Dodatkowo w celu analizy fragmentacji/degradacji RNA przeprowadzono elektroforeze uzyskanych
produktéw w zelu agarozowym (Chatterjee 1 in., 2014). Szczegdélowy opis analizy poziomu
transkrypcji wybranych gendéw bakteryjnych oraz zastosowang w tym celu metodologi¢ opisano w
pracy Metryki i in. (2022), stanowigcej rozdzial I1.2 niniejszej rozprawy doktorskie;j.
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1.3.7. Pomiary aktywnosci oddechowej bakterii

Interakcje NPs z powierzchnig komoérek bakteryjnych oraz potencjalne uszkodzenia oston
komoérkowych moga prowadzi¢ do zaburzen w metabolizmie oddechowym mikroorganizmow. W
zwiazku z tym zbadano wptyw Ag-NPs, Cu-NPs, ZnO-NPs 1 TiO»-NPs na aktywnos$¢ DEH bakterii
metoda kolorymetryczng z bezbarwnym chlorkiem 2,3,5-trifenylotetrazoliowym jako akceptorem
elektronow 1 protonow, ktdry jest enzymatycznie redukowany do barwnego 1,3,5-trifenyloformazanu
(Nweke 1 in., 2007). Szczegotowy opis tej metody uwzgledniono w pracy Metryki 1 in. (2021),
stanowigcej rozdziat II.1 niniejszej rozprawy doktorskiej. Dodatkowo przeprowadzono pomiary
aktywnosci ATPazy oraz stg¢zenia wewnatrzkomorkowego i1 zewnatrzkomoérkowego ATP w
komorkach bakterii traktowanych NPs. Pomiary aktywno$ci ATPazy oraz stezenia ATP wykonywano
z wykorzystaniem komercyjnie dostgpnych zestawow odczynnikow odpowiednio z firmy Sigma
Aldrich (nr. kat. MAK113) i ThermoFisher Scientific (nr kat. A22066).

1.3.8. Interakcje NPs 7 ostonami komorkowymi bakterii

Wyjasnienie interakcji NPs z ostonami komdrkowymi bakterii byto fundamentalne, poniewaz
stanowig one pierwsza barier¢ ochronng komorek przed szkodliwym dziataniem tych nanostruktur.
Jest to szczegdlnie istotne w przypadku NPs o rozmiarach wigkszych niz 10 nm, gdyz nie sg one
swobodnie transportowane do wnegtrza komorki. Dlatego tez w celu zbadania bezposredniego 1
posredniego dziatania NPs na ostony komoérkowe, wykonywano pomiary przepuszczalnosci btony
komorkowej oraz wycieku zawarto$ci wewnatrzkomoérkowej metodami spektrofotometrycznymi
(Devi i in., 2013; Halder i in., 2015; Kora i Sashidhar, 2015). Dodatkowo przeprowadzono izolacje
kwasow tluszczowych z komorek bakterii metodag MIDI-FAME (Sasser, 1990), aby oceni¢ zmiany w
sktadach 1 zawarto$ciach poszczegdlnych grup kwaséw tluszczowych (nasyconych
cyklopropanowych, hydroksylowych i rozgatgzionych oraz nienasyconych). Rozdzialy metylowych
estrow kwasow tluszczowych (FAMESs, ang. fatty acid methyl esters) przeprowadzano metoda
chromatografii gazowej, natomiast ich identyfikacji dokonywano z wykorzystaniem
specjalistycznego oprogramowania MIDI Microbial Identification System Sherlock (wersja 6.2B) 1
biblioteki TSBA 6 firmy MIDI Inc. Szczegdtowy opis tej cz¢sci badan przedstawiono w pracy Metryki
11n. (2023), stanowigcej rozdziat 11.3 niniejszej rozprawy doktorskie;.

1.3.9. Mapowanie komorek bakterii

W celu analizy zmian w morfologii komoérek bakterii po ekspozycji na NPs oraz ich
dystrybucji na powierzchni komorek, przeprowadzano obrazowanie komoérek za pomocg skaningowej
mikroskopii elektronowej (SEM-EDS). Etapy przygotowywania materialu biologicznego do analizy
SEM-EDS opisano w pracy Metryki i in. (2023), stanowigcej rozdziat 1.3 niniejszej rozprawy
doktorskie;.

1.3.10. Analiza statystyczna wynikow

W celu okreslenia istotnych réznic migdzy analizowanymi uktadami badawczymi, wszystkie
otrzymane wyniki poddawano analizie statystycznej przy uzyciu oprogramowania Statistica® (wersja
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13.1, TIBCO Software Inc., USA). Rdznice statystyczne miedzy wynikami uzyskanymi dla prob
poddanych dzialaniu NPs i préb kontrolnych wyznaczano za pomoca jednokierunkowej analizy
wariancji (ANOVA, ang. analysis of variance), a nastgpnie testu post-hoc Tukey’a dla p < 0,05.
Szczegbdlowy opis stosowanych analiz statystycznych do poszczegdlnych zbiorow wynikow opisano
w pracach Metrykiiin. (2021; 2022; 2023), stanowigcych rozdziaty I1.1, I1.2 1 I1.3 niniejszej rozprawy
doktorskie;j.
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I.4. Wyniki i dyskusja wynikow

1.4.1. Ocena indukcji stresu oksydacyjnego oraz funkcjonowania uktadu antyoksydacyjnego w
komorkach bakterii traktowanych NPs

Istotng kwestig w badaniach toksycznosci nowych srodkow przeciwdrobnoustrojowych jest
precyzyjne zdefiniowanie ich bakteriobdjczego i bakteriostatycznego dziatania na mikroorganizmy.
Dlatego tez ocen¢ potencjalnego dzialania antybakteryjnego badanych NPs przeprowadzono na
podstawie wyznaczenia podstawowych wskaznikow toksykologicznych: MIC, MBC 1 ICso. Uzyskane
warto$ci tych parametréw potwierdzity przeciwbakteryjne dziatanie wszystkich NPs wzgledem E.
coli, B. cereus i S. epidermidis. Jednocze$nie stwierdzono zroznicowang wrazliwos¢ badanych
szczepOw na stres wywotany ich ekspozycja na poszczegolne rodzaje NPs. Biorac pod uwage stgzenia
MIC wyznaczone dla E. coli, wzrastajagce dziatanie bakteriobdjcze poszczegolnych NPs mozna
uszeregowa¢ nastepujaco: TiO-NPs <  ZnO-NPs < Cu-NPs < Ag-NPs. Z kolei
przeciwdrobnoustrojowe dziatanie NPs wzgledem B. cereus 1 S. epidermids odzwierciedlaja
odpowiednio nastgpujace szeregi: Ag-NPs < ZnO-NPs < TiO2-NPs < Cu-NPs oraz TiO>-NPs < ZnO-
NPs < Ag-NPs < Cu-NPs. Odnoszac si¢ do tych szeregdw mozna wnioskowac, ze badane szczepy
byty bardziej wrazliwe na toksyczne dziatanie nanoczastek metali niz tlenkéw metali. Przyczyna tego
zjawiska moze by¢ szybsze uwalnianie jonéw metali cigzkich z powierzchni NPs zbudowanych
wylacznie z pojedynczych pierwiastkoOw niz z powierzchni tlenkéw, co powoduje gromadzenie si¢ ich
w nadmiarze 1 w konsekwencji wywotuje efekt cytotoksyczny (Odzak i in., 2014; Wang 1 in., 2016;
Ghorbani 1 in., 2020). Wlasciwos$¢ ta przypisywana nanomaterialom nieorganicznym okreslana jest
czesto ,,efektem konia trojanskiego” (Gutiérrez 1 in., 2017). Co wigcej, podobny wpltyw Ag-NPs i Cu-
NPs na przezywalno$¢ komorek bakteryjnych moze wynikaé ze zblizonej konfiguracji elektronowe;j
i sktadu chemicznego Ag (I) i Cu (I) (Eckhardti in., 2013; Slavin i in., 2017). Warto jednak zaznaczy¢,
ze spos$rod badanych szczepow szczegdlnie wrazliwe na obecno$¢ Cu-NPs byly bakterie Gram-
dodatnie B. cereus i S. epidermidis. Wigksza podatno$¢ tych szczepéw na bakteriobojcze dziatanie
Cu-NPs niz Gram-ujemnej bakterii E. coli moze by¢ powigzana ze zwigkszonym powinowactwem
jondéw Cu?* do grup karboksylowych i aminowych na powierzchni komoérek (Azam i in., 2012; Bagchi
1in., 2013; Wang 1 in., 2017). Z doniesien literaturowych wynika, ze bakterie Gram-dodatnie i Gram-
ujemne w roznym stopniu sg wrazliwe lub oporne na dziatanie NPs, co mozna przypisa¢ istotnym
réznicom w budowie ich $ciany komérkowej. Sciana komérkowa bakterii Gram-ujemnych ma cienka
warstwe peptydoglikanu, co czyni jg bardziej przepuszczalng dla uwolnionych z NPs jonéw metali 1
utatwia ich transport do wnetrza komorki w pordwnaniu do grubej warstwy gesto usieciowanego
peptydoglikanu w $cianie komodrkowej bakterii Gram-dodatnich, gdzie jony metali mogg by¢
unieruchamiane przez grupy funkcyjne kwasow tejchojowych i tejchuronowych (Slavin i in., 2017).
Na przyktad wigzanie jonéw Ag" w warstwach peptydoglikanu $ciany komorkowej bakterii Gram-
dodatnich zwigkszalo istotnie ich opornos¢ na dzialanie Ag-NPs w poréwnaniu do E. coli (Peszke i
in., 2017). Wyniki otrzymane w ramach niniejszej pracy potwierdzity wysoki stopien $miertelnosci
komorek E. coli po traktowaniu Ag-NPs, ZnO-NPs i TiO>-NPs w poréwnaniu do B. cereus i S.
epidermidis.

Kolejnym etapem podjetych badan byla ocena zdolnosci Ag-NPs, Cu-NPs, ZnO-NPs i TiO»-
NPs do generowania RFT w komorkach E. coli, B. cereus i S. epidermidis jako potencjalnego
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mechanizmu przeciwdrobnoustrojowego. Na podstawie uzyskanych wynikéw stwierdzono istotne
zmiany w poziomie oznaczanych rodzajéw RFT w komorkach traktowanych NPs w poréwnaniu do
ich poziomu w komodrkach kontrolnych. Co interesujace, kazdy rodzaj NPs powodowal
niespecyficzng indukcje wybranych rodzajow RFT w komorkach bakterii, co utrudnito wyciagnigcie
ogolnych wnioskow. W zwigzku z tym obserwowane zmiany w catkowitym stezeniu RFT i ste¢zeniach
indywidualnych RFT analizowano oddzielnie dla kazdego szczepu. Analiza statystyczna wynikow
uzyskanych dla kazdego szczepu wykazata, ze badane NPs w najmniejszym stopniu generowaty
tworzenie '02. Mozna sgdzi¢, ze ograniczona indukcja powstawania 'O, w komorkach bakterii przez
Ag-NPs, Cu-NPs, ZnO-NPs i TiO>-NPs mogla wynika¢ z prowadzenia uktadow eksperymentalnych
bez dostgpu $wiatta. Dane literaturowe wskazuja bowiem, ze zdolno$ci nieorganicznych NPs do
generowania RFT, lgcznie z '0,, wzrastajg w wyniku procesu fotoaktywacji poprzez indukcje
powierzchniowego rezonansu plazmonowego oraz reakcji  posrednich anionorodnika
ponadtlenkowego O>™ (Li 1 in., 2012; Zhang 1 in., 2013; Hubenko 1 in., 2018). W odniesieniu do
otrzymanych wynikoéw, najwiekszy wzrost catkowitego stezenia RFT w komorkach E. coli i B. cereus
nastgpit po ekspozycji na Cu-NPs. Z kolei ZnO-NPs 1 TiO»-NPs mialy znaczacy wptyw na produkcje
RFT w komorkach S. epidermidis. Ustalono, ze NPs w najwigkszym stopniu indukowaty tworzenie
RFT w komorkach B. cereus 1 S. epidermidis, natomiast w mniejszym stopniu w komorkach E. coli.
Odnoszac si¢ do poziomu poszczegolnych form RFT, zasadniczy udziat w catkowitym stezeniu RFT
w komorkach E. coli traktowanych Cu-NPs mialy 0>, H>O> i "OH, w komorkach S. epidermidis
traktowanych TiO2-NPs - O;" 1 "OH, a w komorkach B. cereus eksponowanych na Cu-NPs 1 ZnO-
NPs - 02" 1 H2O». Stezenia O>", H,O2 1 "'OH w komorkach sg dodatnio sprz¢zone, gdyz istnienie oraz
poziom tych form RFT w uktadach biologicznych sa wspotzalezne. Redukcja O, zwigksza poziom
H>0», ktory nastgpnie w wyniku klasycznej reakcji Fentona i1 jej modyfikacjom prowadzi do
wytworzenia ‘OH (Imlay, 2003; McBee i in., 2017; Collin, 2019).

Brak rownowagi miedzy generacja RFT a funkcjonowaniem ukladu antyoksydacyjnego
prowadzi do stresu oksydacyjnego i zmian patologicznych w komoérkach drobnoustrojow. Jednym z
biomarkeréw stresu oksydacyjnego jest GSH zawierajacy grupy sulfhydrylowe, ktore jako donory
wodoru umozliwiaja detoksykacje RFT, w szczegolnosci H»>O.. GSH, nalezacy do
niskoczasteczkowych tioli, jako nieenzymatyczny zwigzek o wysokim potencjale redoks stanowi
pierwszg lini¢ obrony komorek bakterii przed stresem oksydacyjnym (Masip i in., 2006; Lemire i in.,
2017; Stewart i in., 2020). Wyniki przedstawione w niniejszej rozprawie potwierdzily fundamentalne
znaczenie GSH w ochronie komorek E. coli 1 S. epidermidis przed stresem oksydacyjnym. Dowodem
na to byt spadek stezenia GSH w komoérkach E. coli eksponowanych na ZnO-NPs i1 Ag-NPs oraz w
komorkach S. epidermidis traktowanych ZnO-NPs w odniesieniu do jego st¢zenia w komorkach
kontrolnych. Dla poréwnania st¢zenie GSH w komoérkach B. cereus nie zmienilo si¢ istotnie, co
wskazuje na niewielki jego udziat w ochronie tego szczepu przed stresem oksydacyjnym. Warto
podkresli¢, ze kazdy mikroorganizm posiada unikalny i swoisty mechanizm obrony, charakteryzujacy
si¢ odmienng zawartoscig 1 udzialem przeciwutleniaczy w mechanizmach ochronnych.
Udokumentowano, ze GSH wystepuje w wigkszej ilo$ci u bakterii Gram-ujemnych (w st¢zeniach
rzgdu milimoli) niz u bakterii Gram-dodatnich (Smirnova i Oktyabrsky, 2005; Ku i Gan, 2021).
Niemniej jednak bakterie Gram-dodatnie produkujg inne niskoczasteczkowe tiole jako bufory redoks,
na przyktad bacillithiol (BAC) o funkcji i budowie analogicznej do GSH (Sharma i in., 2013; Ku i
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Gan, 2021). Mozna zatem wnioskowaé, ze nieznaczne zmiany w stezeniu GSH w komorkach B.
cereus 1 S. epidermidis w porownaniu do jego stezenia w komoérkach E. coli moga $wiadczyé o
wykorzystaniu przez te komorki odmiennych mechanizméw ochronnych przed akumulacjg RFT niz
niekatalityczny system antyoksydacyjny. Wniosek ten potwierdzaja badania Yuan i in. (2017), ktérzy
stwierdzili wiekszy spadek poziomu GSH w komorkach P. aeruginosa niz S. aureus traktowanych
Ag-NPs. Oceniajagc zdolnos¢ GSH do obrony komorek bakteryjnych przed nadmiernym
wytwarzaniem 1 akumulacjag RFT nalezy mie¢ réwniez na uwadze to, ze zar6wno NPs i uwolnione
jony metali moga oddziatywac z grupami tiolowymi GSH, prowadzac do wzrostu stezenia jego formy
utlenionej (GSSG, ang. glutathione disulfide) (Slavin i in., 2017; Stewart i in., 2020).

Produkcja RFT w komorkach bakterii wigze si¢ nierozerwalnie z utlenianiem roznych
biomolekut, w tym przede wszystkim lipidow i biatek. Proces utleniania lipidow jest specyficzny
gatunkowo 1 zalezy od rodzaju lipidow wchodzacych w sktad btony komorkowej (Lemire 1 in., 2017;
Dimova 1 in., 2022). Do oceny stopnia peroksydacji lipidow u badanych bakterii wybrano
biowskaznik stanu redoks, czyli poziom MDA, bedacego produktem ubocznym utleniania lipidow
(Dimova i in., 2022). Stwierdzono, ze traktowanie komorek E. coli, B. cereus 1 S. epidermidis Ag-
NPs, Cu-NPs 1 TiO2-NPs skutkowato istotnym wzrostem poziomu peroksydacji lipidéw, natomiast w
obecnos$ci ZnO-NPs nie obserwowano tego zjawiska. Najwickszy wzrost poziomu peroksydacji
lipidéw, o 160,95 1 194,49% w odniesieniu do kontroli, nastapil odpowiednio w komorkach B. cereus
1 S. epidermidis traktowanych Cu-NPs. Dla porownania w komorkach E. coli wzrost ten byt
najwickszy w obecnosci TiO>-NPs 1 wynosit 43,23%. Przyczyna réznego stopnia peroksydacji
lipidéw moze by¢ odmienna zawarto$¢ nienasyconych kwasow tluszczowych w badanych szczepach,
gdyz to gtownie ta grupa kwasow ulega utlenieniu (Lemire 1 in., 2017; Dimova i in., 2022). Analiza
FAME przeprowadzona w ramach pracy Metryki 1 in. (2023), stanowigcej rozdziat 1.3 niniejszej
rozprawy, potwierdzita znacznie wyzszy udziat nienasyconych kwasow ttuszczowych w komorkach
bakterii Gram-dodatnich, zardbwno nietraktowanych, jak i traktowanych NPs w poréwnaniu do ich
zawartosci w komorkach E. coli. Ponadto stwierdzono pozytywna korelacj¢ pomiedzy poziomem
peroksydacji lipidow a udzialem nienasyconych kwasow tluszczowych w komorkach S. epidermidis
traktowanych Cu-NPs. Z kolei mniejsza produkcja MDA w komorkach E. coli niz u pozostatych
szczepOw moze by¢ przyczyng dodatkowej ochrony komorek przez wigksze stezenie GSH oraz
stymulacj¢ aktywnosci enzymatycznego uktadu antyoksydacyjnego. Warto podkresli¢, ze sposrod
oznaczanych RFT, *OH i 'O, mogg inicjowaé proces peroksydacji lipidow prowadzgc do powaznych
zmian strukturalnych w ostonach komorkowych bakterii (Grotto i in., 2009; Chatterjee i in., 2014;
Bhattacharya i in., 2021). Na przyklad znaczny wzrost stezenia ‘OH w komorkach B. cereus i S.
epidermidis byt dodatnio skorelowany ze wzrostem poziomu MDA. Natomiast wysoki poziom 'O, w
komoérkach E. coli traktowanych TiO>-NPs moze wyjasnia¢ wptyw tej formy RFT na poziom
peroksydacji lipidow. Zalezno$¢ pomiedzy wiekszym poziomem RFT i wzrostem poziomu MDA w
komorkach E. coli w obecnosci Cu-NPs oraz Ag-NPs obserwowali takze w swoich badaniach
Chatterjee 1 in. (2014), Korshed 1 in. (2016) oraz Quinteros 1 in. (2016).

NPs, uwolnione jony metali ci¢zkich oraz RFT moga wchodzi¢ takze w interakcje z grupami
funkcyjnymi bialek, prowadzac do zmian w ich strukturze i utraty aktywnosci biologicznej (Wang i
in., 2017; Seixas i in., 2022). Jedng z konsekwencji utleniania bialek jest zmiana zawarto$ci grup
karbonylowych oraz aminowych (Chatterjee 1 in., 2014; Xiong i Guo, 2021). Najczesciej

19



przypisywang modyfikacja biatek indukowang przez RFT jest karbonylacja biatek. Analiza zawarto$ci
grup karbonylowych potwierdzita znaczny ich wzrost w strukturze biatek szczepow E. coli, B. cereus
1 S. epidermidis eksponowanych na wszystkie rodzaje NPs. Najwigkszy i pordwnywalny wzrost
zawartosci grup karbonylowych biatek o 10 - 12% nastgpit u bakterii E. coli traktowanych Ag-NPs,
ZnO-NPs 1 TiO2-NPs. Z kolei u bakterii B. cereus 1 S. epidermidis najwigkszy wzrost zawartosci tych
grup o 25 - 31% wywolal kontakt komorek z tlenkami metali. W przypadku grup aminowych,
najwigkszy wzrost ich zawartosci u wszystkich szczepdéw stwierdzono po ekspozycji na ZnO-NPs.
Wyniki tej czg¢sci badan opublikowano w pracy Metryki i in. (2021), ktora stanowi rozdziat 1.1
prezentowanej rozprawy.

1.4.2. Ocena zmian w profilach transkrypcyjnych i antyoksydacyjnych komorek bakterii
traktowanych NPs

Kolejnym etapem badan byla analiza zmian w profilach transkrypcyjnych 1
antyoksydacyjnych komorek E. coli, B. cereus i S. epidermidis traktowanych NPs. Wyniki tej serii
badan mozna uzna¢ za nowatorskie, gdyz wiedza w tym zakresie jest bardzo ograniczona. Niewiele
jest prac eksperymentalnych taczacych wpltyw NPs na ekspresj¢ gendw 1 syntez¢ enzymow systemu
obrony antyoksydacyjnej. Uzyskane wyniki wskazaty, ze Ag-NPs, Cu-NPs, ZnO-NPs i TiO>-NPs
istotnie wptywaty na ekspresje wybranych genow stresu oksydacyjnego oraz aktywnos$¢ enzymow
antyoksydacyjnych u badanych szczepow bakterii. Wplyw NPs na ekspresje genow byt unikalny dla
kazdej bakterii i1 zalezat od zastosowanego stezenia NPs.

Przeprowadzone analizy potwierdzity zrdéznicowany wplyw poszczegolnych NPs w
stezeniach 1Cso 1 /21Cso na wzgledny poziom ekspresji gendw katE, katG, ycdB, sodA, sodB 1 sodC w
komorkach E. coli. Ekspozycja bakterii na Ag-NPs, Cu-NPs 1 TiO>-NPs spowodowata spadek
wzglednego poziomu ekspresji analizowanych genéw, natomiast obecnos¢ ZnO-NPs wywotata efekt
przeciwny. Zmiany w odpowiedzi transkrypcyjnej E. coli zalezaly nie tylko od rodzaju NPs, ale
rowniez od ich stezenia. Chociaz wzgledny poziom ekspresji wielu gendw ulegt obnizeniu, nie miato
to wptywu na negatywne funkcjonowanie uktadu oksydacyjnego, gdyz wszystkie NPs stymulowatly
aktywno$¢ badanych enzyméw. Majac na uwadze plejotropowe dziatanie NPs, obnizony wzgledny
poziom ekspresji analizowanych genéw kodujacych biatka o aktywnos$ci podobnej do enzymow
antyoksydacyjnych mogl by¢ przyczyna regulacji innych gendéw, zwigzanych na przyktad z naprawa
uszkodzen w ostonach komérkowych lub strukturze kwaséw nukleinowych. Dodatkowo zawarto$§¢
mRNA w komorce w okreslonym czasie nie zawsze jest komplementarna do ilo$ci wystgpujacego w
niej biatka (Sohm i in., 2015).

W réownolegle prowadzonym eksperymencie, traktowanie komorek B. cereus poszczegdlnymi
rodzajami NPs wywotalo wzrost wzglednego poziomu ekspresji genow katA, katE, tpx, yojM, sodA1
1 sodA2. Najwyzszy, bo okoto 159-krotny 1 165-krotny wzrost wzglednego poziomu ekspresji genu
katE nastgpit w komorkach traktowanych odpowiednio Cu-NPs i TiO2-NPs w st¢zeniu ICso oraz Ag-
NPs w stezeniu 2ICso. Warto podkresli¢, ze gen katE, kodujacy katalaze zalezng od obecnosci
alternatywnego czynnika sigma B (c®), ulega ekspresji w warunkach stresowych (van Schaik i in.,
2005; Ceragioli i in., 2010). Czynnikiem stresowym majacym bezposredni wplyw na wzmozong
ekspresji genu kafE u B. cereus mogly by¢ jony uwolnionych metali lub RFT, wygenerowane przez
NPs. Stusznos¢ takiego wniosku potwierdzaja badania Ganesh Babu i in. (2011), ktérzy wykazali, ze
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ekspresja genu kafE w komorkach B. cereus poddanych dziataniu AgNO; byta bezposrednio
indukowana przez jony Ag*. Biorgc ten wynik pod uwage, wzrost wzglednego poziomu ekspresji genu
katE w komorkach B. cereus mogt by¢ wywotany przez jony Ag" uwolnione z Ag-NPs. Istotnym
wnioskiem z tej czesci badan jest rowniez stwierdzenie dodatniej korelacji pomiedzy ekspresja genu
sodA2 a poziomem rodnika O>" w komorkach bakterii traktowanych Ag-NPs 1 ZnO-NPs w stezeniu
ICso.

Odpowiedz komorek S. epidermidis na dzialanie NPs rowniez znalazta odzwierciedlenie w
ré6znym poziomie ekspresji badanych gendéw. Stwierdzono, ze Ag-NPs i Cu-NPs obnizaty wzgledny
poziom ekspresji genow: bsaA, katA, npr, tpx 1 sodA, natomiast przeciwny efekt powodowaty ZnO-
NPs i TiO»-NPs. W komorkach traktowanych ZnO-NPs w stezeniu I1Cso nastapil najwickszy wzrost
wzglednego poziomu ekspresji genéw bsaA, npr 1 sodA. Na podstawie analizy statystycznej
stwierdzono u tego szczepu istotne roznice w ekspresji genu sodA, ktory jak wynika z literatury
podlega regulacji przez O, (Karavolos i in., 2003). Ponadto stwierdzono dodatnig korelacje
pomiedzy ekspresjg genu sodA, aktywnoscig SOD 1 poziomem O>" w komorkach S. epidermidis
eksponowanych na TiO2-NPs w stezeniu 1Cso. Wyniki tej czg¢$ci badan genetycznych zawiera artykut
Metryki i in. (2022), stanowiacy rozdzial I1.2 prezentowanej rozprawy.

Ochrona komorek bakterii przed stresem oksydacyjnym wymaga prawidlowego
funkcjonowania katalitycznego uktadu antyoksydacyjnego. Aktywno$¢ podstawowych enzymow
antyoksydacyjnych, tj. CAT, PER i SOD jest powszechnie wykorzystywana jako biomarker stresu
oksydacyjnego. W niniejszej pracy stwierdzono zasadnicze zmiany w profilach antyoksydacyjnych
E. coli, B. cereus 1 S. epidermidis w nastgpstwie traktowania NPs. Szczegotowe wyniki tej czesci
badan opublikowano w pracach Metryki 1 in. (2021; 2022), stanowigcych rozdziaty II.1 1 IL.2
prezentowanej rozprawy. Stwierdzono, ze w komorkach E. coli wszystkie NPs stymulowaty
aktywno$¢ CAT, PER 1 SOD, przy czym najwigkszy wzrost aktywnos$ci dotyczyl CAT i PER.
Najwigkszy wplyw na aktywnos$¢ enzymow antyoksydacyjnych E. coli wykazaty Cu-NPs i ZnO-NPs.
Znaczacy wplyw na aktywno$¢ enzymow antyoksydacyjnych miaty takze rézne stezenia NPs,
szczegOlnie na aktywnos¢ CAT. Zmiany aktywnosci transkrypcyjnej gendw kodujacych biatka o
aktywnos$ci CAT i PER byly wprost proporcjonalne do ogdlnej aktywnosci enzymow CAT 1 PER.
Ponadto indukcja tworzenia H>O» przez Cu-NPs byta dodatnio skorelowana ze stymulacjg aktywnos$ci
CAT. Dla poréwnania aktywnos$¢ SOD w komorkach E. coli eksponowanych na dziatanie Cu-NPs 1
ZnO-NPs byta znacznie wyzsza w poréwnaniu do jej aktywnosci w innych uktadach badawczych ze
wzgledu na wyzszy poziom wewnatrzkomoérkowego i zewnatrzkomoérkowego 0>, Swiadezy to o
aktywnej odpowiedzi antyoksydantéw na generacje RFT przez te NPs. Nalezy podkresli¢, ze
aktywno$¢ CAT w komorkach E. coli wyrdzniata si¢ wyzsza aktywnos$cig wlasciwg niz PER.
Uzasadnieniem tego zjawiska jest wystepowanie dwoch rodzajow CAT, do ktéorych naleza
hydroperoksydaza typu I (HPI, ang. hydroperoxidase 1) o aktywnosci bifunkcyjnej CAT-PER 1
hydrokyperoksydaza typu II (HPII, ang. hydroperoxidase II) o aktywnos$ci podobnej do CAT
(Schellhorn, 1995; Loewen, 1996).

Wszystkie NPs mialy roéwniez stymulujacy wplyw na funkcjonowanie systemu
antyoksydacyjnego bakterii B. cereus. Podobnie jak u E. coli, najwigksze zmiany stwierdzono w
aktywnosci CAT i PER. Analiza statystyczna potwierdzila zalezno$¢ aktywnosci CAT 1 SOD B. cereus
od stezen ICso 1 Y1Cso poszczegolnych NPs. Aktywnos¢ CAT, PER i SOD w komorkach B. cereus

21



byta w najwigkszym stopniu stymulowana przez Cu-NPs i ZnO-NPs. Wyniki uzyskane z pomiaréw
H>02 i O w komorkach tych bakterii dodatkowo potwierdzaja zalezno$¢ pomiedzy aktywnos$cia
przeciwutleniaczy a ekspozycja na Cu-NPs i ZnO-NPs. Stwierdzono takze dodatnig korelacje¢
pomiedzy aktywno$cig CAT i SOD a profilami transkrypcyjnymi genéow kodujacych biatka o
aktywnosci podobnej do analizowanych enzyméw w komorkach traktowanych Cu-NPs 1 ZnO-NPs.
Interesujagcym wynikiem byta wyzsza aktywnos¢ wlasciwa CAT, PER i1 SOD komorkach B. cereus
eksponowanych na ZnO-NPs w stezeniu 21Cso niz w komorkach traktowanych ZnO-NPs w stezeniu
ICso. Mozna sadzi¢, ze przyczyng tego zjawiska byta agregacja/aglomeracja ZnO-NPs w wyzszym
stezeniu, ograniczajaca reaktywno§¢ NPs. Sposob dystrybucji ZnO-NPs 1 tworzenie agregatow na
powierzchni komorek B. cereus obserwowane podczas obrazowania technika SEM moze wskazywac
na takg mozliwos¢.

Zmiany aktywnosci CAT, PER i1 SOD w komorkach S. epidermidis traktowanych NPs byly
trudne do interpretacji, poniewaz kazdy rodzaj NPs w odmienny 1 czgsto przeciwstawny sposob
wptywat na profil katalityczny tych enzymoéw. W wyniku ekspozycji bakterii na wszystkie NPs
stwierdzono wzrost aktywnos$ci SOD i spadek aktywnos$ci PER. Najwigkszy wzrost aktywnosci SOD
w porownaniu z aktywnos$cig tego enzymu w komorkach kontrolnych nastapil po traktowaniu
komoérek TiO>-NPs (ICso). Natomiast najwigkszy spadek aktywnosci CAT i1 PER ustalono
odpowiednio w komorkach eksponowanych na dziatanie Cu-NPs (ICso) 1 ZnO-NPs (%2ICso). Zmiany
aktywnos$ci antyoksydantow w komorkach S. epidermidis byty w wigkszo$ci przypadkéw dodatnio
skorelowane z wysokim poziomem H>0; 1 Oz". W przeciwienstwie do wynikow uzyskanych dla E.
coli 1 B. cereus, w komorkach S. epidermidis wystapity istotne rozbieznosci mi¢dzy poziomem
ekspresji badanych genow, a aktywnos$cig ich molekularnych odpowiednikow. Mimo jednak tych
roéznic, analizy statystyczne wykazaly dodatnig korelacj¢ miedzy ekspresja badanych genow a
aktywnos$cig oznaczanych enzyméw przeciwutleniajgcych. Dane literaturowe wskazuja, ze spadek
aktywnosci enzymow antyoksydacyjnych moze by¢ zwigzany z uwalnianiem jondéw metali z
powierzchni NPs i ich oddziatywaniem z biatkami bakteryjnymi, prowadzacymi w efekcie do ich
inaktywacji lub denaturacji (Slavin 1 in., 2017; Huang 1 in., 2018; Liao 1 in., 2019). Jako przyktad
moga postuzy¢ kationy Zn?" i Cu®*, ktore tworza bardzo stabilne kompleksy z biatkami w wyniku
oddziatywania z grupami -SH, -NH,, -COOH 1 wigzg si¢ w miejscach niebedacych ich miejscem
wiazania, takim jak klastry Fe-S (Hassan i in., 2017; Raghunath i Perumal, 2017; Wang 1 in., 2017).
Dodatkowo zaburzenia homeostazy metali i detoksykacji H2O> moga prowadzi¢ do inaktywacji
enzymow Fe-zaleznych poprzez utlenienie Fe** do Fe*, co skutkuje ich dysocjacjg z miejsca wigzania
i pozostawieniem wolnego miejsca do przylgczenia Zn?* (Chandrangsu i in., 2017).

1.4.3. Ocena zmian w strukturze i wlasciwosciach oston komorkowych oraz metabolizmie
oddechowym bakterii traktowanych NPs

Ostatnim etapem badan byto wyjasnienie interakcji NPs z ostonami komorkowymi bakterii
oraz towarzyszacych im zmian patologicznych. Jedna z konsekwencji oddzialywania NPs z
powierzchnia komorek bakterii byly zmiany w metabolizmie oddechowym. Uzytecznym
biomarkerem w tej analizie byly DEH, odgrywajace istotng rolg¢ w aktywno$ci metabolicznej
drobnoustrojéw 1 obiegu elektronow (Heikal i in., 2014; Billenkamp 1 in., 2015). W komorkach E.
coli, B. cereus i S. epidermidis traktowanych NPs stwierdzono zroéznicowang aktywnos¢ DEH.
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Uzyskane wyniki potwierdzily stymulujacy wptyw Ag-NPs i1 TiO»-NPs na aktywnos¢ DEH w
komorkach E. coli, natomiast odwrotny efekt wywotaty Cu-NPs 1 ZnO-NPs. Z kolei Cu-NPs, ZnO-
NPs 1 TiO2-NPs dodane do hodowli B. cereus powodowaly spadek aktywnosci DEH. W przypadku S.
epidermidis, Ag-NPs 1 Cu-NPs stymulowaly aktywno§¢ DEH, podczas gdy pozostale NPs zmniejszaty
aktywnos$¢ tych enzymow. Warto podkreslic, ze wigksze zmiany w aktywnosci DEH obserwowano u
B. cereus 1 S. epidermidis niz u E. coli. Przyczyng zwigkszonej wrazliwosci DEH bakterii Gram-
dodatnich na nanoczgstki tlenkéw metali moglo by¢ wzmozone uwalnianie jondw metali i ich nasilona
interakcja z powierzchnig komorek bakterii (Korshed i in., 2016; Slavin i in., 2017; Yuan i in., 2017).
Wyniki tej cze$ci badan opublikowano w pracy Metryki i1 in. (2021), stanowiacej rozdziat II.1
prezentowanej rozprawy.

Adenozynotrifosforan (ATP) jako uniwersalny nosnik energii biologicznie uzytecznej moze
by¢ przydatnym biomarkerem stresu wywotanego w komorce przez rozne zwigzki chemiczne, w tym
NPs. Uzyskane w tej pracy wyniki potwierdzily istotne réznice w catkowitym stezeniu ATP
(wewnatrz- 1 zewnatrzkomorkowym) w komorkach E. coli, B. cereus 1 S. epidermidis eksponowanych
na poszczegdlne NPs. Warto podkresli¢, Zze zasadnicze zmiany dotyczyly glownie stezenia
wewnatrzkomorkowego ATP. Stwierdzono, ze traktowanie E. coli ZnO-NPs i1 TiO2-NPs powodowato
spadek wewnatrzkomoérkowe] 1 zewnatrzkomorkowej zawartoSci ATP, natomiast Ag-NPs
wywotywaty efekt przeciwny. W wigkszosci uktadow eksperymentalnych z B. cereus, wszystkie NPs
powodowaty spadek wewnatrzkomorkowego 1 zewnatrzkomorkowego stezenia ATP. Z kolei malejacy
wpltyw poszczegdlnych NPs na wewnatrzkomérkowe 1 zewnatrzkomorkowe stgzenia ATP w
komorkach S. epidermidis prezentuje nastepujacy szereg: TiO>-NPs < Cu-NPs < Ag-NPs < ZnO-NPs.
Zmiany og6lnego stezenia ATP w komorkach bakterii mogg wynika¢ z zaktocen w prawidtowym
funkcjonowaniu DEH, co potwierdzono w niniejszej pracy. Co wigcej, spadek catkowitego poziomu
ATP byt skorelowany ze spadkiem aktywno$ci ATPazy. Warto wyjasni¢, ze pozakomorkowe stezenie
ATP jako czasteczki sygnalizacyjnej zmienia si¢ podczas poszczegdlnych faz wzrostu komorek
bakteryjnych, oprocz wzrostu jego stezenia wynikajacego z uszkodzen blony komoérkowej (Thssen i
in., 2021). Takg koncepcj¢ potwierdzily badania Planchon i in. (2017), ktérzy udokumentowali spadek
wewnatrzkomorkowego stezenia ATP w komorkach E. coli traktowanych TiO>-NPs przy
jednoczesnym zwiekszeniu puli pozakomorkowej tego zwigzku. Dodatkowo stezenie ATP zmienia si¢
dynamicznie w warunkach stresowych, poniewaz jest on wykorzystywany w roznych procesach
komodrkowych, w tym syntezie bialek (Deng i in., 2021). Na przyktad czasteczki ATP moga by¢
wykorzystane jako sita napgdowa w syntezie biatek redoks jako mechanizmu obronnego przed
stresem wywotanym przez NPs, co wyjasniatoby spadek wewnatrzkomorkowego poziomu ATP oraz
wzmozong aktywno$¢ enzymatycznego uktadu przeciwutleniaczy.

Waznym czynnikiem wpltywajacym na stg¢zenie ATP w komorce jest aktywnos$é ATPazy,
dlatego podj¢to probe zbadania catkowitego poziomu tego zwigzku oraz zidentyfikowania korelacji
pomiedzy aktywnos$cig enzymu a poziomem ATP u badanych szczepow bakterii traktowanych NPs.
W komoérkach E. coli w wigkszo$ci przypadkow stwierdzono znaczny spadek aktywnosci ATPazy po
traktowaniu NPs. Wyjatek stanowity komorki eksponowane na ZnO-NPs, w ktorych aktywnos$¢ tego
enzymu byla wyzsza niz w komorkach kontrolnych. Spadek aktywno$ci ATPazy nastapit rowniez w
komorkach B. cereus traktowanych Ag-NPs, Cu-NPs 1 ZnO-NPs, natomiast TiO>-NPs mialy dzialanie
stymulujace. Podobnie pomiary aktywnos$ci ATPazy w komorkach S. epidermidis traktowanych Ag-
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NPs, Cu-NPs, ZnO-NPs i TiO2-NPs potwierdzily spadek aktywnos$ci tego enzymu. Spadek
aktywnos$ci ATPazy byl dodatnio skorelowany ze spadkiem ogdlnego stezenia ATP w komorkach
badanych bakterii oraz zmianami w zawarto$ci grup karbonylowych biatek. Dane literaturowe
wskazuja, ze NPs moga wplywac na synteze biatek poprzez zmiany poziomu ekspresji odpowiednich
genow oraz powodowac denaturacje biatek rybosomu (Slavin i in., 2017). Sohm 1 in. (2015)
stwierdzili na przyktad znaczace obnizenie wzglednego poziomu ekspresji genow kodujacych biatka
wchodzace w sklad ATPazy E. coli traktowanej TiO2-NPs, co mialo odzwierciedlenie w
zmniejszonym stezeniu ATP i eksporcie protonéw. W tej pracy, prawdopodobnie uwolnione jony
metali cigzkich i1 generowane RFT w komorkach E. coli, B. cereus 1 S. epidermidis mogty przyczynia¢
si¢ do zmian aktywno$ci transkrypcyjnej gendow kodujacych biatka o waznych funkcjach w
oddychaniu komoérkowym 1 wptywa¢ dodatkowo na synteze¢ enzymdw metabolizmu oddechowego.

Posrednie 1 bezposrednie oddzialywanie NPs z btonami komoérkowymi bakterii moze
prowadzi¢ do nieodwracalnych zmian w ich strukturze 1 funkcjonowaniu. Na podstawie analizy
korelacji stwierdzono, ze zmiany w przepuszczalnosci btony komorkowej E. coli traktowanych NPs
byly w wigkszos$ci przypadkéw skorelowane z wyciekiem tresci komorkowej. Najwicksze zmiany w
przepuszczalnosci btony komorkowej i nasilenie wycieku cytoplazmy stwierdzono u tego szczepu po
ekspozycji na ZnO-NPs w stezeniach 1Cso 1 Y21Cso. W przypadku szczepdw B. cereus i S. epidermidis,
analiza statystyczna wykazata brak istotnych rdznic w przepuszczalnosci btony pomigdzy komorkami
traktowanymi NPs a komdrkami kontrolnymi. Wyjasnieniem tych rozbiezno$ci moze by¢ odmienna
budowa sciany komorkowej badanych bakterii. Potwierdzeniem tego wniosku mogg by¢ réwniez
badania Khater i in. (2020), ktorzy udokumentowali, ze przepuszczalnos¢ blony i jej potencjat u E.
coli po ekspozycji na TiO2-NPs r6znity si¢ istotnie od wartosci tych parametrow u Staphylococcus
aureus. Co wigcej, z danych literaturowych wynika, ze szczep B. cereus wytwarza siderofory, ktore
chelatuja zelazo i inne metale, zapewniajac tym samym niezalezne mechanizmy tolerancji metali
(Zawadzka 1 in., 2009; Schalk i in., 2011). Istnieje mozliwos¢, Zze siderofory moga wspomagaé
wychwyt i dyfuzje uwolnionych jonow metali z NPs oraz zapewnia¢ dodatkowa ochron¢ procesow
metabolicznych oraz blon przed uszkodzeniami. Biorgc pod uwage roznice w przepuszczalnosci btony
1 wycieku cytoplazmy po ekspozycji badanych bakterii na NPs mozna przypuszcza¢, ze mogly one w
wiekszym stopniu indukowac¢ powstawanie dziur w ostonach komoérkowych E. coli niz u pozostatych
szczepow w wyniku interakcji z powierzchnig bakterii lub akumulowaé si¢ w blonie komorkowej,
powodujac w konsekwencji intensywny wyciek tresci komorkowe.

Z przeprowadzonych analiz w ramach niniejszej pracy wynika, ze Ag-NPs, Cu-NPs, ZnO-NPs
1 TiO2-NPs w stezeniach 1Cso 1 Y2ICso w rozny sposoéb wptywaly na sktad i wlasciwosci bton
komorkowych badanych szczepdéw. Grupami kwasow thuszczowych najbardziej podatnymi na
dziatanie NPs byly u wszystkich bakterii cyklopropanowe oraz hydroksylowe kwasy thuszczowe. Na
przyktad u bakterii E. coli traktowanych Ag-NPs w stezeniu ICso nastgpit znaczny spadek zawartosci
tych kwasow, polaczony z jednoczesnym wzrostem udzialu kwaséw prostotancuchowych. Podobnie
ekspozycja E. coli na Cu-NPs w stezeniu 21Cso powodowata wyrazny spadek procentowej zawartosci
cyklopropanowych 1 hydroksylowanych kwasow tluszczowych oraz dodatkowo kwaséw
rozgatezionych. Podobny wpltyw na udziat kwaséw cyklopropanowych i hydroksylowanych w
profilach FAME szczepu S. epidermidis mialy Ag-NPs i Cu-NPs w stezeniu 1Cso. Przeprowadzone
analizy wskazaty, ze Ag-NPs i Cu-NPs, niezaleznie od zastosowanego stezenia, powodowaty u E. coli
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1 S. epidermidis najbardziej znaczace modyfikacje sktadu i zawarto$ci analizowanych grup kwasow
thuszczowych. Z kolei w komorkach B. cereus stwierdzono istotny wzrost zawarto$ci procentowej
cyklopropanowych kwasow thuszczowych po ekspozycji na ZnO-NPs w stezeniu '2ICso i
towarzyszacy mu spadek zawarto$ci rozgatezionych 1 nienasyconych kwasow tluszczowych.
Najwiekszy spadek zawarto$ci rozgalezionych kwasow tluszczowych w profilach tych bakterii
udokumentowano po ekspozycji na Cu-NPs 1 ZnO-NPs w stezeniu “21Cso. Podsumowujac, analiza
FAME ujawnita zalezny od stezenia wptyw badanych NPs na udzial procentowy analizowanych grup
kwasow thuszczowych u E. coli, B. cereus i S. epidermidis. Bakterie Gram-dodatnie okazaty si¢
bardziej wrazliwe na dzialanie NPs niz E. coli. Rola analizowanych grup kwaséw ttuszczowych w
funkcjonowaniu btony komorkowej jest rézna. Wedlug Poger i Mark (2015) cyklopropanowe kwasy
thuszczowe stabilizuja btony komoérkowe, zwickszaja stopien uporzadkowania lipidow w poréwnaniu
z ich nienasyconymi prekursorami oraz ograniczajg rotacje¢ wigzan otaczajacych pierscien
cyklopropanu. Ich obecnos¢ sprzyja rowniez wystepowaniu zmian konformacyjnych typu ,,gauche”
w tancuchach weglowodorowych lipidow, zwigkszajac poprzeczng dyfuzje czasteczek lipidow oraz
ptynnos¢ blony komodrkowej. Natomiast hydroksylowe i rozgat¢zione kwasy ttuszczowe odpowiadaja
w gltownej mierze za sztywno$¢ dwuwarstwy lipidowej (Kumariya i in., 2015). Wyniki tych badan
majg duza wartos¢ poznawcza, gdyz dotychczasowa wiedza w tym zakresie jest bardzo ograniczona.
Podjecie si¢ wyjasnienia wptywu NPs na sktad kwasow tluszczowych u badanych szczepéw bylo
waznym zadaniem, poniewaz ich sktad i zawarto§¢ determinujg dynamiczny charakter blony, co
dodatkowo chroni komoérke przed czynnikami toksycznymi, w tym przed NPs.

Analize SEM przeprowadzono w celu zbadania rozmieszczenia i interakcji poszczegolnych
NPs z powierzchnig bakterii oraz okreslenia potencjalnych uszkodzen w ich ostonach zewnetrznych.
Stwierdzono, ze poszczegdlne NPs charakteryzowaly si¢ réznym stopniem powinowactwa do
powierzchni badanych szczepow. Na przyktad ZnO-NPs wykazywaty najsilniejsze powinowactwo do
powierzchni E. coli 1 byly rownomiernie rozproszone na catej powierzchni komorek. Z kolei Cu-NPs
gromadzity si¢ miejscach peryferyjnych komorek E. coli. Przyczyna tego zjawiska moze by¢ wicksza
ilos¢ miejsc wigzania NPs w tych czeSciach komorki, jak rowniez oddziatywanie ze sktadnikami
lipopolisacharydow, ktore wuczestnicza w tworzeniu wigzan wodorowych 1 oddzialywan
hydrofobowych z NPs (Poh i in., 2018). Analiza SEM potwierdzita takze silne powinowactwo ZnO-
NPs do calej powierzchni komoérek B. cereus. Na powierzchni komoérek widoczne byly duze i
warstwowe skupiska ZnO-NPs, ktére dodatkowo tworzyly aglomeraty i agregaty o réznych
ksztaltach. Uzasadnieniem tych obserwacji moze by¢ silne wytapywanie ZnO-NPs i wigzanie ich
przez warstwy peptydoglikanu i kwasy teichojowe. W szczego6lnosci jony metali dwuwarto§ciowych
wigzane s3 przez grupy fosforanowe kwasow teichojowych (Thomas i Rice, 2015), co moze
potwierdza¢ adhezje Cu-NPs (Cu?") i ZnO-NPs (Zn*") do powierzchni komorek B. cereus.
Interesujace wyniki uzyskano podczas obrazowania komoérek S. epidermidis traktowanych Cu-NPs 1
TiO2-NPs. Cu-NPs tworzyly duze aglomeraty o nieregularnej dystrybucji na powierzchni komorek,
co spowodowato niewielkie zmiany morfologiczne komorek. Natomiast TiO>-NPs tworzyty jednolita
monowarstwe na powierzchni komorek, w ktorej okazjonalnie pojawiaty si¢ wigksze skupiska NPs.
Z danych literaturowych wynika, ze TiO»-NPs silnie oddziatuja z grupami -COO" w blonie
komodrkowej (Huang i in., 2017). Warto podkresli¢, ze Ag-NPs w najmniejszym stopniu ulegaty
adhezji do powierzchni E. coli, B. cereus 1 S. epidermidis w porownaniu z pozostatymi NPs. Moze to
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wynika¢ z potencjalnie nizszego dodatniego ladunku wypadkowego Ag-NPs, a tym samym
mniejszego przyciggania tych NPs do ujemnie natadowanych zewnetrznych warstw komorek
drobnoustrojow. Wyniki tej czgsci badan opublikowano w pracy Metryki i in. (2023), stanowigcych
rozdzial 11.3 prezentowanej rozprawy.

Uzupethieniem zaprezentowanych w pracy doktorskiej wynikéw bedzie nowa wiedza na temat
specyficznych interakcji komorek bakterii z NPs, obejmujacych zmiany strukturalne w fosfolipidach,
lipidach, kwasach thuszczowych oraz drugorzedowej i trzeciorzedowej strukturze bialek btonowych z
wykorzystaniem spektroskopii w podczerwieni (ATR-FTIR). Podj¢ta zostanie rowniez proba analizy
powierzchni komorek bakteryjnych oraz ustalenia charakterystycznego rozkladu powierzchniowego
pierwiastkéw wchodzacych w sktad NPs metoda SEM-EDS. Zagadnienie wptywu dziatania NPs na
komorki bakterii bedzie dodatkowo poszerzone o pomiary potencjatu zeta NPs, relatywnego
potencjatu btony komorkowej oraz hydrofobowosci. Takie zaawansowane badania sg obecnie na
etapie realizacji lub zaplanowane do wykonania w ramach projektu Preludium 20.
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Abstract: The antimicrobial activity of nanoparticles (NPs) is a desirable feature of various products
but can become problematic when NPs are released into different ecosystems, potentially endanger-
ing living microorganisms. Although there is an abundance of advanced studies on the toxicity and
biological activity of NPs on microorganisms, the information regarding their detailed interactions
with microbial cells and the induction of oxidative stress remains incomplete. Therefore, this work
aimed to develop accurate oxidation stress profiles of Escherichia coli, Bacillus cereus and Staphylococcus
epidermidis strains treated with commercial Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs. The method-
ology used included the following determinations: toxicological parameters, reactive oxygen species
(ROS), antioxidant enzymes and dehydrogenases, reduced glutathione, oxidatively modified proteins
and lipid peroxidation. The toxicological studies revealed that E. coli was most sensitive to NPs than
B. cereus and S. epidermidis. Moreover, NPs induced the generation of specific ROS in bacterial cells,
causing an increase in their concentration, which further resulted in alterations in the activity of the
antioxidant defence system and protein oxidation. Significant changes in dehydrogenases activity
and elevated lipid peroxidation indicated a negative effect of NPs on bacterial outer layers and
respiratory activity. In general, NPs were characterised by very specific nano-bio effects, depending
on their physicochemical properties and the species of microorganism.

Keywords: bacteria; nanoparticles; toxicological parameters; reactive oxygen species; antioxidant
enzymes; protein and lipid oxidation

1. Introduction

The dynamic development of education, technology, and market economy worldwide
requires high advancement in the research of new materials that may resolve current global
problems. Nanotechnology and its microscopic universe offer unlimited possibilities for
contemporary science and various branches of industry. One of the benefits of modern
nanotechnology is the production of nanomaterials (NMs) with antimicrobial activity and
implementing them into different commercial processes and products as a defence against
multidrug resistant infectious microorganisms [1-3]. Direct manipulation of synthesised
NMs and adequate alteration of their properties can create broad-spectrum and long-term
antimicrobials, which is a substantial trait, especially in the medical field. For instance,
inorganic NMs based on metal and metal oxides have been utilised in biomedical implant
materials, such as dental implants, through their application on the implant surfaces as
nanocoatings or as an integral part of the material. Consecutively, this could prevent the
origin and further development of infections in the place of implant insertion, increasing
the chance of successful surgeries [4—6]. On the other hand, the release of such NMs into
the environment is a potential threat to microbial populations that are not a target of their
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action. According to Bundschuh et al. [7], approximate global estimates of the accumulation
of NMs in the environment indicate that the main accumulators of such structures are
landfills (63-91%) and soil (8-28%). Despite significant advances in analytical methods, it
is still impossible to measure the concentrations of NMs in various ecosystems and assess
their environmental risk [7]. Therefore, it is urgent to fully evaluate the impact of NMs on
different microbial strains to determine their safe use and prevent possible risks of their
presence in ecological sinks.

Nanomaterials, including nanoparticles (NPs), have attracted much attention in the
last decade due to their antimicrobial properties and non-specific targeting of treated
microorganisms. The mode of action of NPs involves, among others, the disruption of
the integrity of bacterial outer layers, increase in the permeabilisation of the bacterial cell
membrane, destruction of intracellular structures, or decrease in bacterial viability [8,9].
However, one of the most attributed and principal mechanisms of NPs toxicity is the induc-
tion of oxidative stress in microbial cells. Metallic NPs can induce the generation of reactive
oxygen species (ROS) inside cells, including superoxide radical anion (O,°~), hydroxyl rad-
ical (*OH), hydroperoxyl radical (HO,*~), hydrogen peroxide (H,O,), singlet oxygen (10,)
and organic radicals such as peroxyl radical (ROO®) or alkoxyl (RO®) [9-11]. However, it is
worth emphasising that various ROS are produced naturally in biological systems as part
of redox cycling, for example, O,°*~ and H,O; can be produced by the accidental release of
electrons in the respiratory chain and auto-oxidation of dehydrogenases [12,13]. Similarly,
10, can be produced as a by-product in processes like lipid peroxidation, decomposition
of organic peroxides or oxidation of O, [14,15]. However, exposure of microorganisms to
inorganic NPs can result in the greater formation of ROS, causing severe changes in their
concentrations, engendering a synergistic unfavourable effect. It has been documented that
metallic NPs as redox labile compounds can produce ROS, especially after prior irradiation,
due to the formation of holes (h*) and electrons (e ™) in conducting and valence bands, with
strong redox properties [15-17]. NPs can also generate ROS without prior illumination
due to oxidation-redox reactions on the surface of NPs, nanoparticle-bacterial cells and
nanoparticle-oxidant/radical interactions [11,18]. Furthermore, the presence of transition
metals on the surface of NPs provides additional generation of ROS through the catalysis
of Fenton, Fenton-like and Haber-Weiss reactions [11,18-20].

ROS-induced stress in microbial cells can damage cellular structures and outer layers,
including oxidative degradation of proteins and lipids [2,17]. Interestingly, each type of
ROS is characterised by its specific reactivity. For example, induction of 'O, can impair
membrane integrity through the oxidation of cell membrane components and initiation
of lipid peroxidation [16,18]. Contrarily, O,°~ may not be a strong oxidant; however,
it is a substrate for H,O,, *OH and 'O, formation [10,13,18]. The high redox potential
of *OH makes it a very strong oxidant, which is nonselective as it can react with any
macromolecules present in cells, including proteins, nucleic acids, carbohydrates, and
lipids [13,18]. It has been stated previously that *OH, O,*~ and 'O, play a significant role
in inducing oxidative stress in bacterial cells [16,18]. Although H,O; is a long-lasting ROS,
it is a very stable molecule, which contributes to the generation of oxidative stress through
the synthesis of *OH [13]. Microbial defence system against the harmful effect of NPs
and ROS consists of catalase (CAT), peroxidase (PER) and superoxide dismutase (SOD)
together with non-catalytic antioxidant reduced glutathione (GSH) [10,21-23]. CAT, PER
and GSH neutralise H,O,, while SOD reduces O,°~ levels [10,12]. However, an excess of
ROS in bacterial cells can lead to inactivation and permanent damage of proteins, including
antioxidants, through their interactions with amino acid residues [12,22]. Therefore, it is
important to monitor whether the microbial defence system can withstand cellular changes
in response to NPs and ROS.

To date, comprehensive knowledge regarding the impact of NPs on the antioxidant
defence system in bacteria has been obtained through many studies. Despite this, there
is still limited information about the particular forms of radicals induced by redox labile
Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs in bacterial cells. The research has mainly



Int. J. Mol. Sci. 2021, 22, 11811

30f22

focused on oxidative stress and ROS generation by selected NPs after prior irradiation and
has only considered the selected effects of NPs on antioxidant enzymes activity and cellular
damages. Thus, it is crucial to also measure the cycling of ROS in bacterial cells without
light-assisted conditions as well as to determine the activity of as many components as
possible along with specific oxidation biomarkers. Therefore, this study aimed to create
detailed oxidative stress profiles for Escherichia coli, Bacillus cereus and Staphylococcus epider-
midis under Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs exposure. Particular research tasks
included: (1) determining the toxicological parameters of NPs towards tested bacteria,
(2) measuring the general and singular ROS concentration, (3) evaluating the activity of
antioxidant enzymes and dehydrogenases, (4) measuring the reduced glutathione con-
centration, (5) assessing the protein and lipid peroxidation level and (6) establishing the
relationships between measured parameters.

2. Results
2.1. Effects of the Tested NPs on Bacteria Viability

The determined minimum bactericidal concentration (MBC), minimum inhibitory
concentration (MIC), and the half-maximal inhibitory concentration (ICs() indicated varied
sensitivity of all tested strains to the presence of individual NPs (Table 1). For example,
based on MIC and MBC values, E. coli was most sensitive to pure metal NPs than metal
oxide materials. By comparison, B. cereus exhibited a different sensitivity to the tested
NPs. The NPs with a similar bactericidal effect and the highest toxicity against this strain
were Cu-NPs and TiO,-NPs, while Ag-NPs and ZnO-NPs had the lowest impact on cell
viability. Subsequently, S. epidermidis was characterised by a similar trend in the sensitivity
to metal NPs and metal oxide NPs as E. coli; however, based on ICs, it was more resis-
tant to Ag-NPs, TiO,-NPs and ZnO-NPs. Comparing results obtained for gram-positive
strains, it can be concluded that they reacted similarly to Ag-NPs, Cu-NPs and ZnO-NPs;
however, TiO,-NPs aroused significant interest, with the ICsy being 14-times lower for B.
cereus than S. epidermidis. Conclusively, the decreasing bactericidal properties of the tested
NPs based on MIC values towards E. coli and B. cereus cells could be ordered as follows:
TiO,-NPs < ZnO-NPs < Cu-NPs < Ag-NPs, and Ag-NPs < ZnO-NPs < TiO,-NPs < Cu-NPs,
respectively. Unlike, the following order: TiO,-NPs < ZnO-NPs < Ag-NPs < Cu-NPs
which presents the antibacterial effect of NPs towards S. epidermidis.

Table 1. The values of MBC, MIC and ICs (mg L~1) of NPs against E. coli, B. cereus and S. epidermidis.

Type of NPs MBC MIC ICsg
Escherichia coli ATCC 25922
Ag-NPs 15 10 7.84
Cu-NPs 250 200 180.80
ZnO-NPs 500 425 176.10
TiO,-NPs 750 500 43.40
Bacillus cereus ATCC 11778
Ag-NPs 1000 850 480.10
Cu-NPs 150 75 52.15
ZnO-NPs 1000 800 319.10
TiO,-NPs 150 100 50.30
Staphylococcus epidermidis ATCC 12228
Ag-NPs 600 500 442.20
Cu-NPs 300 200 112.00
ZnO-NPs 800 750 201.70

TiO,-NPs >1200 1050 703.40
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2.2. Generation of ROS in Bacterial Cells by NPs

One of the studied ROS was HyO,, which is a common by-product of cell metabolic
activity. It was found that the addition of Cu-NPs, ZnO-NPs, and TiO,-NPs into E. coli
culture caused a negligible increase in the level of HyO, (p > 0.05) (Figure 1A). In turn,
the treatment of B. cereus with Cu-NPs and ZnO-NPs generated a considerable (p < 0.05)
amount of HyO,, greater by about 11- and 2.7-fold compared to its content in the control
sample, respectively. By comparison, Ag-NPs, Cu-NPs, and TiO,-NPs caused significant,
for p < 0.05, changes in the level of HyO, in S. epidermidis culture. The highest increase in
this ROS concentration, about 5.5- and 3.2-fold, was recorded for Cu-NPs and TiO,-NPs,
respectively. Overall, the treatment of bacterial cells with NPs had a more stimulating effect
on the generation of HyO, in both B. cereus and S. epidermidis than in E. coli.
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Figure 1. The levels of H,O, (A), *OH (B), 10, (C), 0,*~ (D) and total ROS concentration (E) in
E. coli, B. cereus and S. epidermidis exposed to NPs at an ICsy value (mean + SD/SE; n = 3). Means
with the same letter(s) are not significant at p < 0.05 within each ROS between the control and
NPs-treated samples.

Due to its reactivity, *OH radical is considered one of the most lethal types of ROS. It
is responsible for most of the damage during oxidative stress, so it was crucial to determine
its level in the cells treated with NPs. It was established that the exposure of E. coli to
Cu-NPs resulted in a vast increase in *OH level compared to the control sample (Figure 1B).
However, Ag-NPs, ZnO-NPs and TiO,-NPs did not induce substantial changes in the
level of *OH in these bacteria. By comparison, results obtained for B. cereus showed no
significant differences in *OH concentration between the samples treated with Ag-NPs,
Cu-NPs, ZnO-NPs and TiO,-NPs, and the control sample. In the case of S. epidermidis
cultures exposed to Ag-NPs and ZnO-NPs, no increase in *OH levels was documented.
Despite that, substantial intensification of *OH generation was found in S. epidermidis
cultures treated with Cu-NPs and TiO,-NPs, resulting in a 2.2- and 13.7-fold increase in its
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content compared to the control sample. To conclude, the generation of *OH was more
affected by NPs in S. epidermidis cells than in E. coli and B. cereus.

Although 'O, is one of the commonly studied ROS during photooxidative stress
studies, it was important to distinguish whether 1O, can be generated as a result of NPs
action and modifications in redox reactions without prior irradiation. The results obtained
for E. coli showed that only ZnO-NPs generated 'O, in bacterial cells, causing about a
6-fold increase in its content compared to unstressed cells. Whilst treatment of B. cereus
cells with Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs did not influence any significant
(p > 0.05) alternations in 'O, concentration. By contrast, the application of Ag-NPs and
Cu-NPs to S. epidermidis cultures resulted in a greater, about 13.5- and 4.15-fold generation
of 1O, compared to the control sample, respectively (Figure 1C).

In parallel experiments, the ability of NPs to generate the O,°~ was evaluated
(Figure 1D). The O,°*~ is one of the crucial types of ROS to be widely examined because it is
the first product of single-electron reduction of molecular oxygen and the substrate for SOD
reaction, consequently increasing the content of HyO,. The obtained results revealed that
Cu-NPs and ZnO-NPs had the greatest impact on the O,*~ production by E. coli compared
to the non-treated cells. Interestingly, treatment of E. coli cells with Ag-NPs did not have a
stimulating effect on the generation of O,°*~. Exposure of B. cereus to ZnO-NPs resulted in
an 18.4-fold higher level of O,°~ in the cells compared to the control sample. Intriguingly,
both Ag-NPs and Cu-NPs resulted in a similar generation level of O,°~ in B. cereus. The
obtained data for S. epidermidis showed that all tested NPs had a stimulating effect on the
generation of O,*~, with the greatest ability shown by Cu-NPs and TiO,-NPs (14.5- and
23.4-fold increase, respectively). In general, the increase in O,°~ level in S. epidermidis was
affected by the NPs in the following order Ag-NPs < ZnO-NPs < Cu-NPs < TiO,-NPs. In
conclusion, the tested NPs generated the highest amount of O,*~ in S. epidermidis, while
this process was less intense in E. coli and B. cereus. Additionally, based on the total con-
centration of ROS in bacterial cells (Figure 1E), it can be concluded that Cu-NPs generated
the major quantity of different types of ROS in E. coli and B. cereus cells. In turn, the metal
oxides TiO,-NPs and ZnO-NPs had the greatest impact on ROS production in S. epidermidis
cells (9.5- and 11.5-fold increase, respectively).

2.3. Activity of Antioxidant Enzymes and Dehydrogenases under NPs Stress

The ability of NPs to generate various types of ROS leads to oxidative stress in micro-
bial cells and creates potential hazards for the survival of microorganisms. To assess the
performance of the catalytic antioxidant defence system operating in NPs-treated bacterial
cells, CAT, PER and SOD activities were measured. Additionally, the activity of DEH
belonging to oxidoreductases was calculated to define the effect of NPs on microbial respi-
ratory activity and their potential co-dependence in ROS generation. The obtained findings
showed that all tested NPs caused an increase in the activity of CAT in E. coli, B. cereus
and S. epidermidis (Figure 2A). Concerning E. coli, Ag-NPs and TiO,-NPs manifested a
weak stimulating effect on CAT activity (about a 1.5-fold increase), while Cu-NPs and
ZnO-NPs showed a stronger stimulating effect (over 2-fold increase). Similarly, Cu-NPs
and ZnO-NPs stimulated CAT activity in B. cereus, causing a 67 fold increase compared
to CAT activity in the untreated cells. Conversely, the greatest increase in CAT activity
(about 4.8-fold) in S. epidermidis was recorded in the presence of TiO,-NPs. Interestingly,
the exposure of S. epidermidis to Cu-NPs resulted in a noticeable decrease (about 1.53-fold)
in the activity of CAT. Conclusively, CAT of E. coli and B. cereus was more sensitive to stress
caused by tested NPs than CAT of S. epidermidis; however, the last bacterium was most
sensitive to TiO,-NPs.
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Figure 2. The activity of CAT (A), PER (B), SOD (C) and DEH (D) in E. coli, B. cereus and S. epidermidis exposed to NPs at an
ICs5¢ value (mean + SD; n = 3). Means with the same letter(s) are not significant at p < 0.05 within each enzyme between the
control and NPs-treated cells.

Parallelly, the activity of PER in tested bacteria under NPs-stress conditions was anal-
ysed (Figure 2B). During reactions catalysed by PER, H,O; is reduced to water contributing
to its overall concentration in a cell. The addition of Cu-NPs and ZnO-NPs to E. coli cultures
substantially enhanced PER activity (2.2- and 2.8-fold, respectively), whereas Ag-NPs and
TiO,-NPs had a smaller impact on its activity (about 1.4-fold increase). The treatment of
B. cereus with Cu-NPs and ZnO-NPs also resulted in a noticeable increase in PER activity
(about 7-fold) in comparison with its activity in the control samples. Conversely, exposure
of S. epidermidis to Ag-NPs, Cu-NPs and ZnO-NP caused a 4.3-, 1.8- and 12.9-fold decrease
in PER activity, respectively. The only type of NPs that acted in the opposite way to PER
activity were TiO,-NPs causing a 3.8-fold increase compared to the untreated cells. It is
noteworthy that PER functioning, however different in E. coli and S. epidermidis strains,
was more sensitive to NPs-stress than PER of B. cereus, which in turn proved to be more
resistant to NPs action.

The following assayed enzyme protecting microbial cells from oxidative stress was
SOD, which catalyses the dismutation of O,°~ to O, and H,O, further used as a substrate
in catalytic protection of bacterial cells against ROS. Although exposure of tested bacteria
to NPs significantly affected SOD activity, it differed significantly between individual
strains (Figure 2C). Detailed analysis of data showed that the highest increase in SOD
activity in E. coli (1.6- and 2.6-fold) was recorded in the presence of Cu-NPs and ZnO-NPs,
respectively. The same NPs in the culture of B. cereus also had the most stimulating effect
on the activity of SOD, resulting in about a 1.5-fold increase in its activity. By comparison,
S. epidermidis exhibited the highest SOD activity under Ag-NPs and TiO,-NPs treatments,
achieving a 2.7- and 5.7-fold increase in its activity compared to the control cells.

Regarding DEH, its activity was expressed in a strain-specific manner under individual
NPs treatment (Figure 2D). In E. coli, the displayed DEH activity was about 1-fold enhanced
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by Ag-NPs and TiO,-NPs; however, Cu-NPs and ZnO-NPs led to a significant decrease
(1.3-fold) in its activity compared to the untreated cells. In turn, the DEH activity in
B. cereus only increased after exposure to Ag-NPs, whereas Cu-NPs, ZnO-NPs and TiO,-
NPs reduced its activity by 2.8-, 3.2- and 1.4-fold, respectively. By comparison, Ag-NPs and
Cu-NPs strongly stimulated DEH activity in S. epidermidis, resulting in a 6.5- and 4-fold
increase, respectively. Contrary, TiO,-NPs and ZnO-NPs caused a significant decrease
(2.4-fold) in DEH activity in comparison with the control cells. The presented findings
indicated that DEH was more affected by NPs in B. cereus and S. epidermidis than in E. coli.

2.4. Non-Catalytic Antioxidant Defence System (GSH)

Reduced glutathione (GSH) acts as a hydrogen donor in the detoxification of HyOy;
therefore, it plays an important role in a complex bacterial antioxidant defence system regu-
lating the redox cycles. As Figure 3 indicates, the greatest reduction in the GSH level in E. coli
was established under ZnO-NPs and Ag-NPs exposure, causing about a 1.5-fold decrease in
its concentration compared to the control sample. Interestingly, no significant differences
were found in the level of GSH in B. cereus cultured with individual NPs. Comparable to
the reduction in GSH concentration in E. coli was the decrease (approximately 3-fold) in
GSH in S. epidermidis treated with ZnO-NPs. Overall, ZnO-NPs were the only shared NPs
for E. coli and S. epidermidis, inducing a significant reduction in their GSH levels.
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Figure 3. The GSH concentration in E. coli, B. cereus and S. epidermidis exposed to NPs at an ICsg
value (mean £ SD/SE; n = 3). Means with the same letter(s) are not significant at p < 0.05 between
the control and NPs-treated cells.

2.5. Changes in the Content of Carbonyl and Amine Groups in Proteins

Interactions of NPs and ROS with proteins can cause various structural changes
resulting from their oxidation and causing the disturbance of their function. One of the
consequences of protein oxidation is the increase in the level of protein carbonyls (>C=0);
therefore, it is recognized as a reliable biomarker of cellular changes induced by oxidative
stress. As shown in Figure 4A, the exposure of E. coli, B. cereus and S. epidermidis to all
tested NPs increased >C==0 content. In E. coli, the greatest and a comparable increase in
>C=0 by 12.43%, 11.79% and 10.29% was recorded after treatment with Ag-NPs, ZnO-NPs
and TiO,-NPs, respectively. By comparison, the highest >C=0 content of about 31% in
B. cereus was confirmed under TiO,-NPs and ZnO-NPs exposure. Similar findings were
obtained for S. epidermidis exhibiting a significant increase in >C=0 by 25.53% and 26.22%
after treatment with TiO,-NPs and ZnO-NPs, respectively. In general, protein oxidation
was a more predominant trait of NPs in B. cereus and S. epidermidis than in E. coli.
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Protein oxidation can lead to irreversible changes in amine groups (-NH;), accom-
panied by protein aggregation and degradation. For this reason, it was essential also to
distinguish the changes in -NHj content in bacterial cells further to explore the oxidation
effect of NPs and ROS. The highest increase in -NH; by 45.08% in E. coli was detected in the
presence of ZnO-NPs. Intriguingly, Ag-NPs caused a reduction in -NH; content in E. coli
by 5.42%. Correspondingly, the greatest increase in -NHj by 18.52% and 23.03% in B. cereus
and S. epidermidis was recorded in the presence of ZnO-NPs. Rivetingly, a decrease in -NHj
concentration by 8.39% in S. epidermidis compared to the control cells was detected after
treatment with TiO,-NPs (Figure 4B).

2.6. Lipid Peroxidation in Bacterial Cells Caused by NPs

Lipid peroxidation (LPO) is one of the markers used in the analysis of oxidative stress.
Therefore, this study seems necessary to distinguish the synergistic or antagonistic action
between tested NPs and generated ROS. Treatment of E. coli cells with Ag-NPs, Cu-NPs and
TiO,-NPs resulted in a significant increase in LPO level, while in the presence of ZnO-NPs
the decrease in its content was observed. The highest and the lowest LPO values of 43.23%
and 33.8% were obtained for the cells exposed to TiO,-NPs and ZnO-NPs, respectively.
By comparison, the highest increase in the LPO values for B. cereus was documented
at 160.95% for Cu-NPs treated cells compared to the LPO content in the untreated cells.
Simultaneously, a 53.7% decrease in LPO was caused by ZnO-NPs in these cells. The
obtained data also revealed the increase in LPO in S. epidermidis in the presence of Ag-NPs,
Cu-NPs and TiO,-NPs and the decrease in the presence of ZnO-NPs. The exposure of S.
epidermidis to Cu-NPs resulted in the highest increase in LPO values (194.49%), whereas
the highest decrease (16.43%) occurred in the presence of ZnO-NPs (Figure 5).

2.7. Exploratory Data Analyses

PCA and cluster analysis were carried out to analyse the variability and relationship
between obtained findings and performed experiments. The results from PCA, including
all NPs treatments and toxicological studies performed for E. coli, B. cereus and S. epider-
midis explained 83.40%, 78.55% and 77.88% variability of the data, respectively (Figure 6).
Coordination biplot of experiments with E. coli demonstrated a strong negative correlation
between CAT, PER and SOD activity and >C=0 content (Figure 6A). Interestingly, a nega-
tive correlation between PER and DEH was established. The O,°*~ was most correlated
with PC1; however, based on PC2, a strong negative correlation was established for GSH
and LPO, and a positive correlation for -NH,. Additionally, PC1 from the correlation biplot
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projection of E. coli distinguished three separate clusters of treated samples (Figure 6B).
Based on PCA analysis, the results obtained for E. coli treated with Ag-NPs and TiO,-NPs
were similar to the untreated samples forming one plot. In turn, coordination biplot for B.
cereus revealed a strong negative correlation of SOD and PER, with other oxidative stress
parameters being more scattered (Figure 6C). It is worth pointing out that a strong negative
correlation was confirmed between ROS and GSH as well as DEH and CAT. Furthermore,
based on the performed experiments, two clusters of treated samples of B. cereus along
PC1 were distinguished: Ag-NPs with TiO,-NPs and Cu-NPs with ZnO-NPs, and an
additional separate cluster consisting of the control sample (Figure 6D). Based on the PCA
analysis for S. epidermidis, the most visible positive correlation with PC1 was observed for
all parameters except for DEH, H,O,, GSH, -NH,, >C=0 and ROS, which were strongly
correlated with PC2. It is also worth emphasising the strong negative correlation between
DEH and ROS (Figure 6E). Of all NPs tested, only TiO,-NPs were distinguished along the
PC1 axis (Figure 6F).

180

B E coli
& B cereus d

m S epidermidis

160 |

140} o Mean o g c
MeansSE o
120} Mean:SD

a

o b c
100 | : ; c

MDA, nM

80 | b c
1=}
60 }

40!

oQ
i

20}

0

Control Ag-NPs Cu-NPs ZnO-NPs TiO,-NPs

Figure 5. The LPO level in E. coli, B. cereus and S. epidermidis cells exposed to NPs at an ICs5, value
(mean £ SD/SE; n = 3). Means with the same letter(s) are not significant at p < 0.05 between the
control and NPs-treated cells.

The cluster analysis showed characteristic relationships between particularly treated
samples and conducted analysis (Figure 7). The dendrogram projection obtained for the
E. coli strain revealed that the most differentiating analyses included measurement of
LPO, DEH, GSH and protein oxidation expressed as -NH; group level (Figure 7A). By
comparison, other performed analyses, formed hierarchical clusters separating into two
thematically similar clusters, including antioxidant enzymes and general and specific ROS
levels. It is worth underlying that according to the acquired dendrogram, the most charac-
teristic and discriminating NPs were Cu-NPs and ZnO-NPs. However, the most similar set
of results were confirmed for Ag-NPs and TiO,-NPs. The dendrogram designated for B.
cereus revelated two separate clusters, the first consisting of control samples and the second
of specific NPs treatments (Figure 7B). It is worth pointing out that the most distinguished
toxicological analyses with B. cereus included GSH, DEH and 102. Comparing, ROS, GSH,
DEH and protein oxidation (-NH; and >C=0O levels) were the most differentiating analyses
for S. epidermidis (Figure 7C). Dendrogram made for S. epidermidis demonstrated a strong
relationship between Ag-NPs and Cu-NPs treated samples; however, exposure of these
bacteria to ZnO-NPs and TiO,-NPs had the most divergent effect on the collected results.
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Figure 7. Cluster disposal of free radicals (H,O,, *OH, 10,, 0,° "), total ROS, GSH, LPO, the content
of >C=0 and -NH,, and CAT, PER, SOD, DEH activities in the control and NPs-treated cells of
E. coli (A), B. cereus (B) and S. epidermidis (C).

3. Discussion

Incorporating nano-derived applications into daily use creates many solutions for
the utility of different products and technological processes. Although the mathematical
models based on predicted life cycles of various NPs estimate their possible unintentional
targets sites and endpoints, there is still limited knowledge of how such materials will
act in realistic conditions. One of the topics of the currently ongoing scientific debate on
the toxicity of NPs is their potentially destructive effect on the functioning of microor-
ganisms. Despite the huge amount of scientific data in this field, there is still controversy
about the impact of NPs on microorganisms, especially these newly designed engineered
NPs [7,8,24,25].

49:2225291786
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Among the several proposed mechanisms of action of metallic NPs on bacterial cells is
the induction of oxidative stress by generating ROS [8,9,24,26]. Although this phenomenon
has been reported in many publications, information on the individual radical forms
induced by metal NPs and their combined action in disrupting cellular redox cycles
remains fragmentary. Therefore, the novelty of this study is a scientific description of
detailed oxidation profiles of E. coli, B. cereus and S. epidermidis, taking into account the
accompanying pathological changes in the presence of redox unstable Ag-NPs, Cu-NPs,
ZnO-NPs and TiO,-NPs.

To ensure the standardisation of nanotoxicological studies, it is important to investi-
gate the potential toxicity of NPs by determining toxicological parameters. The conducted
research confirmed the antimicrobial effect of all NPs on the tested bacterial strains, but to a
different extent for individual strains. Overall, NPs were most potent against E. coli than B.
cereus and S. epidermidis. This can be attributed to the difference in the structure of the outer
layers of gram-negative and gram-positive bacteria. The cell wall of gram-negative bacteria
has a thin layer of peptidoglycan, which makes it more permeable to macromolecules.
Moreover, gram-negative bacteria are characterised by a higher net negative charge on the
cell surface than gram-positive bacteria, which results in stronger electrostatic interactions
with positively charged NPs and, therefore, the greater susceptibility of these microorgan-
isms to the antimicrobial effect of NPs [9,24,27,28]. By comparison, B. cereus may be more
resistant to NPs than E. coli, not only because of the thicker cell wall but also due to the
formation of endospores that portray additional outer layers, thus providing additional
protection against the negative effects of NPs [28,29]. Similar results were obtained by
Ahmad et al. [28], who confirmed greater toxicity of TiOp-NPs towards E. coli than B.
subtilis due to the early induction of cell death as opposed to the reduction of bacterial
viability over time. Interestingly, B. cereus and S. epidermidis showed a similar response to
the presence of tested NPs except for TiO,-NPs. This could be explained by the increased
interaction of TiO, with the functional groups on the surface of B. cereus cells. It can also
result from the ability of S. epidermis to form a biofilm structure in the presence of TiO,-NPs
and greater expression of cell wall anchored surface proteins [30]. Generally, E. coli, B. cereus
and S. epidermidis were most susceptible to single metal NPs: Ag-NPs and Cu-NPs. This
may be attributed to the faster release of heavy metal ions from their surface compared to
metal oxide NPs. Furthermore, it is worth pointing out that the release of ions from NPs is
dependent on their composition, physicochemical properties, culture medium and treated
microorganisms; hence, there is no general rule for the dissolution of ions from different
types of NPs [9,31-33]. Moreover, due to similar electron configuration and chemistry, Ag
(I) and Cu (I) may exhibit similar antimicrobial properties; however, Cu plays an essential
role in the physiological processes of microbial cells [9,34]. Therefore, depending on the
concentration of cations released from the surface of NPs, microorganisms can or not
withstand the stress caused by those ions through the activation of protective/resistance
systems [9].

Treatment of E. coli, B. cereus and S. epidermidis with Ag-NPs, Cu-NPs, ZnO-NPs and
TiO,-NPs induced ROS production in the cells. However, the total ROS concentration in E.
coli and B. cereus was mostly influenced by Cu-NPs, while in S. epidermidis by ZnO-NPs and
TiO,-NPs, which also influenced the production of particular types of ROS. The greatest
contribution to the total ROS concentration in E. coli cells had H,O, and *OH, which levels
increased in the presence of Cu-NPs. Similarly, there was a significant increase in the level
of 10, in these cells after treatment with ZnO-NPs. Contrary, O,*~ and HyO; had the
greatest effect on overall ROS concentration in B. cereus exposed to ZnO-NPs and Cu-NPs,
respectively. By comparison, all types of individual ROS slightly contributed to the general
concentration of ROS in S. epidermidis. The positive correlation between the H,O, and
*OH generation in E. coli can be related to the co-dependent existence of two types of
ROS in bacterial cells. This is because hydrogen peroxide, a common-by product of the
metabolic activity, undergoes Fenton and Fenton-like reactions generating *OH, making its
concentration in biological systems dependent on H,O; [12,13,35]. Similarly, the level of
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H,0; in cells depends on the production of O,°~; hence, there was a positive correlation
between those two types of ROS in B. cereus [36]. Additionally, Ag-NPs, Cu-NPs, ZnO-NPs
and TiO,-NPs can generate *OH in bacterial cells through the release of transition metals
that can participate in Fenton and Fenton-like reactions [9,37]. Here, both Cu-NPs and TiO;-
NPs had the most stimulating effect on ROS formation in bacterial cells. Their smaller size
than Ag-NPs and ZnO-NPs may explain the above-mentioned phenomenon. Smaller NPs
compared to their larger counterparts are characterised by greater surface area to volume
ratio, structural and electronic modifications, which provide more reactive sites and groups
on the surfaces of NPs, that could participate in the generation of ROS [9,10]. Furthermore,
the induction of ROS generation by Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs in bacterial
cells could be caused by the suppression of the activity of respiratory enzymes through
their interactions with released metal ions, activation of oxidases, and interactions with
cellular components [38-40]. It can be concluded that the data presented here and the
literature data indicate that ROS generation by NPs is very specific and difficult to predict
the effect.

The relationship between ROS generation and the functioning of the antioxidant
defence system is only partially presented in the available literature. In this work, ROS gen-
eration and oxidative stress induction were confirmed by disrupting enzymatic antioxidant
activity. Activities of CAT, PER and SOD in E. coli cells were mostly affected by ZnO-NPs
and correlated with the lowest overall ROS concentration. By comparison, CAT activity in B.
cereus was most affected by ZnO-NPs, whereas Cu-NPs were mainly impacted on PER and
SOD functioning. Interestingly, the collected results for PER activity in B. cereus are related
to a high concentration of HyO; after treatment with Cu-NPs. Activities of antioxidant
enzymes in S. epidermidis were greatly affected by TiO,-NPs and positively correlated with
high levels of HyO, and O,°~. It is worth emphasising that Cu-NPs caused a significant
decrease in CAT activity in this bacterium, whilst Ag-NPs, Cu-NPs and ZnO-NPs lowered
the activity of PER. The observed reduction in enzyme activity may be associated with the
release of ions from NPs and their interactions with bacterial proteins resulting in their
suppression or denaturation [9,41,42]. Concluding, the diversified activity of the bacterial
antioxidant system indicates different mechanisms of protection and adaptation of E. coli,
B. cereus and S. epidermidis cells to stress conditions caused by particular NPs. Knowledge
regarding the influence of NPs on antioxidant enzymes is limited to selected nanomaterials
and microorganisms. For example, Liao et al. [42] found that exposure of P. aeruginosa to
Ag-NPs caused an increase in the activity of CAT, PER and SOD, depending on the time and
concentration of NPs. In other experiments, Yuan et al. [43] recorded a significant decrease
in SOD and CAT activities in P. aeruginosa and S. aureus treated with Ag-NPs. Comparable
results were obtained by Huang et al. [41], who documented an inhibitory effect of Ag-NPs
on CAT, PER and SOD activities in P. chrysosporium, correlated with oxidative stress caused
by high levels of ROS. By comparison, based on the obtained results in this study, E. coli, B.
cereus and S. epidermidis had a more efficient response to the oxidative effects of NPs due to
their stimulating effect on the activity of antioxidant enzymes.

It has been well documented that the interaction of NPs with bacterial outer layers
can disrupt the cell wall and membrane integrity. Furthermore, the production of ROS,
including O,°~ can cause additional damage through their interaction with functional
groups presented on the microbial surfaces as well as their reactivity with chemical bonds
in peptidoglycan layers. The damaging effect of both NPs and ROS on bacterial outer
layers can lead to a disturbance in respiratory activity and ATP production [9,17,44].
Dehydrogenases play an essential role in microbial metabolic activity, especially in the
respiratory metabolism of oxygen and electron cycling, during which trace amounts of
different ROS may be produced [45,46]. Here, it was found that Ag-NPs, Cu-NPs, ZnO-NPs
and TiO,-NPs had a specific nano-effect on DEH functioning. The investigation revealed
that Cu-NPs and ZnO-NPs decreased DEH activity in E. coli, whilst TiO,-NPs increased
their activity. In turn, Cu-NPs, ZnO-NPs and TiO,-NPs caused a significant decrease
in DEH activity in B. cereus. In the case of S. epidermidis, Ag-NPs and Cu-NPs induced
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DEH activity, whereas the remaining tested NPs decreased their activity. Generalising,
alterations in the DEH activity in E. coli, B. cereus and S. epidermidis after treatment with NPs
indicate damage to the cell outer layers and disturbance in their respiratory activity. Greater
sensitivity of DEH to metal-oxide NPs may be attributed to the larger release of metal
ions and their enhanced interactions with bacterial surfaces [9,43,47]. Nano-toxicological
studies related to DEH functioning concern both their leakage from the microbial cells and
their overall activity. Kumar et al. [38] documented a greater DEH release (by 41% and 23%)
from E. coli exposed to ZnO-NPs and TiO,-NPs due to loss of cell integrity. Similar findings
were obtained by Korshed et al. [47] and El-Kaliuoby et al. [48], who confirmed a stimulated
leakage of lactate dehydrogenases (LDH) from E. coli cells exposed to Ag-NPs and chitosan
biopolymer NPs from P. aeruginosa and S. aureus, respectively. These studies indicate a
targeted inactivation of metabolic activity of bacterial cells by a variety of different NPs.
Reduced glutathione plays an important role in the defence of bacterial cells, regu-
lating the redox cycles of microbial cells. The measurement of GSH level is a valuable
biomarker for determining the physiological status of a cell in various stress conditions,
including oxidative stress [49,50]. A significant reduction in GSH level was observed in
E. coli after exposure to Ag-NPs and ZnO-NPs and S. epidermidis treated with ZnO-NPs.
GSH, apart from scavenging high levels of H,O,, can have a high affinity to released heavy
metal ions from NPs, acting as a buffering agent against their excess concentration, which
can further lead to the increase in its oxidised state (GSSG) [42,51]. Furthermore, NPs and
released ions can interact with GSH thiol groups, depleting its concentration and reducing
the defence mechanism of bacterial cells against generated ROS [9,23]. This finding and
the potential agglomeration of NPs may explain the differences in obtained results. Ad-
ditionally, each microorganism has a unique defence mechanism against oxidative stress,
characterised by a different abundance of GSH and its divergent importance in protecting
bacterial cells. For example, GSH is more abundant in gram-negative than gram-positive
bacteria [52]. The results obtained in this work are in accordance with this statement
because they clearly present a greater share of GSH in the protection of E. coli than B. cereus
and S. epidermidis, producing a low concentration of GSH. Kumar et al. [38] found that GSH
concentration in E. coli treated with ZnO-NPs and TiO,-NPs (80 g mL~!) decreased by 53%
and 60%, respectively. Referring to this study, an opposite trend was observed as a larger
depletion of GSH by 15% in E. coli cells treated with ZnO-NPs than TiO,-NPs. This was
correlated with small overall ROS concentration in E. coli cells detected after treatment with
metal-oxide NPs, suggesting an active non-catalytic antioxidant defence system against the
accumulation of intracellular ROS. In other studies, Korshed et al. [47] and Huang et al. [41]
recorded a depletion of GSH in E. coli and P. chrysosporium treated with Ag-NPs, probably
associated with detoxification of generated ROS. Similarly, Yuan et al. [43] reported a sig-
nificant decrease in GSH levels by 80% and 70% in P. aeruginosa and S. aureus exposed to
Ag-NPs, respectively. The lower bactericidal effect of Ag-NPs in this work may be related
to the bigger size of commercial NPs and hence the smaller release of Ag* ions.
Disruption of redox homeostasis by ROS, released metal ions and oxidative activity
of NPs may lead to the oxidative damage of proteins resulting from changes in their
carbonyl and amine content [53,54]. Oxidation of proteins can result in the formation of
carbonyls on protein side chains containing amino acids such as lysine, arginine, cysteine,
or proline [55-58]. The formation of protein carbonyls causes significant structural changes
in proteins, disrupting their functioning or even leading to their degradation [59]. In
this study, Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs caused significant alternations in
>C=0level in E. coli, B. cereus and S. epidermidis. In general, the most visible changes were
observed in the presence of ZnO-NPs and TiO,-NPs. This is in accordance with high LPO
levels in these bacteria as well as significant changes in CAT, PER, SOD and DEH activities.
Moreover, further oxidation of protein side chains containing amine groups can also result
in considerable changes in their overall content because these groups amongst sulphur-
containing ones are the most susceptible to oxidative changes forced by ROS [58,60]. Here,
it was also established that ZnO-NPs was characterised by the strongest stimulating effect
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on -NH,; content in bacterial cells. The knowledge concerning the impact of NPs on the
content of carbonyl and amine groups in bacteria is very limited [53,54]; therefore, the
obtained results can be considered innovative.

The formation of ROS, especially *OH and 'O, can initiate lipid peroxidation, which is
an oxidation process of unsaturated fatty acids and other lipids leading to severe structural
changes in bacterial outer layers, including changes in its permeability, fluidity, and damage
to the building components [53,61,62]. Herein, it was revealed that Ag-NPs, Cu-NPs and
TiO,-NPs caused a significant increase in LPO level in E. coli and S. epidermidis; however, in
B. cereus a visible increase in this parameter occurred only after exposure to Ag-NPs and
Cu-NPs. The collected data further proved a strong oxidative stress generation by tested
NPs in all tested strains. Interestingly, the addition of ZnO-NPs to the culture medium
caused a decrease in LPO levels in B. cereus and S. epidermidis, which may suggest an
adaptation of these bacteria to oxidative stress. In a similar study, Chatterjee et al. [53]
documented a 35- and 50-fold increase in lipid peroxidation level in E. coli cells in the
presence of Cu-NPs in concentrations of 3.0 and 7.5 pg mL !, respectively. Analogously,
Quinteros et al. [19] observed a 60% increase in the oxidation of lipids and proteins in
E. coli after exposure to Ag-NPs. An increase in malondialdehyde (MDA) content in E. coli
treated with TiO,-NPs was also positively correlated with ROS production [63]. In another
study, Kumar et al. [38] found a dose-depended increase in the formation of hydroperoxide
ions and MDA levels in E. coli exposed to ZnO-NPs and TiO,-NPs, suggesting an increase
in the lipid peroxidation. Those results indicated membrane damage in E. coli, further
supported by an increased LDH release after treatment with NPs. Comparable results
were obtained by Jain et al. [64], who recorded a greater MDA production in E. coli and
P. putida in comparison with B. cereus and S. aureus strains. This may be attributed to greater
activity of the E. coli enzymatic antioxidant system and additional protection of cells by
GSH, which may prevent an increased production of MDA compared to B. cereus and
S. epidermidis cells.

4. Materials and Methods
4.1. Bacterial Strains and Nanoparticles

In this study, three bacterial strains were tested for various responses to the exposure
of selected metallic nanoparticles. They included gram-negative Escherichia coli (ATCC®
25922™) and gram-positive Bacillus cereus (ATCC® 11778™), and Staphylococcus epidermidis
(ATCC® 12228™) strains purchased from the American Type Culture Collection (ATCC).
E. coli was maintained using Bacto™ Tryptic Soy Broth (cat. 211825; pancreatic digest
of casein 17.0 g L™}, papaic digest of soybean 3.0 g L~!, dextrose 2.5 g L1, sodium
chloride 5.0 g L1, dipotassium phosphate g L™!); however, B. cereus and S. epidermidis
were passaged in Difco™ Nutrient Broth (cat. 234000; beef extract 3.0 g L~!, peptone
50gL71).

All these strains were exposed to four types of nanoparticles (NPs): Ag-NPs (cat.
576832), Cu-NPs (cat. 774081), ZnO-NPs (cat. 677450) obtained from Sigma-Aldrich
company and TiO,-NPs (cat. US1019F) acquired from US Research. The size of Ag-NPs,
Cu-NPs and ZnO-NPs ranged in <100 nm, 25 nm and <50 nm, respectively, while TiO,-NPs
were 20 nm in size. All NPs were characterised by 97-99.5% purity. Before starting the
actual experiment, the stock solutions of NPs in sterile Millipore Water were sonicated
(Vibra-Cell™, 20 kHz) for 10-20 min to avoid their aggregation/agglomeration.

4.2. Experimental Design

To determine toxicological parameters of NPs and assess their influence on antioxidant
defence system and other accompanying processes, bacteria were grown in lysogeny broth
medium (LB mix; NaCl 10 g L™}, tryptone 10 g L™}, yeast extract 5 g L™!) until they
reached half of the logarithmic growth phase (4-5 h). Subsequently, bacterial suspension in
0.85% NaCl containing cells from this phase was used to inoculate sterile LB medium until
ODgqp = 0.1 was achieved (~10” CFU mL™!), and the appropriate NPs were individually
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added at a concentration corresponding to the ICs( values (Table 1). Depending on the assay
performed, the bacterial cultures were incubated for 1 to 24 h at 37 °C. The experimental
design with multifaceted analyses of measured parameters is presented in Figure 8.

Commercial NPs 3

“ Tio, H
v | 20nm M

| statistical |
analyses

ANOVA and }
Tukey's HSD test 1
(p>0.05) |

| | HO,OH

__________ i >__________I
o e Z s o
H Enzymes 1 . Principal \
1 activity. : I component
= 1| SOD, CAT, PER, |} = I analysis -
T L "eom ]
szzz=zzz=: . | .
|1 Grutatrione ! : |
5 |l (GSH) i LCIusteranalysns :
]
I __________ ’ J
L 3
E MBC I : P-r:t:.ln : I
o (Minimum bactericidal concentration) oxidation : .
S | F========= 5 |
—————————— ~
=2 ¥ >
8-5 MIC -1 Lipid e
%2 (Minimum inhibitary concentration j| Peroxidation |1
5 ¢ v ) I o™ il
SR T ” .
b i i
& 1C50

(Inhibitory concentration)

Figure 8. Scheme of experimental design.

4.3. Evaluating the Toxicological Effect of NPs on Bacterial Strains

The broth dilution method was performed to study the potential toxicological effect of
individual Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs on bacterial cell viability [65,66]. The
determined toxicological parameters included: minimum bactericidal concentration (MBC),
minimum inhibitory concentration (MIC), and the half-maximal inhibitory concentration
(ICsp). Before bacteria treatment, serial-fold dilutions of NPs were prepared in a sterile LB
medium with final concentrations ranging between 0 and 1200 mg L. Next, increasing
concentrations of NPs were added to the bacterial cultures, which were incubated for
24 h at 37 °C with shaking (140 rpm). After that, 10-fold dilution series of each culture
were prepared in 0.85% NaCl, and 100 pL of each bacterial suspension were sub-cultured
on LB agar plates and incubated for 24 h at 37 °C. Afterwards, bacterial colonies were
counted, and the number of bacteria was expressed as colony-forming units—CFU mL ™.
Inhibition of bacterial growth was established using a mortality rate formula with 99%
and 100% inhibition accounted for MIC and MBC values, respectively [65,66]. Accordingly,
toxicological ICs values of NPs were estimated with Prism 5 software (GraphPad Software,
San Diego, CA, USA).

4.4. Measuring the Concentration of Reactive Oxygen Species (ROS)

The total concentration of ROS and levels of singlet oxygen (O,), superoxide radical
anion (O,°7), hydrogen peroxide (H,O;) and hydroxyl radical (*OH) were measured
in biotic and abiotic samples treated with Ag-NPs, Cu-NPs, ZnO-NPs, and TiO,-NPs.
Abiotic samples (research medium and NPs) were prepared to test the ability of NPs to
spontaneously generate ROS, while the actual effect of NPs on ROS production in bacterial
cells was assessed in the biotic trials. The final data concerning ROS production in the
biotic samples are presented as the difference between biotic and abiotic samples for
each NPs treatment. The total intracellular ROS concentration was evaluated using 2',7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) oxidised to 2’,7'-dichlorofluorescein
(DCF) by ROS [67]. First, bacterial cells from half of the log phase were suspended in
phosphate-buffered saline (PBS) supplemented with individual NPs (ICs), and next, they
were incubated for 1 h at 37 °C on a rotary shaker (140 rpm). Similarly, the appropriate
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blank samples were prepared without bacterial cells. After adding 4 mM H,DCFDA, the
samples were incubated for 30 min, and the fluorescence was measured at an excitation
wavelength of 485 nm and an emission wavelength of 530 nm. Meanwhile, the tested
samples were cultured on LB agar plates, and CFU was calculated after 24 h of incubation at
37 °C. The intracellular ROS concentration was calculated according to Alpaslan et al. [68]
and expressed as AU-CFU mL~!, where AU means absorbance unit.

The level of 'O, was measured using a modified method by Zhang et al. [69] based
on quenching of the 1,3-diphenylisobenzofuran (DPBF) fluorescence. The fluorescence
of the abiotic and biotic samples prepared in PBS with NPs (IC5p) was measured after
the addition of 3 mM DBPF at A = 410 nm over a 5 min period. Unlike, the O,*~ level
was estimated in compliance with a method by Horst et al. [70], involving the reduction
of XTT tetrazolium salt to a colourful formazan. After the addition of 91.3 mg L~! XTT
salt to the samples, the absorbance at A = 490 nm was measured at 0 h and after 2 h of
incubation with the reagent. Between the measurements, the samples were kept in the
dark at 37 °C. The 1O, and O,°*~ level was expressed as AU. By comparison, H,O; level
was identified through the use of Amplex Red (AR) reagent and horseradish peroxidase
(HRP), which converts AR to fluorescent resorufin in the presence of HyO, measured at an
excitation wavelength of 520 nm and an emission wavelength of 620 nm [71]. To measure
the concentration of HyO,, 200 uM of AR reagent and 0.02 mg mL~! of HRP were added
to the samples, and the fluorescence was detected at 0 and next after 5, 10, 15 and 20 min
of incubation. The concentration of HyO, (LM) was estimated using a standard curve
(y = 1592.9x) performed with concentrations ranging from 0.024 uM to 50 uM. The *OH
content was established using the indirect method of deoxyribose degradation, which leads
to the formation of degradation products reacting readily with thiobarbituric acid (TBA)
measured spectrophotometrically at A = 532 nm [72,73]. The cells in PBS with NPs (ICs59) and
20 mmol L~! deoxyribose were incubated for 1 h at 37 °C and centrifuged (5000 rpm, 5 min,
4 °C). Next, 2.8% (m/v) trichloroacetic acid (TCA) and 1% (w/v) TBA were introduced to
the supernatant and incubated for 15-20 min at 100 °C. After incubation, the absorbance of
the sample was measured, and the concentration of *OH was calculated using a standard
curve (y = 8.832x) performed with malondialdehyde (MDA) concentrations ranging from
0 uM to 0.1 uM.

4.5. Measuring the Activity of Antioxidant Enzymes and Dehydrogenases

After exposure to NPs, the activities of three antioxidant enzymes: superoxide dis-
mutase (SOD), catalase (CAT) and peroxidase (PER) in E. coli, B. cereus and S. epidermidis
were assayed. The isolation of enzymes from bacterial cells was carried out in accordance
with a method by Hegeman [74]. Bacteria were cultivated in LB medium with Ag-NPs,
Cu-NPs, TiO»-NPs and ZnO-NPs (ICsp) for 24 h at 37 °C and next, they were centrifuged
(5000 rpm, 20 min, 4 °C). The resulting pellet was washed and suspended in 50 mM phos-
phate buffer (pH 7.0), and sonicated 6 times for 15 sec with 30-sec intervals (Vibra Cell™,
20 kHz) in the ice bath. The suspension was centrifuged (15,000 rpm, 20 min, 4 °C) and the
obtained supernatant was subjected to the determination of the activity of enzymes. The
activity of SOD was measured through an indirect method using a commercial reagent kit
(cat. 19160; Sigma-Aldrich, St. Louis, MI, USA) based on the production of water-soluble
colourful formazan dye and decrease in the colour intensity of the sample at A = 450 nm.
The specific activity of SOD was calculated using the formula described in the protocol
by Zhang et al. [75]. The CAT activity was measured according to Banerjee et al. [76] and
David et al. [77], based on the decomposition of HyO; in time. A decrease in the absorbance
of the sample at A = 240 nm was measured over 3 min, and specific CAT activity was
determined with molar extinction coefficient ¢ = 36,000 dm3-mol~!-cm~!. The PER activity
was assessed using colorimetric protocol by Sigma-Aldrich based on the purpurogallin
production. An increase in the absorbance of the sample at A = 420 nm was measured
for 3 min. The total protein concentration in the sample was determined according to
Bradford [78] with Coomassie Brilliant Blue G-250 reagent and lysozyme as a standard. The
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activity of SOD, CAT, and PER was expressed as U mg~! protein. To determine dehydroge-
nases (DEH) activity in bacteria, the common colorimetric assay based on the reduction of
2,3,5-triphenyltetrazolium chloride (TTC) to the creaming red-coloured triphenylformazan
(TPF) was applied [79]. The activity of DHA was expressed as mg TPF h~! mg~! protein.

4.6. Measuring the Reduced Glutathione Concentration (GSH)

Glutathione is an important non-enzymatic component of the antioxidant system.
The principal of the assay is based on the reaction between the sulfhydryl group of GSH
with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), known as Ellman’s reagent, leading to the
production of colourful 5-thio-2-nitrobenzoic acid (TNB) [38]. After adding 100% TCA to
the bacterial cultures exposed to NPs (ICs) for 24 h, they were incubated for 10 min at 37 °C
and centrifuged (10,000 rpm, 5 min, 4 °C). The samples were then neutralised with Tris-HCI
buffer (pH 8.9), and 0.01% DTNB was added. After 15-20 min of incubation, the absorbance
of the sample was measured at A = 412 nm. The concentration of GSH was estimated using
a standard curve obtained for the concentrations ranging from 0.049 to 100 uM.

4.7. Determining Carbonyl and Amine Group Content in Oxidatively Modified Proteins

Determining the carbonyl (>C=0) and amine group (-NH;) content in proteins al-
lows confirming protein oxidation in bacterial cells treated with NPs (ICs). The principal
of the >C=0 content assay is based on the reaction of protein carbonyl groups with 2,4-
dinitrophenylhydrazine (DNPH), resulting in the formation of 2,4-dinitrophenylhydrazones
measured calorimetrically [53,80,81]. Subsequently, -NH, content measurement is based on
the reaction of fluorescamine with amine groups, which produces fluorescent product pro-
portional to the amine content in a sample, whilst the unbound fluorescamine hydrolyses
to non-fluorescent products [60,81]. The supernatant for analysis was obtained in a similar
way to the procedure for isolating antioxidant enzymes. To determine >C=0 content, the
proteins in the supernatant were precipitated by adding 10% (w/v) TCA and centrifuged
(12,000 rpm, 15 min, 4 °C). The obtained precipitate was treated with 0.2% (m/v) DNPH
and the sample was incubated for 1 h at 37 °C in the darkness. Sequentially, the precip-
itate was dissolved in guanidine hydrochloride, incubated for 15 min, and centrifuged
(5000 rpm, 2 min, 4 °C). The absorbance of the collected supernatant was measured at
A =370 nm, and the content of carbonyl groups was calculated using the molar extinction
coefficient e = 21 L-mmol~!-cm~! of the formed hydrazone. In turn, to determine -NH,
content in proteins, 0.03% fluorescamine solution was added to the sample in a 3:1 ratio
and then vortexed. After 30 min incubation in the dark, the fluorescence of a sample was
measured at an excitation wavelength of 390 nm and an emission wavelength of 465 nm.
The concentration of -NH; was estimated using a standard curve obtained for standardised
albumin samples in concentrations ranging from 50 to 1000 pg-mL~!.

4.8. Assessing the Lipid Peroxidation Level in Bacterial Strains

In the process of lipid peroxidation, one of the most common products is malondi-
aldehyde (MDA), which reacts with TBA generating spectrophotometrically measured
chromophore [53,82]. The supernatant was obtained analogously to the antioxidant en-
zyme isolation. In the next stage, 15% (w/v) TCA and 0.37% (w/v) TBA were added to the
supernatant in 1:1:1 ratio. Parallelly, the control sample containing sterile H,O, instead of
TBA, was prepared. The mixtures were incubated for 10 min at 100 °C and centrifuged
(5000 rpm, 20 min, 4 °C). The absorbance of the solution was measured at A = 535 nm,
and the concentration of MDA was calculated based on the molar extinction coefficient
¢ =156 L-mmol '-em 1.

4.9. Statistical Analysis

The assays were performed in three repeats for each sample set, and the final results
were presented as the mean =+ the standard deviation (SD)/the standard error (SE). The
statistical significance of data in tested samples was determined through one-way ANOVA,
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followed by Tukey’s Honest Significant Difference test (HSD). The substantial variations in
obtained data are represented by annotated letters in the presented graphics for the p < 0.05
statistical significance threshold. All statistical tests were carried out using STATISTICA
13.1 software package (Dell Inc., Austin, TE, USA).

5. Conclusions

This study revealed strong antimicrobial properties of Ag-NPs, Cu-NPs, ZnO-NPs and
TiO,-NPs against E. coli, B. cereus and S. epidermidis strains and proved their antimicrobial
effect depending on the species of bacteria and studied NPs. All NPs generated oxidative
stress in the bacteria, which reflected in the production of different types of ROS in a wide
range of concentrations. Disruption of bacterial redox homeostasis caused alterations in
the activity of CAT, PER and SOD, depletion in GSH concentration and protein oxidation.
Moreover, the research provided new insight into NPs effect on bacterial outer layers
and respiratory metabolism through increased lipid peroxidation levels and alterations in
DEH activity. Our ongoing research is focused on the expression of genes responsible for
oxidative stress, redox homeostasis and antioxidant defence system, which will provide
extra information on the genetic regulation of studied phenomena.
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Abstract: Although the molecular response of bacteria exposed to metal nanoparticles (NPs) is inten-
sively studied, many phenomena related to their survival, metal uptake, gene expression and protein
production are not fully understood. Therefore, this work aimed to study Ag-NPs, Cu-NPs, ZnO-NPs
and TiO,-NPs-induced alterations in the expression level of selected oxidative stress-related genes in
connection with the activity of antioxidant enzymes: catalase (CAT), peroxidase (PER) and superoxide
dismutase (SOD) in Escherichia coli, Bacillus cereus and Staphylococcus epidermidis. The methodology
used included: the extraction of total RNA and cDNA synthesis, the preparation of primers for
selected housekeeping and oxidative stress genes, RT-qPCR reaction and the measurements of CAT,
PER and SOD activities. It was established that the treatment of E. coli and S. epidermidis with NPs
resulted mainly in the down-regulation of targeted genes, whilst the up-regulation of genes was
confirmed in B. cereus. The greatest differences in the relative expression levels of tested genes oc-
curred in B. cereus and S. epidermidis treated with TiO,-NPs, while in E. coli, they were observed under
ZnO-NPs exposure. The changes found were mostly related to the expression of genes encoding
proteins with PER and CAT-like activity. Among NPs, ZnO-NPs and Cu-NPs increased the activity
of antioxidants in E. coli and B. cereus. In turn, TiO,-NPs had a major effect on enzymes activity in
S. epidermidis. Considering all of the collected results for tested bacteria, it can be emphasised that the
impact of NPs on the antioxidant system functioning was dependent on their type and concentration.

Keywords: Escherichia coli; Bacillus cereus; Staphylococcus epidermidis; metal nanoparticles; oxidative
stress-related genes; catalase; peroxidase; superoxide dismutase

1. Introduction

The golden age of nanotechnology started in the 1980s, and its industrial breakthrough
in the 21st century revolutionised the conventional approach to science and the production
of various materials [1]. Nanoparticles (NPs) have gained particular recognition in medical
applications due to their antimicrobial properties and the stability required for effective
drug delivery systems; inter alia, such solutions are used as implant coatings. For example,
the deposition of Ag-NPs on the surface of dental implants as a surface coating can improve
the quality and biocompatibility of the implant and at the same time limit the use of
conventional antibiotics [2,3].

The extensive use of NPs in many sectors of the economy and their release into various
ecosystems have raised global concern about their adverse effects on living organisms, in-
cluding microorganisms. Presently, intensive research is carried out on reference microbial
strains as well as environmental microorganisms in order to understand the comprehensive
impact of NPs on their physiological processes and the surrounding environment and
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to determine the critical points of the observed effects [1,4,5]. According to the existing
literature data, the major processes underlying the antibacterial effects of NPs include
the disruption of the bacterial cell membrane, the generation of reactive oxygen species
(ROS), the penetration of the bacterial cell membrane and the induction of intracellular
antibacterial effects, including interactions with DNA and proteins [4-6]. Among these
processes, the most significant attention has been paid to the generation of oxidative stress
by NPs, as it has been proposed to be the leading mechanism of the biological activity of
NPs. The catalytic oxidation of cellular components and building materials induced by ROS
can disrupt fundamental metabolic processes and lead to cell death [4,6,7]. To mitigate the
threat posed by NPs, bacteria have developed a variety of mechanisms to combat oxidative
stress and balance ROS levels that lead to cellular toxicity. The literature data show that the
presence of scavenging enzymes such as catalase (CAT), peroxidase (PER) and superoxide
dismutase (SOD) that control and deplete ROS levels is of key importance in self-defence
mechanisms against oxidative stress in bacteria [5,8,9]. However, under stressful conditions,
the activity of antioxidants can be disturbed by the presence of NPs, releasing heavy metal
ions and ROS and impairing the functioning of enzymes or their synthesis from the initial
molecular stages. For example, in a study by Liao et al. [10], proteomic and biochemical
analyses have shown that the exposure of Pseudomonas aeruginosa to Ag-NPs resulted in
the alterations of CAT, PER and SOD activities, which was co-dependent on the generation
of ROS and the up-regulation of these proteins. Additionally, such toxicological effects
may depend not only on the unique characteristics of the materials tested but also on
the standardised concentration. By way of illustration, in the experiment conducted by
Choi et al. [11], an increase in CAT and SOD activities in Escherichia coli cells treated with
Ag-NPs depended on the increase in the Ag-NPs concentration.

Moreover, the literature reports indicate that NPs may exhibit genotoxic properties
and cause DNA and RNA damage and disrupt replication and the expression of genetic
information in a cell, along with having a mutagenic effect. This mode of action can be
attributed to the direct impact of NPs and the released metal ions as well as the indirect effect
via the ROS-mediated and induced SOS responses in bacterial cells [6,12-15]. An interesting
property of NPs is their influence on horizontal gene transfer between microorganisms,
as they can facilitate this process, inter alia, through the induction of the formation of
conjugation pairs or the stimulation of selected genes expression [16-18]. Furthermore, it
was established that Au-NPs and Ag-NPs could damage DNA through the electrostatic
interactions with phosphate groups in the polyanionic backbone of nucleic acids, in addition
to the hydrophobic and van der Walls forces interactions of metal ions and to the oxygen
and nitrogen atoms present in nucleic acids [13,19,20]. By contrast, RNA is more susceptible
to oxidative damage caused by ROS than DNA, and, without RN A-repair mechanisms,
important processes such as the regulation of transcriptional activity may be altered [9].
Additionally, despite research on gene expression and protein synthesis in microorganisms
exposed to NPs, the greatest emphasis is put on stress-related, virulence and DNA-repair
genes, alongside genes involved in the quorum sensing system, which play a vital role in
the biofilm formation. Such NPs—-microorganisms interactions can negatively impact the
functioning of microorganisms, e.g., they can lead to disturbances in the biofilm formation
and proper functioning of the quorum sensing system [19,21,22]. For example, the treatment
of Azotobacter vinelandii with Ag-NPs resulted in the down-regulation of the nif H gene and
decreased nitrogenase activity, leading to the inhibition of nitrogen fixation [23].

It is worth underlining that a limited number of studies consider the action of NPs
on the gene expression, protein synthesis and metabolism of bacterial cells regarding the
antioxidant defence system. The available information in this field shows the influence
of various nanostructures regulating the expression of genes encoding individual antioxi-
dants related to the effective utilisation of ROS and genes encoding proteins involved in
oxidation-reduction processes. Yan et al. [24] demonstrated that the presence of Ag-NPs in
P. aeruginosa culture induced oxidative stress and eventuated in the up-regulation of KatA
and SodB ROS-related proteins. Similarly, Zhang et al. [17] reported that the relative expres-
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sion of genes responsible for the ROS production in Escherichia coli and Pseudomonas putida
exposed to CuO-NPs showed an up-regulation of the sodA, sodB and katE genes. In turn, de
Celis et al. [25] only observed a significant up-regulation of sodM in P. aeruginosa under Ag-
NPs and ZnO-NPs treatment compared to other oxidative stress genes. Correspondingly,
an up-regulation of genes encoding SOD and a down-regulation of CAT-related genes were
revealed in Deinococcus radiodurans cells exposed to ZnO-NPs [26].

Due to the scarce information on the direct relationship between the expression level
of oxidative stress genes and the activity of the corresponding antioxidant-like proteins
in bacteria under NPs stress, it seemed worthwhile to investigate this dependence thor-
oughly. Therefore, in this experimental study, the intended goals included: (1) assessing
and comparing the transcriptional response of model Escherichia coli, Bacillus cereus and
Staphylococcus epidermidis to the exposure of Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs at a
half-maximal inhibitory concentration (ICsp) and %IC50 ; (2) measuring the activity of the
antioxidant enzymes CAT, PER and SOD and (3) establishing the statistical similarities and
differences between measured parameters. An experimental set-up presenting all of the
issues to be tested is illustrated in Figure 1.

Monoculture
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Figure 1. Diagram of experimental set-up.
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2. Results
2.1. Analysis of the Expression Level of Tested Genes in Bacteria under NPs Exposure

Table 1 presents genes encoding antioxidant enzymes in tested bacterial strains chosen
for the absolute quantification reaction against selected housekeeping genes used as internal
controls. These particular genes were selected by analysing the E. coli, B. cereus and
S. epidermidis genomes, as they all encode proteins with CAT, PER and SOD-like activity.

Table 1. Primer sequences for selected housekeeping and oxidative stress genes in E. coli, B. cereus

and S. epidermidis used in the RT-qPCR reaction.

Sequence of Primer

Gene/Product Forward (5'-3') Reverse (5'-3') Froduct Length [op]
E. coli
Housekeeping genes
gyrA (DNA gyrase subunit A) CTTCATCGAATAGACGCGG TCTGCCGCACGTATTAAAG 108
gyrB (DNA gyrase subunit B) GCAAAGAAGACCACTTCCAC AAGATATTCGGGTGGATCGG 91
;thEOgNA polymerase sigma-F TACAGCAATCCGATACAGCC TCCCGATGTGGTACAAGAAG 100
Oxidative stress genes
katE (CAT HPII) CATTCGGGAGTAGAGCAGTT ATGATGAAGTGAGATCGGCA 89
katG (bifunctional CAT-PER) ACGTAAATCAGGCCCATCTC TCTGGATGTTAACTGGGGTG 105
ycdB (heme-containing PER) CGTAATCGGGAACATCATGC TGAAAGAGCAGCAGACGATA 87
sodA (manganese SOD) TTATCGCCTTTTTGCACCAG GCTATCGAACGTGATTTCGG 110
sodB (cytosolic iron-containing SOD) CTTCAGCGACTTTTCCAGTC TCTGAAGGTGGCGTATTCAA 109
s0dC (copper-zinc SOD) AAGCTGCCAGTGAAAAAGTC GTTTCAGTAATGGTGACGCT 88
B. cereus
Housekeeping genes
gyrA (DNA gyrase subunit A) TACGTTGGGCGATGAAGACC AATCGGTGTACGCTTTCCGT 103
gyrB (DNA gyrase subunit B) GCGTGGTATTCCGGTTGGTA TATAACCGCCACCGCCAAAT 104
rpoB (RNA polymerase subunit beta) ~ ACCAGAGGGACCAAACATCG CTGGGTCAACACGACGGTAT 101
Oxidative stress genes
katA (main CAT) CAACAACGTGATGGTGCGAT GTTGAATCGCGGTAAGCTGG 110
katE (CAT HPII) GGCCCAACCTTAATGGAGGA TAACCATGTACGCCAACCCC 110
tpx (thiol PER) GCGCTGATTTACCATTCGCTC GAATGAAAGGTCGCGGTGGT 92
yojM (zinc SOD-like protein) GAAGGGTGCAGAAAACGGTG TCAAGTGTGATGTGTGGGGC 93
sodAl (manganese SOD) CCAGAAGCAATCCGTACAGC CTCCGCCGTTTGGAGATAGG 91
sodA2 (manganese SOD) CGAAATAACGGTGGTGGTCA TGCAACGTCTCCATTAGGCT 90
S. epidermidis
Housekeeping genes
gyrB (DNA gyrase subunit B) GACAATGGCCGTGGTATTCCT CCGAATTTACCTCCAGCGTG 98
rpoB (RNA polymerase subunit beta) ~ GGGAGCAAACATGCAACGTC TCTCTTGCGGCTACGTGTTC 90
pyk (pyruvate kinase) ACTGCTGGTGTACCTACTGGA CCTCTACCAACACCTTGACCT 98
Oxidative stress genes
ﬁfﬁéf}ga‘thione peroxidase CGCTGCTAAAGGTATGTAAACGA  TCCGGTTTCTTTTGAGGGGAG 108
katA (CAT) AGTCGTGATGGACAAATGCG GTGGCTTCTTGTGTTCAGGC 109
npr (NADH peroxidase) CCAGCTACCGAGTGGCTAAA GCCACCCGCATAGACATCTT 105
tpx (thiol PER) ACGCTTACTTGCACGTTCGG CAGGGTAATTCGTACCTTCGCT 89

sodA (SOD Mn/Fe)

TCAGCAGTGAAGGGACAGATT

CCACCGCCATTATTAGAACAG

110
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To thoroughly examine the influence of NPs on the antioxidant profile, the transcrip-
tional response of bacterial cells to NPs was assessed by comparing the relative expression
level of selected genes, encoding proteins with CAT, PER and SOD-like activities. Moreover,
this study allowed for the determination of correlations between product formation at the
expression level of selected genes and the activity of encoded proteins. The obtained results
confirmed a significant impact of NPs at ICsy and %IC5O on the relative expression level
of katE, katG, ycdB, sodA, sodB and sodC genes in E. coli cells (Figure 2A,B). For example,
ZnO-NPs at IC5q caused an 11-fold up-regulation of katG and an 8-fold up-regulation of
sodC. By contrast, when Cu-NPs were added at ICsg to E. coli culture, there was a 1-fold
reduction in the expression level of the katE and sodB genes, respectively (Figure 2A).
Subsequently, the use of NPs at 31Cs had a divergent effect on the gene expression level
compared to their expression induced by ICsq (Figure 2B). Overall, the findings showed
that Ag-NPs, Cu-NPs and TiO,-NPs at %IC50 decreased the expression level of the studied
genes, while ZnO-NPs had the opposite effect. The highest 1.3-fold up-regulation was
observed for katG in E. coli treated with ZnO-NPs. Interestingly, Ag-NPs and Cu-NPs
at %IC50 down-regulated the expression of katE and sodB (about 1-fold). The statistical
analysis uncovered significant differences (p < 0.05) for the relative expression levels of
E. coli genes between NPs treatments at different concentrations. The greatest variation
between the results was noted in the data obtained for katE, katG and sodA. In turn, ZnO-
NPs were found to be the most influential on the transcriptional response of E. coli cells.
Nevertheless, Ag-NPs, Cu-NPs and TiO,-NPs induced considerable but different changes
in the expression levels of selected genes. Moreover, changes within the transcriptional
response of E. coli depended on the concentration and type of NPs used and the kind of
gene analysed.
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Figure 2. The relative expression levels of katE, katG, ycdB, sodA, sodB and sodC genes in E. coli
exposed to NPs at ICs5j (A) and %IC50 (B), measured against rpoE as the reference gene (mean + SD;
n = 4). Significant statistical differences (p < 0.05) between control and NPs treated cells (n = 4) are
represented by different letters by a two-way ANOVA test and followed by a post-hoc Tukey’s HSD
(honestly significant difference) test.

In the case of B. cereus, diverse and unique links were noted between the different
treatments of cells with individual NPs and the expression levels of katA, katE, tpx, yojM,
sodAl and sodA2 genes (Figure 3A,B). It is worth underlining that the exposure of B. cereus
to NPs induced a transcriptional response of bacterial cells consisting in up-regulating the
expression of the studied genes in most samples. For example, the highest around 159-fold
up-regulation of katE was recorded for Cu-NPs and TiO,-NPs at ICs (Figure 3A). It is also
worth pointing out that ZnO-NPs and Cu-NPs at ICs caused a 40- and 50-fold increase in
the expression level of yojM, respectively. Interestingly, the exposure of B. cereus to Ag-NPs
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at %IC50 caused a significant increase (165-fold) in the expression level of katE (Figure 3B).
However, a notable decrease (about 0.5-fold) in the expression of all tested genes was
confirmed after applying ZnO-NPs to bacterial culture. The results from the statistical
analysis proved that all NPs at ICsp and %IC50 had a significant and differentiating effect
(p < 0.05) on the obtained data. The tested NPs mainly exhibited a strong influence on
katA and katE genes (p = 0.000000). Moreover, it was established that TiO,-NPs had the
most substantial effect on the expression of all selected genes (p = 0.000000). Conclusively,
the obtained findings demonstrated varying effects of applied NPs concentrations on the
transcriptional response of B. cereus. The genes most susceptible to the effects of NPs were
related to proteins revealing CAT and PER-like activities.
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Figure 3. The relative expression levels of katA, katE, tpx, yojM, sodA1 and sodA2 genes in B. cereus
exposed to NPs at IC5) (A) and %IC50 (B), measured against rpoB as the reference gene (mean + SD;
n = 4). Significant statistical differences (p < 0.05) between control and NPs treated cells (n = 4) are
represented by different letters by a two-way ANOVA test and followed by a post-hoc Tukey’s HSD
(honestly significant difference) test.

In a parallel set of experiments, it was established that the treatment of S. epidermidis
with NPs at both concentrations significantly altered the transcriptional response of bac-
terial cells, affecting the expression of bsaA, katA, npr, tpx and sodA genes (Figure 4A,B).
Predominantly, Ag-NPs, Cu-NPs and TiO,-NPs at IC5y showed a down-regulation of the
tested genes, whereas adding ZnO-NPs caused their up-regulation (Figure 4A). The highest
0.6-fold decrease in the expression level was recorded for the katA gene in the cells exposed
to Ag-NPs; however, ZnO-NPs resulted in the most distinctive increase (about 4-fold)
in the expression of bsaA, npr and sodA. Compared to the ICsq dose, the application of
Ag-NPs and Cu-NPs at $ICs to bacterial culture caused prominent down-regulation of the
tested genes, whereas ZnO-NPs and TiO,-NPs reflected in their up-regulation. The greatest
decrease in the expression of sodA (0.5-fold) was confirmed in the cells under Cu-NPs
exposure, whereas the greatest increase (2.3-fold) in the expression of this gene occurred
in the presence of ZnO-NPs. Statistical analysis revealed significant differences between
the treatments of bacterial cells with both NPs concentrations (p < 0.05). Furthermore, the
highest statistical differences were calculated for the expression of sodA after treatment of
the bacteria with Ag-NPs (p = 0.00027), Cu-NPs (p = 0.000001), ZnO-NPs (p = 0.000045) and
TiO,-NPs (p = 0.000000). It is worth underlining that TiO,-NPs were the most impactful on
the tested genes’ expression levels.
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Figure 4. The relative expression levels of bsaA, katA, npr, tpx and sodA genes in S. epidermidis
exposed to NPs at ICsq (A) and%IC_r,Q (B), measured against rpoB as the reference gene (mean + SD;
n = 4). Significant statistical differences (p < 0.05) between control and NPs treated cells (n = 4) are
represented by different letters by a two-way ANOVA test and followed by a post-hoc Tukey’s HSD
(honestly significant difference) test.

Conclusively, significant and different changes in the genes’ expression levels in each
bacterial strain under NPs exposure indicate alterations in the product development at
the genetic level. It was established that the treatment of E. coli and S. epidermidis resulted
mainly in the down-regulation of tested genes, whilst the up-regulation of targeted genes
was observed in B. cereus cells. Considering all of the collected data, TiO,-NPs caused the
greatest differences in the transcriptional response of B. cereus and S. epidermidis, while in
E. coli, most significant differences in the relative expression levels of tested genes occurred
in the presence of ZnO-NPs. Overall, the conducted analyses confirmed most significant
influence of NPs on the expression of genes encoding proteins with PER and CAT-like
activity in all strains.

2.2. Activity of CAT, PER and SOD in Bacteria Exposed to NPs

In order to examine the functioning of the catalytic antioxidant system in bacteria
cells, the activity of the primary antioxidant enzymes, including CAT, PER and SOD, was
evaluated. The results obtained for E. coli showed a clear dependence of enzymes activity
on the concentration of NPs (Figure 5A,B). The treatment of E. coli with ZnO-NPs and Cu-
NPs at ICsq resulted in the highest increase in CAT activity (Figure 5A). A similar increase
in CAT activity was observed in bacteria exposed to NPs at %IC50, with ZnO-NPs and
Ag-NPs having the most substantial impact on its catalytic activity (Figure 5B). Interestingly,
the exposure of E. coli to Ag-NPs and TiO,-NPs at %IC50 caused a higher (about 44% and
16%) increase in CAT activity compared to its activity at ICsq. Furthermore, analysis of the
variance of changes in CAT activity between individual treatments revealed significant
statistical differences for Ag-NPs, Cu-NPs, ZnO-NPs and TiO,-NPs at IC5y and %IC50 since
p-values (0.0029, 0.00026, 0.036 and 0.045, respectively) did not exceed the significance
level of o = 0.05. By comparison, the stimulating effect of individual NPs at IC5yp on PER
activity in E. coli can be illustrated as follows: Ag-NPs < TiO,-NPs < Cu-NPs < ZnO-NPs
(Figure 5A). The highest increase in PER activity occurred in the presence of ZnO-NPs at
ICsp. Intriguingly, Cu-NPs, ZnO-NPs and TiO,-NPs at %IC50 caused a smaller increase
in PER activity than these NPs at ICsg (Figure 5B). It is worth noting that all NPs except
for Ag-NPs resulted in significant differences between dosage treatments (p < 0.05). In
corresponding experiments relating to the measurements of SOD activity in E. coli exposed
to NPs, a stimulating trend of individual NPs at both concentrations was established
(Figure 5A,B). The highest increase in SOD activity was documented in the presence of
ZnO-NPs at ICsq (Figure 5A). An equally high increase in its activity was also established
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for ZnO-NPs at %IC;,O (Figure 5B). Regarding the statistical significance between SOD
functioning in E. coli cells under different experimental conditions, it was confirmed that
only TiO,-NPs did not result in significant differences (p > 0.05). Summarising this series of
studies, it can be concluded that, among the studied NPs, the most substantial impact on
the activity of antioxidant enzymes in E. coli showed ZnO-NPs and Cu-NDPs.
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Figure 5. The activity of CAT, PER and SOD in E. coli exposed to NPs at IC5p (A) and %IC50
(B) (mean =+ SD; n = 3). Significant statistical differences (p < 0.05) between control and NPs treated
cells (n = 3) are represented by different letters by a two-way ANOVA test and followed by a post-hoc
Tukey’s HSD (honestly significant difference) test.

In a parallel experiment, the activity of antioxidant enzymes in B. cereus exposed to
NPs was measured. The effect of individual NPs at ICsy on the increase in CAT activity may
be illustrated as follows: Ag-NPs < TiO,-NPs < Cu-NPs < ZnO-NPs (Figure 6A). A relatively
high stimulation of CAT activity was recoded for Cu-NPs and ZnO-NPs. Interestingly, the
activity of CAT also increased after treatment with Ag-NPs (by 192%), TiO,-NPs (by 51%)
and ZnO-NPs (by 104%) at %IC5O, whilst Cu-NPs caused its decrease (by 60%) compared to
its activity at ICsq (Figure 6B). Similar to CAT, PER of B. cereus was most affected by Cu-NPs
and ZnO-NPs at ICsy, reflecting in the increase in its activity (Figure 6A). Furthermore,
Cu-NPs at IC5 proved to have a greater impact on the activity of PER than Ag-NPs and
TiO,-NPs. Predictably, Ag-NPs, Cu-NPs and TiO,-NPs added to the bacteria cultures at
%IC50 had a lower stimulating effect on PER activity than these NPs at ICs, (Figure 6A,B).
Based on the measurements of SOD activity, it can be concluded that Cu-NPs and ZnO-NPs
at ICsg had the greatest impact on the stimulation of this enzyme activity (Figure 6A).
Interestingly, the treatment of B. cereus with ZnO-NPs at %IC50 in contrast to ICs( resulted
in a higher increase in SOD activity by 249% (Figure 6B). It is worth underlining that the
obtained findings for CAT, PER and SOD activities in B. cereus proved to be statistically
significant for both concentrations of all NPs (p < 0.05). Overall, the greatest changes in
the activity of assayed enzymes in cells treated with NPs at IC5y and %IC50 were observed
for CAT and SOD. On the other hand, the greatest differentiation of the overall enzymatic
activity in bacterial cells exposed to NPs at ICsy and %IC50 was observed in the presence of
Cu-NPs and ZnO-NPs.

In the case of S. epidermidis, it is difficult to indicate the similarities in the influence of
individual NPs on the activity of CAT, SOD and PER due to their very diverse and often
contradictory effect on the activity of tested enzymes. Since each NPs had a different effect
on the antioxidant activity profile, it was found that the presence of Cu-NPs (ICsp) caused
a decrease in CAT activity, whilst other treatments resulted in the stimulation of CAT
functioning (Figure 7A). The greatest increase in CAT activity was recorded for TiO,-NPs
at ICs5p. Comparatively, TiO,-NPs at %IC5O had a smaller stimulating effect on CAT activity
by 87% than at ICs (Figure 7B). In turn, an opposite effect of Cu-NPs and ZnO-NPs at both



Int. J. Mol. Sci. 2022, 23, 4966

9 of 20

concentrations on CAT activity was documented. Moreover, significant differences in CAT
activity at ICsp and %IC50 were established for Cu-NPs (p = 0.00011), ZnO-NPs (p = 0.028)
and TiO,-NPs (p = 0.000003), except for Ag-NPs (p = 0.058). Simultaneously, the exposure
of S. epidermidis to NPs at both concentrations reduced PER activity, except for TiO,-NPs at
ICs5p generating the increase in its activity (Figure 7A,B). The high decrease in PER activity
occurred in the cells exposed to ZnO-NPs at IC5p and %IC50. Statistical analysis revealed
significant differences in the activity of PER treated with Ag-NPs (p = 0.0046), ZnO-NPs
(p = 0.014) and TiO,-NPs (p = 0.000001), except for Cu-NPs (p = 0.088). The conducted
research also confirmed an enhancing impact of NPs on SOD activity in S. epidermidis
(Figure 7A,B). The highest increase in SOD activity was ascertained for Ag-NPs and TiO;-
NPs at ICsj. Interestingly, the treatment of bacteria with TiO,-NPs at %IC;,O caused a
significant decrease in SOD activity by 103% (Figure 7B). It is worth pointing out that
both Ag-NPs and Cu-NPs exhibited a smaller inhibiting effect on SOD activity at %IC50
than at ICsy. Moreover, the obtained findings for SOD activities were demonstrated to be
statistically significant for both concentrations of all NPs (p < 0.05).
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Figure 6. The activity of CAT, PER and SOD in B. cereus exposed to NPs at ICsy (A) and %IC;,O
(B) (mean =+ SD; n = 3). Significant statistical differences (p < 0.05) between control and NPs treated
cells (n = 3) are represented by different letters by a two-way ANOVA test and followed by a post-hoc
Tukey’s HSD (honestly significant difference) test.

Conclusively, considering all of the collected results for E. coli, B. cereus and S. epidermidis,
it can be emphasised that the impact of NPs on the antioxidant system functioning was
dependent on their type and concentration. Furthermore, E. coli and B. cereus under
NPs exposure were characterised by increased activity of antioxidants, mainly affected
by ZnO-NPs and Cu-NPs. In turn, TiO,-NPs had a major effect on enzymes activity in
S. epidermidis. More significant differences in enzymes activity were found for B. cereus and
S. epidermidis than for E. coli. The obtained findings indicated different degrees of sensitivity
and susceptibility of the tested strains to varying concentrations of NPs.

2.3. Statistical Data Exploration

Statistical analyses including PCA and cluster analysis were performed to evaluate
the NPs treatment variability and variance between the whole set of data. At the same
time, a cluster analysis of all variables was carried out in order to check whether the
examined variables are statistically related to each other and whether there are correlations
in the collected data. Additionally, the interdependence of the tested components and
the NPs-concentration was included. PCA analyses and a coordination biplot for E. coli
distinguished two clusters along PC1, separating ZnO-NPs as the most differentiating NPs
(Figure 8B,D). Two clusters along PC1 were also created for B. cereus, including Cu-NPs
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with ZnO-NPs, Ag-NPs with control and separate for TiO,-NPs (Figure 9B,D). Similar
results to E. coli were obtained for S. epidermidis (Figure 10B,D).
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Figure 7. The activity of CAT, PER and SOD in S. epidermidis exposed to NPs at ICsy (A) and %IC50
(B) (mean =+ SD; n = 3). Significant statistical differences (p < 0.05) between control and NPs treated
cells (n = 3) are represented by different letters by a two-way ANOVA test and followed by a post-hoc
Tukey’s HSD (honestly significant difference) test.
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The performed cluster analysis displayed a correlation of results specific for each
strain. For example, the diagram generated for E. coli exposed to NPs revealed that the
most differentiating were ZnO-NPs, while Ag-NPs and TiO,-NPs had a comparable impact
on bacteria (Figure 8A,C). Additionally, it was demonstrated that PER and CAT activity and
the expression level of katG in E. coli had a major discriminating influence on the obtained
data. It is worth pointing out that a strong positive correlation (p < 0.05) was validated for
PER with CAT (r = 0.950) and katG with SOD (r = 0.941), katE (r = 0.945), ycdB (r = 0.998) and
s0dC (r =0.997) (Table S1). Regarding B. cereus, the obtained dendrogram projection revealed
two separate groups for ICsg. The first included the control and Ag-NPs, while the second
consisted of other NPs treatments (Figure 9A). It was documented that ZnO-NPs along with
katE, PER and yojM had the most differentiating influence on the data set. Additionally,
notable positive relationships (p < 0.05) were only observed for yojM with CAT (r = 0.929),
PER (r = 0.882), tpx (r = 0.892) and sodA1l (r = 0.96) and for PER with SOD (r = 0.888)
(Table S2). The dendrogram created for S. epidermidis showed the formation of two groups,
one dedicated to TiO,-NPs and the other containing other treatments (Figure 10A). It
was proved that all analysed enzymes were the most differentiating variables, without
correlation (p < 0.05) with the relative genes’ expression levels (Table S3).

The PCA and cluster analyses revealed that the dose of NPs had a significant impact
on the oxidative system of B. cereus and S. epidermidis, especially in the case of TiO,-NPs,
Ag-NPs and ZnO-NPs. Conversely, the results from PCA for E. coli showed that ICsy and
$IC50 NPs concentration had a slight effect on the enzymes activity and genes expression.

3. Discussion

In recent years, advances in nanotoxicological studies show that both the intentional
and unintentional exposure of living organisms to NPs force them to overcome toxicological
effects and thus precisely model biological activity profiles. The often diverse experimental
data on the cytotoxicity of various NPs present a challenge to the scientific community due
to the complexity and difficulty of verifying the extremely complex microorganism—NPs
interactions. As each type of NPs causes a different cellular bacterial response, various
assays and research methods are critical in tracking NPs-induced changes at the molecular
level. Understanding these changes is essential to ensuring their safe application and to
defining their impact when released into various ecosystems [27-29].

In the conducted studies, the combination of transcription and enzymatic analyses
allowed for a new and in-depth assessment of the expression level of genes encoding
antioxidant enzymes and other related products, together with the precise determination
of the correlation and relationship between these intracellular processes in model E. coli,
B. cereus and S. epidermidis strains. Such an approach to the studied topic revealed that
the influence of NPs on the analysed phenomena depended on their type and current
concentration in the bacterial culture. It is worth underlining that the concentration of
NPs was not always associated with the higher impact of NPs on the tested processes. For
example, Ag-NPs, Cu-NPs and TiO; at %IC{,Q appear to be more toxic to tested bacteria
than at ICsp. Such a dose-dependency was also documented by Leung et al. [30], who
established that TiO,-NPs at a lower concentration had greater influence on the expression
of ROS-related proteins than at a higher concentration. The divergent effects of NPs at
different concentrations on bacterial cells may be related to their bioavailability depending
on the ability of these structures to agglomerate/aggregate, changing their direct contact
with the cell. In this work, this is clearly shown by the opposite results obtained in the
same analyses for selected strains and NPs. For example, an up-regulation of katE and katA
genes in E. coli and S. epidermidis occurred after exposure to ZnO-NPs and TiO,-NPs at I1Cs,
respectively; however, an opposite effect was observed at %IC50. NPs have different and
more effective properties than their larger counterparts. It is worth emphasising that there
are no identical NPs at the atomic level [31,32]. Furthermore, it has been observed that
the size of NPs affects their various properties, including toxicity, which causes various
functional changes in the cell [31]. Here, no size-toxicity of NPs was observed, while



Int. J. Mol. Sci. 2022, 23, 4966

13 of 20

the main factors influencing the variability of the obtained results could be the rather
different atomic structures, composition and dosage of the tested NPs. This is justified by
the toxicity of the heavy metals themselves, because, for example, Cu and Ag have been
used since ancient times as antibacterial agents [33,34]. However, they may show different
toxicological properties as NPs compared to their ionised form. Confirming this possibility,
Peszke at al. [35] reported that Cu as Cu/SiO, nanocomposite (NCs) was more toxic to
E. coli, Pseudomonas putida and Arthrobacter globiformis than Cu ions; however, an opposite
effect was observed for Ag ions and Ag/SiO,-NCs. These results further confirm that the
toxicity of NPs depends on their aggregation/agglomeration and the release of bioavailable
metal ions.

Previous studies have suggested that the presence of NPs in bacterial cultures may
influence their antioxidant activity and the transcription of stress-related genes responsible
for protecting bacterial cells from oxidative stress [30,36]. Herein, the presented results
confirmed the diversified changes in these cellular processes, depending on the strain
tested. In the case of E. coli, it was established that the transcriptional activity of katG and
katE genes encoding CAT and PER-like proteins was affected by different NPs treatments.
The changes in the transcriptional activity of these genes were directly proportional to
the overall activity of CAT and PER enzymes, especially in the presence of ZnO-NPs and
Cu-NPs at ICsy. It should be emphasised that the activity of CAT in E. coli was higher in
all samples than PER activity, even in the control conditions. This phenomenon may be
explained by the fact that in E. coli are present two types of CAT: hydroperoxidase I (HPI)
and hydroperoxidase II (HPII), with bifunctional CAT-PER and monofunctional CAT-like
activities, respectively [37,38]. The level of HPI is regulated by the expression of katG, which
is induced by H;O,. By contrast, katE encoding stable HPII is constitutively expressed,
independently of HyO, [37-39]. Considering this, the increase in CAT activity in E. coli
cells treated with NPs may result from stimulated HPI activity dependent on the presence
of HyO,. This is in agreement with our previous findings, which revealed that the tested
NPs, especially ZnO-NPs and Cu-NPs, induced the formation of H,O; along with other
types of ROS in bacterial cells [40]. Additionally, a positive correlation between CAT and
PER activity along with the expression of katG and katE genes was confirmed by statistical
analysis. Moreover, a lower stimulation of SOD activity compared to the CAT and PER
activity can be attributed to the down-regulation of genes encoding corresponding proteins.
On the contrary, the considerable up-regulation of sodC in E. coli treated with ZnO-NPs at
ICsq correlated with greater activity of SOD. This may be explained by the relatively high
concentration of Zn* ions in the cells, this being one of the cofactors of the encoded enzyme.
This association was further explained by the positive correlation between SOD general
activity and the expression of sodC. Although many tested genes in E. coli cells were down-
regulated, it was established that this did not affect the activity of the antioxidant defence
system under NPs stress. It is worth pointing out that mRNA abundance present in a cell
at a given time is not always complementary to protein quantity [41]. Considering other
mechanisms of the biological activity of NPs, it can be hypothesised that the observed down-
regulation of genes encoding antioxidants may be attributed to the increased regulation
of genes related to the repair of bacterial outer layers or nucleic acids, as well as genes
necessary to maintain cell homeostasis [41].

Conversely, the exposure of B. cereus cells to NPs resulted in the up-regulation of
most examined genes, corresponding with increased overall activity of CAT, PER and
SOD. This may suggest the rapid response of bacterial cells to the stressful conditions
caused by the presence of NPs. For example, a relatively high up-regulation of yojM was
correlated with elevated SOD activity. This is particularly true for ZnO-NPs and Cu-NPs
treatments, because the SOD-like protein encoded by yojM uses Zn** as a cofactor and
can bind Cu?*, which in high concentrations enhances the enzyme activity. Furthermore,
sodAl in B. cereus is constitutively expressed, whilst sodA2 expression depends on the
growth stages of bacteria together with intracellular O, ~ concentration [42—44]. This
explanation is consistent with our previous study because it links the up-regulation of sod A2
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by Ag-NPs and ZnO-NPs at ICsy with the formation of O, ™ [40]. Similarly, the increased
relative expression level of katE in B. cereus under Cu-NPs exposure was associated with a
stimulation of CAT activity. The katA gene encodes vegetative CAT and katE encodes oB-
dependent CAT characterised by different transcriptional activity under stress conditions.
In a study by Ganesh Babu et al. [45], the expression of katE in B. cereus exposed to AgNO3
was directly induced by Ag* ions. This may also be the reason why Ag-NPs at %IC50 caused
a high up-regulation of kafE. Interestingly, the transcriptional activity of this gene was not
reflected in accelerated CAT activity. The reason may be the inactivation of the protein
or the inhibition of its synthesis at the translation level through the prevention of tRNA
binding to a small ribosome subunit [6,46]. The obtained findings for B. cereus revealed that
an increase in the transcriptional response of bacterial cells was associated with increased
antioxidant function.

Contrary to the strains described above, the experimental data collected for S. epider-midis
showed significant discrepancies between the expression levels of the studied genes and
the activity of their molecular counterparts. Despite these differences, statistical analyses
showed a positive correlation between all of the results. Generally, the increase in the
expression of selected genes was positively correlated with the activity of the antioxidant
enzymes, while a down-regulation usually had the opposite effect. For example, a relatively
high up-regulation of katA in the cells treated with ZnO-NPs at $ICsy was not reflected
in the stimulation of CAT activity. Gene katA encodes CAT and is regulated by Fe?* [47].
Zn** and Cu?* cations can form very stable structures with proteins and bind to protein
sites that are not their characteristic binding sites, such as Fe-S clusters [48]. Therefore,
it can be assumed that the free metal ions may interact with protein groups (-SH, -NHp,
-COOH) and Fe-S centres, causing their inactivation [6,49]. Additionally, disturbances in
metal homeostasis and H,O, detoxification can lead to the inactivation of Fe-dependent
enzymes through the oxidation of Fe?* to Fe* and its dissociation, leaving an open site
for Zn?* attachment [50]. It is worth underlining that, generally, the down-regulation of
bsaA, npr and tpx in S. epidermidis was correlated with relatively low overall activity of
PER-like proteins; however, the opposite dependency was documented for ZnO-NPs. A
PER-like protein encoded by tpx contains a disulphide bond in the structure, which may
be a target for the negative effect of ZnO-NPs. Previous studies have shown that metal
oxide NPs such as Fe30,@Au-NPs had a strong affinity to the protein’s disulphide bonds,
altering the functioning of the bacterial redox system [51]. In turn, the expression of sodA
in S. epidermidis is regulated by intracellular and extracellular levels of O, ~ [52]. In this
study, the high SOD activity and the high expression of the corresponding gene in the cells
cultured with TiO,-NPs (ICs() were closely related to the high intracellular concentration
of O, ~ documented in our previous study [40].

The number of works linking the antioxidant activity of bacteria with the expression
of the relevant genes is almost invisible. This is because most research focuses on analysing
gene expression and the accompanying desired cytotoxic changes in microbial cells. The
research findings published so far concerned the changes in the expression level of selected
genes belonging to designated categories, including biological processes (e.g., fatty acid
metabolic processes), stress responses (e.g., oxidative stress, osmotic stress) and genetic
information processing (e.g., DNA repair) [30,36,41,53]. Since no direct correlation between
the expression of genes related to oxidative stress and changes in the antioxidant defence
system has been experimentally confirmed, comparing studies at the molecular level is a
big challenge. Notwithstanding this, Sohm et al. [41] performed a global transcriptomic and
proteomic analysis combined with chemical and biochemical analyses for E. coli exposed
to TiOp-NPs. Among 1702 analysed genes, 152 were found to be differentially expressed,
with 68 up-regulated and 84 down-regulated. Interestingly, the transcript level of sodC
encoding SOD (Cu-Zn) was increased by 1.5-fold. In another study by Moore et al. [36],
the treatment of E. coli with CuO-NPs resulted in a significant 3.4-fold increase in sodA
expression and other oxidative stress genes. Similarly, the exposure of Campylobacter jejuni
to ZnO-NPs had a stimulating effect on katA and sodB expression, causing their 6-fold
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and 2-fold increase, respectively [54]. By comparison, in this study, a down-regulation
of sodA and sodC was revealed in E. coli treated with Cu-NPs and TiO,-NPs at ICsy and
%IC50. In studies on the effects of ZnO-NPs and TiO,-NPs on E. coli, Leung et al. [30] found
that although ZnO-NPs up-regulated genes associated with ROS-related proteins, they
had lower antimicrobial activity compared to TiO,-NPs, indicating their opposite effect
on gene transcription activity. Additionally, the authors observed a dose-dependent effect,
similar to that presented in this paper. For example, ZnO-NPs and TiO,-NPs at a higher
concentration decreased the expression level of the thiol peroxidase gene, while a lower
dose increased its expression.

4. Materials and Methods
4.1. Bacterial Strains, Nanoparticles and Culture Conditions

This study was conducted using three model bacteria strains, Escherichia coli (ATCC®
25922™), Bacillus cereus (ATCC® 11778™) and Staphylococcus epidermidis (ATCC® 12228™),
equipped from American Type Culture Collection (ATCC). The microorganisms were
cultured in lysogeny broth (LB mix; tryptone 10 g L~!, NaCl 10 g L™, yeast extract
5gL~!) under exposure to four types of nanoparticles, Ag-NPs (cat. 576832, Sigma-
Aldrich, <100 nm), Cu-NPs (cat. 774081, Sigma-Aldrich, 25 nm), TiO,-NPs (cat. US1019E,
US Research, 20 nm) and ZnO-NPs (cat. 677450, Sigma-Aldrich, <50 nm), at a half-maximal
inhibitory concentration (ICsp) and at a concentration equal to half ICs (%IC;,O) (Table 2).
The controls were bacterial cells not treated with NPs. Prior to genetic analysis, the bacteria
were grown for 4-5 h at 37 °C and under shaking conditions (140 rpm) until they reached
the logarithmic growth phase; however, in biochemical tests aimed at measuring the activity
of the antioxidant enzymes catalase (CAT), peroxidase (PER) and superoxide dismutase
(SOD), the bacteria were cultivated for 24 h to achieve substantial enzyme production.

Table 2. The IC5q and %IC5O values of tested NPs against bacterial strains [40].

E. coli B. cereus S. epidermidis
Type of NPs Toxicological Parameters [mg L—1]
(Size, nm)

ICs $1Cso ICso F1Cs0 ICso $1Cso
Ag-NPs (<100) 7.84 3.92 480.10 240.05 442.20 221.10
Cu-NPs (25) 180.80 90.40 52.15 26.075 112.00 56.00
TiO,-NPs (20) 43.40 21.70 50.30 25.15 703.40 351.70
ZnO-NPs (<50) 176.10 88.05 319.10 159.55 201.70 100.85

4.2. Extraction of Total RNA and cDNA Synthesis

To isolate the total RNA, the bacterial cultures treated with NPs were centrifuged
at 5000 rpm and 4 °C for 25 min. The supernatant was suspended, and the remaining
precipitate was washed three times with sterile Millipore water, each time centrifuging
the probe content at 14,000 rpm and 4 °C for 10 min. The precipitate after the final wash
was used for the extraction of total RNA from the bacterial cells using a GeneMATRIX
Universal RNA Purification Kit (cat. E3598, EURx, Gdarisk, Poland). For Gram-positive
bacteria, an additional incubation with lysosome at 37 °C for 1 h was performed in order to
disintegrate the double-layer of peptidoglycan of the cell wall. The extracted total RNA
was subjected to additional purification with RNase-free DNase (Invitrogen, ThermoFisher
Scientific, Waltham, MA, USA) to digest the residual genomic DNA present in the sam-
ples [55]. The concentration and purity of collected RNA were assessed using an ND-1000
NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) through
the measurement of the absorbance of acquired samples at 230, 260 and 280 nm and the
calculating of 260/280 and 260/230 optical density (OD) ratios [36,41,55]. Moreover, the
quality and integrity of the obtained RNA samples were examined through agarose gel
electrophoresis [55].
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The synthesis of cDNA templates was carried out in triplicates using the RevertAid
First Strand cDNA Synthesis Kit (cat. K1621, ThermoFisher Scientific, Waltham, MA, USA).
For this purpose, 1 pg of total RNA from each sample was used [55]. Aliquots of cDNA
were stored at —21 °C for further experiments.

4.3. Preparation of Primers

The specific primers for the tested genes were designed using the Primer-BLAST
designing tool (https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/ accessed on 25 March
2022), and genome nucleotide sequences are available for each strain at the ATCC site
(https:/ /genomes.atcc.org/genomes/ accessed on 25 March 2022) (Table 1). Each primer
pair was designed to have the optimal sequence of 20 nucleotides with >50% of GC pairs
and >60 °C melting temperature (Tr,) to provide the high specificity of starter annealing
to the cDNA template in the mainstream reaction [56]. The specificity of the designed
primers was initially tested using control reaction with Color Taq PCR Master Mix (2x) (cat.
E2525, EURx, Gdarnsk, Poland) to eliminate incorrectly matched primers to the generated
cDNA template.

4.4. Study of the Expression Level of Genes Encoding Antioxidant Proteins

The expression of oxidative stress genes was assessed through the RT-qPCR reaction us-
inga LightCycler® 480 SYBR Green I Master (cat. 04707516001, Roche, Basel, Switzerland).
The analysis was carried out in 96-well Multiwell plates in two biological and three techni-
cal replicates [55]. The fluorescence signal from the tested samples was measured using a
LightCycler® 96 Real-Time PCR System (Roche, Basel, Switzerland) under the following
experiment set-up: preincubation at 95 °C for 10 min, 3 step amplification in 45 cycles con-
sisting of 95 °C—10's, 60 °C—10 s and 72 °C—10 s, melting at 97 °C—T1 s, 65 °C—60 s and
95 °C—10 s and cooling at 40 °C for 10 s [55]. The results from the melting curve assays were
used as supplementary data for checking the specificity of the amplification reactions [36,41].
Furthermore, RT-qPCR’s efficiency was examined by preparing standard curve quantifi-
cation of the serial dilution of the cDNA control template and each primer pair. The
efficiency of the RT-qPCR reaction was calculated by a qPCR Efficiency Calculator provided by
ThermokFisher Scientific (https:/ /www.thermofisher.com/pl/en/home/brands/thermo-scientific/
molecular-biology /molecular-biology-learning-center /molecular-biology-resource-library / thermo-
scientific-web-tools/ qpcr-efficiency-calculatorhtml/ accessed on 25 March 2022). To determine
the level of relative expression of the studied genes, the method employed by Livak and
Schmittgen [57] was used. The reference genes used as an internal control for E. coli in-
cluded: gyrA, gyrB and rpoE [53,58]. A similar set of primary metabolic genes was chosen
for B. cereus strains except for rpoE, replaced by rpoB [59]. Contrarily, the housekeeping
genes of S. epidermidis comprised gyrB, pyk and rpoB genes [60]. These genes were used for
normalisation against target genes due to a similar level of expression in both treated and
untreated bacterial cells [36,41].

4.5. Determining the Activity of CAT, PER and SOD

To compare the changes in the product formation at the expression level of selected
genes, the activity of their secondary molecular equivalents, CAT, PER and SOD, was
assessed. The activity of all enzymes was measured in crude enzyme fraction obtained
from bacterial cells exposed to NPs using Hegeman’s method [61]. The CAT activity was
measured by observing a decrease in the absorbance at A = 240 nm in time, equivalent to the
H,0; degradation by an active enzyme [62,63]. The activity of PER was determined by the
enzyme assay provided by Sigma-Aldrich, where an increase of absorbance at A = 420 nm,
specific to an increase in the colourful purpurogallin product in time, was recorded. To
assess SOD activity, a commercial kit with xanthine oxidase and tetrazolium salt as reagents
(cat. 19160, Sigma-Aldrich, St. Louis, MI, USA) was used. The absorbances measured at
A = 450 nm were used in the SOD activity calculations according to Zhang et al. [64]. The
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protein concentrations in the isolated protein fractions were determined by the Bradford
method [65], and, finally, CAT, PER and SOD activities were presented as U - mg ! of protein.

4.6. Statistical Analysis

All of the experimental data were presented as the mean =+ the standard deviation
(SD) of four replicates. Grubbs’ outlier test was applied to all experimental data to verify
and exclude any significant outliers from the results. The statistical significance between
studied NPs, their effect on enzymes activities and the relative expression levels of the
selected genes was followed up using a one-way ANOVA. The experimental groups were
separated by applying the post-hoc Tukey’s honest significant difference test (p < 0.05)
and are represented on figures by annotated letters. Additionally, to compare the effect
of tested NPs at the concentrations of ICsy and %IC50, the independent Student’s ¢-test for
the p < 0.05 was used. Furthermore, cluster analysis was applied to evaluate how closely
associated NPs treatments are over the whole set of data. Principal component analysis
(PCA) and the Pearson correlation coefficient (Pearson’s r; p < 0.05) were calculated to
determine the linear dependence of all variable values. All of the statistical studies were
conducted using MS Office 2019 (Microsoft Inc., Redmond, WA, USA) and the STATISTICA
13.1 software package (TIBCO Software Inc., Palo Alto, CA, USA).

5. Conclusions

The results presented in this study confirmed the diverse influence of Ag-NPs, Cu-
NPs, ZnO-NPs and TiO,-NPs on the expression level of selected genes and the activity
of their secondary molecular counterparts in E. coli, B. cereus and S. epidermidis cells. The
effect of NPs on the gene expression level depended on the type and concentration of NPs
and the species of bacteria. Despite the considerable diversity of the results, it turned out
that, in most cases, the regulation of the expression of selected genes was correlated with
the activity of the encoded proteins, especially those with CAT and PER-type activities.
Moreover, the obtained results confirmed the ability of bacterial cells to respond to stress
caused by NPs, providing protection against oxidative stress. Undeniably, the conducted
study is innovative, as it provides direct evidence in the explanation of the biological action
of metal and metal oxide NPs at the molecular level. The presented results are valuable, as
they confirm the ability of the tested bacterial strains to activate sophisticated and diverse
strategies of defence against ROS in order to minimise oxidative damage.
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parameters. Additionally, bacterial cell imaging using scanning electron microscopy elucidated different NPs
distributions on the cell surface. The presented results are believed to provide novel, valuable and accumulated
knowledge in the understanding of NPs action on bacterial membranes.

1. Introduction

Due to the wide range of applications and the increase in production,
nanotechnology materials are currently the subject of extensive inves-
tigation [12,13,8]. A spectacular breakthrough has been made in
research on the antimicrobial properties of nanomaterials, including
inorganic nanoparticles (NPs), used to produce innovative nanotech-
nology products with practical applications in medicine, agriculture,
food production, construction and environmental protection [4,35]. The
exploited bactericidal mode of action of NPs is significant progress in the
fight against the multi-drug resistance (MDR) of microorganisms [52].
The well-known properties of NPs, including their high
surface-to-volume ratio, quantum confinement and surface energy,
make them highly desirable materials in many areas of life due to their
high reactivity and stability [3,12]. However, it is challenging to predict
the fate and effects of NPs actions in environmental conditions that may
threaten organisms inhabiting various ecosystems through direct and
experimental methods [52]. Therefore, in future studies, protocols
should combine selected techniques, allowing the quantification and
characterisation of NM fate in biological matrices [1]. Nevertheless,
promising bioinformatics and data modelling approaches take into ac-
count various NM fate factors that could contribute to producing envi-
ronmentally safe materials and predict interactions of such structures
with living organisms in nature [55]. The main routes of NPs action have
been reported in the literature; however, the effects and risks that may
arise from introducing such materials into worldwide product circula-
tion are still unidentified. Therefore, controlled and sustainable appli-
cations of nano-derived products should be maintained. One of the
mechanisms of NPs action and the released metal ions is their direct or
indirect interaction with bacterial outer layers [5-7]. Such interactions,
along with other bactericidal effects including generation of reactive
oxygen species (ROS), damage to cellular macromolecules, inhibition of
cell metabolism or genotoxicity, can have a destructive and irreversible
impact on microorganisms [35,40]. The outcomes of NPs-bacteria in-
teractions can lead to the disruption of the integrity and structure of cells
envelopes, decoupling of cellular respiration, cytoplasmic leakage and
eventually, cell death [40,48,56]. The decisive factor determining the
characteristic and specific interactions between bacteria and NPs is the
different organisation of the outer layers. Gram-negative bacteria are
surrounded by an inner and outer phospholipid membrane separated by
a periplasm with a thin peptidoglycan layer [15]. Furthermore,
Gram-negative bacteria contain lipopolysaccharides with phosphate
groups that bind divalent cations and control the rigidity of the mem-
brane [40,50]. However, Gram-positive bacteria do not have an outer
membrane, but they are covered by thick layers of peptidoglycan with
teichoic, lipoteichoic and teichuronic acids providing additional pro-
tection against NPs stress [15,41,48]. Many studies have indicated that
NPs adhere to the cell membrane through electrostatic interactions,
hydrophobicity interactions, hydrogen bonding and van der Waals
forces [29,40]. The deposition of NPs on the bacterial surface can result
in membrane fluidisation, changes in its hydrophobicity, loss of
amphiphilic properties of phospholipids, impairment of ion exchange,
and damage to structural and enzyme proteins [10,29]. In addition, the
induction of ROS by NPs can increase membrane fluidity and induce cell
wall and cytoplasmic membrane degradation through the oxidation of
lipids and proteins [2,29,58]. Impairment of outer layers can disrupt the
functioning of vital enzymes of respiration metabolism of the cells,
including dehydrogenases and ATPase activities [20,24,35,53]. NPs can
also modify the transport of electrons, diminish proton motive force,
impair the transport of K™ and hence hinder adenosine triphosphate

(ATP) production [20,53]. These metabolic parameters can be used as
vital bioindicators in NPs toxicological studies.

The cell membrane is a dynamic structure that undergoes different
changes under certain environmental circumstances. During stress
conditions, bacteria can trigger SOS response and remodel the mem-
brane structure and permeability, thus enhancing the resistance against
external factors [48,54]. For example, bacteria under chemical stress
can adjust the lipid content or modify the branching and saturation of
fatty acids’ acyl chains. Since the binding of NPs on bacterial membranes
depends on the electrostatic interactions, some bacteria can attain
resistance mechanisms that alter the overall surface charge, lessening
such interactions [9]. Therefore, adaptive processes should be identified
when considering the vast impact of NPs. These kinds of coping mech-
anisms could protect microorganisms from NPs stress.

Despite ongoing advanced research on the toxicity of NPs against
microorganisms, some aspects of their effects on the membrane prop-
erties and functioning remain unanswered. Therefore, it was worth
investigating these issues comprehensively to gain new knowledge
about bacteria cell response to NPs. Accordingly, the main goals of this
work included: (1) studying and comparing the membrane permeability
and cytoplasmic leakage from the cells of E. coli, B. cereus and
S. epidermidis exposed to AgNPs, Cu-NPs, ZnO-NPs and TiO»-NPs, (2)
measuring the total ATP concentration and adenosine 5’-triphosphatase
(ATPase) activity; (3) evaluating the changes in fatty acid profiles; (4)
establishing statistical dependencies between measured parameters, and
(5) visualising NPs distribution on the bacterial surface.

2. Materials and methods
2.1. Bacterial strains, inorganic nanoparticles, and culture conditions

This study was performed using the following bacterial strains:
Escherichia coli (ATCC® 25922™), Bacillus cereus (ATCC® 11778™) and
Staphylococcus epidermidis (ATCC® 12228™), purchased from the
American Type Culture Collection (ATCC). All strains were grown
overnight in lysogeny broth (LB mix; tryptone 10 g L™1, NaCl 10 g L™,
yeast extract 5 g L™1) at 37 °C, under shaking conditions (140 rpm) in
the presence of four types of inorganic NPs, including Ag-NPs (cat.
576832, Sigma-Aldrich, <100 nm), Cu-NPs (cat. 774081, Sigma-
Aldrich, 25 nm), ZnO-NPs (cat. 677450, Sigma-Aldrich, <50 nm) and
TiO5-NPs (cat. US1019F, US Research, 20 nm). The concentrations of
individual NPs added to the bacterial cultures were equal to the half-
maximal inhibitory concentrations (ICsg) and their corresponding half
concentrations (}4ICsg) (Table 1) [39]. Control samples in the conducted
research were bacterial cells cultured without NPs. All bacterial cultures

Table 1
The ICso and "4ICsq (mg L1 of NPs against E. coli, B. cereus and S. epidermidis.
Bacterial strain NPs ICso ¥ICs0
Escherichia coli ATCC® 25922™ Ag-NPs 7.84 3.92
Cu-NPs 180.80 90.40
ZnO-NPs 176.10 88.05
TiO2-NPs 43.40 21.70
Bacillus cereus ATCC® 11778™ Ag-NPs 480.10 240.05
Cu-NPs 52.15 26.08
ZnO-NPs 319.10 159.55
TiO2-NPs 50.30 25.15
Staphylococcus epidermidis ATCC® 12228™ Ag-NPs 422.20 211.10
Cu-NPs 112.00 56.00
ZnO-NPs 201.70 100.85
TiO2-NPs 703.40 351.70
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were subjected to a multifaceted analysis covering various aspects of the
influence of NPs on membrane properties, functioning and direct in-
teractions with the cell wall. The experimental set-up with all performed
studies is presented in Fig. 1.

2.2. Measuring membrane permeability

The cell membrane permeability was measured using a crystal violet
assay developed by [18] and [21]. The 24-hour bacterial cultures
treated with individual NPs, and the control samples were centrifuged at
5 000 rpm, 4 °C for 20 min. The residue was washed twice and resus-
pended in phosphate-buffered saline (PBS) (pH 7.4) to obtain optical
density ODgoo = 0.1 of the solution containing the mixture of bacterial
cells and NPs. Subsequently, crystal violet solution (0.1 mg mL) was
added to the samples and incubated at 37 °C for 10 min. Then, the
bacterial-dye suspensions were centrifuged at 13,000 rpm, 4 °C for
15 min. Afterwards, the absorbance of the samples at A = 590 nm was
measured. The membrane permeability equivalent to the percentage of
crystal violet uptake by bacterial cells was calculated according to the
following equation:
Membrane permeability|%] = ODuumpte © 100%

ODcy
where: ODgy — optical density of crystal violet (0.1 mg mL™) in PBS
solution (1:20 ratio); ODgample — Optical density of a sample treated with
individual NPs or a control sample.

The final membrane permeability of the NPs-treated cells was
expressed as the percentage difference in membrane permeability be-
tween the treated and control cells.

2.3. Measuring cytoplasmic leakage

The protocols described by [33] and [45] were applied to examine
the cytoplasmic leakage from bacterial cells. The principle of this
method focuses on the changes in the content of nucleic acids and
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proteins released from microbial cells after the disruption of bacterial
outer layers. Firstly, bacterial suspensions in 0.85% NaCl with ODggo
= 0.5 were prepared. Next, the appropriate concentrations of individual
NPs were added. In parallel, the control samples without NPs were
prepared. All samples were incubated within 4 h at 37 °C under shaking
conditions (140 rpm). At hour intervals, appropriate 2 mL aliquots were
collected from the samples and centrifuged at 10,000 rpm, 4 °C for
10 min. Alternately, the absorbance of the supernatants was measured
at A = 260 nm, corresponding to the amount of released nucleic acids.
Finally, the differences in the absorbances for each treated and un-
treated strain were calculated.

2.4. Measuring intracellular and extracellular ATP concentration

The total cellular and dissolved ATP concentrations were quantified
using a commercial Molecular Probes™ ATP Determination Kit by
ThermoFisher Scientific (cat. No. A22066) according to the manufac-
turer’s instructions. It is a bioluminescence assay based on the oxidation
of D-luciferin by firefly luciferase, which uses ATP, Mg?" and 0y,
resulting in its conversion to the excited oxyluciferin molecule, which
emits visible light (emission maximum ~560 nm at pH 7.8) propor-
tionally to the amount of ATP in a sample. Firstly, 24-hour bacterial
culture was filtered through 0.22 mm to eliminate the cells. Next, the
filtered supernatant was used to determine the dissolved ATP concen-
tration. Subsequently, the levels of cellular ATP were assayed in the cell-
free extracts obtained from each culture using Hegeman’s method [23].
A standard curve with a 0 — 5 uM ATP concentration range was prepared
to convert the sample luminescence reading into ATP concentration. The
final data concerning intracellular and extracellular ATP levels in a
sample was presented as the difference between their concentrations in
the treated and control cells.

2.5. Measuring ATPase activity

As a part of a complementary study to quantify ATP concentration in

STEP 2.
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/ Commercial NPs \
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bacterial cells, ATPase activity was measured. For this purpose, a com-
mercial ATPase/GTPase Activity Assay Kit by Sigma Aldrich (cat. No.
MAK113) was used. ATPase catalyses the breakdown of ATP into ADP
and free phosphate. This procedure enables the measurement of the
concentration of free phosphate released during the enzyme reaction
with the malachite green reagent. The dye reacts with free phosphate
forming a colourful product proportionally to ATPase activity measured
at A = 620 nm. One unit of ATPase activity is the amount of enzyme that
catalyses the production of 1 pmol of free phosphate per minute under
assay conditions. Herein, bacteria incubated with NPs for 24 h were
used directly in the assay. Pigmented samples were subjected to prior
centrifugation at 14,000 rpm for 5min. The concentration of free
phosphate in the supernatant was calculated from a standard curve
prepared in the concentration range of 0-50 uM. The final ATPase ac-
tivity in a sample was presented as the difference between enzyme ac-
tivity in the treated and untreated cells.

2.6. Evaluating bacterial fatty acid composition

The fatty acids were isolated from bacteria exposed to NPs and the
control cells according to the procedure by [46]. Initially, the bacterial
cultures were centrifugated at 5,000 rpm, 4 °C for 20 min. The collected
biomass was subjected to four- steps in fatty acid isolation, including
saponification (5 g NaOH, 150 mL CH3OH, 150 mL H,0), methylation
(325 mL 6 N HCI, 275 mL CH30H), extraction (200 mL CgH74, 200 mL
(CH3)3COCH3) and a base wash (0.8 g NaOH in 900 mL distilled H20).
Finally, fatty acid methyl esters (FAMEs) were analysed using a gas
chromatograph (Agilent 7820 A, USA) equipped with a phenyl
(5%)-methyl-silica capillary column (diameter 0.22 mm, length 25 m,
0.33 um film thickness) and a flame ionisation detector (FID). Hydrogen
was exploited as a carrier gas with the following technical settings:
71.33 kPa inlet pressure and 0.54 mL min™* flow velocity. The separated
FAMEs were identified using MIDI Microbial Identification System
Sherlock software (version 6.2B) and the TSBA 6 library from MIDI Inc.
For a comprehensive and comparative analysis, all the detected FAMEs
were sorted into two groups: saturated and unsaturated fatty acids.

2.7. Visualisation of bacterial cells with scanning electron microscopy

Bacteria treated with NPs were imaged using scanning electron mi-
croscopy (SEM) in compliance with a protocol by [30] to recognise the
impact of NPs as an external stress factor on bacterial outer layers
responsible for maintaining cell shape and structural integrity. Firstly,
the bacterial cultures exposed to NPs at 4ICsy were centrifuged (5,
000 rpm, 4 °C, 20 min), and the remaining bacterial pellet was washed
thrice with water. Next, three following steps were successively carried
out to prepare the material for SEM imaging: fixing of bacterial cells
with 3% glutaraldehyde at 4 °C, dehydration in the alcohol series (30%,
50%, 70%, 80%, 90%, 95% and 100%) and chemical drying using 100%
hexamethyldisilazane [22]. After all, the samples were transferred onto
the carbon tape, coated with technical gold and observed using SEM
with field emission (JEOL JSM-7100 F, Japan) at an accelerating voltage
of 15 kV and a vacuum of 9.6 e 10” Pa.

2.8. Statistical analysis

All results were subjected to statistical significance tests and pre-
sented as mean values with standard deviation ( + SD) of three repli-
cates obtained from each NPs treatment. The statistical differences
between the results obtained for the samples supplemented with NPs
and control samples were determined using one-way analysis of vari-
ance (ANOVA), followed by Tukey’s Honest Significant Difference test
(HSD) for p < 0.05. In the presented graphics, the significant variations
in obtained data were presented by annotated letters for the p-value of
5%. Moreover, the independent Student’s t-test (p < 0.05) was used to
verify NPs influence/or its lack on evaluated biochemical parameters
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between ICsg and %4ICsp. The principal component analysis (PCA) of the
FAME profiles with a relative contribution of > 1.5% of fatty acids
(p < 0.05) was used to identify any shift in the composition of fatty
acids. In order to find similar groups of objects forming clusters, a pro-
jection of the topographic map of the entire set of variable values for NPs
in both doses was used. All the statistical and graphical analyses were
carried out using the STATISTICA 13.3 software package (TIBCO Soft-
ware Inc., Palo Alto, CA, USA) and MS Office 2019 (Microsoft Inc.,
Redmond, WA, USA).

3. Results
3.1. Bacterial membrane permeability under NPs stress

Changes in membrane permeability of bacterial cells exposed to in-
dividual NPs were analysed based on alternations in crystal violet dye
uptake. In the case of E. coli, individual NPs generally resulted in
increased membrane permeability (Fig. 2A). The most significant in-
crease by 134.7% and 80.5% compared to the untreated cells (10%) was
established for ZnO-NPs at ICsg and 4ICsg, respectively. Significant in-
creases in membrane permeability by 48.4% also occurred after bacteria
treatment with TiOy-NPs at !4ICsg. Interestingly, Ag-NPs at '%ICsg
increased membrane permeability, while the same NPs at ICsy caused
the opposite effect. The statistical analysis revealed significant differ-
ences (p > 0.05) in membrane permeability of E. coli exposed to
different concentrations of NPs except for Cu-NPs (p < 0.05). Treatment
of E. coli with metal oxide NPs compared with the unoxidised forms
generated the most considerable modifications in the uptake of crystal
violet dye.

A parallel experiment with B. cereus showed that individual NPs at
ICsp and '4ICs0 had different and often opposite effects on the membrane
permeability. Still, the dominating trend was a decrease in crystal violet
uptake (Fig. 2B). The highest reduction in membrane permeability by
9.6% was recorded for Cu-NPs at ICs(. Contrarily, the application of NPs
at %ICsp did not have a notable statistical outcome on the gathered
findings. Nevertheless, it is worth underlining that TiO2-NPs at 4ICsq
reduced the most membrane permeability compared to other NPs
(Fig. 2B). However, statistical analysis disclosed that Ag-NPs, ZnO-NPs
and TiO2-NPs at ICsg and '4ICso had a significant and differentiating
effect (p < 0.05) on the collected data. Regardless of the NPs concen-
trations, Ag-NPs (p = 0.015) and TiO2-NPs (p = 0.0018) proved to have
the most pronounced effect on the membrane permeability.

As with previous strains, separate NPs also generated different al-
terations in the membrane permeability of S. epidermidis. Ag-NPs and
ZnO-NPs at ICso and !%ICsg acted similarly. Only ZnO-NPs at '4ICsg
slightly decreased membrane permeability compared to the control
cells. However, TiO2-NPs showed the opposite effect leading to a sig-
nificant increase in membrane permeability by 88.5% (Fig. 2C). It is also
worth emphasising that Ag-NPs, Cu-NPs and TiO»-NPs at 4ICs¢ had a
lower impact on the membrane permeability than at ICs. Statistical
analysis showed that almost all NPs at both concentrations, except for
Ag-NPs, induced significant changes in membrane permeability
(p < 0.05). The most distinguishable differences between the samples
treated with both concentrations of NPs were established for Cu-NPs
(p = 0.00000) and TiO2-NPs (p = 0.00002).

Conclusively, the uptake of crystal violet by tested microorganisms
depended on the type and concentration of individual NPs. The obtained
findings also evidenced that the extent of crystal violet uptake was more
remarkable in E. coli than in B. cereus and S. epidermidis, suggesting more
prominent alterations in membrane permeability of E. coli cells under
NPs stress. Moreover, it is essential to underline that S. epidermidis was
more susceptible to changes in membrane permeability caused by NPs
than B. cereus.
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3.2. Cytoplasmic leakage from bacteria exposed to NPs

The disruption of the outer layers and cytoplasmic leakage from
bacterial cells exposed to NPs at ICsg and 4ICsy were monitored over
24 h. However, the presented results refer only to the sampling times
when changes in the outflow of extracellular content occurred, pre-
ceding the rupture of the outer cell layers. It was found that all strains
increased the release of cellular content under NPs stress (Fig. 3). In
E. coli cells, the most noticeable increase in cytoplasmic leakage by
2276.8% was established in the presence of Cu-NPs at ICsq (Fig. 3A).
Similarly, all NPs at 4ICsq stimulated release of cellular content from
these bacteria. However, treatment of E. coli with NPs at ICs( and '4ICsq
caused considerable modifications in released intracellular content
(p < 0.05), the most prominent changes emerged under Cu-NPs
(p = 0.0019) and TiO2-NPs (p = 0.0023) exposure.

Intriguingly, the data set obtained for B. cereus revealed a similar
impact of all NPs on the cytoplasmic leakage from bacterial cells
(Fig. 3B). A noteworthy increase by 401.2% and 511.6% in the released
cellular content appeared under ZnO-NPs at ICsg and TiO2-NPs at '4ICsq
treatments, respectively. Simultaneously, the bacteria cultured with Cu-
NPs and ZnO-NPs at }4ICsg were characterised by reduced cytoplasmic
leakage compared to NPs at ICsp; however, Ag-NPs and TiO,-NPs at
1ICso caused the opposite effect. Interestingly, significant changes in
cytoplasmic leakage from bacterial cells treated with both concentra-
tions of NPs occurred only in the presence of ZnO-NPs (p = 0.026) and
TiO2-NPs (p = 0.021). Finally, it was established that B. cereus was most
sensitive to metal oxide NPs.

Significant changes in the cytoplasmic leakage from S. epidermidis
cells were also displayed compared to the untreated cells (Fig. 3C). The
highest increase in the release of cellular content by 1640.6% from these
bacteria occurred after exposure to Cu-NPs at ICs(. Interestingly, NPs at
11Csp showed a similar effect on the cytoplasmic leakage, with a clear
predominance of Ag-NPs affecting the most the increase in the outflow
of cellular content (by 1275.1%). Statistical analysis revealed that solely
the presence of Ag-NPs and Cu-NPs at ICso and “%ICsq significantly
altered the release of cytoplasmic content from S. epidermidis cells
(p < 0.05). Furthermore, it was established that S. epidermidis was most
sensitive to Cu-NPs and TiO,-NPs treatment which may result from a
comparable mode of action.

To conclude, E. coli was more susceptible to NPs treatment than
B. cereus and S. epidermidis. Correspondingly, B. cereus and S. epidermidis
were most affected by different NPs concentrations than E. coli.

3.3. Intracellular and extracellular content of ATP under NPs stress

The findings confirmed significant differences in total ATP concen-
trations after exposure of E. coli, B. cereus and S. epidermidis to NPs stress
(Fig. 4). Regarding E. coli cells, treatment with Ag-NPs at ICs( caused the
highest increase by 198.8% in ATP intracellular level. It is worth
underlining that other NPs at ICs had the opposite effect (Fig. 4A). By

contrast, an overall increase in the extracellular ATP concentration
occurred under Ag-NPs and Cu-NPs at !%ICsy treatments, while an
opposite outcome was observed in the presence of ZnO-NPs and TiOo-
NPs (Fig. 4B). Interestingly, the only significant differences in ATP
contents were established for two concentrations of ZnO-NPs
(p = 0.0015). The greatest repletion by 515.6% was recorded for Cu-
NPs at '4ICso compared to the untreated cells. To conclude, treating
E. coli cells with NPs resulted in various modifications in total ATP
content. A similar mode of action was exhibited by ZnO-NPs and TiO»-
NPs, which caused comparable depletion in the intracellular and
extracellular ATP contents.

The results for B. cereus showed that all NPs, except for Ag-NPs at
ICs0, caused a decrease in the intracellular ATP level (Fig. 4C). Sig-
nificant differences between different dosage treatments were estab-
lished for Ag-NPs (p = 0.000023), Cu-NPs (p = 0.00020) and ZnO-NPs
(p = 0.045). The most significant depletion and repletion in the extra-
cellular ATP concentrations, by 213.3% and 432%, were recorded for
ZnO-NPs and Ag-NPs at ICsg, respectively (Fig. 4D). Interestingly,
treatment of these bacteria with NPs at ICs( and 4ICs caused significant
(p < 0.05) alternations in the extracellular ATP concentrations. To
summarise, each NPs showed a characteristic effect on the total ATP
concentration in B. cereus cells. Among NPs used, only ZnO-NPs and
TiO,-NPs had a comparable impact on the total ATP concentrations.

Simultaneously, the data for S. epidermidis displayed a decrease in the
intracellular and extracellular ATP concentrations under NPs stress.
Taking into account both doses of NPs, the following order of NPs: TiOz-
NPs <Cu-NPs <Ag-NPs <ZnO-NP shows a downward trend in the con-
centrations of both types of ATP (Fig. 4E, F). It is worth noting that the
presence of ZnO-NPs at ICsq in bacteria culture resulted in the greatest
reduction in the intracellular and extracellular ATP contents by 89.9%
and 95.2% compared to the untreated cells, respectively. The statistical
analysis demonstrated a significant impact of Cu-NPs (p = 0.00026) and
TiO2-NPs (p = 0.000002) at different dosages on the intracellular ATP
content in S. epidermidis. Contrarily, only Cu-NPs (p = 0.00049) and
ZnO-NPs (p = 0.034) caused significant changes in the extracellular ATP
concentration. In conclusion, S. epidermidis was less sensitive to NPs at
%ICs0 than at ICso. Additionally, NPs influenced changes in the extra-
cellular content of ATP to a lesser extent than the intracellular
concentration.

Summarising this research series, the alterations in the intracellular
and extracellular ATP contents were fundamentally different and
depended solely on the strain, type of NPs and their concentrations.
Moreover, bacteria exposure to NPs exhibited more significant varia-
tions in the intracellular ATP levels than external ones. A similar effect
of NPs on total ATP content was observed for B. cereus and S. epidermidis.
Moreover, these strains were more susceptible to different dosage
treatments than E. coli. The conclusion is also that ZnO-NPs were com-
mon NPs for all strains causing significant differences in the measured
ATP values.
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Fig. 3. Changes in cytoplasmic leakage from E. coli (A), B. cereus (B) and S. epidermidis (C) cells exposed to NPs at ICsg and 4ICsg at A = 260 nm (mean + SD; n = 3).

3.4. ATPase activity in bacteria exposed to NPs

ATPase activity was measured to extend the research concerning the
changes in total ATP concentration in bacteria under NPs stress. In
E. coli, the most remarkable increase in ATPase activity by 28.2%
appeared in the presence of ZnO at ICsp; however, the highest reduction
in its activity by 19.9% occurred under exposure to Cu-NPs at /2ICsq
(Fig. 5A). Although there was a significant variability in ATPase activity
between different dosage treatments (p < 0.05), the most visible dif-
ferences were found for E. coli exposed to Ag-NPs (p = 0.000042) and
TiO2-NPs (p = 0.00058). To summarise, ATPase in E. coli was more
sensitive to Cu-NPs and ZnO-NPs than other NPs.

In B. cereus, only TiO,-NPs at ICs and 4ICsq caused an increase in

ATPase activity by around 5.4%. By contrast, the remaining NPs
inhibited its activity (Fig. 5B). The highest decrease in ATPase activity
by 25.9% compared to its activity in the untreated cells occurred in the
presence of Ag-NPs at ICsg. Furthermore, the most significant and
differentiating alterations in ATPase activity were documented for Ag-
NPs and Cu-NPs (p < 0.05). Intriguingly, this bacterium was less sus-
ceptible to NPs at 4ICs than at ICsg.

Conversely, the measurements of ATPase activity in S. epidermidis
exposed to NPs confirmed a downward trend under Ag-NPs, Cu-NPs and
TiO2-NPs at IC5p and '4ICsq treatments compared to the control cells
(Fig. 5C). A substantial decrease in its activity by 27% and 28.7% was
recorded for Ag-NPs and TiO2-NPs at ICsg, respectively. The only NPs
that enhanced the ATPase activity were ZnO-NPs. Correspondingly,
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statistical data analysis confirmed the most significant differences be-
tween NPs treatments for Ag-NPs (p=0.001) and TiO2-NPs
(p = 0.00015). It is worth pointing out that S. epidermidis was generally
characterised by similar susceptibility to metal NPs.

Ultimately, individual NPs similarly affected ATPase activity in
B. cereus and S. epidermidis; however, more divergent modulations were
documented for E. coli. It is worth underlining that both E. coli and
S. epidermidis were more sensitive to NPs at ICsq than %4ICsy compared to
B. cereus. In analogy to the conclusions of previous studies, the recorded
ATPase activity varied depending on the type and concentrations of
tested NPs.

3.5. Fatty acid composition of bacteria exposed to NPs

FAME profiles were analysed to investigate how individual NPs
affect the composition of bacterial cell membranes. The FAME profiles
generated for E. coli, B. cereus and S. epidermidis treated with NPs showed
significant alternations in the percentages of relevant saturated and
unsaturated fatty acids compared to the control cells (Fig. 6). For
instance, the exposure of E. coli to Ag-NPs at ICs¢ resulted in a sub-
stantial increase by 29.9% in the straight-chain fatty acid abundance
along with a notable decrease in the contents of hydroxylated and
cyclopropane fatty acid by 38.9% and 47.1%, respectively (Fig. 6A). It is
also worth emphasising that treatment of E. coli with Cu-NPs at '4ICsq
caused a prominent decrease in the hydroxylated and cyclopropane fatty
acid percentages by 28.5% and 51.9%, respectively. This phenomenon
was accompanied by a simultaneous reduction in the content of
branched fatty acids by 376%. The PCA analysis explained 96.03% and
96.57% of the variance for the data concerning E. coli exposed to NPs at
ICs0 and %4ICsg, respectively (Fig. 7A, B). Furthermore, the most signif-
icant influence of Ag-NPs at ICsg and Cu-NPs 4ICsp on the composition
of FAME profiles was confirmed. To summarise, both metal NPs resulted
in the most remarkable modifications in the fatty acid composition of
E. coli.

In FAME profiles of B. cereus, significant changes were related to the
decrease in the content of branched fatty acids after exposure to NPs
(Fig. 6B). The highest decline in their percentages by 83.7% and 81.4%
were recorded in the presence of Cu-NPs and ZnO-NPs at !%ICs,
respectively. On the other hand, exposure of B. cereus to NPs increased
cyclopropane fatty acid abundance, especially in the presence of TiOo-
NPs. A significant decrease accompanied these changes by 19.7% and an
increase by 22.7% in the unsaturated fatty acid levels under exposure to
Ag-NPs at 4ICso and ZnO-NPs at ICsg, respectively. It is worth pointing
out that PCA analysis for B. cereus treated with NPs at ICsg and }4ICso was
represented by 89.43% and 83.29% of the variance (Fig. 7C, D). More-
over, it indicated that B. cereus was predominantly affected by ZnO-NPs.
Nevertheless, treatment of this bacterium with Cu-NPs and TiO»-NPs at
15ICs0 caused significant changes in FAME profiles.

Simultaneously, the data for S. epidermidis revealed significant al-
terations in the hydroxylated and cyclopropane fatty acid contents
(Fig. 6C). For instance, the highest decrease by 55.4% and 23.3% in
hydroxylated fatty acid participation occurred under exposure of Cu-
NPs at IC59 and Ag-NPs at ICsg. In parallel, adding Cu-NPs at ICs59 and
YICs0 to S. epidermidis culture decreased the percentages of cyclopro-
pane fatty acids by 47.6% and 49.1% compared to the untreated cells,
respectively. Interestingly, the presence of Ag-NPs at ICsy caused a
notable increase by 32.9% in the unsaturated fatty acid level. The PCA
projection for FAME profiles showed 81.14% and 98.98% divergence
(Fig. 7E, F). Major dissimilarities for the control and NPs treated samples
were discovered for ZnO-NPs at ICsg, and Cu-NPs and TiO»-NPs at a
lower dose. Considering the FAME results for S. epidermidis, there was a
unique and extraordinary effect of two doses of NPs on the proportions
of selected fatty acids. The stress induced in the cells by Cu-NPs resulted
in the most remarkable changes in the percentages of analysed fatty acid
groups.

The FAME comprehensive analysis indicated the diverse and signif-
icant effects of NPs at ICsy and '4ICsg on the participation of distin-
guished fatty acid groups in E. coli, B. cereus and S. epidermidis. The
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(C) exposed to NPs at ICsg and 4ICso.

uncovered changes were characteristic for each strain and tested NPs.
The acids most prone to NPs stress turned out to be cyclopropane fatty
acids. Furthermore, it was established that metal NPs changed FAME
profiles to a greater extent than metal oxide NPs. Correspondingly,
B. cereus and S. epidermidis were more sensitive to NPs at a lower con-
centration than E. coli.

3.6. Statistical data exploration

The cluster analysis with a tree diagram showed that all attributes
present a unique pattern for each strain (Fig. 8). Overall, the cluster
visualisation revealed no differences between the NPs concentrations.

Cluster analysis dendrograms for E. coli demonstrated that only Ag-NPs
had the most differentiating impact on bacteria, with intracellular ATP
concentration (ATPjy;) as a major discriminating factor in the obtained
data (Fig. 8A, B). By comparison, the diagrams generated for B. cereus
formed hierarchical clusters with the most significant changes in the
samples with ZnO-NPs at IC5y and Cu-NPs, ZnO-NPs, and TiO,-NPs at
YICso (Fig. 8C, D). However, clustering showed identical dendrogram
for conducted analysis independently of NPs concentrations. Similarly to
B. cereus, the dendrogram created for S. epidermidis separated two groups
for both NPs doses and demonstrated that Ag-NPs, Cu-NPs and TiO,-NPs
at ICsp and '4ICsg had the most divergent effect on the collected results
(Fig. 8E, F). It is worth pointing out that ATPase activity and FAME

90:2893106832
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composition (Sat and Unsat) were the most distinguished analyses.

3.7. Scanning electron micrographs of bacteria exposed to NPs

SEM analysis was performed to study the distribution and in-
teractions of individual NPs with the bacteria surface and determine
possible damage in their outer layers. Comparative analysis was only
carried out for NPs at 4ICsg, as NPs at ICsq created an intense back-
ground preventing image exploration. The collected SEM micrographs
illustrate the diversified distribution and various NPs interactions with

E. coli, B. cereus and S. epidermidis cells compared to the intact control
cells (Fig. 9). For example, Ag-NPs and TiO,-NPs were characterised by
slight affinity to the surface of E. coli cells, resulting in no changes in the
cell morphology and damage to the cell wall (Fig. 9A). On the other
hand, Cu-NPs accumulated on the entire surface of E. coli, but most often
in peripheral places where large agglomerates were observed. Similarly,
ZnO-NPs were dispersed evenly over the whole surface of this
bacterium.

Interestingly, Ag-NPs, Cu-NPs and TiO,-NPs showed less affinity to
the surface of B. cereus than E. coli (Fig. 9B). Nevertheless, large clusters
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of Cu-NPs and TiO2-NPs were discerned in many places of the irregularly
shaped outer layers. Intriguing observations were made for the cells
treated with ZnO-NPs as they formed agglomerates and aggregates of
various shapes and dimensions over the entire cell surface. The large
quantity of ZnO-NPs attached to B. cereus cell displayed a tough outer
shell formed by several rows of NPs clusters (Fig. 9B). The cell shape
remained unchanged despite forming such a structure.

Similarly, most NPs did not change the shape of S. epidermidis cells
compared to the untreated cells (Fig. 9C). Only Cu-NPs treatment
resulted in slight morphological changes and the appearance of large
NPs agglomerates with non-characteristic distribution on the bacteria

10

surface. In turn, TiO2-NPs covered the whole cell regularly, forming a
uniform monolayer with the occasional appearance of larger NPs
clusters.

In summary, ZnO-NPs were found to have the highest affinity to
E. coli and B. cereus cells, while TiO2-NPs were most closely related to the
surface of S. epidermidis. Moreover, Cu-NPs formed large clusters with no
specific localisation on the surface of all tested cells. It can also be
concluded that E. coli showed stronger interactions with NPs than
B. cereus and S. epidermidis.

92:3129505401
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Fig. 9. SEM micrographs of E. coli (A), B. cereus (B) and S. epidermidis (C) exposed to NPs at }4ICs.

4. Discussion

Microbial outer layers are the first line of defence systems against
different external factors and potentially toxic substances. They are
dynamic structures and simultaneously create an effective barrier for the
strictly controlled transport of various substances, including NPs. It has
been reported that NPs in size range up to 12 nm can pass through the
bacterial cell membrane or get trapped within the lipid bilayer.

11

However, the disruptive effect of larger NPs (> 10 nm) on outer layer
integrity is solely dependent on their adhesion and specific binding to
the bacterial surface [37,48]. Research undertaken in this work
confirmed the distinctive and idiosyncratic impact of differently sized
NPs on the functioning of E. coli, B. cereus and S. epidermidis membranes.
Regardless of the differences in the membrane permeability of the tested
strains in the presence of NPs, increased cytoplasmic leakage was
observed. Additionally, the cluster analysis confirmed the correlation
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between membrane permeability and cytoplasmic leakage. It was also
demonstrated that E. coli was characterised by more significant changes
in membrane permeability than B. cereus and S. epidermidis. These
changes could have resulted from the different organisation of the cell
wall of the bacteria tested. Such an explanation is in accordance with the
results by [31], who confirmed that both the membrane permeability
and the value of the membrane potential of E. coli after exposure to
TiO,-NPs differed significantly from the corresponding values obtained
for Staphylococcus aureus. By comparison, [28] observed membrane
rupture of E. coli, Pseudomonas putida, B. cereus and S. aureus in the
presence of Ag-NPs, which was accompanied by a distinctly different
leakage of cytoplasmic protein, carbohydrates, and nucleic acids from
individual strains. Herein, B. cereus was more resistant to membrane
permeability changes and cytoplasmic leakage than S. epidermidis. It has
been ascertained that B. cereus strains produce siderophores, which can
chelate iron and other metals, providing independent metal tolerance
mechanisms [47,57]. There is a possibility that these siderophores could
inhibit the uptake and diffusion of released metal ions from NPs,
diminishing their effect on membrane functioning. It is worth noting
that a correlation between increased membrane permeability and
cytoplasmic leakage was established for S. epidermidis after treatment
with TiO,-NPs. It could be due to the evenly distributed clusters of
TiO2-NPs on the surface of this bacterium compared to other bacterial
cells with a different NPs localisation. Such adsorption of TiO2-NPs onto
the surface of S. epidermidis could cause membrane tension dependent on
the contact area with the phospholipid bilayer resulting in its stretching
and mechanical deformation. Overall, the increased interactive affinity
and the higher density of surface-attached NPs clusters lead to more
significant membrane breakage due to the higher concentration of NPs
[371.

The direct and indirect interactions of NPs with bacterial cell enve-
lopes can lead to disturbances in cellular respiration, electron transport,
and, thus, in the level of total ATP. Considering that ATP is an important
metabolite and the primary energy source in various cellular chemical
reactions, alterations in its concentration can be used as a beneficial
stress indicator in cells exposed to toxicological substances. The
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obtained findings proved that the exposure of E. coli, B. cereus and
S. epidermidis to metallic NPs significantly altered the total ATP con-
centrations. Moreover, the decrease in the whole ATP level was corre-
lated with reduced ATPase activity. A similar dependence was found in
the case of the action of metal oxide NPs, with ZnO-NPs having the most
significant impact on ATP level and ATPase activity. Furthermore, it is
essential to underline that the extracellular concentration of ATP as a
signalling molecule fluctuates during the growth stages of bacterial cells,
despite its level rising when the cell membrane ruptures [26]. Corre-
sponding observations were acknowledged by [42], who reported that
treatment of E. coli with TiO2-NPs resulted in the depletion of intracel-
lular ATP whilst increasing its content in extracellular solution. An
opposite effect was disclosed in this study, as a general decrease in
overall ATP in all bacterial strains. Such a conclusion can be attributed
to the inhibition of ATPase functioning. The investigated inorganic NPs
can generate various ROS and increase the concentration of protein
carbonyls through their oxidation, which was revealed in our previous
research [38]. Accordingly, disturbances in the cell membrane and the
stimulated cascade mechanism of ROS-induced oxidation and reduction
reactions can inactivate the action of ATPase. Moreover, induced
oxidative stress and the release of metal ions by NPs can lead to en-
zymes’ mismetallation, resulting in their inactivation [27]. Our previous
work indicated that the presence of NPs in E. coli, B. cereus and
S. epidermidis culture also resulted in the inhibition of overall dehydro-
genase activity [38]. Decreased activity of this enzyme playing an
essential role in the respiratory system of the bacterial cell could also
contribute to the overall depletion of ATP. Likewise, the changes in ATP
concentration and ATPase activity caused by Ag-NPs and Fe304-NPs in
E. coli cells were associated with inhibiting the H'-translocating system
[19]. Additionally, the concentration of ATP changes dynamically under
stressful conditions because it is used in various cellular processes,
including protein synthesis [17]. Therefore, it could be used as a driving
force for redox protein synthesis as a defence mechanism against NPs
stress. Interestingly, Zn?" jons can mediate an increase in ATP produc-
tion through enhanced protein synthesis with ATP synthase function
[58]. Such a phenomenon would explain the stimulating effect of
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ZnO-NPs at ICsy and “%ICsg on E. coli ATPase activity. According to
literature data, NPs can alter protein synthesis through changes in the
expression level of selected bacterial genes and denaturation of the
ribosome [48,49]. For example, treating E. coli with TiO,-NPs resulted in
the down-regulation of genes encoding components of ATPase protein,
which was reflected in a reduced concentration of ATP and proton
export [49]. The heavy metal ions released from NPs and generated ROS
could have contributed to changes in the transcriptional activity of
tested microorganisms, additionally influencing the synthesis of pro-
teins of respiratory metabolism. The differential effect of metallic NPs on
cells presented in this work may relate to their dimensions and, thus,
different interactions and reactivity with the bacterial cell surface. In
addition, some metals are necessary and essential for microbial cell
growth and metabolic functions [36]. Therefore, the very adaptations of
bacteria to specific heavy metals may result in a differentiated response
to their presence.

Despite the emergence of new knowledge concerning the effects of
NPs on bacterial cells, little is still known about the impact of NPs on
bacterial fatty acid composition and the associated fluctuations in the
permeability of the cell membranes. It is a crucial issue because the fatty
acid composition determines the dynamic nature of membranes and can
provide additional resistance against toxic factors [34]. Here, the
recorded alterations in FAME profiles were unique for each strain and
type of tested NPs. Nevertheless, both E. coli and B. cereus were char-
acterised by a significant decrease in the percentages of cyclopropane
and hydroxyl fatty acid, especially in the presence of Cu-NPs and
ZnO-NPs, respectively. According to [43], cyclopropane fatty acids
stabilise membranes through induction of a greater degree of order than
their unsaturated precursors and limit the rotation of the bonds sur-
rounding the cyclopropane ring. They also disrupt lipid packing, favour
the occurrence of "gauche" defects in the chains and increase the lateral
lipid diffusion, enhancing membrane fluidity. Here, cyclopropane fatty
acids are more likely to decrease the membrane order and seal cyto-
plasmic leakage. Reducing the percentages of hydroxyl and branched
fatty acids makes the phospholipid bilayer more rigid [34].
Branched-chain fatty acids display a lower melting point temperature
than their equivalent straight-chain fatty acids. Hence, their decreased
content in the membrane is expected to reduce its fluidity. Similarly,
lower content of hydroxylated fatty acids in S. epidermidis exposed to
NPs could potentially contribute to the rigidity of the cell membrane.
Furthermore, the increased ratio of saturated to unsaturated fatty acids
calculated for all strains indicates a decrease in membrane fluidity,
making it less permeable. Our recent research showed that NPs and
generated ROS induced lipid peroxidation and altered the composition
of certain groups of fatty acids [38]. In general, lipid peroxidation can
enhance membrane fluidity making them more susceptible to NPs
damage [32]. The obtained changes in the content of the analysed fatty
acid groups can be attributed to the resistance mechanism of the tested
bacterial cells. However, considering the differences in membrane
permeability and cytoplasmic leakage, it can be argued that NPs could
cause holes in outer layers through the interaction with bacterial sur-
faces or through accumulation in the cell membrane, causing intense
cellular leakage [16]. [14] stated that Ag-NPs acted upon the plasma
membrane in E. coli and P. aeruginosa cells resulting in the release of
intracellular K* and internalisation of NPs through the formation of pits
on the bacterial surfaces.

SEM analysis provided valuable information on bacteria-NPs in-
teractions and allowed imaging of NPs distribution on the cell surface.
All NPs adhered to a different extent to the surface of E. coli, B. cereus and
S. epidermidis, depending on the type of NPs and the microorganism. For
example, Cu-NPs exhibited a strong affinity to peripheral sites of E. coli.
This may suggest that there could be more binding sites, such as lipo-
polysaccharides favouring hydrogen bonding and hydrophobic in-
teractions at these sites [44]. On the other hand, ZnO-NPs had a
powerful affinity to the whole surface of B. cereus, forming large and
layered NPs clusters. This indicates eminent sequestration and anionic
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binding of ZnO-NPs by peptidoglycan and teichoic acids of B. cereus
cells. Specifically, divalent metal ions are bound by the phosphate
groups of teichoic acids [51]. Here, both Cu-NPs (Cu?") and ZnO-NPs
(Zn?*) were attached similarly to the surface of B. cereus cells. Analo-
gously, [15] confirmed the importance of teichoic acids and negatively
charged moieties in Bacillus subtilis cells in Au-NPs binding. By com-
parison, S. epidermidis cells were fully covered by large agglomerates of
TiO2-NPs. It was reported that TiO2-NPs adhere strongly to COO™ groups
in the cell membrane [25]. Intriguingly, both ZnO-NPs and TiO2-NPs
formed large aggregates and agglomerates on bacterial surfaces with
high concentrations of NPs. In addition, the micrographs showed the
released metal ions in the closest vicinity of the cell. It is worth
emphasising that Ag-NPs did not adhere to the surface of E. coli, B. cereus
and S. epidermidis compared to the other NPs. This might be due to the
potential lower overall positive charge of Ag-NPs, and, thus, less
attraction to the negatively charged outer layers of microbial cells.
Furthermore, no morphological alterations or visible damages to the
bacterial envelopes were discovered compared to the published data
indicating evident cell damage [11]. In order to explain in detail the
mechanisms of NPs interactions with the surface of bacterial cells, we
have just started new research at the molecular level aimed at deter-
mining the distribution of atoms on the cell surface and the interaction
of NPs with the functional groups of phospholipids and surface proteins
using advanced attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR).

5. Conclusions

The presented results provided new knowledge in understanding the
complex processes induced by NPs in bacterial cells, underlying the
disturbance and functioning of the cell envelope structure. The tested
NPs were characterised by a specific mechanism of action and an indi-
vidual, unique way of interacting with the tested bacteria. Interestingly,
metal oxide NPs exhibited a similar effect on the studied microorgan-
isms. On the other hand, the most visible changes in the values of the
measured parameters occurred in E. coli, B. cereus and S. epidermidis cells
exposed to ZnO-NPs and Cu-NPs. The research also documented that NPs
attenuate on the surface of bacterial cells, which results in increased
membrane permeability, positively correlated with cytoplasmic leakage.
Surprisingly, NPs inhibited the respiratory metabolism of the tested
strains, which was reflected in a decrease in total ATP concentration and
low ATPase activity. Moreover, all NPs significantly, but in different
ways, modified the content of the bacterial fatty acid composition. In
general, E. coli proved to be more sensitive to the presence of NPs,
resulting in their distinct impact on the increase of membrane perme-
ability and cytoplasmic leakage, as well as alterations in ATP level
compared to Gram-positive strains. However, Gram-positive strains,
especially B. cereus, were characterised by distinguishable changes in
ATPase activity and fatty acid composition. All the observed changes
implied that bacteria activate various defence mechanisms that protect
them against NPs stress.
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Environmental Implication

Due to their unique antimicrobial properties, nanomaterials,
including inorganic NPs, have been identified as potential threats to the
environment and related microorganisms. The complete lack of stand-
ardised methods to assess the risk of the widespread use of NPs as well as
the complex nature of nanomaterials, make tracking changes in micro-
bial populations under NPs exposure difficult and currently unattain-
able. For this reason, it is necessary to understand the biological activity
of NPs using model microorganisms thoroughly. Knowledge of NPs ac-
tivity in biological matrices used in various market products will allow
for future intended and safe use of these materials. Undoubtedly, the
experimental data obtained in this study provided new and solid evi-
dence of the undesirable effect of NPs on the structure and function of
bacterial cell envelopes. In particular, the complex information on total
ATP concentration, ATPase activity, and changes in the bacterial fatty
acid composition is unprecedented and of high cognitive importance.
Moreover, the presented results may contribute to a better under-
standing of the effects of inorganic NPs on various species of bacteria,
concerning Gram-negative and Gram-positive bacteria. The proposed
biomarkers and the methodology used may constitute the basis for
standardising the methods in future studies on the toxicity of
nanomaterials.
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II1. Whnioski

1.

10.

Wartos$ci parametrow toksykologicznych (MIC, MBC 1 ICs) wskazaty na zréznicowany wplyw
nanoczastek Ag, Cu, ZnO i TiO; na wzrost szczepdw E. coli, B. cereus 1 S. epidermidis. Badane
szczepy byty bardziej wrazliwe na toksyczne dzialanie nanoczastek metali niz tlenkéw metali.

Wszystkie nanoczastki generowaty rozne formy reaktywnych form tlenu (O™, H2O2 i "OH) w
komorkach bakterii.

. Zmiany aktywnos$ci enzymow systemu antyoksydacyjnego, tj. katalazy, peroksydazy i dysmutazy

ponadtlenkowej oraz poziomu zredukowanego glutationu byty skutkiem zakldconej réwnowagi
redoks w komorkach bakterii traktowanych nanoczastkami.

Skutki stresu oksydacyjnego prowadzity do wzrostu poziomu peroksydacji lipidow i utleniania
biatek, szczegdlnie w komorkach bakterii Gram-dodatnich.

. Wszystkie nanoczastki miaty istotny wptyw na zmiany ekspresji analizowanych genéow obrony

antyoksydacyjnej, co bylo skorelowane z zaktéconym dzialaniem enzyméw antyoksydacyjnych.
Najwieksze réznice miedzy profilami transkrypcyjnymi i antyoksydacyjnymi ustalono dla biatek
o aktywnosci podobnej do katalazy i peroksydazy.

Zmiany aktywnosci dehydrogenaz i ATPazy oraz calkowitego stezenia ATP potwierdzity istotny
wplyw nanoczastek na metabolizm oddechowy komorek bakterii.

Nanoczastki miaty zréznicowany wptyw na zmiany przepuszczalno$ci btony komorkowej bakterii
1 wyciek zawartosci wewnatrzkomoérkowe.

Konsekwencja dziatania nanoczgstek na komorki bakterii byly zmiany sktadow i1 udzialow
procentowych analizowanych grup kwasow tluszczowych. U wszystkich bakterii najbardziej
podatnymi na zmiany byty cyklopropanowe i/lub hydroksylowe kwasy tluszczowe.

Nanoczastki wykazywaty silne powinowactwo 1 zréznicowany rozklad na powierzchni komorek
bakterii, prowadzace niejednokrotnie do zmian ich morfologii.

Zmiany w analizowanych procesach metabolicznych 1 strukturze komorek bakterii byty
specyficzne gatunkowo i zalezaty od stezenia oraz rodzaju nanoczastek.
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I'V. Streszczenie

Dotychczas prowadzone prace eksperymentalne nad bakteriobdjczymi wiasciwos$ciami
nanoczastek (NPs) koncentrowaty si¢ gldwnie na fragmentarycznej analizie ich wplywu na wybrane
procesy metaboliczne 1 nie w pelni odzwierciedlajg ich wielopoziomowej presji na funkcjonowanie
mikroorganizméw. Mimo wielu prac dotyczacych indukcji stresu oksydacyjnego w komorkach
bakterii przez NPs, tylko niewielka ich cz¢$¢ dotyczy identyfikacji generowanych reaktywnych form
tlenu (RFT) bez ich uprzedniej fotoaktywacji oraz zdefiniowania towarzyszacych temu procesowi
zmian patologicznych, w tym peroksydacji lipidéw i utleniania biatek. Ograniczona jest réwniez
wiedza w zakresie potgczonej analizy zmian na poziomie ekspresji gendw obrony antyoksydacyjne;
z aktywnoscig ich bialkowych odpowiednikéw molekularnych. Niewiele takze wiadomo na temat
interakcji NPs z ostonami zewnetrznymi bakterii oraz wpltywu NPs na profile kwasow thuszczowych.
Powyzsze wzgledy uzasadniajg wybor tematyki badawczej 1 konsekwentne dazenie do wyjasnienia
mechanizmow lezacych u podstaw biologicznej aktywnosci 1 toksycznosci NPs.

Celem rozprawy doktorskiej byta wieloaspektowa analiza mechanizmow stresu
oksydacyjnego w komorkach bakterii: Escherichia coli (ATCC® 25922™), Bacillus cereus (ATCC®
11778™) i Staphylococcus epidermidis (ATCC® 12228™), eksponowanych na dziatanie nanoczgstek
nieorganicznych: Ag-NPs, Cu-NPs, ZnO-NPs i TiO2-NPs. W ramach przeprowadzonych badan
zweryfikowano nastepujace hipotezy: (1) NPs wplywajg na dzialanie bakteryjnych antyoksydantow;
(2) NPs wptywaja na poziom ekspresji genow stresu oksydacyjnego; (3) NPs modyfikuja aktywnos¢
oddechowa komorek bakteryjnych 1 (4) NPs oddzialujg z ostonami zewne¢trznymi bakterii oraz
powodujg zmiany morfologiczne komorek.

Istotng kwestia w badaniach toksyczno$ci $rodkéw przeciwdrobnoustrojowych jest
precyzyjne zdefiniowanie ich bakteriobdjczego 1 bakteriostatycznego dziatania na konkretne
mikroorganizmy. Analiza warto$ci wskaznikéw toksykologicznych MIC, MBC i ICso potwierdzita
przeciwbakteryjne dziatanie wszystkich NPs wzgledem E. coli, B. cereus 1 S. epidermidis.
Jednocze$nie stwierdzono zrdoznicowang wrazliwo$¢ badanych szczepéw na stres wywolany
ekspozycja na poszczegolne rodzaje NPs. Udokumentowano, ze badane szczepy byly bardziej
wrazliwe na toksyczne dzialanie nanoczastek metali niz tlenkow metali. Wyniki badan
mikrobiologicznych potwierdzity wysoki stopien §miertelnosci komorek E. coli po traktowaniu Ag-
NPs, ZnO-NPs 1 TiO,-NPs w poréwnaniu do B. cereus 1 S. epidermidis.

Szczegotowa analiza indukcji stresu oksydacyjnego i generacji RFT w komorkach bakterii E.
coli, B. cereus 1 S. epidermidis przez NPs wskazala, Ze jest to jeden z podstawowych mechanizméw
ich przeciwdrobnoustrojowego dziatania. Poszczegdlne NPs generowaly rozne rodzaje RFT oraz
podwyzszaty og6lny poziom RFT w komodrkach bakterii. Najwiekszy wzrost catkowitego stezenia
RFT w komorkach E. coli i B. cereus nastgpit po ekspozycji na Cu-NPs. Z kolei ZnO-NPs i TiO>-NPs
miaty znaczacy wplyw na produkcje RFT w komorkach S. epidermidis. Ustalono, ze NPs w
najwickszym stopniu indukowaty tworzenie RFT w komoérkach B. cereus 1 S. epidermidis, natomiast
w mniejszym stopniu w komoérkach E. coli. Odnoszac si¢ do poziomu poszczegolnych form RFT,
zasadniczy udziat w catkowitym st¢zeniu RFT w komdrkach E. coli traktowanych Cu-NPs miaty O>™,
H>02 i "OH, w komorkach S. epidermidis traktowanych TiO2-NPs - O>™ i *OH, a w komorkach B.
cereus eksponowanych na Cu-NPs i ZnO-NPs - Oz 1 H202. Wyniki przedstawione w niniejszej
rozprawie potwierdzity rowniez fundamentalne znaczenie GSH w ochronie komorek E. coli i S.

98



epidermidis przed stresem oksydacyjnym. Dowodem na to byt spadek st¢zenia GSH w komorkach E.
coli eksponowanych na ZnO-NPs i Ag-NPs oraz w komorkach S. epidermidis traktowanych ZnO-
NPs. Dla porownania st¢zenie GSH w komorkach B. cereus nie zmienilo si¢ istotnie, co wskazuje na
niewielki jego udzial w ochronie tego szczepu przed stresem oksydacyjnym. Warto podkresli¢, ze
kazdy mikroorganizm posiadat unikalny i swoisty mechanizm obrony, charakteryzujacy si¢ odmienng
zawartos$cig 1 udziatem przeciwutleniaczy w mechanizmach ochronnych.

Produkcja RFT w komorkach bakterii wigze si¢ nierozerwalnie z utlenianiem réznych
biomolekut, w tym przede wszystkim lipidéw i biatek. Stwierdzono, Ze traktowanie komorek E. coli,
B. cereus 1 S. epidermidis Ag-NPs, Cu-NPs 1 TiO>-NPs skutkowato istotnym wzrostem poziomu
peroksydacji lipidow, natomiast w obecno$ci ZnO-NPs nie obserwowano tego zjawiska. Najwiekszy
wzrost poziomu peroksydacji lipidoéw w odniesieniu do kontroli nastapit w komorkach B. cereus i S.
epidermidis traktowanych Cu-NPs. Dla porownania w komorkach E. coli wzrost ten byt najwiekszy
w obecnosci TiO2-NPs. Wzrost peroksydacji lipiddow w komorkach bakterii po ekspozycji na NPs byt
dodatnio skorelowany ze wzrostem poziomu RFT. Na przyklad znaczny wzrost st¢zenia ‘OH w
komorkach B. cereus 1 S. epidermidis byt dodatnio skorelowany ze wzrostem peroksydacji lipidow.
Natomiast wysoki poziom 'O, w komoérkach E. coli traktowanych TiO>-NPs moze wyjasnia¢ wplyw
tej formy RFT na proces peroksydacji lipidow. Najczesciej przypisywana modyfikacja biatek
indukowang przez RFT jest karbonylacja bialek 1 zmiany w zawartosci grup aminowych. Analiza
zawarto$ci grup karbonylowych potwierdzita znaczny ich wzrost w strukturze bialek szczepow E.
coli, B. cereus 1 S. epidermidis eksponowanych na wszystkie rodzaje NPs. Najwi¢ckszy wzrost
zawartosci grup karbonylowych bialtek nastgpit u bakterii E. coli traktowanych Ag-NPs, ZnO-NPs i
TiO2-NPs. Z kolei u bakterii B. cereus 1 S. epidermidis najwigkszy wzrost zawartosci tych grup
wywolal kontakt komoérek z tlenkami metali. W przypadku grup aminowych, najwigkszy wzrost ich
zawartosci u wszystkich szczepoéw stwierdzono po ekspozycji na ZnO-NPs.

Ochrona komorek bakterii przed stresem oksydacyjnym wymaga prawidlowego
funkcjonowania katalitycznego ukladu antyoksydacyjnego. Aktywno$¢ podstawowych enzymoéw
antyoksydacyjnych, tj. CAT, PER i1 SOD jest powszechnie wykorzystywana jako biomarker stresu
oksydacyjnego. Wszystkie NPs stymulowaty aktywnos¢ CAT, PER i SOD w komorkach E. coli i B.
cereus, przy czym najwigkszy wzrost aktywnos$ci dotyczyt CAT 1 PER. Najwigkszy wpltyw na
aktywnos$¢ enzymow antyoksydacyjnych E. coli 1 B. cereus wykazaly Cu-NPs 1 ZnO-NPs. Zmiany
aktywno$ci CAT, PER i SOD w komorkach S. epidermidis traktowanych NPs byly trudne do
interpretacji, poniewaz kazdy rodzaj NPs w odmienny i czgsto przeciwstawny sposob wptywat na
profil katalityczny tych enzymow. Zaburzenia w funkcjonowaniu enzymow przeciwutleniajacych
byly powigzane ze zmianami w poziomie RFT oraz utlenianiem biatek. Na podstawie otrzymanych
wynikow stwierdzono takze, ze wszystkie NPs zmieniaty ekspresje wybranych genow, co bylo
skorelowane z zaburzonym dzialaniem enzymdéw antyoksydacyjnych. Najbardziej znaczace roznice
migdzy profilami transkrypcyjnymi i antyoksydacyjnymi ustalono dla biatek o aktywnosci podobnej
do CAT 1 PER. Analiza zjawiska stresu oksydacyjnego oraz wlasciwosci genotoksycznych
nanoczastek potwierdzita réwniez zalezno$¢ pomiedzy generacja RFT, a regulacja ekspresji
wybranych gendéw szoku oksydacyjnego bakterii. Na przyklad stwierdzono dodatnig korelacje
pomiedzy regulacja transkrypcji genu sodA2 i sodA w komorkach odpowiednio B. cereus i S.
epidermidis a podwyzszonym poziomem rodnika O;"".
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Jedng z konsekwencji oddziatywania NPs z powierzchniag komorek bakterii byly zmiany w
metabolizmie oddechowym. Na postawie uzyskanych wynikow stwierdzono zrdéznicowane
aktywnosci DEH i1 ATPazy oraz zmiany w catkowitym st¢zeniu ATP w komoérkach E. coli, B. cereus
1 S. epidermidis traktowanych NPs. Obserwowany spadek aktywno$ci ATPazy byt dodatnio
skorelowany ze spadkiem ogolnego stezenia ATP we wszystkich szczepach bakterii oraz zmianami w
zawartosci grup karbonylowych biatek. Co wigcej, analiza aktywnos$ci oddechowej komorek bakterii
potwierdzita takze zalezno$¢ pomigdzy aktywnoscig DEH a ogdélnym poziomem ATP. Warto
podkresli¢, ze zasadnicze zmiany dotyczyly gléwnie stezenia wewnatrzkomérkowego ATP. Stezenie
to zmienia si¢ dynamicznie w warunkach stresowych, poniewaz ATP wykorzystywany jest w r6znych
procesach komorkowych, w tym w syntezie biatek redoks.

Posrednie i bezposrednie oddziatywanie NPs z blonami komoérkowymi bakterii moze
prowadzi¢ do nieodwracalnych zmian w ich strukturze i funkcjonowaniu. Najbardziej znaczace
zmiany w przepuszczalnosci blony komdrkowej i wycieku cytoplazmy stwierdzono u szczepu E. coli
traktowanego ZnO-NPs i TiO»-NPs. W przypadku szczepdw B. cereus 1 S. epidermidis, analiza
statystyczna wykazala brak istotnych roéznic w przepuszczalnosci btony pomigdzy komoérkami
traktowanymi NPs a komodrkami kontrolnymi. Zidentyfikowano rdwniez istotne zmiany w
procentowych zawarto$ciach nasyconych i nienasyconych kwasow tluszczowych w profilach FAME
bakterii traktowanych NPs. Analiza profili FAME wykazata zr6znicowany 1 zalezny od st¢zenia
wptyw NPs na udziat procentowy kwasow thuszczowych E. coli, B. cereus 1 S. epidermidis. Grupami
kwasoéw tluszczowych najbardziej podatnymi na dzialanie NPs byly u wszystkich bakterii
cyklopropanowe i/lub hydroksylowe kwasy ttuszczowe. Bakterie Gram-dodatnie okazaty si¢ bardziej
wrazliwe na dziatanie NPs w tym zakresie niz E. coli.

Analiz¢ SEM przeprowadzono w celu zbadania rozmieszczenia 1 interakcji poszczegdlnych
NPs z powierzchnig bakterii oraz okreslenia potencjalnych uszkodzen w ich ostonach zewngtrznych.
Stwierdzono, ze poszczegdlne NPs charakteryzowaly si¢ réznym stopniem powinowactwa do
powierzchni E. coli, B. cereus i S. epidermidis 1 ulegaty r6znej dystrybucji na powierzchni komorek.
Na przyktad ZnO-NPs byly rownomiernie rozproszone na catej powierzchni komorek E. coli,
natomiast na powierzchni komorek B. cereus tworzyty warstwowe skupiska w postaci aglomeratow i
agregatow o roznych ksztaltach. Warto podkresli¢, ze Ag-NPs w najmniejszym stopniu ulegaly
adhezji do powierzchni E. coli, B. cereus 1 S. epidermidis w pordwnaniu z pozostatymi NPs.

Podsumowujac, przeprowadzone badania dostarczyly nowych i solidnych dowodéw na
negatywny wpltyw NPs na mikroorganizmy. Zmiany w metabolizmie i strukturze komorek bakterii
zalezaly od rodzaju NPs i byly specyficzne gatunkowo. Szczep E. coli charakteryzowal sie¢
wzmozonym funkcjonowaniem uktadu antyoksydacyjnego oraz zasadniczymi zmianami w
przepuszczalnos$ci bton komoérkowych. Natomiast ekspozycja szczepéw B. cereus 1 S. epidermidis
skutkowata gtownie uposledzeniem metabolizmu oddechowego. Uzyte w pracy biomarkery stresu
oksydacyjnego oraz zaproponowana i zoptymalizowana metodologia moga stanowi¢ podstawe do
standaryzacji metod empiryczno-analitycznych w  przysztych badaniach  toksycznosci
nanomateriatow.
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V. Summary

Experimental works on the bactericidal properties of nanoparticles (NPs) focused mainly on a
partial analysis of their impact on selected metabolic processes, therefore, do not fully reflect their
multi-level pressure on the functioning of microorganisms. Although current research on the induction
of oxidative stress in bacterial cells by NPs is extensively conducted, it includes, in many cases, the
production and identification of generated reactive oxygen species (ROS) after NPs photoactivation
and rarely connect them with accompanying pathological changes such as lipid peroxidation and
protein oxidation. Moreover, the available knowledge on the combined analysis of the expression
level of antioxidant defense genes with the activity of their molecular counterparts is severely limited.
Little is also known about the interaction of NPs with the outer layers of bacteria and the effect of NPs
on fatty acid profiles. The above considerations justify the choice of the research topic and the
consistent pursuit of elucidating the mechanisms underlying the biological activity and toxicity of
NPs.

The aim of the doctoral dissertation was a multifaceted analysis of the mechanisms of
oxidative stress in Escherichia coli (ATCC® 25922™), Bacillus cereus (ATCC® 11778™) and
Staphylococcus epidermidis (ATCC® 12228™), exposed to inorganic nanoparticles: Ag-NPs, Cu-NPs,
ZnO-NPs and TiO>-NPs. As part of the conducted research, the following hypotheses were verified:
(1) NPs affect the action of bacterial antioxidants; (2) NPs affect the expression level of oxidative
stress genes; (3) NPs modify the respiratory activity of bacterial cells and (4) NPs interact with the
outer layers of bacteria and cause cell morphological changes.

The primary issue in studying the antibacterial agents' toxicity is the precise explanation of
their bactericidal and bacteriostatic effects on specific microorganisms. Herein, the analysis of the
MIC, MBC and ICs toxicological indices confirmed the antibacterial activity of all NPs against F.
coli, B. cereus and S. epidermidis. Simultaneously, the tested strains exhibited varying sensitivity to
particular types of NPs. Moreover, they were more susceptible to metal nanoparticles than metal
oxides. The results of microbiological tests confirmed higher mortality of E. coli cells after treatment
with Ag-NPs, ZnO-NPs and TiO>-NPs compared to B. cereus and S. epidermidis.

A detailed analysis of oxidative stress induction and ROS generation in E. coli, B. cereus and
S. epidermidis by NPs indicated that this is one of the basic mechanisms of their antimicrobial activity.
Individual NPs generated different types of ROS and increased the overall level of ROS in bacterial
cells. The most significant increase in the total concentration of ROS in E. coli and B. cereus cells
occurred after exposure to Cu-NPs. In turn, ZnO-NPs and TiO»-NPs had a considerable effect on the
production of ROS in S. epidermidis. It was found that NPs induced ROS formation to a greater extent
in B. cereus and S. epidermidis cells than in E. coli. Referring to the level of individual forms of ROS,
the principal share in the total concentration of ROS in E. coli cells treated with Cu-NPs were O>",
H>0O2 and "OH, in S. epidermidis cells treated with TiO2-NPs were O>" and "OH, and in B. cereus cells
exposed to Cu-NPs and ZnO-NPs turned out to have O>" and H>O,. The results presented in this
dissertation also confirmed the fundamental importance of GSH in protecting E. coli and S.
epidermidis cells against oxidative stress. This was evidenced by decreased GSH concentration in E.
coli cells exposed to ZnO-NPs and Ag-NPs, and in S. epidermidis cells treated with ZnO-NPs. By
comparison, the concentration of GSH in B. cereus cells did not change significantly, which indicates
its small contribution to the protection against oxidative stress. It is worth emphasising that each
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microorganism had a unique and specific defense mechanism, characterised by different content and
participation of antioxidants in the protective mechanisms.

The production of ROS in bacterial cells is inextricably linked to the oxidation of various
biomolecules, primarily lipids and proteins. The treatment of E. coli, B. cereus and S. epidermidis
cells with Ag-NPs, Cu-NPs and TiO»-NPs resulted in a significant increase in lipid peroxidation;
however, ZnO-NPs did not cause this phenomenon. The most significant increase in lipid peroxidation
in B. cereus and S. epidermidis cells compared to the control cells occurred after treatment with Cu-
NPs. By comparison, this increase in E. coli cells was the highest in the presence of TiO>-NPs.
Statistical analysis confirmed the positive correlation between lipid peroxidation and ROS formation.
For example, a significant increase in "“OH concentration in B. cereus and S. epidermidis cells was
positively correlated with an increase in lipid peroxidation. However, the high level of 'O, in E. coli
cells treated with TiO2-NPs may explain the influence of this ROS on lipid peroxidation. The most
commonly attributed modification of proteins induced by ROS is protein carbonylation and changes
in the content of amino groups. The detailed analysis confirmed a significant increase in the content
of carbonyl groups in the protein of E. coli, B. cereus and S. epidermidis exposed to all types of NPs.
The highest increase in the content of protein carbonyl groups occurred in E. coli treated with Ag-
NPs, ZnO-NPs and TiO>-NPs. In turn, the greatest increase in the content of these groups in B. cereus
and S. epidermidis appeared after contact of the cells with metal oxides. In the case of amino groups,
the most significant increase in their content in all strains was found after exposure to ZnO-NPs.

The protection of bacterial cells against oxidative stress requires the proper functioning of the
catalytic antioxidant system. The activity of antioxidant enzymes, i.e. CAT, PER and SOD, is
commonly used as a biomarker of oxidative stress. All NPs stimulated CAT, PER and SOD activity in
E. coli and B. cereus cells, with the greatest increase in CAT and PER activity. The most significant
influence on the activity of antioxidant enzymes in E. coli and B. cereus was established after
treatment with Cu-NPs and ZnO-NPs. Changes in the CAT, PER and SOD activities in S. epidermidis
exposed to NPs were difficult to interpret because each type of NPs affected the catalytic profile of
these enzymes in a different and often opposite way. Disturbances in the functioning of antioxidant
enzymes were associated with ROS levels and protein oxidation. The obtained results also indicated
that all NPs changed the expression level of selected genes, which was correlated with impaired
activity of antioxidant enzymes. The most significant differences between transcriptional and
antioxidant profiles were found for proteins with CAT and PER-like activity. The analysis of the
oxidative stress induction and the genotoxic properties of NPs also confirmed the relationship between
ROS generation and the expression level of selected oxidative stress-related genes. For example, a
positive correlation was found between the expression level of sodA2 and sodA genes in B. cereus
and S. epidermidis cells, respectively, and increased levels of the O™ radical.

A severe consequence of NPs interaction with the surface of bacterial cells was altered
respiratory metabolism. Based on the obtained results, different DEH and ATPase activities and
changes in total ATP concentration in E. coli, B. cereus and S. epidermidis cells treated with NPs were
evidenced. The decrease in ATPase activity was positively correlated with a reduction in the total ATP
concentration in all bacterial strains and changes in carbonyl group content. Interestingly, the analysis
of the respiratory activity of bacterial cells also confirmed the relationship between DEH activity and
general ATP levels. It is worth emphasising that the alternations mainly concerned intracellular ATP
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concentration. It dynamically changes under stress conditions due to ATP utilisation in various cellular
processes, including the synthesis of redox proteins.

Direct and indirect interaction of NPs with bacterial cell membranes can lead to irreversible
changes in their structure and functioning. The most significant changes in cell membrane
permeability and cytoplasm leakage were found in E. coli treated with ZnO-NPs and TiO>-NPs. By
comparison, statistical analysis showed no significant differences in membrane permeability between
treated and untreated B. cereus and S. epidermidis cells. Substantial changes in the percentages of
saturated and unsaturated fatty acids in the FAME profiles of all bacteria treated with NPs were also
identified. The detailed analysis of the FAME profiles showed a differential and concentration-
dependent effect of NPs on the percentages of E. coli, B. cereus and S. epidermidis fatty acids. In all
bacteria, the most susceptible to NPs action were cyclopropane and/or hydroxyl fatty acids. Gram-
positive bacteria turned out to be more sensitive to NPs than E. coli.

SEM analysis was performed to study the distribution and interaction of individual NPs with
the bacterial surface and to identify potential damage to their outer layers. It was evidenced that
individual NPs had a differential affinity to the surface of E. coli, B. cereus and S. epidermidis and
were distributed on the bacteria's surface depending on their type. For example, ZnO-NPs were evenly
dispersed over the entire surface of E. coli cells. Contrarily, they formed layered clusters in the form
of agglomerates and aggregates of various shapes on the surface of B. cereus cells. It is worth
emphasising that Ag-NPs slightly adhered to the surface of E. coli, B. cereus and S. epidermidis
compared to the remaining NPs.

In conclusion, the conducted research provided new and solid evidence of the negative impact
of NPs on microorganisms. Changes in the metabolism and structure of bacterial cells depended on
the type of NPs and were species-specific. E. coli strain was characterised by an increased functioning
of the antioxidant defense system and noteworthy changes in the permeability of cell membranes. On
the other hand, the exposure of B. cereus and S. epidermidis to NPs resulted mainly in impaired
respiratory metabolism. The biomarkers of oxidative stress and the proposed and optimised
methodology may help standardise empirical and analytical methods in future studies of nanomaterial
toxicity.
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