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Oswiadczenie promotora pracy

Odwiadezam, Ze niniejsza praca zostala przygotowana pod moim kierunkiem i stwierdzam,
ze spetnia ona warunki do przedstawienia jej w postgpowaniu o nadanie stopnia naukowego.

Oswiadczenie autora pracy

Swiadom odpowiedzialno$ci prawnej oswiadczam, Ze niniejsza praca dyplomowa zostata
napisana przeze mnie samodzielnie i nie zawiera tresci uzyskanych w sposob niezgodny z
obowigzujgcymi przepisami.

Oswiadczam rowniez, ze przedstawiona praca nie byla wczesniej przedmiotem procedur
zwiazanych z uzyskaniem stopnia naukowego w wyzszej uczelni.

Oswiadczam ponadto, Ze niniejsza wersja pracy jest identyczna z zalgczona wersja
elektroniczng.
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1. Streszczenie
Wybrane materialy grafenowe jako czynniki modulujgce szlaki apoptotyczne
i sygnalizacje zewnatrzkomoérkowa, w komérkach glejaka IV stopnia in vitro

Glejak 1V stopnia (GBM) jest zto$liwym, pierwotnym nowotworem mézgu pochodzenia
astrocytarnego. Grafen ma doskonata strukture sieci krystalicznej, hybrydyzacje atomowsg
sp? 1 liczne, wazne z punktu widzenia zastosowan w medycynie wladciwosci. Istotng
modyfikacja pochodnych grafenu jest zmniejszenie zawartosci tlenu (grup
hydroksylowych, karboksylowych, epoksydowych) w rGO w stosunku do materiatu
wyjsciowego jakim jest GO, co skutkuje wzrostem zdelokalizowanych elektronéw
na powierzchni platkow. Celem pracy bylo zbadanie i poréwnanie wplywu wybranych
form alotropowych wegla (rGO i GN) na toksyczno$é, zwigzany z tym szlak aktywacji
apoptozy oraz cykl komoérkowy, sygnalizacje zwigzang z funkcjonowaniem blony
komoérkowej oraz w zwiazku z tym modulacji mechanizméw adhezji i migracji wobec
komoérek nowotworowych glejaka 1V stopnia i komorek prawidtowych. Materiat
badawczy stanowity hydrokoloidy platkéw grafenu (GN/ExF) oraz zredukowanych
tlenkéw grafenu (rGO/Term, rGO/ATS i rGO/TUD). Uzyskane wyniki wykazatly,
Ze badane materialy grafenowe i ich pochodne dziatajg cytotoksycznie na komorki
nowotworowe indukujgc  apoptoze, w szczegblnosci na  drodze  zaleznej
od mitochondriéw. Ponadto wykazano zmiany w ekspresji gendéw kanatéw jonowych
zaleznych od napigcia (clen3, nalen i kened) $wiadczace o mozliwosei modulacji
sygnatow bioelektrycznych za pomocg materiatow weglowych. Co wiecej ptatki GN
i rGO istotnie obnizyly ekspresj¢ zewnatrzkomorkowych receptorow (uPar, C11035)
oraz bialek FAK i B-kateniny, co spowodowalo obnizenie ruchliwosci i migracji komorek
U87. Silnigjsze dziatanie cytotoksyczne i modulujace platkéw rGO w pordwnaniu do GN
moze zaleze¢ od obecno$ci 1 rodzaju grup funkcyjnych zawierajgcych tlen
oraz. zdegenerowanych potaczen migdzy weglami i w konsekwencji zwiekszone]
hydrofilowosci, ktéra ulatwia kontakt z blona komodrkows, a tym samym dziatanie
przeciwnowotworowe.

Stowa kluczowe: glejak, grafen, zredukowany tlenek grafenu, apoptoza, kanaty jonowe,
receptory zewnatrzkomoérkowe, migracja, adhezja



Summary

Selected graphene materials as modulating factors of apoptotic pathways
and extracellular signaling in glioma grade IV in vifro

Stage TV glioblastoma (GBM) is a malignant primary brain tumor of astrocytic origin.
Graphene has an excellent crystal lattice structure, sp2 atomic hybridization and numerous
properties important from the point of view of medical applications. An important
modification of graphene derivatives is the reduction of the oxygen content (hydroxyl,
carboxyl, epoxide groups) in rGO in relation to the starting material which is GO, which
results in an increase in delocalized electrons on the surface of the flakes. The aim of the study
was to investigate and compare the effect of selected carbon allotropes (GN and rGO)
on toxicity, the related pathway of apoptosis activation and the cell cycle, signaling related
to the functioning of the cell membrane and, therefore, modulation of the mechanisms
of adhesion and migration towards stage IV glioblastoma cancer cells and normal cells.
The research material consisted of hydrocolloids of graphene flakes (GN/ExF) and reduced
graphene oxides (rGO/Term, rGO/ATS and rGO/TUD). The obtained results showed that
the studied graphene materials and their derivatives have a cytotoxic effect on cancer cells
by inducing apoptosis, in particular in the mitochondria-dependent way. In addition, changes
in the expression of voltage-dependent ion channel genes (clen3, nalcn and kcned) were
demonstrated, indicating the possibility of modulation of bioelectrical signals with carbon
materials. Moreover, GN and rGO flakes significantly reduced the expression
of extracellular receptors (uPar, CD105) as well as FAK and B-catenin proteins, which resulted
in reduced mobility and migration of U87 cells. The stronger cytotoxic and modulating effect
of rGO flakes compared to GN may depend on the presence and type of oxygen-containing
functional groups and degenerate connections between carbons and, consequently, increased
hydrophilicity, which facilitates contact with the cell membrane, and thus anticancer activity.

Key words: glioma, graphene, reduced graphene oxide, apoptosis, ion channels, extracellular
receptors, migration, invasiveness
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2. Wykaz publikacji stanowiacych rozprawe doktorska pod tytulem:

»Wybrane materiaty grafenowe jako czynniki modulujgce szlaki apoptotyczne
i sygnalizacje zewnatrzkomorkowa w komorkach glejaka IV stopnia in vitro”

1. Szeczepaniak J, Strojny B, Sawosz Chwalibog E, Jaworski S, Jagiello J, Winkowska
M, Szmidt M, Wierzbicki M, Sosnowska M, Balaban J, Winnicka A, Lipinska L,
Witkowska Pilaszewicz O, Grodzik M. Effects of Reduced Graphene Oxides on
Apoptosis and Cell Cycle of Glioblastoma Multiforme. International Journal of
Molecular Sciences. 2018; 19(12):3939. https://doi.org/10.3390/ijms19123939

(IF: 4,183; 140 pke)

2. Szczepaniak J, Jagiello J, Wierzbicki M, Nowak D, Sobczyk-Guzenda A, Sosnowska
M, Jaworski S, Daniluk K, Szmidt M, Witkowska-Pilaszewicz O, Strojny-Cieslak B,
Grodzik M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors
and Voltage-Dependent Ion Channel Genes of Glioblastoma Multiforme. International
Journal of Molecular Sciences. 2021; 22(2):515.https://doi.org/10.3390/ijms22020515

(IF: 6,208; 140 pkt)

3. Szczepaniak J, Sosnowska M, Wierzbicki M, Witkowska-Pilaszewicz O, Strojny-
Cieslak B, Jagiello J, Fraczek W, Kusmierz M, Grodzik M. Reduced Grapehene Oxide
Modulates the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells
in vitro. Materials 2022, 15, 5843. https://doi.org/10.3390/mal15175843

(IF: 3,748; 140 pkt)

Laczny TF publikacji stanowigcych rozprawe doktorska: 14,139; taczna liczba punktdw: 420

Punktacja podana wedlug listy MEIN czasopism punktowanych z roku 2019
i 2021, Impact Factor (IF) wedlug Journal Citation Reports (obowigzujgcy
w dniu wydania publikac;ji).
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3. Wykaz stosowanych skrotow:
4-Di-10-ASP — ang. 4-(4-diethylaminostyryl)-1-methylpyridinium iodide, jodek 4-(4-
dietyloaminostyrylo)-1-metylopirydyniowy

ADAM — ang. a disintegrin and metalloproteinase, dezintegryna i metaloproteinaza
AFM — ang. atomic force microscope, mikroskopia sit atomowych
AIF — ang. apoptosis-inducing factor, czynnik indukujacy apoptoze

aifm1 — ang. apoptosis inducing factor mitochondrial associated 1, czynnik indukujacy
apoptoze zwigzany z mitochondriami 1

AKT — ang. protein kinase B, kinaza biatkowa B
ANOVA — ang. analysis of variance, analiza wariancji

Apaf-1 — ang. apoptotic protease activating factor 1, apoptotyczny czynnik aktywujacy
proteaze 1

ATCC — ang. American Type Culture Collection, Amerykanska Kolekcja Hodowli
Komdrkowych

ATS —ang. ammonium thiosulphate, tiosiarczan amonu

cacnalb — ang. calcium voltage-gated channel subunit alphal b, podjednostka alfa 1b
kanatlu wapniowego bramkowanego napigciem

cacnald — ang. calcium voltage-gated channel subunit alphal d, podjednostka alfa 1d
kanatu wapniowego bramnkowanego napieciem

casp3 — ang. caspase 3, kaspaza 3

casp9 — ang. caspase 9, kaspaza 9

CD105 — ang. endoglin, endoglina

CELE — ang. chicken embryo liver extract, ekstrakt z watroby zarodka kurczaka

clen3 —ang. chloride voltage-gated channel 3, chlorkowy kanat 3 bramkowany napigciem
clen6 — ang. chloride voltage-gated channel 6, chlorkowy kanal 6 bramkowany napigciem
cytc —ang. cytochrome c, cytochrom ¢

DAPI -  ang. 2-[4-(aminoiminomethyl)phenyl]-1H-indole-6-carboximidamide
hydrochloride, chlorowodorek 2-[4-(aminoiminometylo)fenylo]-1H-indolo-6-
karboksyimidoamidu

DIC — ang. differentia interference contrast, kontrast interferencji roznicowej

DMEM - ang. Dulbecco's Modified Eagle Medium, zmodyfikowane medium eagle
Dulbecco

DN — ang. diamond nanoparticles, nanoczastki diamentu

DNA — ang. deoxyribonucleic acid, kwas deoksyrybonukleinowy
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ECM — ang. extracellular matrix, matriks zewngtrzkomaorkowa

EGFR —ang. epidermal growth factor receptor, receptor naskorkowego czynnika wzrostu
Em — ang. emmision, emisja

Ex — ang. excitation, pobudzenie

ExF — ang. exfoliation, eksfoliacja

FACS — ang. fluorescence assisted cell sorting, sortowanie komorek wspomagane
fluorescencyjnie

FAK —ang, focal adhesion kinase, kinaza ogniskowej adhezji

FAS — ang. fragment apoptosis simulating, symulacja fragmentow apoptozy
FBS — ang. Fetal Bovine Serum, surowica plodowo-bydlgca

FITC —ang. fluorescein isothiocyanate, izotiocyjanian fluoresceiny

FTIR — ang. fourier-transform infrared spectroscopy, spektroskopia fourierowska
w podczerwieni

FWHM — ang. full width at half-maximum, pelna szeroko$é w potowie maksimum

GAPDH - ang. glyceraldehyde-3-phosphate  dehydrogenase, dehydrogenaza
gliceraldehydo-3-fosforanowa

GBM — ang. glioblastoma multiforme, glejak wiclopostaciowy

GN — ang. graphene, grafen

GO — ang. graphene oxide, tlenek grafenu

GSC —ang. glioblastoma stem cell, komorki macierzyste glejaka wielopostaciowego

ITME — ang. [Institute of Electronic Materials Technology, Instytut Technologii
Materiatow Elektronicznych

JC-1 — ang. 3,3'6,6'-tetrachioro-1,1', 3,3 -tetraethylbenzimidazolvicarocyanine iodide,
Jodek 5,5°,6,6°-tetrachloro-1,1°,3,3 -tetractylobenzimidazolilokarocyjaniny

kenbl — ang. potassium voltage-gated channel subfamily B member 1, czlon
| podrodziny kanalu potasowego bramkowanego napigciem

kened — ang. potassium voltage-gated channel subfamily E, podrodzina E kanatow
potasowych bramkowanych napi¢ciem

kenjl0 — ang. potassium inwardly rectifying channel subfamily J member 10, czlonek
podrodziny J 10 kanatu potasowego prostownika do wewnatrz

Ki-67 — ang. nuclear protein detected using monoclonal antibody Ki-67, biatko jadrowe
wykryte przy uzyciu przeciwciala monoklonalnego Ki-67

Lef-1 — ang. lymphoid enhancer-binding factor 1, czynnik wigzania wzmacniacza
limfoidalnego 1
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Log2RQ — ang. relative quantitation, wzgledna ocena ilosciowa

mem?2 — ang. minichromosome maintenance complex component 2, kompleks konserwacji
minichromosomow sktadnik 2

MMP — ang. matrix metalloproteinase, metaloproteinaza macierzy
mTOR — ang. mammalian target of rapamycin, ssaczy cel rapamycyny

MTT - ang. 3-(4,5-dimethylthiazol-2-yI}-2,5-diphenyltetrazolium bromide, bromek
3-(4,5-dimetylotiazolo-2-ilo)-2,5-difenylotetrazoliowy

nalcn — ang. sodium leak channel, non-selective, nieselektywny kanal wycieku sodu
NG — ang. nano graphene, nano grafen

nGO — ang. nano graphene oxide, nano tlenek grafenu

NR — ang. reutral red, czerwien oboj¢tna

NSCs — ang. neural stem cells, macierzyste komérki nerwowe

OXPHOS — ang. mitochondrial oxidative phosphorylation, mitochondrialna fosforylacja
oksydacyjna

PAIl — ang. plasminogen activator inhibifor-1, inhibitor aktywatora plazminogenu-1
PAI2 — ang. plasminogen activator inhibitor-2, inhibitor aktywatora plazminogenu-2
pena — ang. proliferating cell nuclear antigen, antygen jadrowy komorek proliferujacych
PCR — ang. polymerase chain reaction, reakcja tancuchowa polimerazy

pH — ang. potential of hydrogen, potencjat wodoru

P1— ang. polydispersity index, indeks polidyspersyjnosci

PI — ang. propidium iodide, jodek propidyny

RFU — ang. relative fluorescence units, wzgledne jednostki fluorescencji

rGO — ang. reduced graphene oxide, zredukowany tlenek grafenu

RNase A — ang. ribonuclease A, rybonukleaza A

rpl13a — ang. ribosomal protein L13a, bialko rybosomalne L13a

Rs — ang. resistivity, opornosc

SEM — ang. scanning electron microscope, skaningowa mikroskopia elektronowa
Tef-4 — ang. transcription factor 4, czynnik transkrypcji 4

TEM — ang. transmission electron microscopy, transmisyjna mikroskopia elektronowa
Term — ang. thermal, termiczny

TNFa — ang. tumor necrosis factor o, czynnik martwicy nowotworu o

TUD — ang. thiourea dioxide, dwutlenek tiomocznika
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UHRYV —ang. ulfra-high vacuum, bardzo wysoka préznia

uPar — ang. urokinase plasminogen activator surface receptor, receptor powierzchniowy
aktywatora plazminogenu urokinazy

VGIC - ang. voltage-dependent ion channel, zalezny od napig¢cia kanat jonowy
Vm — ang. membrane potential, potencjal blony
WHO — ang. World Health Organization, Swiatowa Organizacja Zdrowia

XPS — ang. X-ray Photoelectron Spectroscopy, Rentgenowska Spektroskopia
Fotoelektronowa

AY¥m — ang. mitochondrial membrane potential, potencjat blony mitochondrialnej
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4. Wstep

W 2004 grupa naukowcdw pod kierunkiem Geima i Novoselova opublikowata
prace naukowa, w ktdrej opisano nowy material jakim byla monokrystaliczna warstwa
grafitu o grubosci kilku atoméw (Novoselov i in., 2004). To wydarzenie
zapoczatkowato ,ere grafenu”, ktdra trwa do dzis. Badania nad tym materialem
skupity sie na stworzeniu nowych metod produkcji, modyfikacji i zastosowaniu go
w naukach technicznych, biclogicznych i medycznych.

Zredukowany tlenek grafenu (rGO) i tlenek grafenu (GO) sg pochodnymi
grafenu (GN). Grafen ma struktur¢ doskonalej sieci krystalicznej, hybrydyzacje
atomowa sp2 1 liczne, wazne z punktu widzenia zastosowan w medycynie,
wlasciwosdei. Obejmujg one wysoka przewodnosdé elektryczng 1 wytrzymaltosc
mechaniczng. Dla  porownania GO jest wysoce hydrofilowy ze wzgledu
na obecnos¢ grup tlenowych (hydroksylowych, karboksylowych, epoksydowych)
i z tego wzgledu moze tworzy¢ stabilng zawiesing wodng. rGO ma wigcej grup
tlenowych niz GN, ale mniej niz GO. Dlatego rGO jest mniej hydrofilowy, ale za to
charakteryzuje sie wyzszg przewodnoscia elektryczna (Novoselov i in., 2005; Gao,
2015). Ponadto, w zaleznosci od metody produkeji, materialy grafenopochodne moga
byé modyfikowane w celu uzyskania unikalnego zakresu cech, w tym réznej wielkosci
platkéw, liczby 1 rodzajow grup funkceyjnych, liczby defektéw strukturalnych, a takze
w konsekwencji hydrofobowosci i wlasciwosci elektrycznych (Skoda i in., 2014).

Zostaly podjete proby wykorzystania materialbw weglowych, w tym
nanoczgstek diamentu, platkow grafenu i jego pochodnych w terapii glejaka
IV stopnia. Glejak IV stopnia (GBM) ma pochodzenie astrocytarne i jest ztosliwym
pierwotnym guzem mozgu. Reprezentuje najczesciej wystepujacy nowotwdr
osrodkowego uktadu nerwowego i wedlug klasyfikacji WHO nalezy do IV klasy
zroznicowania histologicznego. Najwazniejszymi cechami tego typu nowotworu
sg obecnos¢ obszaréw martwiczych i charakterystyczne unaczynienie (liczne
mikronaczynia i naczynia ktebuszkowe), a takze obecnosé komorek atypowych,
pleomorfizm jadrowy i bardzo wysoka aktywnos¢ proliferacyjna komérek
nowotworowych (Szala i in., 2012). Typ i miejsce wzrostu glejaka IV stopnia czynia
go nieuleczalnym. Srednia zapadalnosé na GBM wynosi 3,19 na 100 000 0s6b rocznie,
a sredni catkowity czas przezycia od postawienia diagnozy wynosi okolo 15 miesiecy,
pomimo optymalnego leczenia, ktére obejmuje operacyjne usuniecie guza, chemio-
i radioterapi¢ (Molenar, 2011). Brak sukcesu terapeutycznego przypisuje si¢ wielu
czynnikom, w tym szybkiemu nacickaniu komoérek guza moézgu, heterogennosci
wewngtrz guza, ograniczonej dyfuzji lekoéw terapeutycznych przez bariere krew-mozg
i migzsz/guz mozgu oraz obecnosci komérek macierzystych (GSC) w guzie, ktore s3
oporne na chemio- i radioterapig, oraz sg zdolne do tworzenia guza i samoodnowy
(Zhang 1 in., 2017). Wszystkie te cechy przyczyniaja si¢ do nawrotu choroby
nowotworowej i bardzo ztego rokowania dla chorego (Quail, Joyce, 2017).

Grafen i jego pochodne moga by¢ cytotoksyczne dla komorek glejaka in vitro
i invivo. GN, GO i rGO indukowaly mi¢dzy innymi apoptoze i zmniejszaly Zywotnos¢
i proliferacj¢ komorek w liniach komérkowych glejaka 1UU87 i U118. Te same materialu
zmniejszaty réwniez masg i objetos¢ guzow hodowanych na bionie kosmowkowo-
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omoczniowej. Aktywnosc tych materialdw réznita sie sila, najbardziej aktywny byt
GN, nastgpnie rGO, a najmniej aktywny okazal sie GO (Jaworski i in., 2015; Jaworski
iin., 2013). Ponadto Jaworski i inni w swoich badaniach wykazali rowniez, ze platki
grafenu byly zbyt duze (0,45-1,5 um), aby dostaé si¢ do wnetrza komarek glejaka
(Chwalibog i in., 2013; Jaworski i in., 2015). Zaobserwowali réwniez, ze GO moze
regulowaé ekspresje gendw mitochondrialnej fosforylacji oksydacyjnej (OXPHOS)
w GBM, prowadzac w ten sposéb do zmniejszenia potencjatu inwazyjnosci komorek
nowotworowych (Jaworski i in., 2019). Ponadto wykazano, ze nanoczgstki ND, NG
i nGO zmniejszajg adhezje 1 inwazyjnos¢ linii komérkowych U87 i U118, na skutek
zmian w ekspresji bialek ze szlaku EGFR/Akt/mTOR i szlaku [(-kateninowego
(Wierzbicki i in., 2017).

Wazng modyfikacjg pochodnych grafenu w zwigzku z zastosowaniem ich
w medycynie wydaje sie by¢ zmniejszenie zawartosci grup tlenowych w rGO
w stosunku do materialu wyjsciowego jakim jest GO, co skutkuje wzrostem
zdelokalizowanych elektronéw na powierzchni platkéw grafenu. Moze to prowadzié
do zaktocenia szlakow sygnatowych w blonie plazmatycznej lub do bezposredniej
interakcji ze strukturami komorkowymi, ktore sa wrazliwe na zmiany potencjatu
elektrochemicznego. Grafen 1 jego pochodne charakteryzuja si¢ silnymi
wlasciwosciami bioelektrycznymi ze wzgledu na obecnos¢ zdelokalizowanych
elektrondw 1 grup funkcyjnych zawierajacych tlen na powierzchni ptatkéw, stad tez
przypuszeza si¢, ze material ten moze oddzialywaé ze strukturami odbierajacymi
sygnaly elektryczne np. kanalami jonowymi i powodujgc zmiany potencjatu blony
komérkowe;.

tadunek powierzchniowy komdrki jest kluczowym  parametrem
biofizycznym, ktory zalezy od sktadu btony cytoplazmatycznej i stanu fizjologicznego
komorek. Oprécz obecnosci kanatow jonowych i transporteréw, ujemne wartosci
potencjatu blony komoérkowej (Vm) przy fizjologicznych wartosciach pH sa
spowodowane obecnoscig grup niejonowych w fosfolipidach (fosfatydylocholina; -62
mV), biatkach i ich polisacharydowych koniugatach (Bondar i in., 2012),
Bezposrednie poroOwnania poziomow Vm in vifro i in vivo komorek zdrowych
i nowotworowych wykazaly, ze komodrki nowotworowe byly bardziej
zdepolaryzowane niz komorki prawidtowe, z ktérych sie wywodza (Marmo 1 in.,
1994). Dlatego badane materialy grafenowe i ich pochodne (¢fGO i GN) mogg
preferowaé adhezje¢ do komoérek nowotworowych o zdepolaryzowanych blonach
komérkowych.

Kanaty jonowe odgrywajg wazng role w regulacji pobudliwoéci elektrycznej
w komorkach prawidlowych i nowotworowych (Pollak i in., 2017). Kanaty jonowe
1 transportery sa rdwniez zwiazane ze wzrostem i zlosliwoscia guzéw GBM (Simon
i in., 2015). Analizy genomowe wykazaly, ze geny zaangazowane w transmisje
lub transport jondéw sodu, potasu czy wapnia nalezg do najczesciej mutowanych grup
w komorkach GBM w 90% badanych prébek (Parsons i in., 2008, Joshi i in., 2011).
Mozliwe jest, by za pomocg czynnikéw zewngtrznych modulowac ilos$¢ i aktywnosé
bialek tworzacych kanaty jonowe (Varricchio i in., 2021). Materialy weglowe
posiadajgce zdelokalizowane wolne elektrony moga réwniez posiadaé takg
whasciwosé.
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Wspolng cecha glejakéw jest ich bardzo duza inwazyjnosé (Verhaak i in.,
2010). Istotne jest rozréznienie procesOw migracji i inwazyjnosci. Migracja jest
w wiekszos$ci ograniczona do pewnych etapéw cyklu komorkowego. Jest to typowa
reakcja  fizjologiczna  charakterystyczna dla wielu typéw  komorek,
np. wykonywana przez nerwowe komorki macierzyste (NSC), ktére poruszajg si¢
wzdhuz granicy tkanki mézgowej. Inwazja z kolei jest reakcja niepozgdana,
nieadekwatng anatomicznie i niefizjologiczng (Hatoum i in., 2019). Na inwazj¢
komoérek nowotworowych wplywa kilka zlozonych proceséw komdrkowych
i molekularnych, ktore s3 zwigzane 2z uszkodzeniem skladnikéw macierzy
zewnatrzkomorkowej (ECM), separacja komorek i diapedeza przez blong podstawna
i zrab. Degradacja ECM jest spowodowana nadekspresja kluczowych proteaz
zwiazanych ze zwigkszona inwazja (np. uPa, uPar, katepsyna B, MMP
i ADAM), ktorych aktywnos$¢ w prawidlowych tkankach jest kontrolowana przez
endogenne inhibitory (np. PAIl, PAI2, cystatyna C, stefina A, stefina B), kidre moga
nie dziata¢ prawidlowo w komoérkach nowotworowych (Rao, 2003; Levicar
i in., 2003). Ponadto fibronektyna, wiodacy sktadnik macierzy zewnatrzkomoérkowe;j
(ECM), zwigksza aktywnodé inwazyina glejakow (Ohnishi
i in., 1997). Z drugiej strony udowodniono réwniez, ze pozytywna regulacja
fibroncktyny moze skutkowaé obnizona mobilnoscig i agresywnoscig komorek
nowotworowych (Shannon i in., 2015). Sosnowska i inni w swoich badaniach
wykazali, ze alotropowe formy wegla takie jak nfGO w potaczeniu z CELE
(ekstraktem z watroby zarodka kurzego) w komérkach raka watrobowokomdrkowego
wplywajg na ekspresje genow zwigzanych z adhezjg takich jak FAK, E-kadheryna,
N-kadheryna i B-katenina (Sosnowska i in., 2021).

Wyzwah w zakresie normalizacji komorek glejaka IV stopnia jest wiele.
Dzieki unikalnej strukturze i wlasciwosciom fizykochemicznym, ptatkéw grafenu
i ich pochodnych moga mie¢ zastosowanie jako skiadniki biclogicznie czynne,
w tym dzialajgc selektywnie cytotoksycznie, hamujac mechanizmy migracji
i inwazji czy indukujgc w komoérkach nowotworowych proces apoptozy.
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5. Hipoteza badawcza, cel i zakres pracy

Hipoteza badawcza:

Piatki zredukowanego tlenku grafenu i platki grafenu, ze wzgledu na duzg
powierzchnig¢ wiasciwa, nanometryczng grubos¢ i obecnosé grup tlenowych na skutek
kontaktu z btong komdérkowa modulujg procesy komorkowe takie jak apoptoza,
proliferacja, adhezja czy mobilno$é. 7 uwagi na odmienng ekspresje receptorow
zewnatrzkomorkowych oraz potencjal btony w komdrkach prawidtowych
i w komorkach nowotworowych efekt wywotywany przez ptatki tlenku grafenu
i platki grafenu nie jest tozsamy.

Podstawowy cel naukowy:

Celem pracy bylo zbadanie i poréwnanie wplywu wybranych form
alotropowych wegla na toksycznos¢ wobec komérek nowotworowych glejaka
1V stopnia oraz zwiazany z tym szlak aktywacji apoptozy, dzialanie szlakow
komorkowych w blonie komorkowej i modulacje mechanizméw adhezji.

Zakres pracy:

e Charakterystyka i poréwnanie wlasciwosci fizykochemicznych materiatow:
morfologia, wielko$¢, analiza elementarna, rezystancja, widma (Ramana,
FTIR, XPS), potencjal zeta.

¢ Okreslenie wplywu wybranych form alotropowych wegla  (platki
zredukowanego tlenek grafenu i platki grafenu) na przezywalnosc
(cytotoksyczno$é) 1 morfologie w komdrkach prawidtowych (Hs5)
i nowotworowych (U87).

o Okreslenie wplywu wybranych form alotropowych wegla (platki
zredukowanego tlenek grafenu i platki grafenu) na apoptoze, proliferacje
i cykl komérkowy w komorkach nowotworowych (U87) na poziomie
morfologicznym, funkcjonalnym i molekularnym.

e Okredlenic wplywu platkow grafenu i zredukowanych tlenkéw grafenu
o roznym stopniu redukcji w zakresie oceny funkcjonalnej 1 molekularnej
komorek, ze szczegdlnym uwzglgdnieniem modulacji szlakéw sygnalowych
w blonie komorkowej lub bezposredniej interakcji ze strukturami
komorkowymi wrazliwymi na zmiany potencjatu elektrochemicznego (kanaty
jonowe) i receptorami zewngtrzkomorkowym w komorkach prawidtowych
(Hs5) i nowotworowych (U87).

e Okreslenie wpltywu platkéw zredukowanych tlenkow grafenu w poréwnaniu
do grafenu w zakresie wptywu modulujacego i transdukcyjnego na mechanizm
adhezji w komorkach prawidtowych (Hs5) i nowotworowych (U87).
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6. Metodyka badan
6.1 Materialy grafenowe

Badania przeprowadzono na wybranych, alotropowych formach wegla.
W doswiadczeniach wykorzystano nastgpujgce materialy: platki zredukowanego tlenku

grafenu (rGO): rGO/ATS, rGO/Term, rGO/TUD, oraz platki grafenu (GN): GN/EXF.
Morfologi¢ badanych ptatkéw przedstawiono na Ryc. 1.

Rye.l Wizualizacja platkow grafenu (GN/ExF) i zredukowanych tlenkéw grafenu
(rGO/Term, rGO/ATS, rGO/TUD) z wykorzystaniem transmisyjnej mikroskopii
elektronowej (TEM). Skala: 200 nm. (Szczepaniak J. 1 in., 2018).

Grafen i zredukowane tlenki grafenu wyprodukowano i pozyskano z Instytutu Technologii
Materiatéow Elektronicznych (ITME) w Warszawie. Platki grafenu (GN/ExF) zostaly
wyprodukowane za  pomocg metody  bezposredniego  zluszczania  grafitu
z wykorzystaniem Capstone - fluorowanego $rodka powierzchniowo czynnego. Wszystkie
ptatki rGO wytworzono poprzez redukcje tlenku grafenu (GO) uprzednio otrzymanego
zmodyfikowana metodg Marcano. rGO/ATS zostal wytworzony w reakeji redukcji
za pomoca tiosiarczanu amonu przez 20 h w temperaturze 95°C. rGO/Term wyprodukowano
poprzez redukcje GO w piecu w temperaturze 1000°C przez 1h w atmosferze azotu. rGO/TUD
uzyskano w reakcji redukeji w obecnodci dwutlenku tiomocznika w temperaturze 85°C przez
1,5 h. Materialy rGO/ATS i rGO/TUD oczyszczono przez filtracje cisnieniows na membranie
oraz dialize. Z proszkéw GN (GN/ExF) oraz trzech rodzajéw proszkéw rGO (rGO/Term,
rGO/ATS i rGO/TUD) przygotowano zawiesiny wyjsciowe w sterylnej, ultra-czystej wodzie
(opornosé 18,3 MQecm mierzona w temperaturze 25°C) o stezeniu 1 mg/ml.. Przygotowane
roztwory poddano sonifikacji w phuczce ultradzwiekowej o mocy 500 W/m? przez 30 minut.
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Do dalszych eksperymentoéw przygotowano nastepujace rozcieficzenia badanych materiatow
weglowych: 50, 100, 250, 500 i 1000 pg/ml). Bezposrednio przed dodaniem do hodowli
komérkowe] przygotowane zawiesiny sonifikowano przez 15 minut w celu rozbicia
wytrgcajgcych si¢ agregatow.

Zbadano szereg wilasciwosci fizykochemicznych materiatéw, m. in. wielkosé
oraz ksztalt materialow okreslono poprzez wizualizacje z zastosowaniem transmisyjnego
mikroskopu elektronowego — TEM (JEOL, Tokio, Japonia). Analizg elementarng ptatkow GN
i rGO przeprowadzono z wykorzystaniem analizatora tlenu 0836 (LECO, Polska)
w celu oceny zawartosci tlenu w probkach. Ponadto, okreslono takze rezystancje
[Ohm/kwadrat (€/0)] za pomocg Hallotronu ECOPTA HMS 5500 z zewnetrznym polem
magnetycznym 0,55 T, w celu sprawdzenia przewodnosci materiatow. Zebrano takze widma
Ramana za pomoca mikroskopu konfokalnego Reinshaw Invia z laserem Nd-YAG 532 nm
w celu okregdlenia przynaleznodci materialdw do grupy GN i rGO. Ponadto, przeprowadzono
charakterystyke chemiczng prébek GN i rGO z wykorzystaniem spektrofotometru IR (FTTR)
z transformacja Fouriera (Thermo Fisher Scientific, Stany Zjednoczone). W celu okreslenia
stabilnodci zawiesin dokonano pomiardw potencjalu zeta za pomoca analizatora czgstek
Zetasizer Nano-ZS90 (Malvern, Wielka Brytania). Morfologie grafenu i zredukowanych
tlenkdow grafenu zbadano takze za pomocg skaningowej mikroskopii elektronowej — SEM
(Hitachi S-3000N, Japonia). Analize grup funkcyjnych zwiazanych z powierzchnia badanych
ptatkéw przeprowadzono =z wykorzystaniem metody rentgenowskiej spektroskopii
fotoelektronowej — XPS przy uzyciu hemisferycznego analizatora elektrondw Scienta R4000.
Odpowiednie stgzenia robocze przed kazdym doswiadczeniem poddawano 15 minutowe]
sonifikacji.
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6.2 Modele biologiczne in vitro

W Doéwiadczeniach II-V wykorzystano dwie linie komdrkowe: komorki glejaka
IV stopnia U87-MG (HTB-14) oraz komoérki zrebu szpiku o morfologii fibroblastéw Hs5
(CRL-11882) pozyskane z Amerykanskiego Banku Komérek i Tkanek (ATCC, Stany
Zjednoczone). Morfologig komérek przedstawiono na Ryc.2.

Ryc.2 Morfolog1a komorek U87 i Hs5 obserwana W odwroconym mlkroskople
$wietlnym. Skala: 100 pm

Linia U87 jest linig komoérek niesmiertelnych i wywodzi sig¢ z ludzkiego nowotworu
glejaka IV stopnia (tac. glioblastoma multiforme). Linia komoérek zrebu szpiku kostnego
o morfologii fibroblastow Hs5 zostala unie$miertelniona wektorem retrowirusowym
LXSN16E6E7. Komdrki U87 i Hs5 hodowano w pozywcee Dulbecco’s Modified Eagle’s
Medium (DMEM) z wysoka zawartoscia glukozy (4,5 mg/l). Podloze wzbogacono
dodatkiem 10% plodowe] surowicy bydlecej (FBS) oraz mieszanke antybiotykow
(penicylina 100 U/ml oraz streptomycyna 100 mg/ml). Wszystkie wymienione odczynniki
pochodzity z GibcoTM (Thermo Scientific, Stany Zjednoczone). Do kultur komdrek
wykorzystano plastikowe jednorazowe naczynia hodowlane — butelki o powierzchni 25
cm? i 75 em® oraz plytki 6- i 96- dotkowe. Hodowle prowadzono w warunkach
standardowych (37°C, 5% CO2 oraz wilgotnos¢ 95%) w inkubatorze do hodowli in vifro
(Memmert GmbH & Co., Niemcy).

22



6.3 Uklad doswiadczen

W toku realizacji pracy doktorskiej przeprowadzono pig¢ doswiadczen, w ramach
kidorych uzyto materiatow weglowych (fGO 1 GN ) bedacych réznymi formami
alotropowymi wegla. Dokonano ich charakterystyki fizykochemicznej, a nastepnie
okre$lono ich wplyw na funkcjonowanie komérek nowotworowych glejaka IV stopnia
U87 i komorek prawidlowych ze zr¢bu szpiku kostnego Hs5 o morfologii fibroblastow.
Schemat uwzgledniajacy przebieg Doswiadezenia [ znajduje sie na Ryc. 3
a doswiadczen 1I-V na Ryc. 4.

|

Hallotron Ecopia HMS 5500 Kicolst™ I§50 FTIR
Spekizofotometr

Created in BioRender.com bio

Ryce. 3 Szczegotowy schemat przeprowadzonych analiz z uwzglednieniem metod
badawczych dotyczacych charakterystyki materialow grafenowych i ich pochodnych.
Rycina powstala w ©BioRender (biorender.com).

23



HS-5 a7

Nisnowoiwoerowe komdrki pochodzgce ze xom&rki nowotworowe glajaka
gzpiku kostnega MeS (ATCC, CRL-11682) wielopostaciowego UB7 {ATCC. HTE-14)

GO/Term rGO/ATS rGO/TUD

K ._.._______H - 2 o * o
Testy spektrofotom: c i

MTF (Dodw. ) Mlkromacior o blatkowe:

Nﬂ%m’:mnsm [[lngw_ [} £1EHE, ALLAM, B7-1,

BCHA, £D14, CO30,
e i A
. ” i, Encoglin, £33, E-

P ) (A Selectin, Fag, AL3L,
- — | GITR HVEM, ICAN3, IL-1

e L= | _— R4 L1 B, LSO RB,

W . == L-17RIL-2Ry, ILZTR,

> 'FF o R LR tgnealin?, -

a I i |70 B Selectin IVVE, MICA,

> MICB, NRGT-11, POGF

Mikreskopla: Rea)-Tline PCR Westarn Blot: Cytometria przephywowa:
Downjcona mikrgskopia Swieling  £2spd, caspd, aifin?, (1, pota, mem2,  InegFyna 05, Integryna g, p- Apaplﬂza {Aneksynav Trw;?l:?f ;‘;ﬁ LV?:S'MM
Imerfoiogia :nuéw 13, test rysy (Dodw. K7, clond, clont cacaaib cacnald,  katering, PAN-adharyma, SAK, Gl XEDAR {Dodw. 1}
1)) rateyt, ey keald, koned, infegnna GAFDH Puiem:]ad Giomy
Milroskopia konfokalna a5 mfegayneﬁ“u‘ Haiemnq N-kadte (Dogwe 1) mitechondiaine (JC-1)

(Dozw. ) P Cykl komarkewy (P1/RNEZAA!
SW, I,I i 0
Created in BioRender.com bio

Ryc. 4 Szczegdlowy schemat przeprowadzonych doswiadezen z uwzglgdnieniem metod
badawczych. Rycina powstata w ©BioRender (biorender.com).

6.3.1 Doswiadezenie T - Publikacja | (Szczepaniak J. i in., 2018), Publikacja 2
(Szczepaniak J. i in., 2021), Publikacja 3 (Szczepaniak J. i in., 2022)

Celem doswiadczenia byla szczegdlowa analiza fizykochemiczna badanych
materiatéw czyli ptatkéw zredukowanego tlenku grafenu (rGO) oraz platkéw grafenu (GN).

Zbadano nastepujace wiasciwosci fizykochemiczne materialow:

o wielko§é, ksztalt i morfologie materialow okreslono poprzez wizualizacje
z zastosowaniem transmisyjnego mikroskopu elektronowego — TEM (JEOL, Japonia)
oraz skaningowej mikroskopii elekironowej — SEM (Hitachi S-3000N, Japonia),

s stabilno$¢ zawiesin (potencjat zeta) okreslono za pomoca analizatora czastek Zetasizer
Nano-ZS90 (Malvern, WB),

e zawartos¢ tlenu w probkach przeprowadzono z wykorzystaniem analizatora tlenu
0836 (LECOQ, Poiska),

o przewodnos¢ materiatdw okreslono za pomocg Hallotronu ECOPIA HMS 5500
z zewnetrznym polem magnetycznym 0,55 T,

* widma ramanowskie struktury materialébw okreslono za pomoca mikroskopu
konfokalnego Reinshaw Invia z laserem Nd~YA(_} 532 nm,
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* widma oscylacyjne okreslono z wykorzystaniem spektrofotometru IR (FTIR)
z transformacjg Fouriera (Thermo Fisher Scientific, Stany Zjednoczone),

® obecnos¢ grup funkcyjnych zwiazanych z powierzchnia badanych platkow
weglowych przeprowadzono z wykorzystaniem metody rentgenowskiej spektroskopii
fotoelektronowej — XPS przy uzyciu hemisferycznego analizatora elektronow Scienta
R4000.

6.3.2 Doswiadczenie II - Publikacja 1 (Szczepaniak J. i in., 2018), Publikacja 3
(Szczepaniak J. i in., 2022)

Celem doswiadczenia byto okreslenie wptywu platkéw zredukowanego tlenku grafenu
(rGO) i ptatkéw grafenu (GN) na zZywotnos¢ komorek glejaka 1V stopnia U87 i komorek
prawidlowych Hs5.

W Doswiadczeniu II komorki U87 i Hs5 potraktowano platkami rGO/ATS,
rGO/Term, rGO/TUD oraz GN/ExF w stezeniach 5, 10, 25, 50 i 100 pg/ml.
Wiasciwe testy wykonywano po 24 h od wprowadzenia do kultury komérek badanych
materialow.

W celu oceny zywotnosci (cytotoksycznosci) badanych materiatlow grafenowych
przeprowadzono test metaboliczny MTT (Thermo Fisher Scientific, Stany Zjednoczone)
opierajacy si¢ na redukcji soli tetrazolowej oraz test Neutral Red (Sigma, Niemcy),
w ktérym czerwien obojetna pobierana jest do zywych komorek. Morfologia komérek
zostala oceniona przy uzyciu mikroskopu konfokalnego (Olympus FV1000, Japonia)
i barwnikéw fluorescencyjnych takich jak jodek 4-(4 (didecyloamino)styrylo)-N-
metylopirydyniowy  (4-Di-10-ASP; Life Technologies, Stany Zjednoczone)
oraz diamidyno-2-fenyloindolem (DAPI; Sigma Aldrich, Stany Zjednoczone)
oraz przyzyciowo z uzyciem odwroconego mikroskopu $wietlnego (Leica DMi8, Wielka
Brytania).

6.3.3 Doswiadczenie III - Publikacja 1 (Szczepaniak J. i in., 2018)

Celem doswiadczenia bylo okredlenie wptywu platkéw zredukowanego tlenku
grafenu 1 platkéw grafenu na parametry morfologiczno-funkcjonalnej komérek,
ze szezegbdlnym uwzglednieniem rodzaju $mierci komorkowej, poziomu potencjatlu blony
mitochondrialnej oraz przebiegu faz cyklu komérkowego.

W Doswiadczeniu III komorki U87 potraktowano platkami rGO/ATS, rGO/Term,
rGO/TUD oraz GN/ExF w stgzeniach 5, 10, 25, 50 i 100 pg/ml. Wiasciwe testy
wykonywano po 24h od wprowadzenia do kultur komorek badanych materiatow.

Do zbadania rodzaju $mierci komorek (szczegdlnie indukcji  apoptozy)
przeprowadzono test z wykorzystaniem jodku propidyny (PI) oraz ancksyny
V skoniugowanej z fluorochromem (Alexa Fluor® Annexin V/Dead Cell Apoptosis Kit,
Thermo Fisher Scientific, Stany Zjednoczone). Przeprowadzono réwniez analize
potencjatu blony mitochondrialnej z wykorzystaniem barwnika JC-1 (Thermo Scientific,
Stany Zjednoczone). Ponadto, przeprowadzono analize cyklu komoérkowego
z wykorzystaniem RNazy A i jodku propidyny (Thermo Fisher Scientific, Stany
Zjednoczone). Analizy rodzaju $mierci komoérkowej, poziomu potencjatu blony
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mitochondrialnej i1 cyklu komérkowego przeprowadzono z wykorzystaniem cytometrii
przeptywowej. Na poziomie molekularnym przeprowadzono analiz¢ ekspresji mRNA
gendw zwigzanych z procesem apoptozy, funkcjonowaniem mitochondriow
i proliferacji (casp3, casp9, cyte, aifm, pcna, ki-67 1 mem2) z wykorzystaniem metody real
time PCR (AACt) i odezynnikéw Luminaris Color HiGreen qPCR Master Mix (Thermo
Fisher Scientific, Stany Zjednoczone).

6.3.4 Doswiadczenie IV- Publikacja 2 (Szczepaniak J. i in., 2021)

Celem doswiadczenia bylo okredlenie zmian zachodzacych w blonie komoérkowej pod
wplywem dziatania platkéw zredukowanego tienku grafenu o rbéznej zawartosci grup
tlenowych w poréwnaniu do platkéw grafenu w komérkach glejaka IV stopnia U87
i komorkach prawidlowych HsS in vitro.

W Doswiadczeniu 1V komérki U87 i Hs5 potraktowano platkami rGO/ATS,
rGO/Term, rGO/TUD oraz GN/ExF w stezeniu 25 pg/ml. Wiasciwe testy wykonywano
po 24 h od wprowadzenia do kultur komdrek badanych materiatow.

W celu oceny interakeji platkdw GN 1 rGOs z blong komérkows glejaka [V stopnia
i komorek prawidtowych w pierwszej kolejnosci przeprowadzono analiz¢ potencjalu
blony komorkowej z wykorzystaniem testu Cellular Membrane Potential Assay Kit
(Abcam, Wielka Brytania) i czytnika mikroplytek (Infinite M200, Tecan, Stany
Zjednoczone), poprzez pomiar fluorescencji przy Ex/Em= 530/570 nm. Nastgpnie
przeprowadzono analiz¢ na poziomie mRNA gendéw kodujgcych bialka kanatdw
bioracych udziat w transporcie jondw chloru (clcn3, clen6), wapnia (cacnalb, cacnald),
sodu (nalcn) i potasu (kenbl, kenjl0, kened) z wykorzystaniem metody real time PCR
(AACY) i odczynnikéw Power SYBR™ Green PCR Master Mix (Thermo Fisher
Scientific, Stany Zjednoczone). Przeprowadzono réwniez analize ekspresji receptorow
btony komérkowej z wykorzystaniem Human Receptor Antibody Array (Abcam, Wielka
Brytania). Membrany analizowano za pomoca Azure Biosystem C400 (Azure, Stany
Zjednoczone) i programu Image] (National Institutes of Health, Stany Zjednoczone).

6.3.5 Doswiadczenie V - Publikacja 3 (Szczepaniak J. 1 in. 2022)

Celem pracy bylo okreslenie wplywu platkdw zredukowanego tlenku grafenu
w poréwnaniu z platkami grafenu na procesy adhezji i migracji w komdrkach glejaka
IV stopnia U87 i komérkach prawidtowych Hs5.

W Doswiadczeniu V komorki U87 i HsS potraktowano platkami rGO/ATS
i tGO/TUD oraz GN/EXF. w stezeniu 25 pg/ml. Wlasciwe testy wykonywano po 24h
od wprowadzenia do kultur komérek badanych materiatéw.

W celu oceny migracji i proliferacji komorek przeprowadzono test rysy,
gdzie dodatkowo zastosowano utrwalanie i wybarwiono komdrki metods
May Grinwald-Giemsa. Mobilno$¢ komoérek analizowano w mikroskopie konfokalnym
(Olympus FV 1000 z oprogramowaniem FV3000 (Olympus, Japonia)
z wykorzystaniem barwnikéw fluorescencyjnych: komorki Hs5 wyznakowano
Cell Tracking Dye (Abcam, Wielka Brytania) na kolor zielony a komorki U87 przy uzyciu
Cell ‘Tracking Dye (Abcam, Wielka Brytania) kolorem pomaranczowym.
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Wybarwione komorki hodowano w ko-kulturze i traktowano badanymi materiatami
weglowymi. Otrzymane filmy analizowano za pomoca programu Imagel z nakladka
TrackMate. Przeprowadzono réwniez analize ekspresji mRNA gendow bioracych udziat
w adhezji i migracji (infegryna a5 i B, f-katenina, N-kadheryna, PAN-kadheryna, FAK)
z wykorzystaniem metody real-time PCR (AACT) oraz odczynnika Power SYBR™ Green
PCR Master Mix (Thermo Fisher Scientific, Stany Zjednoczone). Dodatkowo w celu
potwierdzenia zmian zachodzacych na poziomie mRNA przeprowadzono analize
ekspresji bialek bioracych udzial w adhezji i migracji z wykorzystaniem przeciwciat
(integryny oS i PI, p-kateniny, N-kadheryny, FAK) stosujac metodg Western Blot
(BioRad, Niemcy) oraz detektora chemiluminescencji.

6.4 Metody analityczne

e Analiza morfologii i wielkodci materialtéw weglowych wykonana
za pomocg transmisyjnej mikroskopii elektronowej - TEM (JEOL, Japonia)
oraz skaningowej mikroskopii elektronowej — SEM (Hitachi S-3000N firmy
Minato-ku, Japonia).

* Analiza potencjatu zeta materialow  weglowych metodg mikro-
elektroforetyczng z wykorzystaniem efektu Dopplera w analizatorze czastek
Zetasizer Nano ZS90 (Malvern, Wielka Brytania).

» Analiza rozkladu wielkosci i polidyspersyjnosei materiatéw weglowych
przeprowadzona metoda pomiaréw dynamicznego rozproszenia Swiatla
w analizatorze czgstek Zetasizer Nano Z590 (Malvern, Wielka Brytania).

* Analiza rezystancji [Ohm/kwadrat (Q/0)] materiatbw  weglowych
przeprowadzona z uzyciem Hallowronu (ECOPIA HMS  5500)
z zewnetrznym polem magnetycznym 0,55 T.

* Analiza elementarna materialdbw weglowych przeprowadzono za pomocg
analizatora tienu O836 (LECO, Polska).

¢ Analiza widm Ramana materiatow weglowych przeprowadzono z uzyciem
mikroskopu konfokalnego Reinshaw Invia z laserem Nd-YAG 532 nm,
pod obiektywem 100x z wielkoscia plamki 300 nm i laserem 1 mW.

* Analiza rentgenowskiej spektroskopii fotoelektronéw (XPS) materiatéw
weglowych przeprowadzona z wykorzystaniem wielokomorowego systemu
ultra-wysokiej prozni (UHV) PREVAC (PREVAC, Polska). Widma uzyskano
stosujgc hemisferyczny analizator elektronéw Scienta R4000 (Scienta,
Szwecja). Zastosowano sprzet uzupelniajacy, taki jak Zrodlo promieniowania
rentgenowskiego Scienta SAX-100 (Al Ka. 1486,6 eV, pasmo 0.8 eV)
wyposazone w monochromator rentgenowski XM 650 (Scienta, Szwecja).

e Analiza grup funkcyjnych  powierzchni  materiatdw  weglowych
przeprowadzona w podczerwieni w zakresie spektralnym 400-4000 cm
wykonano przy uzyciu spektrometru IR (FTIR) z transformacjg Fouriera iS50
(Thermo Fisher Scientific, Stany Zjednoczone).

» Analiza morfologii komoérek przyzyciowo z uzyciem mikroskopu
odwroconego Leica DMi8 (Cairn, Wielka Brytania) i mikroskopu
konfokalnego Olympus FV1000 (Olympus, Japonia).

» Analiza zywotnosci (aktywnosci metabolicznej), integralnosci biony
komorkowe)j oraz potencjatu blony komdrkowej w modelu in vitro — testy
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kolorymetryczne i fluorymetryczne z uzyciem czytnika do mikroptytek Infinite
M200 (Tecan, Stany Zjednoczone).

* Analiza rodzaju $mierci komorkowej, cyklu komérkowego 1 potencjatu blony
mitochondrialnej - testy fluorymetryczne z wykorzystaniem cytometru
przeptywowego FACS Calibur™ (BectonDickinson, Stany Zjednoczone).

e Analiza ekspresji mRNA wykonana z uzyciem systemu LightCycler
(F-Hoffimann-La Roche Ltd, Szwajcaria).

o Synteza cDNA z wykorzystaniem termocyklera 2720 (Thermo Fisher
Scientific, Stany Zjednoczone).

e Okreslenie stezenia RNA i cDNA przy uzyciu NanoDrop 2000 (Thermo Fisher
Scientific, Stany Zjednoczone).

e Tzolacja biatka calkowitego przy uzyciu miyna kulkowego TissueLyser LT
(Qiagen, Stany Zjednoczone).

* Analiza receptorow blony komorkowe] z wykorzystaniem macierzy
biatkowych (Abcam, Wilka Brytania). Oznaczenie ilosci bialek integryny a5,
integryny PB1, N-kadheryny, pB-kateniny i FAK metodg immunoblotingu
z uzyciem systemu Trans-Blot Turbo Transfer System (BioRad, Niemcy).
Wizualizacja za pomocg Azure Biosystem C400 (Azure, Stany Zjednoczone).

e Analiza migracji komorek nowotworowych oceniono z wykorzystaniem
insertéw Culture-Inserts 2 Well for Self-Insertion (Animalab, Niemcy).

e Analize ruchliwosci komdrek w  ko-kulturze  przeprowadzono
z wykorzystaniem barwienia fluorescencyjnego: Cell Tracking Dye Kit
(zielony) dla linii Hs5 (Abcam, Wielka Brytania) 1 Cell Tracking Dye Kit
(pomaranczowy) dla linii U87 (Abcam, Wiclka Brytania)). Ko-kultury
wizualizowano za pomoca mikroskopii konfokalnej z uzyciem
oprogramowania FV10-ASW 4.2 (Olympus, Japonia).

6.5 Analiza statystyczna

Dane analizowano za pomoca jednoczynnikowej i/lub dwuczynnikowej analizy
wariancji przy uzyciu GraphPad Prism ver. 8.4.3 i nowszej (GraphPad Software Inc.,
Stany Zjednoczone). Réznice miedzy grupami zostaly pokazane za pomoca testow
Bonferroniego i/lub testéw wielokrotnych pordéwnan Dunnetta. Wyniki przedstawiono
jako $rednie arytmetyczne oraz odchylenie standardowe Roéznice uznano za istotne
statystycznie przy p < 0,05.

28



7. Oméwienie glownych wynikow prac eksperymentalnych

7.1. Doswiadczenie 1 - Charakterystyka i poréwnanie wlasciwosci fizykochemicznych
materiatow weglowych - Publikacja 1 (Szezepaniak J. 1 in., 2018), Publikacja 2
(Szczepaniak J. i in., 2021), Publikacja 3 (Szczepaniak J. i in., 2022)

We wszystkich opisanych doswiadczeniach wykorzystano zredukowane tlenki
grafenu, ktdre powstaly z tlenku grafenu (GO) wyprodukowanego zmodyfikowang metoda
Marcano. Uzycie tego samego materialu podstawowego nie prowadzito do powstania
identycznych produktéw. Dodatkowo, z uwagi na zatozenie, ze rodzaj i ilos¢ grup tlenowych,
moze wplywac na sposéb odziatywania materiatéw weglowych na funkcjonowanie komarek
przeprowadzono szereg analiz fizykochemicznych ukazujgcych podobiefistwa i rdéznice
pomigdzy badanymi materiatami, miedzy innymi: spektroskopie Ramana, analize morfologii
materialéw za pomoca transmisyjnej mikroskopii elektronowej (TEM) oraz skaningowe;j
(TEM), analizg¢ elementarng potencjatu zeta, spektroskopii w podezerwiemi (FTIR)
oraz spektroskopii rentgenowskiej (XPS) oraz analize rezystancji.

Badaniem, ktére miato potwierdzi¢ czy materialy weglowe sa pochodnymi grafenu
byta spektroskopia Ramana, ktéra opiera si¢ na analizie trzech gtownych pikéw w widmach
grafenu (GN) i zredukowanych tlenkéw grafenu (rGO), w szczegolnosci pozycji piku,
jego szerokosci i wzglednego stosunku intensywnosci pikéw ID/IG. Gidwne prazki
w materiatach grafenowych sg oznaczone jako D, G i 2D i powinny znajdowa¢ sie przy
szerokosciach 1350 cm™!, 1580 cm™ oraz 2680 cm* (Lan i in., 2018). Wyniki analizy (Ryc.1B,
Szezepaniak J. 1 in., 2018), potwierdzily ze GN/ExF przynalezy do grafenu
a tGO/Term, rGO/ATS 1 rGO/TUD do zredukowanych tlenkéw grafenu. Pasma G i 2D w
GN/ExF obserwowano odpowiednio przy szerokosciach 1580 cm™ i 2700 cm™ a pasma D
i G przypadku rGO/Term, rGO/ATS oraz rGO/TUD odpowiednio 1350 cm™ oraz 1580 em™.

Analize TEM wykorzystano do oceny morfologii platkéw GN i rGO (Ryc.1A,
Szczepaniak J. i in., 2018). Ksztalt badanych platkdw weglowych byl nieregularny,
dodatkowo widoczne bylo pofaldowanie w szczegélnosci w  probach rGO/ATS
i rGO/TUD. Oh i Zhang (2011) potwierdzili, ze GN i rGO najczeéciej wystepuja w postaci
mniej lub bardziej pofaldowanych, jedno lub wielowarstwowych platkdw; ciemniejsze
obszary wskazuja gesta nanostrukture kilku warstw grafenu lub zredukowanych tlenkow
grafenu, natomiast jadniejsze na znacznie cienszg, ktéra w przypadku rGO zalezy réwniez
od stopnia redukcji (Oh i Zhang, 2011).

Analiza elementarna zawartosci tlenu (Tab.1, Szczepaniak J. i in., 2018) wykazala,
ze poziom tlenu w rGO/ATS wynosi 3%, w rGO/TUD ok 16%, a w rGO/Term 1 %.

Informacj¢ na temat rodzaju grup funkcyjnych zawierajgcych tlen uzyskano
z analizy FTIR (Ryc.Al, Szczepaniak J. i in., 2018; Ryc.1, Szczepaniak J. i in., 2021).
Wykazano obecno$¢ grup hydroksylowych (-OH) na powierzchni wszystkich platkdow
pochodzacych z natywnego roztworu wodnego, w ktérym sporzadzono zawiesiny ptatkow.
Zaobserwowano rowniez obecno$¢ grup karbonylowych (C=0) i karboksylowych (COO-).
Najwigkszg zawarto$¢ tych grup wykryto w przypadku materiatu rGO/TUD. Widma FTIR
platkow rGO/ATS 1 rGO/TUD majg dos¢ podobng formg, co sugeruje istnienie zblizonych
grup funkcyjnych.
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Natomiast brak wyraznie widocznych pikéw w widmach GN/ExF i rGO/Term
sugeruje, ze w strukturze tych probek nie ma wielu grup funkeyjnych zawierajacych tlen.
W badaniu przeprowadzonym przez Loryuenyong i innych (2013) potwierdzono obecnos¢
grup hydroksylowych, karbonylowych 1 epoksydowych w materiatach GO i rGO. Emiru
i Ayele (2017) uzyskali zblizony uklad pasm widma FTIR zredukowanego tienku grafenu jak
w niniejszej pracy, zaobserwowano takie grupy funkcyjne jak -OH, -COH, -COOH, -CO.
Na podstawie uzyskanych wynikéw mozna stwierdzié, ze redukcja tlenku grafenu
ptzy zastosowaniu metod chemicznych prowadzi do obnizenia zawarto$ci tlenowych grup
funkcyjnych. Aczkolwiek, najskuteczniejsza metodg redukcji jest jednak proces termiczny,
uzyskany rGO/Term charakteryzowat sig najmniejsza zawartoscia tlenu na poziomie 1 %.

Analiza XPS (Ryc.l1A, Szczepaniak J. i in., 2022) posluzyla do precyzyjnego
(jakosciowego i ilosciowego) okreslenia wszystkich polaczen pomigdzy atomami
pierwiastkow w badanym materiale. Widmo przy 284.,5 eV, odpowiada aromatycznemu
weglowi sp2. Wadliwe struktury grafenu mozna bylo zaobserwowal przy 284,1 eV,
a ugrupowania alifatyczne C-C sp3 i1 C-H sp3 sg widoczne odpowiednio przy 285 1285,5 eV
(Koinuma i in., 2013; Radaelli i in., 2016; Barinov i in., 2009). Widmo GN/ExF
charakteryzowato sie dobrze rozwinigtym waskim pikiem $wiadczacym o obecnosci wegla
sp2, zaobserwowano réwniez piki $§wiadczace o obecnosci grup epoksydowych (najwigksza
ilo§¢), hydroksylowych, karbonylowych i karboksylowych. Wyniki sa zgodne z danymi
innych autoréw (Koinuma i in., 2013; Radaelli i in., 2016; Bordes i in., 2020)
i $wiadczg o tym, ze nawet w platkach grafenu moga znajdowac sie sladowe ilosci grup
tlenowych oraz o tym, Ze analiza elementarna oraz FTIR nie sa wystarczajaco czutymi
metodami analitycznymi do okreslania grup funkcyjnych w materialach wegglowych.
Redukcja GO za pomocg tiosiarczanu amonu (rGO/ATS) 1 dwutlenku tiomocznika
(rGO/TUD) prowadzi do powstania zdegenerowanych form grafenu. Glowne piki wegla sp2
w badanych rGO sa dobrze widoczne, ale w poréwnaniu do GN sg wyraznie niZsze.
7 kolei piki odpowiadajgce innym niz sp2 polgczeniom, w rGO sg wyzsze niz w przypadku
GN/ExF. Na powierzchni zredukowane tlenki grafenu zawieraly znaczne ilodci innych form
tlenu w pordwnaniu do platkéw grafenu. Ilo$¢ tlenu karbonylowego byla ponad
dziesieciokrotnie wyzsza, ilo§¢ tlenu hydroksylowego byla prawie dwukrotnie wyzsza
a ilo$é¢ tlenu chinonowego byla ponad siedmiokrotnie wyzsza w rGO/ATS i rGO/TUD
w poréwnaniu do GN/ExF.

Badane materiaty roznity sie rdwniez pod wzgledem rezystancji (Tab.l, Szczepaniak
J.1in., 2018). Wyniki pomiarow pokazaly, ze najmniejszg rezystancjg charakteryzowaly sig
platki GN/ExF na poziomie 0 Ohm/kwadrat, dla pozostatych materialéw wynosil on
odpowiednio 21 Ohm/kwadrat (rfGO/ATS) i 142 Ohnvkwadrat (rGO/TUD). W przypadku
ptatkéw rGO/Term nie uzyskano wyniku ze wzgledu na trudno$é w kompresji probki.
Uzyskane wyniki potwierdzajg fakt, ze ptatki o nizszej zawartodci tlenu majg mniejsza
rezystancje, dzieki czemu majg lepsze wlasciwosci przewodzace prad. Pan i inni podczas
analizy rezystancji badanych materialdw grafenowych dowiedli, ze im wyzszy stopien
sfaldowania grafenu, tym trudniejszy jest transfer elektrondéw na powierzchni (Paniin., 2017).
Zaobserwowano taka samg zaleznos¢ migdzy stopniem faldowania a oporem. Im bardziej
pofaldowana byta powierzchnia materiatu weglowego (rGO/Term < rGO/ATS < rGO/TUD),
tym mnie¢jszy opdr wykazywaly badane platki weglowe.
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Wiszystkie zbadane wiasciwosci fizykochemiczne wykorzystanych materiatow,
czyli ptatkow zredukowanego tlenku grafenu(rGO/Term, rGO/ATS i rGO/TUD) oraz ptatkow
grafenu (GN/ExF) zostaly zebrane i poréwnane w Tabeli 1.

Tabela 1. Poréwnanie wlasciwosci fizykochemiczne platkow zredukowanych tlenkéw
grafenu (rGO) oraz grafenu (GN).

rGO/Term rGO/ATS rGO/TUD GN/ExF
Metoda fizyczna chemiczna chemiczna cksfoliacja
wytwarzania (termiczna) (tiosiarczan (dwutlenek
amonu) mocznika)
Wielko$§¢ platkow 1,1-2,3 nm 1,9-4,6 nm 3,4-4,7 nm 2,1-3,3 nm
(Srednica
hydrodynamiczna
DLS)
Morfologia niewielkie $rednie silne znikome
pofatdowanie | pofaldowanie | pofaldowanie | pofaldowanie
platkow platkow ptatkow platkéw
Potencjal Zeta (25 -17,76 mV - 13,86 mV -19.06 mV -17,73 mV
| pug/ml)
Polidyspersyjnosé tak tak tak tak
Zawartos¢ tlenu 1 3 16 b.d.
(%)

Widmo Ramana D=1350 cm’! D=1345c¢cm™ | D=1352 cm’! G=1580 cm’!
G=1590 cm™! G=1588 cm™! G=1582 cm! 2D=2722 cm’

In/lc=1,18 In/lg=1,30 Ip/lg=1,43
FTIR O-H + O-H + O-H + O-H +
C=0 + C=0 + C=0 + C=0 -
CO0O- - CO0O- + CO0O- + COQO- +
C-0-C - C-0-C + C-0-C + C-0-C +
S5-0 - S-0 + S-0 + S-0 -
XPS Cis b.d. Cis + Cis + Cis +
Fls b.d. Fls + Fis = Fls +
O b.d. O1s -+ O + Oy, +
Nis b.d. Nis i Nis + Nis -
S}!s bd SZS + SZs = SZS =
defekty | b.d. |defekty | + |defekty] + | defekty -
% zawartosci atomu
C=C (sp2) b.d. 43,7 46,8 68,9
C-C (sp3) b.d. 11,5 10,9 1,6

b.d. — brak danych

Wykonane analizy pozwolily zaobserwowal podobiefistwa i rdznice we
wiasciwoseiach fizykochemicznych badanych materialow. Podsumowujgc wykonane analizy
pozwolily na identyfikacj¢ i przynaleznoéé¢ badanych materialdéw do poszczegdlnych form
alotropowych  wegla. Ponadto, okreslono szereg szczegdélowych — wilasciwosci
fizykochemicznych, ktére wydaja si¢ by¢ bardzo istotne z punktu widzenia ich interakcji z
btonami komdrkowymi w modelu badawezym jakim sa kultury komérkowe. Migdzy innymi
wykazano réznice w zawartosci tlenu, co skorelowane jest z analizami FTIR, XPS
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pokazujacymi obecnos¢ poszezegdinych grup funkeyinych zawierajacych tlen, a takze réznice
w przewodnodci materialéw 1 zwigzana z tym ilo§¢ zdelokalizowanych -elektronéw
na powierzchni platkéw, ktora warunkuje szczegdlne whasciwosci biologiczne materiatow.

7.2. Doéwiadczenie IT - Okreslenie wplywu platkow wybranych odmian alotropowych wegla
(grafen, zredukowany tlenek grafenu) na zywotnosé i morfologie komorek glejaka
IV stopnia U87 i komorek prawidtowych linii Hs5 - Publikacja 1 (Szczepaniak J. i in.,
2018), Publikacja 3 (Szczepaniak J. i in., 2022)

W celu okreélenia wptywu badanych form wegla na zywotnos¢é komérek U87 1 HsS
wykonano test MTT (Publikacja 1, Szczepaniak J. i in., 2018) oraz Neutral Red (Publikacja
3, Szczepaniak J. i in., 2022). W przypadku nienowotworowych komérek Hs5 w grupach
traktowanych GN/ExF i rGO/Term zacbserwowano we wszystkich badanych stgzeniach
istotne statystycznie zmniejszenie aktywnosci metaboliczne) komoérek, aczkolwick nie tak
duze jak w przypadku komérek glejaka U87. W grupach komorek traktowanych ptatkami
rGO/ATS 1 rGO/TUD zaobserwowano, e platki sa réwniez bardziej toksyczne
dla komorek nowotworowych linii U87 niz prawidlowych linii Hs5. W testach
z wykorzystaniem czerwieni obojetnej (NR) wykazano cytotoksyeznosé wszystkich badanych
materiatdw wobec komérek glejaka U87 jak rowniez komérek HsS (Rye.2, Szczepaniak J.
iin., 2022). Dla obu linii ptatki rGO byly bardziej toksyczne niz GN.

Roznice w wynikach testow cytotoksycznosci (MTT i NR) mogtly by¢ spowodowane,
miedzy innymi, blokowaniem przez ptatki GN i rGO niejonowej dyfuzji pasywnej czerwieni
oboj¢tnej przez blong komodrkows, a takze zaburzeniem gradientu protonowego
utrzymujgcego pH lizosomdw na nizszym poziomie niz cytoplazmy. Wyniki testu MTT
i czerwieni obojetne] sa zgodne z wynikami poprzednich badan, ktére wskazuja, ze ptatki GN
i rGO wykazujg znaczna toksycznos$é wobec linii komérkowych glejaka IV stopnia, migdzy
innymi U251, U87 i U118 (Jaworski i in., 2015; Jaworski i in., 2013; Markovic i in., 2011;
Hinzmann i in., 2014).

Obserwacje morfologii komérek traktowanych badanymi materiatami weglowymi
w mikroskopie swietlnym wykazaly, ze komoérki wykazuja tendencje do wzrostu
w grupach, w kierunku formacji sferoidalnej, z utratg typowej monowarstwy (Szczepaniak J.
i in., 2018, Ryc.3A). Komdrki U87 traktowane GN/ExF i rGO/ATS tworzyly wyrazne
sferoidy z przylegajacymi do nich platkami weglowymi.

Nie zaobserwowano $ladéw materialéw weglowych wewnatrz cial badanych
komorek. Ze wzgledu na swdj rozmiar platki GN/ExF, rGO/Term, rGO/ATS i 1GO/TUD
prawdopodobnie nie przedostawaly sie do wnetrza komérki. Jaworski i in. (2015)
zaobserwowali, ze platki GO i rGO mniejsze niz 200 nm dostajg sig¢ do cytoplazmy
i wakuoli komorek U87 i U118 (Jaworski i in., 2015). Jednak inni badacze nie obserwowali
wejscia GO (o wymiarach 588 nm) do komorek np. A549 (Chang i in., 2011).

Podsumowujge, wszystkie badane materialy weglowe sa toksyczne zaréwno
dla komdrek U87 jak i komdrek Hs5. Platkami najbardziej obnizajacymi zywotno$¢ komdrek
sa rGO/TUD. Aczkolwiek bardziej wrazliwe na dziatanie badanych ptatkéw weglowych
okazaly sie komoérki glejaka U87 niz komorki prawidlowe Hs5. Ponadto wykazano,
ze platkami, ktore najchetniej przylegaly do blony komérkowej glejaka U87 byly rGO/ATS
i rGO/TUD.
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7.3. Doswiadczenie 111 - Okreslenie wpltywu platkéw wybranych odmian alotropowych
wegla (zredukowany tlenek grafenu, grafen) na status funkcjonalny komorek
ze szczegdlnym uwzglednieniem rodzaju indukowanej sSmierci  komorkowej
oraz zmian cyklu komérkowego w badaniach na komarkach glejaka IV stopnia linii U87
- Publikacja 1 (Szczepaniak i in., 2018)

W Doswiadczeniu 1l analizowano wplyw platkdéw grafenu i zredukowanych tlenkéw
grafenu na komorki nowotworowe glejaka 1V stopnia linii U87. Formy alotropowe wegla
w tym GO, rGO (Jaworski 1 in., 2015), GN (Jaworski i in., 2013), ND (Zakrzewska i in.,
2015), fulereny (Irpkovic i in., 2012) oraz nanorurki (Han i in., 2012) sg od wielu lat badane
w kontekscie indukowania apoptozy w komdrkach nowotworowych i prawidfowych. Wyniki
tych badan czesto sa sprzeczne, czasem wskazujg ze platki weglowe indukujg apoptoze,
a czasami pokazujac, ze indukujg proliferacje.

Zmniejszona aktywnos$é metaboliczna komoérek (test MTT, Doswiadczenie II)
wskazuje, ze traktowane komoérki umieraty i/lub dzielily si¢ wolniej. Aby okreslié, ktore
procesy mialy miejsce, wykonano test cytometryczny przy uzyciu aneksyny V-FITC (AnnV)
i jodku propidyny (PI) okreslajacy rodzaj $mierci komodrkowej. Najwyzszy odsetek pdzno
apoptotycznych komoérek zaobserwowano w grupie traktowane] GN/ExF (Publikacja 2;
Ryc.5B, Szczepaniak J. i in., 2018). Procent komorek apoptotycznych wynosit od 40 do 50%
dla wszystkich badanych stezen GN/ExF. Odsetek komdrek apoptotycznych w pozostatych
grupach traktowanych rGO byl nizszy w przedziale 16-32 % . Wczesniejsze badania
wykazaly, ze rGO indukuje apoptoze w komoérkach glejaka U87, U118, U138 (Jaworski i in.,
2013; Moore i in., 2014). Apoptoza moze by¢ réwniez indukowana przez nanoczastki grafenu
w komorkach nowotworowych glejaka linii U251 poprzez aktywacje kaspaz i fragmentacje
DNA (Markovic i in., 2012). Ponadto grafen i zredukowane tlenki grafenu fizycznie
uszkadzaly blony komorkowe, zwigkszajac przepuszczalnosé zewngtrznej blony
mitochondrialnej i zaburzajac jej potencjat (Ou i in., 2016; Ou i in., 2017). Apoptoza moze
zachodzi¢ trzema roznymi szlakami a kaspazy biora zwykle udzial w procesie apoptozy,
niezaleznie od drogi inicjacji. W prezentowanych badaniach sprawdzono poziom ekspresji
mRNA kaspazy indukcyjnej (casp9) i kaspazy efektorowej (casp3). Wyniki analizy PCR nie
wykazaty statystycznie istotnego wzrostu ekspresji genu casp9 w komorkach linii U87
w zadnej z traktowanych grup (Ryc. 5C, Szczepaniak J. i in., 2018). Tendencje do zwigkszonej
ekspresji casp9 zaobserwowano w grupach traktowanych rGO/Term i rGO/TUD.
W przypadku casp3 wykazano statystycznie istotny wzrost ekspresji w komorkach U87
traktowanych rGO/ATS i rGO/TUD, podobne wyniki uzyskat Jaworski i inni (2015).

Ze wzgledu na to, ze mitochondria odgrywaja kluczows rolg w procesie apoptozy
(Mukhtar i in., 2012), w Doswiadczeniu I1I przeanalizowano rowniez wplyw platkéw grafenu
i jego pochodnych na potencjal blony mitochondrialnej z wykorzystaniem cytometru
przepltywowego i barwnika JC-1. Najwickszg zmiang (spadek o ok. 80%) potencjatu blony
mitochondrialnej zaobserwowano w grupie traktowanej GN/ExF, w komorkach traktowanych
rGO/ATS 1 rGO/TUD wynosit on odpowiednio 70,48% i 67,17% (Ryc. 6B; Szczepaniak J.
tin., 2018). Wyniki testu cytometrycznego JC-1 byly przestankg do zbadania ekspresji genow
aifml i cyte, ktdre sg wazne z punktu widzenia szlaku apoptozy zaleznego od mitochondriow.
Po uszkodzeniu komorki, biatko AIF jest rozszczepiane przez kalpainy i1 katepsyny
1 przemieszcza si¢ z mitochondridw do cytozolu, a nastepnie do jadra, gdzie oddziatuje z DNA
1 powoduje niezalezng od chromatyny kondensacje kaspaz oraz fragmentacje DNA (Delettre
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i in., 2006). Dodatkowo, nadekspresja aifmml sprzyja translokacji fosfatydyloseryny w blonie
komoérkowej oraz obnizeniu potencjalu blony mitochondrialnej (Van Gurp 1 in., 2003).
Wykazano statystycznie istotny wzrost ekspresji genu aifml po traktowaniu platkami
rGO/Term w komorkach glejaka linii U87 (Ryc. 6C; Szczepaniak J. i in.,, 2018).
W pozostalych grupach zaobserwowano tendencj¢ wzrostowa. W normalnych warunkach
panujacych w komorce cytochrom ¢ (CytC) znajduje si¢ w przestrzeni migdzy zewnetrzng
i wewnetrzng blong mitochondrialna, gdzie peini rol¢ nosnika elektrondow w fancuchu
oddechowym. Czynniki proapoptotyczne moga prowadzi¢ do permeabilizacji blony
mitochondrialnej, co skutkuje uwolnieniem czgsteczek cytochromu ¢ do cytoplazmy (Garrido
i in, 2006). W cytoplazmie CytC flaczy sie z czynnikiem biatkowym Apaf-1
i prokaspaza 9 tworzac kompleks nazywany ,.kregiem $mierci” lub apoptosomem, ktérego
gtownym zadaniem jest aktywacja kaspaz wykonawczych np. kaspazy 3, 6 i 7 (Bratton
iin., 2010). W przedstawianym badaniu wykazano statystycznie istotny wzrost ekspresji genu
cytc w komorkach U87 w grupach traktowanych GN/ExF i rGO/Term (Ryc. 6C; Szczepaniak
J.1in., 2018). Wsrdd badanych zredukowanych tlenkow grafenu rGO/Term charakteryzowat
sig najnizszg zawartodcia tlenu i zarazem indukowal apoptoze silniej niz pozostale.
Aczkolwiek najskuteczniejszym induktorem apoptozy okazal si¢ GN/ExF. Wskazuje to,
ze nawet niewielka ilo$¢ grup tlenu a takze obecnosé zdegenerowanych wiazan weglowych
sp2 i w konsekwencji zmniejszenie liczby elektronow swobodnych oraz zwigkszenie
hydrofilowosei platkow weglowych zmniejsza proapoptotyczna aktywnosé grafenu 1 jego
pochodnych.

Dodatkowo, w Dos$wiadczeniu [l wzigto pod uwage rowniez potencjat proliferacyjny
komérek nowotworowych linii U87 w celu sprawdzenia potencjalnych mechanizméw
kompensacyjnych. Wykonano analize cyklu komoérkowego i okreslono ekspresjie mRNA
kluczowych  genéw  zaangazowanych w  jego  regulacje  (pcna,  ki-67
i mem2). Analiza cytometryczna nie wykazata istotnych rdéznic w odsetku komobrek
w poszczegblnych fazach cyklu komodrkowego. Po traktowaniu komdrek rGO/Term
zaobserwowano niewielki wzrost odsetka komoérek w fazie S cyklu komérkowego,
zaobserwowano takze niewielki spadek odsetka komoérek w fazie G2/M po traktowaniu
platkami GN/ExXF. OceniliSmy ekspresje gendw pcna, ki-67 i mem2, ktore biorg udziat
w regulacji eyklu komorkowego i proliferacji. Analiza ekspresji gendw wykazata zmiany
istotne statystycznie (Ryc. 7C, Szczepaniak I. i in., 2018). Ekspresja pcna byla tylko znaczaco
zwickszona w grupie traktowane] rGO/Term, podeczas gdy ekspresja mcm2
w grupie traktowanej rGO/TUD byta obnizona. Sawosz i in. w swoich badaniach wykazali
tendenci¢ do zmniejszonej ekspresji pcna w tkance mozgowej zarodkdéw kury traktowanych
platkami grafenu in ovo (Sawosz i in., 2014). W przedstawionym badaniu ekspresja genu pcna
wzrosta 0 26% w grupie traktowanej rGO/Term i 0 28% w grupie traktowanej GN/ExF. Bylo
to prawdopodobnie spowodowane zatrzymaniem cyklu komérkowego w fazie S komoérek
glejaka linii U87. Ponadto wykazano, ze badane materiaty GN i rGO wplywajg na ekspresjg
genu ki-67 w komorkach glejaka IV stopnia, zwigkszajac jego ekspresj¢ w grupach
traktowanych rGO/Term 1 rGO/TUD.

Udowodniono ze spo$rdd badanych materiatdw weglowych to GN/ExF wywolywat
w komorkach glejaka US87 najwigkszy odsetek komorek apoptotycznych. Ponadto,
w zwigzku z analiza potencjatu blony mitochondrialnej, wykazano ze wszystkie badane
materialy rGO i GN obnizaja A¥Ym w komorkach glejaka U87 na podobnym poziomie,
co sugeruje, ze jest to gléwny szlak aktywacji apoptozy, zalezny od mitochondriow.
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Co wigcej analiza ekspresji genow (casp3, casp9, cyte, aifml) na poziomie mRNA bioracych
udzial w aktywacji apoptozy wykazala wigkszy wplyw badanych materialoéw na zmiany
ekspresji cyfe i aifml, potwierdzajac tym samym aktywacje szlaku apoptozy zaleznej
od mitochondriow. Zaobserwowano rowniez zwickszenie ckspresji  genu  ki-67
na poziomie mRNA po traktowaniu rGO/Term i GN/ExF w komdrkach glejaka U87,
co w zwigzku z niewielkimi zmianami cyklu komoérkowego, moze s$wiadczy¢
o mechanizmach kompensacyjnych zwigzanych z apoptoza.

7.4.Doswiadczenie IV — Okreslenie wplywu platkdw zredukowanego tlenku grafenu
i platkéw grafenu na potencjat blonowy zalezny od funkcjonowania kanatéw jonowych w
komoérkach glejaka IV stopnia linii U87 — Publikacja 2 (Szczepaniak J.
iin., 2021)

W Doswiadczeniu IV postawiono hipoteze, ze cytotoksycznos¢ rGO moze wynikaé
z bezposredniego kontaktu z blong komdrkows glejaka i moze prowadzi¢ do zaburzenia
szlakéw sygnalowych w blonie komérkowej lub =z bezposredniego oddziatywania
ze strukturami komérkowymi wrazliwymi na zmiany potencjalu elektrochemicznego (blona
komérkowa np. kanaly jonowe i receptory zewngtrzkomorkowe). Badanie interakcji miedzy
materiatami grafenowymi i jego pochodnymi moze ujawni¢ podstawowe mechanizmy
cytotoksycznoscei tych materiatow.

Selektywno$¢ platkow grafenu i jego pochodnych w stosunku do komoérek
nowotworowych mozna okreslic na podstawie roznic w potencjale blony komorkowej (Vm)
migdzy komérkami nowotworowymi i nienowotworowymi. Padunek powierzchniowy
komorki jest kluczowym parametrem biofizycznym, ktory zalezy od skiadu blony
cytoplazmatycznej 1 stanu  fizjologicznego komodrek. Teoria Cone’a (Cone
i in., 1971) zaklada korelacj¢ pomigdzy proliferacjg a Vm, poniewaz wykazat on znaczng
depolaryzacje Vm podczas transformacji zlogliwej prawidtowych komoérek (Tokuoka i in.,
1957; Johnstone i in., 1959). Bezpodrednie pordwnanie poziomoéw Vm in vitro i in vivoe
komérek prawidtowych i nowotworowych wykazaty, ze komérki nowotworowe byly bardziej
zdepolaryzowane (Marmo i in., 1994). Komorka ulega depolaryzacji, gdy Vm jest wzglednie
mni¢j ujemny (komorki nowotworowe, proliferujace: od 0 do -50 mV), podczas gdy komorka
hiperpolaryzowana ma bardziej ujemny Vm (komoérki normalne, nieproliferujace; od -50 do
-90 mV) (Yang i in., 2013). Komoérki glejaka posiadaja potencjat na poziomie -14 mV
zdepolaryzowanej blony komorkowej, ktory determinuje nizsze sity odpychajgce. Platki
tGO/ATS 1 rGO/TUD majg nizszy tadunek powierzchniowy i prawdopodobnie przez to
chgtniej przylegaja do blon komdrkowych glejaka linii U87. Analizujgc potencjat blony
komorkowej (Vm) komérek U87 i Hs5, zaobserwowano jego spadek po traktowaniu ptatkami
rGO/ATS i rGO/TUD. W prawidlowych komérkach Hs5 spadek potencjatu byl mniejszy niz
w komodrkach U87. W innych badaniach Bondara i in. zaobserwowano, ze potencjat blonowy
w komorkach HelLa, w ktorych apoptoza byta indukowana termicznie, przesunat sie ujemnie
o okolo 4,2 mV w pordwnaniu z komérkami kontrolnymi. Byto to prawdoepodobnie wynikiem
redystrybucji fosfatydyloseryny, zawierajacej ujemnie natadowana grupe karboksylowa,
z wewngtrzne] do zewnetrzne] warstwy lipidowej blony komdrkowej (Bondar i in., 2012).
Dlatego zmnigjszenie potencjatu blony komdrkowej glejaka U87 po traktowaniu ptatkami
rGO/ATS i rGO/TUD moze by¢ czesciowo spowodowane indukejg apoptozy w komdrkach.
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Platki grafenu i zredukowanego tlenku grafenu poza bezposrednim kontaktem
z podwdjng blona lipidowa majg kontakt takze z kanatami jonowymi. Kanaty jonowe
to biatka blonowe, ktore otwieraja lub zamykaja blone plazmatyczng w zaleznosci
od gradientu napi¢cia. Sg one niezbgdne dla prawidiowej proliferacji komérek i odgrywaja
kluczows role w zlosliwosci glejaka, wplywajac na ksztalt i obj¢tosé komoérek, co z kolei
moze wplywaé na inwazyjnosé i migracje guzow (Molenaar i in., 2011). W zwigzku z tym
w kolejnym etapie Doswiadczenia IV oceniono wplyw platkéw grafenu i jego pochodnych
na ekspresj¢ kanaléw jonowych bramkowanych napigciem, uczestniczacych w elektro-
chemicznych szlakach sygnatowych (Hille i in., 2001). Wang i in. wykazali, ze z 18 gendéw
kodujgcych kanaty jonowe bramkowanych napigeiem oraz ligandem ekspresja az 16 genow
(cacnald, clenb, glrb, gria, gridl, kenabl, kenbl, kend2, kenjl0, kenmal, kengn3, nalcn,
p2rx7, scnla 1 vdac2) byla zmniejszona w tkance nowotworowej w poréwnaniu
z prawidtowa tkankg (Wang i in., 2015). Na podstawie tych badan do analizy wybrano geny
kodujgce zalezne od napigcia podjednostki kanatéw jonowych (cacnald, clcn6, kenabl,
kenbl, kenjl0 1 nalen) (Ryc.4, Szczepaniak J. i in., 2021). Badanie zostalo wzbogacone
o dodatkowe analizy ekspresji genéw clcn3, cacnalb oraz knced4 (Ryc.4, Szczepaniak J.
i in., 2021). Badanie wykazalo, ze ekspresja nalcn w komorkach glejaka byta istotnie wyzsza
niz w komérkach prawidtowych linii Hs5. Inni badacze zaobserwowali, ze st¢zenie jondw
Na+ w nowotworach ziosliwych wzrasta w pordwnaniu z tkankami nienowotworowymi
(Ouwerkerk i in., 2007). Ponadto, ekspresja nalcn w komorkach glejaka U87 po traktowaniu
rGO/ATS i rGO/TUD byla istotnie wyzsza. W komorkach Hs5 ten sam efekt zaobserwowano
po traktowaniu wszystkimi materiatami. Literaturowe dane podaja, ze wzrost
wewnatrzkomorkowego Na+ wystepuje we wezesne] fazie apoptozy (Ferndndez-Segura i in.,
1999; Skepper i in., 1999). Co wigcej w kilku badaniach zaobserwowano réwniez
podwyzszenie cytoplazmatycznego stgzenia Nat+ w poznej fazie apoptozy (Arrebola i in.,
2006; Arrebola i in., 2005). Zatem zwigkszona ekspresja nalcn indukowana platkami grafenu
i jego pochodnymi, moze wywolaé apoptoze w komorkach glejaka, poprzez stymulacje
naplywu sodu do cytoplazmy komorek. W nastgpnej kolejnosei analizowano ekspresje genu
clen6, ktorego produkt jest zlokalizowany w wewnatrzkomérkowych pecherzykach retikulum
endoplazmatycznego i blonie komdrkowej. Badanie wykazalo znaczny wzrost ekspresji clent
po traktowaniu wszystkimi materiatami w komérkach glejaka linii U87. W przypadku
komorek prawidlowych linii Hs5 wzrost ekspresji zaobserwowano jedynie w przypadku
grupy GN/EXF i rGO/ATS. Obserwowana nadekspresja moze prowadzi¢ do zakwaszenia
lizosomow (Pogt i in., 2006). W zwigzku z tym zwigkszona ekspresja genu clen6
w komorkach glejaka linii U887 prowadzi do alkalizacji cytoplazmy. Warto wspomniec,
ze w rzeczywistosci wewnatrzkomorkowa alkalizacja | pozakomoérkowe zakwaszenie
sa powszechnie obserwowane w przypadku nowotworéw zlosliwych. Zakwaszenie
cytoplazmy z kolei prowadzi do aktywacji szlakéw apoptozy w komdrkach nowotworowych
(Matsuyama i in., 2000). Na tej postawie pokazano, ze prawdopodobnie platki GN i rGO
w komérkach glejaka blokuja transport Cl-/H+, w konsekwencji prowadzac do zakwaszenia
cytoplazmy i akiywacji apoptozy. A wynikiem tego jest kompensacyjny wzrost ekspresji genu
clen6. Nastepnie w kanatach klasy Kv analizowano ekspresje kanalow kcrnbl i kene4, a takie
kenj 10, ktore naleza do klasy kanatow potasowych Kir, Badanie potwierdzito znaczny wzrost
ekspresji kanatu kcne4 po traktowaniu komoérek glejaka linii U87 platkami rGO/ATS.
Natomiast po traktowaniu rGO/TUD zaobserwowano zmniejszenie ekspresji genu kened.
W komorkach zdrowych linii Hs5 nie zaobserwowano zmian w ekspresji kcned.
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Na ogol w tkankach glejaka obserwuje si¢ 2,9 krotny wzrost ekspresji genu kcned
w porownaniu do prawidiowych tkanek (Biasiotta i in., 2016). Nastepnie wykazano brak
istotnych statystycznie zmian w ekspresji cacnalb w komoérkach linii U87 po traktowaniu
wszystkimi materialami grafenowymi. W komdrkach prawidlowych linii Hs5 ekspresja
natomiast byta zmniejszona we wszystkich grupach, zardbwno GN jak i réznych rGO. Wyniki
potwierdzily tez, ze ekspresja genu cacnalb w komorkach Hs5 byla istotnie wyzsza
w porownaniu do komoérek nowotworowych glejaka U87. Wang 1 in. wykazali, ze cacnalb
ulega ekspresji na niskim poziomie w komorkach nowotworowych w porownaniu
do komérek zdrowych (Wang i in., 2015). W badaniach nie obserwowano zmian ekspresji
genu cacnald w komorkach glejaka U87. Zmiany zaobserwowano jedynie w przypadku
traktowania komoérek 1s5  materialami  rGO/Term, rGO/ATS oraz GO/TUD
w poczatkowym okresie leczenia 6h. Jednak 24h traktowanie badanymi materialami
zmniejszato ekspresje cacnald w grupach rGO/ATS oraz rGO/TUD. Pierwotny wzrost
ekspresji cacnald moze indukowac wigkszy naplyw jondéw Ca2+ do komérek. Stad tez po
24h traktowania zauwazalne jest zmniejszenie ekspresji cacnald, co zapewne spowodowane
jest mechanizmem kompensacyjnym wyréwnujgcym wczesniejszy naptyw jondw. Nastepnie
analiza ekspresji c/cn3 w komorkach glejaka wykazala istotny statystycznie wzrost ekspres;ji
po traktowaniu platkami rGO/ATS i rGO/TUD. Ostatnie badania wykazaly, ze clcn3 ulega
silnej ekspresji w GBM i odgrywa znaczacg role w przezyciu komorek, proliferac)i
i ztosliwosci (Hong i in., 2015; Lui i in., 2010). Sontheimer i in. wykazali, ze obnizona
ekspresja gendw clen3 hamuje migracje komorek glejaka IV stopnia in vitro 1 in vive
(Sontheimer i in., 2008). W zwiazku z tym wzrost ekspresji clen3 moze stymulowaé
inwazyjnosé komarek glejaka U87.

Podsumowujgc, badane materialy a w szczegdlnosci zredukowane tlenki grafenu
rGO/ATS 1 rGO/TUD, ze wzgledu na swoje unikalne wlasciwosci fizykochemiczne
(zawarto$¢ grup funkeyjnych zawierajgcych tlen) wplywajg na potencjal blonowy komdrek
glejaka U87, obnizajac jego poziom. Ponadto uzyskane wyniki dotyczgce ekspresji gendw
kanatow jonowych nie sg do konca jasne. W komorkach glejaka U87 wykazano wzrost
ekspresji genu nalcn po traktowaniu rGO/ATS 1 rGO/TUD, co moze wskazywad na naplyw
Jonow sodu do komorki i poprzez to wywolywaé aktywacjg apoptozy. Co wigee] badanie
pokazalo kompensacyjny wzrost ekspresji genu clen6 w  komorkach glejaka U87
po traktowaniu wszystkimi materiatami, co moze powodowac alkalizacje cytoplazmy,
a tym samym prowadzi¢ do aktywacji szlakéw apoptotycznych. W przypadku ekspresji genu
kcned wykazano rozbieznosei, poniewaz platki rGO/ATS wykazaly wzrost ekspresji,
natomiast rGO/TUD jej obnizenie, wigc w zwiazku z nadekspresja tego genu w komorkach
nowotworowych jego jeszeze wickszy wzrost moze by¢ zjawiskiem niepozadanym. Analiza
ekspresji genu clen3 w komorkach glejaka wykazata wzrost ekspresji po traktowaniu platkami
rGO/ATS i rGO/TUD, co moze stymulowaé inwazyjnos¢ komorek glejaka. Zatem widoczny
jest wptyw zastosowanych materiatéw w badanym zakresie, ale nie wszystkie geny zwigzane
z danym procesem ulegaja jednoznacznemu wzrostowi lub obnizeniu.
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7.5.Doswiadezenie V — Okreslenie wplywu platkéw zredukowanego tlenku grafenu
i platkéw grafenu na ekspresje receptordw zewnatrzkomorkowych oraz biatek zwigzanych
z migracjg i adhezjg w komorkach glejaka IV stopnia linii U887 — Publikacja 2
(Szczepaniak i in., 2021} i Publikacja 3 (Szczepaniak i in., 2022)

W Doswiadezeniu V  zbadano  ekspresj¢  wybranych  receptoréw
zewnatrzkomdrkowych na komarkach glejaka U87 1 komoérkach prawidlowych Hs5
po traktowaniu materiatami rGO i GN wykorzystujac Human Receptor Antibody Array,
dzigki kitdremu przeanalizowano ekspresj¢ 40 rdznych biatlek receptorowych,
zewnatrzkomérkowych zaangazowanych w rdzne szlaki sygnatowe (Ryc. 5, Szczepaniak
iin., 2021) oraz ekspresje biatek zwigzanych z migracja i adhezja (Ryc.6, Szczepaniak J. i in.,
2022).

Zaobserwowano, ze ekspresjia biatka uPar byla zwigkszona w komorkach
nietraktowanych glejaka linii U87 w poréwnaniu z komorkami prawidtowymi linii Hs5. Inni
badacze, rowniez potwierdzili istotnie wyzsza ekspresje biatka uPar w komérkach glejaka
U87 w poréwnaniu z prawidiowymi komérkami HMEC (Montuori i in., 2013). Analiza
ekspresji uPar w komorkach glejaka U87 po traktowaniu ptatkami GN/ExF, rGO/ATS
i rGO/TUD wykazala istotny spadek jego ekspresji. uPar odpowiada za degradacje
skladnikéw macierzy zewnatrzkomoérkowej (ECM) (Raghu i in., 2010). W zwiazku z tym
platki GN i rGO moga dziata¢ jako aktywatory rozszczepienia sasiednich receptoréw uPar,
a takze moga blokowaé miejsca przylgczania uPar i witronektyny, a tym samym hamowac
sygnalizacje uPar (Hoyer-Hansen i in., 1992; Hayer-Hansen i in., 1997). Analiza ekspresji
receptorow biatkowych wykazata rowniez zmniejszong ekspresje receptora endogliny
(CD105) po traktowaniu GN i rGO w komdrkach glejaka U87. CD105 odgrywa kluczowa
role w procesach angiogenezy i waskulogenezy, zapobiegajac apoptozie w niedotlenionych
komorkach $rodblonka (Smith i in., 2012). Badanie wykazalo znacznie wyzsza ekspresje
endogliny w komoérkach glejaka U887 w poréwnaniu z komoérkami zdrowymi linii HsS5.
Muenzner i in. potwierdzili, ze domena C-koncowa endogliny jest niezbedna w procesie
hamowania odklejania si¢ komorek (Muenzer i in., 2005). Dlatego przypuszeza sig,
ze traktowanie komérek U87 ptatkami GN i rGO, skutkujace obnizeniem ekspresji endogliny
moze stymulowac adhezje komorek, a w konsekwencji prowadzi¢ do zmniejszenia zdolnosci
migracji komoérek nowotworowych.

W kolejnym etapie Doswiadczenia V przeprowadzono test gojenia ran, aby ocenié
migracje komdrek U87 i Hs5 po traktowaniu ptatkami GN i rGO (Ryc.3, Szczepaniak J.
iin., 2022). Zaobserwowano, ze komorki U87 migrowaty szybeiej niz komorki zdrowe Hs5
i prawie catkowicie pokryly ryse po 24 h, co jest zgodne z obserwacjami Formolo
i in., ktorzy wykazali, ze poziom inwazyjnosci linii glejaka U87 byl 29-krotnie wyzszy
niz np. linii komoérkowych T98G, LN18 i Ul18 (Formolo i in., 2011). Analiza pokazala,
ze traktowanie komorek ptatkami rGO/TUD zmniejszyto migracje komorek glejaka U87.
Natomiast komérki Hs5 wykazywaty niska ruchliwo$é a dodatkowe traktowanie badanymi
platkami nie zmienito mobilnosci w stosunku do grupy kontrolnej. Komdrki nowotworowe
migrujg poprzez stopniowa degradacj¢ otaczajacej ich macierzy zewnatrzkomérkowej (ECM)
w celu stworzenia wlasnych éciezek migracji (Paul i in., 2017). Xiao i in. zaobserwowali
w swoich badaniach, ze komérki glejaka U887 w ko-kulturze ze zdrowymi neuronami
i komorkami glejowymi miaty istotnie wiekszg mobilnos¢ (Xiao i in., 2018).
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Wierzbicki i inni zaobserwowali, ze traktowanie nanoczgstkami NG i nGO zmmiejszyto
migracje komorek glejaka U87 i U118 (Wierzbicki i in., 2017). Wyniki te zostaly réwniez
potwierdzone w prezentowanym eksperymencie poprzez analizg ruchliwosci komorek
nowotworowych U87 i zdrowych Hs5 we wspélnej hodowli (Ryc.4, Szczepaniak J. i in.,
2022). Zaobserwowano, Ze materiatami o najsilniejszych wiladciwosdciach hamujgcych
ruchliwos¢ komorek glejaka U87 byty ptatki rGO/ATS i rGO/TUD. W przypadku komérek
zdrowych Hs5 obserwowany efekt zahamowania byt mniejszy.

Kolejnym krokiem w Doswiadczeniu V byla ocena ekspresji wybranych gendw
na poziomie mRINA i/lub bialek biorgcych udzial w procesie migracji i adhezji. Czynnikami
regulujagcymi ruchliwo$é komérek sg receptory adhezji komérkowej oraz ECM (Aoudjit i in.,
2012). Naleza do nich integryny o5 i Bl, B-katenina, N-kadheryna, PAN-kadheryna i FAK,
ktore analizowano w niniejszym badaniu, zardbwno na poziomie mRNA jak i bialka. Integryny
sg gldwnymi receptorami ECM w komorkach zwierzgeych 1 odgrywajg bardzo wazng role
w progresji nowotworu, przerzutach i/lub opornosci na leczenie. Integryna a5f1 ulega
ekspresji na znacznie wyzszym poziomie w komodrkach GBM w poréwnaniu do zdrowej
tkanki mozgowej, co sugeruje jej potencjalng role w rozwoju lub progresji GBM (Gingras
iin., 1995). Wyniki uzyskane w badaniu wykazaly statystycznie istotny wzrost poziomu
ekspresji mRNA integryny o5 po traktowaniu ptatkami GN/ExF i rGO/TUD w komorkach
glejaka linit U87. Nie zaobserwowano statystycznie istotnych zmian w ekspresji mRNA
integryny 81 po dzialaniu na komérki glejaka U87 wszystkimi badanymi materiatami.
Natomiast w prawidlowych komdérkach Hs5 ekspresja mRNA integryny 81 wzrosta istotnie
w grupie traktowanej ptatkami rGO/ATS. Analiza ekspresji inegryny ad na poziomie biatka
metoda Western Blot nie wykazata réznic po traktowaniu ptatkami GN i rGO. W przypadku
integryny Bl ekspresja bialka wzrosta po traktowaniu materiatami rGO/ATS i rGO/TUD.
Ponadto zaobserwowano, 7ze ekspresja biatka integryny B1 byla znacznie wyzsza
w komorkach glejaka U87 w pordéwnaniu do komoérek prawidlowych Hs5. Inni badacze
wykazali, ze wysoka ekspresja integryny a5p1 wigze si¢ z gorszym rokowaniem u pacjentéw
z GBM (Janouskova i in., 2012). Zatem wzrost ckspresji integryny oS5 po traktowaniu
platkami GN/ExF i rGO/TUD moze mie¢ negatywny wplyw na inwazyjnos¢, wywohijge jej
zwigkszenie w komorkach nowotworowych. Riemenschneidera i in. zaobserwowali
nadekspresje integryny a5p1 na poziomie biatka w znacznym odsetku biopsji ludzkiego
glejaka (Riemenschneider i in., 2005). Ponadto Janouskova i in. wykazali, ze aktywacja p53
przez nutline-3a hamuje ekspresje¢ integryny a5pl (Janouskova i in., 2012). Dlatego
podejrzewamy, ze ekspresja infegryny 1 na poziomie mRNA po traktowaniu platkami GN
nic zmienita si¢ w komoérkach glejaka U87 z powodu aktywacji p53, ktora hamuje ekspresje¢
integryny p1. Jest prawdopodobne, ze platki GN dziatajg na szlak sygnatowy, podobnie jak
nutlina-3a. Ponadto sktadniki ECM, takie jak witronektyna, kolagen i fibronektyna,
sg naturalnymi ligandami integryn. Kazda para integryn aff zawiera okreslony zestaw biatek
ECM (Hynes i in., 2002). Dlatego ptatki GN przytaczone do ECM moga aktywnie blokowaé
dostep do ligandéw integryny B1, takich jak fibronektyna, a poprzez wigzanie sie z blong
komorkowa GBM, aktywnie blokowaé samg integryne Bl i posrednio zwiekszaé ekspresje
integryny B1 na poziomie biatka. Zatem po traktowaniu platkami komorki nowotworowe nie
wykazywaly zmian w ekspresji infegryny fI na poziomie mRNA, ale wykazywaly
zwigkszona ekspresje na poziomie biatka po traktowaniu rGO/ATS i rGO/TUD.
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Moze to wynikaé z faktu, ze komorki nowotworowe posiadajg zapas mRNA integryny 1
i wykorzystuja go w niesprzyjajacych warunkach do zwiekszenia ekspresji integryny Bl
na poziomie biatka, kompensujac stres zwiagzany z blokowaniem ligandéw fibronektyny
w ECM i samej integryny [B1, tym samym zwigkszajge interakcie komorka-ECM
i zmniejszajac migracje.

W nastgpnej kolejnosci analizowano B-katening, ktdra gromadzi si¢ w jadrze,
gdzie oddzialuje z koregulatorami transkrypcji tworzac kompleks B-katenina/Lef/Tcf, ktory
reguluje transkrypcje kilku genéw zaangazowanych w proliferacje, réznicowanie, przezycie
i apoptoz¢ (Zhang i in., 2011). Nieprawidtowa aktywacja szlaku sygnatowego Wnt/B-katenina
jest cechg charakterystyczna wielu nowotworéw (Reya i in., 2005). Wyniki analizy pokazaty
statystycznie istotny spadek ekspresji mRNA 8-kateniny po traktowaniu wszystkimi
badanymi materiatami w komdrkach glejaka U87. Spadek ekspresji B-kateniny potwierdzono
takze w analizic Western Blot, gdzie zaobserwowano najwigkszy spadek ekspresji
po traktowaniu platkami rGO/TUD w komoérkach glejaka UB7. Wierzbicki i in. w swoich
badaniach réwniez pokazali zmnigjszenie ekspresji cytoplazmatycznej
B-kateniny na poziomie biatka po traktowaniu nanoczastkami NG i nGO w komorkach glejaka
U118 (Wierzbicki i in., 2017). Zatem zmniejszenie ekspresji f-kateniny moze przyczynic si¢
do zmniejszenia inwazyjnoséci komérek nowotworowych, uwrazliwienia ich na inne terapie
w tym radioterapie, oraz zmniejszenie nawrotu guza po resekeji (Chen i in., 2007). B-katenina
jako sktadnik kompleksu adhezji komérkowej wiaze si¢ z kadheryna i w ten sposéb reguluje
adhezje komodrka-komérka. Zmiana wigzania B-kateniny z kadheryng zmniejsza adhezjg
komérek, jednoczesnie promujgc migracje komorek i1 przejscie nablonkowo-mezenchymalne
(Nelson i in., 2004). W doswiadczeniu analizowano ekspresj¢ N-kadheryny (na poziomie
mRNA) i PAN-kadheryny (na poziomie biatka). Wyniki analiz mRNA pokazaty statystycznie
istotny wzrost ekspresji N-kadheryny po traktowaniu wszystkimi badanymi materiatami.
Prawdopodobnie wystapilo tutaj zjawisko sprzezenia zwrotnego, poniewaz zaobserwowano
jedynie niewielki spadek ekspresji PAN-kadheryny na poziomie biatka po traktowaniu
platkami GN/ExF w komérkach glejaka U87. Wierzbicki i in. w swoich badaniach rowniez
zaobserwowali spadek ekspresji PAN-kadheryny na poziomie biatka w komarkach glejaka
U118 po traktowaniu nGO. W przypadku linii U87 nie zaobserwowano zmian w ekspresji
zardwno N-kadheryny jak i PAN-kadheryny. Zasugerowano wigc, ze nanoczastki moga
modyfikowaé procesy migracji komédrek nowotworowych poprzez utrudnianie interakeji
mig¢dzy komdrkami a ECM (Wierzbicki i in., 2017).

FAK jest wielofunkeyjnym regulatorem sygnalizacji komorkowej w mikrosrodowisku
guza (Schaller i in., 2010). Podczas rozwoju roznych typéw nowotworow FAK promuje
mobilno$¢, przezycie i proliferacje komoérek. Ponadto farmakologiczne hamowanie
aktywnosci FAK zwigksza site adhezji komorka-komorka, co moze zapobiega¢ szybszemu
rozprzestrzenianiu si¢ komoérek nowotworowych (Canel i in., 2010). Analizy na poziomie
mRNA wykazaly statystycznie istotny spadek ekspresji po traktowaniu platkami rGO/ATS
i ¥rGO/TUD. Ponadto analiza ekspresji FAK na poziomie biatka jednoznacznie potwierdzita
i wykazala spadek ekspresji FAK po traktowaniu platkami rGO/ATS 1 rGO/TUD
w komoérkach glejaka U87. Natomiast w komoérkach zdrowych Hs5 obserwowano efekt
catkowicie odwrotny, a mianowicie wzrost ekspresji biatka FAK po traktowaniu wszystkimi
materiatami. Lipinski i in. stwierdzili, ze zwiekszona aktywnodé FAK byla skorelowana
z wysokg proliferacjg i niskimi wskaZnikami migracji w czterech roznych ludzkich liniach
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komorkowych GBM, co sugeruje, ze FAK jest waznym biatkiem w procesach
sygnalizacyjnych, a jego regulacja moze by¢ wyznacznikiem rozwoju proliferacyjnego lub
fenotypu migracyjnego (Lipinski i in., 2003). Zatem zmniejszenie ekspresji FAK
w komérkach U87 moze by¢ przyczyng zmniejszonej proliferacji po traktowaniu platkami
rGO/ATS 1 rGO/TUD. Mechanizm interakeji z normalnymi komoérkami moze by¢ inny,
poniewaz zaobserwowano spadek ekspresji FAK na poziomie mRNA i wzrost ekspresji
na poziomie biatka, przy jednoczesnym spadku ruchliwosci. Canel i in. zaobserwowali,
7e zwiekszona ekspresja mRNA FAK nie zawsze przeklada sig na zwigkszony poziom biatka
(Canel 1 in., 2006). Dlatego w zdrowych komorkach HsS nie obserwowalismy zwigzku
miedzy ekspresja FAK na poziomie mRNA i biatka. Ponadto FAK bierze udziat w tworzeniu
klastréw receptoréw integryn po zwiazaniu komoérek z biatkami ECM, co moze powodowaé
dimeryzacje FAK (Brami-Cherrier i in., 2014). Interakcja migdzy C-koficowa domeng FAK
i integrynami w adhezji odbywa sig¢ za posrednictwem wiazania integryna/FAK, poniewaz
nadekspresja C-koncowego fragmentu FAK blokuje jego aktywacje za posrednictwem
wlasnie integryn (Mitra i in., 2005). Dlatego przypuszcza sig, ze w komoérkach glejaka U87
traktowanych platkami rGO zmniejszenie ekspresji FAK zar6éwno na poziomie mRNA,
jak i biatka moze by¢ spowodowane przez indukowany przez ten sam material wzrost
ekspresji integryny 1.

Podsumowujgc  ostatni etap badan, analizy  ekspresji  receptoréw
zewnatrzkomorkowych na poziomie biatka wykazaly spadek ekspresji uPar i CD105
w komorkach glejaka U87 po traktowaniu wszystkimi materialami weglowymi, co moze
skutkowaé stymulacja adhezji komorek, a w konsekwencji prowadzi¢ do zmnigjszenia
zdolnosci migracji komorek nowotworowych. Ponadto wykazano, ze platki rGO/ATS
1 rGO/TUD hamujg migracje/ruchliwo$é komérek nowotworowych w najwigkszym stopniu,
co zdaje si¢ by¢ efektem pozagdanym. Uzyskane wyniki wykazaly wzrost ekspresji integryny
& na poziomie mRNA w komdrkach glejaka U87 po traktowaniu GN/ExF i rGO/TUD,
Jednak nie wykazano zmian w ekspresji na poziomie biatka. W przypadku integryny B1
ekspresja na poziomie mRNA nie zmienifa si¢, jednak na poziomie biatka wzrosla
po traktowaniu materiatami rGO/ATS i rGO/TUD. Wykazano takze spadek ekspresji
B-kateniny na poziomie biatka w komdrkach glejaka U87 po traktowaniu rGO/TUD, co moze
przyczynia¢ si¢ do zmniejszenia inwazyjnosci komoérek. Analizy na poziomie mRNA
wykazaly spadek ekspresji FAK po traktowaniu ptatkami rGO/ATS i rGO/TUD. Ponadto
analiza ekspresji FAK na poziomie biatka jednoznacznie potwierdzita i wykazata spadek
ckspresji FAK po traktowaniu ptatkami rGO/ATS i rGO/TUD w komorkach glejaka U87.
Zatem zmniejszenie ekspresji FAK w komdrkach U87 moze by¢ przyczyng zmniejszonej
proliferacji po traktowaniu ptatkami rGO/ATS i rGO/TUD.

8. Podsumowanie
Chemia powierzchni i rozmiar ptatkéw grafenu odgrywaja kluczowsg role

w toksycznosei, transporcie i dystrybucji grafenu do wewnatrz komdrki. Rézne materiaty
grafenowe w zaleznosci od charakterystyki fizykochemicznej mogg wywieraé rozny wplyw
na komdrki. W badaniu zostalo potwierdzone, ze platki grafenu o wiekszym rozmiarze
1 wyZzszym stopniu utleniania (rGO/TUD) moga wykazywaé wickszg cytotoksycznosé
w porownaniu do GN/ExF. W zwigzku z tym w komoérkach glejaka IV stopnia apoptoza moze
by¢ indukowana za pomoca kilku szlakéw, miedzy innymi przez oddziatywanie z receptorami
smierci na blonie komoérkowej. Uzyskane wyniki pokazuja, ze szlak mitochondrialny moze
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byé dominujgcym mechanizmem lezacym u podstaw apoptozy indukowanej przez grafen
i jego pochodnych. Dlatego wydaje si¢, ze mitochondrium jest kluczowe dla interakcji
grafen-komorka.

Najwazniejsze wyniki uzyskane w prezentowanej pracy doktorskiej zestawiono w Tab.2

Tabela 2. Poréwnanie najwazniejszych wynikow prac eksperymentalnych uwzglgdniajac
rodzaj materialu weglowego (rGO/GN) i wykorzystane typy linii komérkowych (U87/Hs5).

| rGO/Term | rGO/ATS | rGO/TUD | GN/ExF
Zywotno§é
MTT 25 ug/ml
ug7 53,36 % 63,96 % 42,45 % 63.57%
Hs3 82,47 % 96,02 % 86,14 % 71,23 %
Neutral Red 25 ng/ml
ug7 94,41 % 76,77 % 88,28 % 84,81 %
Hs5 100 % 29,95 % 71,16 % 85,38 %
Apoptoza
Pl/Aneksyna V 25 ng/ml
29 % 20 % 24 % 43 %
Ekspresja casp3 Gk e AR T
mRNA casp9 bl i N\ T
25 pg/ml
Potencjal blony Y A¥m 66,76 % 72,12 % 63,85 % 67,39 %
mitochondrialnej
Ekspresja aifm AN gL ™ dh
mRNA cyte Kl g\ ™ ™
Bioelektryka blony koméorkowej
Potencjal blony 25 pg/ml
komorkowej
U87 Vm v N N \Z
Hs5 N N4 b N
Kanaly jonowe
Ekspresja 25 pg/ml, po 24 h
mRNA
ug7 clcn3 - a i 4N -
clen6 - - - -
nalen - 4 ik -
kened4 - 2\ v -
Hs5 clenb - - - -
cacnalb - - - -
cacnald - N N -
nalcn g\ g 4 i
Zahamowanie 25 pg/ml
mobilnosci
ug7 % inhibicji - 51,20 % 30,86 % 6,86 %
Hs3 % inhibicji - 36,06 % 28,35 % 13,41 %
Receptory zewnatrzkomdorkowe
Ekspresja 25 pg/ml
mRNA
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Us7 B-katenina - N NS N2
FAK - J N2 -
Hs5 B-katenina = N NN J
FAK - R NN N2
Ekspresja bialka 25 pg/ml
Us7? B-katenina - v v v
FAK = 2 N2 Ng
Hs3 B-katenina - N7 RN i
FAK - G 4k g
Human Receptor 25 pg/ml
Antibody Array
us7 uPar = N\ N J
CD105 - N N2 J
Hs5 uPar - N 0 N
CD105 - i s -

»—, brak danych lub brak zmian

rGO moze oddziatywaé na komérki w wyniku bezposredniego kontaktu z blona
komorkowa glejaka za posrednictwem grup funkcyjnych, ktére sa obecne na powierzchni
badanych platkéw. Badania potwierdzity, ze platki grafenu i jego pochodne majg znaczacy
wplyw na ekspresje genéw kanatéw jonowych zaleznych od napigcia (VGIC) w komarkach
glejaka linii U87,w tym takze =znaczace zmiany potencjalu blony komodrkowe;.
W szezegblnodei po traktowaniu platkami rGO/ATS i rGO/TUD zaobserwowano duze
zmiany w ekspresji gendw kanaldw jonowych zaleznych od napiecia clen3, nalcn oraz kened.
Ponadto przedstawiono, ze badane formy grafenu i jego pochodnych (rGO i GN) moga
wplywac na ekspresje receptoréw zewnatrzkomoérkowych (uPar i CD105) w komorkach
glejaka 87, znacznie zmniejszajac ich ekspresje. Wykazano réwniez, ze rGO i GN obnizaja
ekspresje uPar, dziatajac jako inhibitory proteolizy promowanej przez nowotwory. Dlatego
mobilno$¢ komédrek typu mezenchymalnego moze byé hamowana. Ponadto rGO i GN
obnizaja ekspresje endogliny (CD105) i prawdopodobnie wspomagaja poprzez to wzrost
adhezji komérek, w konsekwencji zmniejszajac migracj¢ komorek nowotworowych.

Badania poszerzyty ogélna wiedz¢ na temat mechanizmu funkcjonalnego ptatkow grafenu
i jego pochodnych. Badane materialy takie jak rGO i GN mogg wplywaé
na ruchliwosé komoérek poprzez interakcje z receptorami blony komodrkowej, takimi
Jak integryny a5 i Bl, B-katenina, kadheryny i FAK, poprzez powierzchniowe grupy
funkcyjne badanych materialéw. Nie sg one jednak selektywne w stosunku do komorek
nowotworowych i oddziatuja podobnic z komorkami prawidlowymi, chociaz sila tego
oddziatywania jest siabsza lub ma odwrotny efekt. Zaobserwowano znaczacy spadek ekspresji
FAK =zarowno na poziomie mRNA, jak i biatka w komoédrkach glejaka US87
po traktowaniu platkami rGO/ATS i rGO/TUD. Co wiecej, chociaz efekt koncowy jest
podobny w komérkach prawidtowych i nowotworowych (ij. zmniejszona mobilnosé),
prawdopodobnie mechanizm przebiega ré6znymi szlakami, poniewaz ekspresja kluczowych
biatek zwigzanych z mobilnoscia (tj. integryn, B-kateniny, kadheryn i FAK) nie jest spdjna
w komorkach prawidlowych Hs5 i nowotworowych U87. Zatem z caly pewnoscig nalezy
kontynuowa¢ badania na bardziej zaawansowanym modelu badawczym, ktory pozwolitby
zweryfikowal czy zmiany w ekspresji badanych receptoréw/biatek odpowiedzialnych
za migracj¢ i inwazyjnos¢ zwiekszaja/zmniejszajg progresje tego typu nowotworow.
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Przeprowadzone badania sugerujg, ze obecno$é grup funkeyjnych zawierajacych tlen,
w tym ich liczba i rodzaj, moze byé najwazniejsza cecha badanych ptatkéw grafenowych dla
ich przyszlego zastosowania w obszarze medycyny klinicznej. Z czterech badanych
materialéw trudno jest wytypowaé jeden najlepszy. Uzyskane wyniki udowadniaja,
ze materialty weglowe maja ogromny potencjat biologiczny, ale mechanizmy ich dziafania
w dalszym ciagu sg niejasne.

O

Whnioski

. Zastosowanie réznych metod produkcji (chemiczne/fizyczne) zredukowanych

tlenkéw grafenu pozwolito na uzyskanie materialdw o odmiennych wlasciwosdciach
fizykochemicznych i biologicznych w stosunku do komdrek nowotworowych glejaka
IV stopnia.

Ptatki grafenu oraz zredukowanych tlenkéw grafenu poprzez tendencje
do przylegania do blony komérek glejaka IV stopnia U87 in vitro wywolujg efekt
cytotoksyczny zwigzany ze spadkiem aktywnosci metabolicznej i w konsekwencji
aktywacja apoptozy na drodze zaleznej od wewnatrzkomoérkowego szlaku
mitochondrialnego.

Platki grafenu i jego pochodne wplywaja na ekspresje gendw kanaléw jonowych
zaleznych od napigcia, uczestniczgcych w elektro-chemicznych szlakach sygnatowych
w  komdrkach  glejaka IV stopnia  linii U87, odpowiedzialnych
za naptyw jondéw sodu i alkalizacje cytoplazmy, co moze doprowadzi¢ do aktywacji
apoptozy w komorkach.

Obnizenie ekspresji biatka uPar oraz endogliny (CD105) oraz zwigkszenie ekspresji
na poziomie mRNA infegryny a5 i na poziomie bialka integryny B1 i spadek ekspresji
B-kateniny na poziomie mRNA i biatka w komdrkach glejaka linii U87 po traktowaniu
platkami grafenowymi moze by¢ mechanizmem stymulujacym adhezje komorek
i prowadzié¢ do zmniejszenia migracji komdrek nowotworowych.

Platki zredukowanego tlenku grafenu obnizajg ekspresje biatka FAK w komérkach
glejaka IV stopnia, co moze wptywaé na obnizenie proliferacji i migracji tych
komérek.
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Abstract: Graphene (GN) and its derivatives (rGOs) show anticancer properties in glioblastoma
multiforme (GBM) cells in vitro and in tumors in vivo. We compared the anti-tumor effects of
rGOs with different oxygen contents with those of GN, and determined the characteristics of rGOs
useful in anti-glioblastoma therapy using the U87 glioblastoma line. GN/ExF, rGO/Term, GO/ ATS,
and rGO/TUD were structurally analysed via transmission electron microscopy, Raman spectroscopy,
FTIR, and AFM. Zeta potential, oxygen content, and electrical resistance were determined.
We analyzed the viability, metabolic activity, apoptosis, mitochondrial membrane potential, and cell
cycle. Caspase- and mitochondrial-dependent apoptotic pathways were investigated by analyzing
gene expression. rGO/TUD induced the greatest decrease in the metabolic activity of U87 cells.
rGO/Term induced the highest level of apoptosis compared with that induced by GN/ExE rGO/ATS
induced a greater decrease in mitochondrial membrane potential than GN/ExF. No significant
changes were observed in the cytometric study of the cell cycle. The effectiveness of these graphene
derivatives was related to the presence of oxygen-containing functional groups and electron clouds.
Their cytotoxicity mechanism may involve electron clouds, which are smaller in rGOs, decreasing their
cytotoxic effect. Overall, cytotoxic activity involved depolarization of the mitochondrial membrane
potential and the induction of apoptosis in U87 glioblastoma cells.

Keywords: reduced graphene oxide; brain tumor; glioblastoma multiforme; JC-1; cell cycle; apoptosis

1. Introduction

In 2004, a group of scientists led by Geim and Novoselov discovered stable free graphene,
a material previously known only in theory. Geim and Novoselov obtained a graphene layer via
mechanical exfoliation [1]. This marked the beginning of the “graphene era”, which continues to
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this day. Research has been focused on creating new methods for the production, modification,
and advantageous application of this material in the technical, biological, and medical fields.

Reduced graphene oxide (rGO} and graphene oxide (GO) are derivatives of graphene (GN).
Graphene has a perfect crystal lattice structure, sp? hybridization, and numerous useful properties.
These properties include a high electrical conductivity, inherent mechanical strength, and the ability to
absorb white light. In comparison, GO is highly hydrophilic due to the presence of oxygen groups and
therefore can form stable aqueous suspension. rGQO has more oxygen groups than GN, but less than
GO. Therefore, rGO is less hydrophilic than GO, but also has a higher electrical conductivity. [1,2].

In addition to the numerous applications of these materials in electronics, energetics, sensors,
and filtration, graphene plates and their derivatives are also being assessed for use in medicine,
such as in cancer treatment [3,4]. Glioblastoma multiforme (GBM) has an astrocytic origin and is a
malignant primary tumor of the brain. It represents the most commonly occurring cancer of the central
nervous system and is usually grade IV histologically. The most important features of this type of
cancer are the presence of necrotic areas and characteristic vascularization (numerous microvessels
and glomerular vessels), as well as the presence of atypical cells, nuclear pleomorphism, and high
proliferative activity of malignant cells [5]. The type and place of glioblastoma growth render this
tumor incurable. The average incidence rate of GBM is 3.19 per 100,000 persons per year, and the
average overall survival after diagnosis is approximately 15 months [6]. Our previous study has
shown that graphene and its derivatives can be cytotoxic to glioblastoma cells in vitro and in vivo.
Upon entering, GN, GO, and rGO induced apoptosis, and reduced cell viability and proliferation,
in the U87 and U118 glioblastoma cell lines. GN, GO, and rGO also reduced the mass and volume
of tumors cultured on chorioallantoic membranes. However, these compounds differ in strength;
the most active is GN, the next is 1GO, and the least active is GO [7,8]. Moreover, depending on
the method of production, graphene-derived materials can be modified o have a wide range of
characteristics, including different sized flakes, numbers and types of functional groups, numbers of
defects, and hydrophobicity and electrical properties [91.

Graphene-based materials are expected to lead a revolution in medicine, but they are also
associated with difficulties such as protein corona formation, the EPR (Enhanced Permeability and
Retention) effect, and biodistribution [10]. In biclogical environments, graphene flakes can interact with
the components of the physioclogical medium, which may induce radical changes in the size, shape, or
chemistry of the surface flakes. Within the blood stream, the flakes can interact with cell membranes and
induce reactive oxygen species, resulting in haemolysis [11]. It has been shown that rGO induced a toxic
effect on endothelial cells [12]. The location of the glioma means that this tumor is treated in a different
way than is traditional, like intravenously or intra-arterially. Active substances can be efficiently used
with direct stereotactic injections into the tumor, or by using biomaterials supersaturated with these
molecules, which intraoperative are located in a lodge after tumor reception [13]. Unconventional drug
delivery causes the most common difficulties, in which nanomaterials distribution does not occur.

In the present study, we characterized three forms of rGO plates prepared from the same GO.
We also investigated whether materials included in the rGO groups exert the same biological effects on
glioblastoma multiforme cells, and how these effects compare with those of pure graphene.

We hypothesized that rGO does not exert identical effects on cells, but that the anti-cancer effect
is likely greater compared with that of pure graphene. Effectiveness was examined by assessing
viability, metabolic activity, cell cycle dynamics, and level of apoptosis. In the final stage of analysis,
we examined gene expression involved in apoptosis and the cell cycle. Using these results, we sought
to determine whether it is possible to identify the characteristics of rGO flakes that may be useful
in anti-glioblastoma therapy. Our results indicate that it is possible to determine which pathway of
apoptosis activation occurs in cells treated with these materials, and whether this same pathway is
induced by all the examined materials.
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2. Results and Discussion

In this study, we aimed to determine the cytotoxicity of pure graphene flakes (GN) and compare
it with that of reduced graphene oxide flakes (rGO) produced by various methods. We also aimed to
determine the pathway of cell death induced by the administration of these materials, and whether it
is associated with a loss of mitochondrial membrane potential or with blocking the individual phases
of the cell cycle.

2.1. Physicochemical Characterization of GN and rGO Flakes

The same graphene oxide (GO} was used as the primary material for the production of reduced
graphene oxides via different chemical methods. The use of the same primary material does not lead to
the formation of identical products. Therefore, physicochemical analyses (Raman radiation scatiering,
analysis of the morphology of the materials via transmission electron microscopy, elemental analysis,
resistivity measurements, and measurements of zeta potential) were performed to examine the
characteristics of the derived products.

The quality of the prepared materials was examined using Raman spectroscopy. This is based on
analysis of the three main peaks in the spectra of graphene and reduced graphene oxides, as well as the
peak position, peak width, and relative intensity ratio (Ip/Ig). These main bands are designated
as D, G, and 2D, and are centered at 1350 cm™2, 1580 c¢m !, and 2680 cm™1, respectively [14].
The results of Raman spectroscopic analysis (Figure 1) confirmed that GN/ExF belonged to graphene,
and 1GO/Term, rGO/ ATS, and tGO/TUD belonged to reduced graphene oxides. The incorporation of
GN/ExF graphene into graphene materials was confirmed based on existing data from the literature;
G and 2D bands were observed at 1580 em™! and 2700 cm ™!, respectively. rGO/Term, rGO/ATS,
and rGO/TUD were confirmed as reduced graphene oxides based on I} and G bands appearing at
1350 em ™! and 1580 cm !, respectively (also based on existing data in the literature), The G-band
in Raman spectra corresponds to the C-C chains of carbon atoms. The D-band is correlated with
structural defects, such as holes, rotated carbon bonds, or deformed rings, and with chemical defects
corresponding to oxy-functional groups (carbonyl and hydroxyl) attached to the planar carbon lattice
and edges. When the oxygen content is decreased, which results from the more efficient reduction of
graphene oxide, the intensity ratio Ip /I increases. This can correspond to the appearance of numerous
(but small) restored sp? regions. The size of defect-free sp? regions is inversely related to the ratio
of D band intensity to G band intensity (I /Ig), and to the full width at half-maximum (FWHM)} of
the G band [15,16]. Based on the G band width and I /I ratio, one can assume that the sp? clusters
grow larger and the ID/IG increases, while the G band becomes narrower, than those in the initial
GO (79 cm ™ 1): GO/ Term 71.96 cm™?, rGO/ATS 68.84 cm ™!, and rGO/TUD 59.18 em ™1 [17-19].
These results are shown in Figure 1. '

Moreover, Raman measurement can provide information about the number of graphene layers.
It can be estimated after 2D peak deconvolution, its shape and intensity (compared to the intensity of
G peak) analysis. However, it cannot be used for GO and rGO materials, but for less defected graphene
(e.g., exfoliated graphite or CVD graphene) [14]. The Raman spectrum of GN/ExF indicates that this
graphene-like material consists of abouit 5-10 layers as the 2D peak can be split into two peaks and its
intensity is two times lower than that of the G peak.

Three samples of tGO were prepared by the reduction of GO, so the number of layers of these
materials is the same as that of GO flakes. Due to a strong tendency to agglomeration of rGO flakes,
AFM measurements were only conducted for starting material (GO). The AFM measurement is shown
in Figure 2. The thickness of GO flakes is about 2.5-2.7 nm, which corresponds to two-layer GO flakes.
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Figure 1. Transmission electron microscopy (TEM) images and Raman spectra of GN and rGO
flakes. (A) Images of GN/ExF flakes and three types of 1GO (rGO/ ATS, rGO/ Term, and tGO/TUD).
(B) Spectra consist of three bands: D band located at ~1350 cm !, G band at ~1580 em 1, and 2D band
at ~2700 em ™. G band is characteristic of each graphene sample. The appearance of the D-band is
typical of rGO samples because some oxygen functional groups remain after the reduction of GO.
A strong 2D band only appears for graphene {(GN); for rGOs, the 2D band occurs as a weak and broad
signal. Abbreviations: rGO, reduced graphene oxide; GN, graphene.

Three samples of rGO were prepared by the reduction of GO, so the number of layers of these
materials is the same as that of GO flakes. Due to a strong tendency to agglomeration of rGO flakes,
AFM measurements were only conducted for starting material (GO). The AFM measurement is shown
in Figure 2. The thickness of GO flakes is about 2.5-2.7 nim, which corresponds to twoe-layer GO flakes.
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Figure 2. AFM measurement of GO flakes. X and Y scales are in um and Z scale is in nm. Z axis
corresponds to GO flake thickness. Left profile shows the thickness of a single GO flake (2.7 nm)
and the right shows the GO thickness of a single flake (2.5 nm} and two flakes that overlap (3.4 nm).
Abbreviations: AFM, atomic force microscope; GO, graphene oxide.

TEM analysis was used to assess the morphology of the flakes of rGO and GN. Figure 1A
shows the representative microscopic images. In reduced graphene oxides (rGO/ATS and rGO/TUD),
strong corrugation of the imaged flakes was visible. Oh and Zhang also confirmed that graphene and
reduced graphene oxides most often occur in the form of more or less corrugated, single, or multilayer
flakes [20]. The shapes of the flakes of GN and rGO were irregular, and their edges were often jagged.
All of the graphene derivatives investigated in this study were able to agglomerate. Suparut and
Somchai confirmed that nanosheets of graphene are similar to wavy veils, rippling and entangling
with each other. They are transparent and stable under an electron beam, which is used to confirm
the existence of two-dimensional graphene nanosheets [21]. In the TEM image, dark areas indicated
the dense nanostructure of several graphene layers or reduced graphene oxides. Higher areas of
transparency indicated a much thinner layer, which, in the case of reduced graphene oxides, depends on
the degree of reduction. Lower oxygen improves delamination of the material [22]. We observed this
in our tGO/ATS flakes by comparing them to rGO/TUD, in which strong corrugation and ovetlap
was visible.

Elemental analysis (Table 1) showed a low oxygen level (3%) in the reduced graphene
oxide rGO/ATS; this may have resulted from the high sulfur content of the reducer used
(ammonium thiosulphate). At approximately 1%, the reduced rGO/Term graphene oxide showed the
lowest percentage of oxygen. However, it was very challenging to measure resistance for this rGO
due to the difficulty of compressing the sample. The highest oxygen content of approximately 16%
was observed in rGO/TUD. Resistivity (Rs) was 21 Ohm/square and 142 Ohm/square for rtGO/ATS
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and rGO/TUD, respectively, and 0 Ohm /square for GN/ExE. Flakes with a lower oxygen content also
have a lower resistivity, thereby serving as better conductors of electricity.

Table 1. Physicochemical properties of the GN and rGO flakes.

Elemental Resistance Size of

GN and rGO Flakes Analysis (%0)  (Ohm/square)  Platelets (um) Polydispersity Index Methed of Production
GN/ExF na. 0 2.1-33 1 exfoliation
GO/ Term 1 na. 11-23 1 thermal
GO/ ATS 3 2t 1.9-4.6 1 chemical {ammonium thiosulphate)
rGO/TUD 16 142 3.4-4.7 0.67 chemical (thiourea dioxide)

Abbreviations: mV, millivolt; pm, micrometer; rCO, reduced graphene oxide; GN, graphene; ExF, exfoliation; ATS,
anunonium thiosulphate; Term, thermal; TUD, thiourea dioxide; n.a., not available.

The results of resistivity measurements are not shown for GN/ExF because the sample
quantity was too scant, and the measurement perforinance was relatively low. Results of resistivity
measurements are also not shown for rGO/ Term because we were unable to compress the sample for
measurement. This is a consequence of highly reduced GO, where no hydrogen bonds were present in
the flakes. The GN/ExF sample is pure graphene, which does not contain oxygen atoms; hence it was
excluded from elemental analysis.

Elemental analysis does not provide information about specific oxygen groups, so we conducted
FTIR measurements (Chart Al). The FTIR spectra of 1GO/TUD and rGO/ATS are quite similar,
suggesting the existence of nearly the same functional groups. The band at 1735 cm ™! refers to C=0
modes of carbonyl groups. The peak that appears at around 1560 cm~! indicates C=C bonding in the
aromatic structure of the materials. In the range of 1400 cm ™! and 1450 cm ., there are overlapped
bands corresponding to CH vibrations, as well as to C-C (stretching) in the aromatic structure and to
OH groups. Peaks at around 1600-1200 cm ! correspond to C-O (stretching) and CH (aromatic) bonds.
No clearly seen peaks in GN/ExF and rGO/Term spectra suggest that there are no oxygen functional
groups in the structure of these samples. This corresponds to elemental analysis, where these materials
were found to have 0 and 1% oxygen content, respectively.

Zeta potential (Chart 1) was analyzed to characterize the surface charge and stability of the
tested suspensions. The more oxygen-containing functional groups that exist on the surface of the
1(20s, the higher the stability of the solution [23]. Zeta potentials were measured using five different
concentrations of GN and each rGO. At concentrations of 5 and 10 ug/mL, we observed the highest
divergence between the flakes of the GN group and rGO groups. 1GO/ATS showed the lowest stability
(—9.51mV) at a concentration of 10 pg/mb; rGO/TUD showed the highest stability (—20.13 mV) at
the concentration of 10 pg/ml. At concentrations of 50 and 100 pg/mlL., all studied materials were
characterized as flakes having a similar stability. Minidvan (2016) showed that the zeta potential
of their rGO was —3.81 mV; this was due to a decreased amount of oxygen-containing functional
groups compared with those of GO [24]. Elemental analysis, conducted on rGO/TUD, showed that
it had the highest percentage of oxygen, thus forming the most stable suspension observed in our
study. GO easily disperses in the hydrophilic environment. To restore the sp2 carbon structure of
graphene sheets, reduction is necessary. As a result of the reduction, graphene sheets contain less
functional groups and consequently more sp2 hybridized carbon atoms, what is also directly connected
with a higher number of delocalized electrons. rGO has a tendency to agglomerate, lowering the
colloidal stability of the graphene flakes at the same time [25]. Thereby, the higher the degree of the
reduction, the lower the stability, which is clearly visible in rtGO/TUD (higher stability) and rGQ/Term
(lower stability) samples. In a low concentration of the hydrocolloids (especially 10 pg/mL) of highly
reduced samples, such as rGO/ATS and GN/EXF, a decrease of the stability and increase of the surface
charge are observed af the same time. This is due to weaker interactions between rGO flakes and
stronger interactions between rGO and the polar dispersant, which is water. In the rGO/ATS sample,
in the lowest concentration (5 ug/mL), the hydrocolloid is stable because of a greater distance between
flakes, and in the 10 ug/mL concentration, the distance between flakes is reduced and the flakes start
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to form agglomerates, which do not drop to the bottom; therefore, the stability decreases. In higher
concentrations, flakes agglomerate and they drop to the bottom of a tube, resulting in the reduction
of the hydrocolloid concentration and thus a higher stability of the colloid. As a consequence, the
stability of the colloid is similar to the rGO/ATS sample at a 5 pug/mL concentration. In the least
reduced sample, tGO/TUD, the highest stability is observed in all concentrations.

5 L

Zeta potential (mV)

5 10 23 50 100

Conceniration of graphene farms (pg/mL}
@ GN/ExF @ rGO/Term réo/ATS @ rGO/TUD

Chart 1. Zeta potential of GN and rGOs. Zeta potential is expressed in mV and was measured at
different concentrations (5, 10, 25, 50, and 100 ug/mL) of the tested GN and rGOs. Abbreviations: mV,
millivolt; GN, graphene; rGO, reduced graphene oxide.

The hydrodynamic diameter of the flakes and the dispersibility of the suspension were estimated
using ZetaSizer. Detailed results are shown in Table 1. The hydrodynamic diameter of the flakes
fluctuated within 1-5 um, and flake suspensions were polydispersed. By polydispersity, we mean the
heterogeneity of the flake suspension. This phenomenon was found based on measurements of the
hydrodynamic diameter; the Polydispersity Index (PI) was calculated by the ZetaSizer measurement
software. From each type of material, we tested three samples, and each sample was measured 10 times.
In magnification 100,000 in TEM, we observed the presence of different sized flakes (from few nm to
few pum). In this way, we confirmed the polydispersity index calculated from ZetaSize.

2.2, The Fnfluence of GN and rGO on Cellular Morphology and Viability

We assessed the interactions of rGO flakes, compared with those of GN, with glioblastoma celis.
For this, we examined how cytotoxicity of the oxygen content in rGOs exerts different effects on
glioblastoma cells. First, we assessed the effect of graphene flakes on the general morphology of
glioblastoma cells (examined via light and confocal microscopy), and then we examined the viability
and metabolic activity of the cells using an MTT assay. An MTT assay was also performed with normal
cell line Hs-5. In the control group (untreated U87 cells), examined using light microscopy, the cells
showed a clearly outlined cellular body with long protrusions, and the tendency to grow in groups
towards a spheroid formation without forming a typical monolayer (Figure 3A}). Cell nuclei were
clearly outlined with visible nucleoli.
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Figure 3. Morphology and cell viability of untreated U87 cells, and those treated with GN and
rGO flakes, as evaluated by optical microscopy and viability assays. (A) The images show untreated
U387 cells and those treated with GN and rGO flakes. Control cells were not treated with graphene
flakes. Scale bar: 100 pm. Cell viability was determined using the (B) MTT assay. U87 and Hs-5
cells were exposed to GN and 1GO flakes at concentrations of 5, 10, 25, 50, and 100 pg/mL for 24 h.
Values are expressed as mean & standard deviation. Statistical significance between the control and
treated cells is indicated by an asterisk and was assessed using Bonferroni’s multiple comparison
test. Differences with p-value < 0.05 were considered significant. One asterisk (*) p-value < 0.01,
three asterisks ("} all with p-value < 0.001. Abbreviations: rGO, reduced graphene oxide; GN,
graphene; MTT, 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium bromide.

In the examined samples, the number of cells in the field of view was kept constant (Figure 3A).
In the samples treated with GN/ExF (Figure Al) and rGO/ATS (Figure A2, large groups of cells with
well-adhered graphene flakes were clearly visible. This indicates that in these cases, graphene was able
to form agglomerates. In most cases, graphenoid forms overlapped with cells. The most individual
graphene flakes could be clearly seen in images treated with rtGO/Term (Figure A3). Graphene flakes
tended to adhere to the central part of the cellular body, such as the cytoplasm and nucleus, rather than
to cellular protrusions. The greatest changes in cell morphology, such as pore formation called light
spots [26], were observed in cells treated with GN/ExF arid rGO/TUD (Figure A4). GN/ExF was
the least compatible due to a lack of oxygen-containing functional groups. The images also showed
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more oval cell bodies in cells treated with rGO/ATS. Cells treated with GN/ExF did not show oval
cell bodies, and were more elongated. Lammel and co-workers observed the impact of graphene oxide
on the ulirastructure of the plasma membrane and found that nano-sized graphene penetrates the
plasma membrane of the HepG2 cell line [27]. They showed that at the site of interaction between the
graphene nanoplatelet and the plasma membrane, membrane invagination and some disruption of the
plasma membrane occur. Other researchers reported that the exposure of cells to high concentrations
of graphene decreased the membrane integrity in GLC-82, MCF-7, Panc-1, and MDA-MB-231 cell
lines [28].

An evaluation of cell morphology using light and confocal microscopy showed that the effects
observed in all the treated groups were similar. Treatment with rGO/ATS was the most effective against
the glioblastoma line U87, causing complete destruction of the cell membrane. Based on the results
of microscopic observations, we used the MTT assay to assess whether graphene and its derivatives
also affect the viability and metabolic activity of the stromal Hs-5 and glioblastoma 187 cells. In the
case of non-cancerous Hs-5 cells in GN/ExF and rGQO/Term treated groups, they caused statistically
significant changes in all tested concentrations, but a lower decrease in metabolic activity than in
the case of U87 cells. For the rGO/ATS group, a statistically significant decrease in the viability of
normal cells was observed at the concentrations of 50 and 100 ug/mL, whereas in the +GO/TUD group,
this was only seen at the concentration of 100 ug/mL. In both groups, graphene flakes were found to be
less toxic to healthy cells than cancerous U87 cells. For the U87 cell line MTT assay, a significant effect
(p-value < 0.0001) was observed for each group (Figure 3B). The highest decrease in metabolic activity,
at 8.69 + 12.88%, was found in the group treated with rGO/TUD at a concentration of 100 pug/mL.
Interestingly, in the group treated with rGO/ATS, the lowest viability, at 37.7 & 12.55%, occurred at
a concentration of 5 ug/mL rGO/ATS. In other groups treated with GN/ExF and rGO/Term, ~50%
mortality was observed at concentrations ranging from 25 te 100 ug/mlL. In a few cases, such as in
the first group, the viability did not decrease below 72%, while the metabolic activity of the cells
decreased up to 45% with the increasing concentration of GN/ExE. This may indicate a disturbance in
the metabolic activity of the mitochondria with an intact cellular membrane. In the group treated with
GO/ ATS, the lowest metabolic activity was observed at a concentration of 5 ug/mL. This may be due
to the fact that in the lower concentration, the flakes are not agglomerated and, consequently, they can
induce a stronger cytotoxic effect.

Because of their size, the flakes of GN/ExF, rGO/ATS, rGO/Term, and rGO/TUD have difficulty
penetrating the cell; however, they physically or biologically reduce the viability of U87 cells. This may
have been caused by a reduced amount of hydrophilic groups. The results confirm previous studies,
indicating that GN and rGO flakes show significant toxicity against several cell lines (U251, U87,
U118) [7,8,29,30]. GO and GN can adhere to the two-layered lipid membrane due to hydrophobic
interactions with the membrane [31]. Consequently, exposure to high concentrations of GN and
rGO causes physical or biological damage to the cell membrane, accompanied by the destabilization
of actin filaments and the cytoskeleton [32]. Moreover, one of our previous studies showed that
functionalizing rGO with amino acids (such as proline) decreases the cytotoxic effects of graphene
derivatives; this may have occurred because the amino acid blocked the hydrophobic of the molecules
which strongly interact with the cellular membrane [33].

The morphology of U87 glioblastoma cells treated with GN and rGO flakes was also evaluated by
confocal microscopy. Two dyes were used to visualize cell structures. DAPI (Ex = 350, Em = 470 nm)
binds selectively to DNA. 4-Di-10-ASP (Ex = 456, Em = 590 nm) is a lipophilic fluorescent dye for
marking cell membranes and other hydrophobic structures. Differential interference contrast {DIC) was
used to visualize the GN and rGO flakes, enabling visualization of the whole surface of the flake. In the
control group, a clearly outlined cell membrane and cell nucleus, as well as numerous connections
between cells, were observed (Figure 4a). Cell shape was not retained in any of the treated groups,
except in the cells treated with GN/ExF (Figure 4b); in cells treated with GN/ExF, the membrane
most closely resembled that of the control cells. All the other treated groups showed disrupted cell
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membranes. The most extensive damage to the cell membrane was observed in the group treated with
rGO/Term (Figure 4c), where the most severe damage to the cell membrane was present (Figure 4c).
In each treated group, we observed that graphene adhered to the cell. Using the imaged acquired
via DIC, we observed that the graphene flakes adhering to the cells possessed different sizes. In cells
treated with rGO/Term (Figure 4c), perforations in the cell membrane were observed by localized
reductions in the intensity of the 4-Di-10-ASP signal, which is marked with a red arrow. Duan et al.
showed that cells (line A549 and Raw264.7) treated with GO have the light spots clearly corresponding
to dark regions under fluorescence-based imaging, suggesting that these features represent holes
{pores) in cell membranes [26].

Figure 4. Morphology of untreated UB7 cells and those treated with GN and rGO flakes at a
concentration of 50 ng/mL after 24 h evaluated by confocal microscopy. Images show the untreated
control (a) group and groups treated with: GN/ExF (b), 1GO/ Term (c), rGO/ATS (d), and rGO/TUD {e).
The pictures marked with the number (1) show the combination of 4-Di-13-ASP (green) and DAPI (blue);
{2) show the 4-Di-10-ASP (green); and (3} show the DIC contrast. The red arrow marks damage to the
cell membrane. Scale bar: 30 pm Abbreviations: rGO, reduced graphene oxide; GN, graphene; DAPI,
4/ 6-diamidino-2-phenylindole; 4-Di-10-ASF, 4-(4-(didecylamino)styryl}-N-methylpyridinium iodide.
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2.3. A Balance between Types of Cell Death and Proliferation

Allotropic forms, including GO [7], rGO [7], GN [8], diamond [34], fullerenes [35], and nanotubes [36],
have been studied for many years in the context of inducing apoptosis in normal and cancer
cells, The results of these studies have been contradictory, sometimes indicating that GO causes
apoptosis [8,35,36] and sometimes showing that it induces proliferation [7,34]. Therefore, in this work, we
wanted to examine how flakes that do not contain oxygen, such as flakes of GN, affect glioblastoma cells.
We also examined the effect of flakes containing different contents of oxygen, which stems from varying
degrees of reduction resulting from using different methods to process the same GO. Our results show that
treating glioblastoma cells with flakes of GN and rGOs reduced cellular metabolism. This indicates that
the number of viable cells was decreased compared to that of the untreated control group. The decreased
metabolic activity indicated that the cells were dying, or dividing slower, or both, which may occur
simultaneously. Therefore, we next examined cell death and proliferation. To determine which processes
were occurring, we conducted a cytometric assay using Annexin V-FITC (AnnV) and PL The results of the
apoptosis study are shown in Figure 5. The highest percentage of AnnV /Tl-positive late-apoptotic cells
was observed in the GN/ExF group (Figure 5B). The percentage of apoptotic cells ranged between 40 and
50% for all the tested concentrations of GN/ExF. A small percentage of necrotic cells was also observed
in the GN/ExT-treated group. The percentage of apoptotic cells in the remaining groups was less than
that observed in the GN/ExF-treated group. In the rGO/ Term-treated group (Figure 5B), with xGO/ Term
concentrations of 5-50 pg/mL, the proportion of apoptotic cells ranged between 28-32%. The highest
percentage of necrotic cells, compared with that of the control group, was observed in the rGO/ATS- and
GO/ TUD-treated groups (Figure 5B).

Numerous studies have demonstrated that graphene flakes and their derivatives are effective
against glioblastoma cells, exerting a tumor suppressive action by activating apoptosis. We have also
previously shown that reduced graphene oxide induces apoptosis in both U87 and U118 glioblastoma
lines [8]. Moore et al. investigated the impact of nanographene in U-138 glioblastoma cells. The results
showed a significant increase in the number of dead cells and decreased the cell density after
treatment with graphene at concentrations higher than 50 ug/mL [37]. It was also found that apoptosis
is induced in human U251 glioblastoma cells via exposed phosphatidylserine, caspase activation,
and fragmentation of DNA [38]. Moreover, graphene and reduced graphene oxides physically damaged
cell membranes, increased the permeability of the outer mitochondrial membrane, and disrupted
membrane potential [39,40]. Apoptosis can occur via three different pathways. Caspases are usually
involved in the process of apoptosis, regardless of the path of initiation. Depending on the stage of
apoptosis in which they participate, they are divided into inductive caspases (e.g., caspases 8 and 9)
and executive, otherwise called effector, caspases (e.g., caspases 3, 6, and 7) [41]. Therefore, in this
study, we analyzed the induction caspase 9 and the effector caspase 3. The results of our real-time
PCR analysis indicated that the expression of the casp9 gene did not show a statistically significant
increase in any of the treated cell groups (Figure 5C). A tendency for the increased expression of casp9
was observed in the xGO/Term and rGO/TUD-treated groups. The level of casp3 showed a statistically
significant increase in the rGO/ATS- and rGO/TUD-treated groups, and similar results were shown in
a previous study [7].

Since mitochondria play a key role in apoptosis [41], next we analyzed whether graphene
and its derivatives reduce the mitochondrial membrane potential, thereby inducing cell death
via the mitochondrial pathway. A JC-1 assay was used to examine the mitochondrial membrane
potential in U87 cells untreated and treated with graphene and reduced graphene oxide
flakes. JC-1 (5,5 ,6,6/-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarocyanine iodide) is a lipophilic,
cyanocyanine cationic dye that selectively penetrates the mitochondria and can reversibly alter the
emission of red fluorescence to green fluorescence in the case of reduced membrane potential (A¥m).
Healthy cells have a high membrane potential; in healthy cells, JC-1 selectively accumulates in the
mitochondria and forms aggregates that show red fluorescence. In apoptotic cells, JC-1 localizes as
a monomer exhibiting green fluorescence [42]. The greatest change in the mitochondrial membrane
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potential was observed in the group treated with GN/EXF at a concentration of 100 pg/mL. In the
groups treated with rGO/TUD and rGO/ ATS at a concentration of 5 ug/mL, 70.48 and 67.17% of cells,
respectively, showed a low mitochondrial membrane potential compared to the cells in other treatment
groups, treated using the same concentration (Figure 6B}.
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Figure 5. Determining the type of death of U87 cells untreated and treated with GN and rGO flakes via
Annexin V-FITC and PI assay, and via the evaluation of casp3 and casp9 gene expression. (A) Cells were
stained with Annexin V/PI and analyzed by flow cytometry. Scatter diagrams show cells untreated and
treated with graphene flakes and reduced graphene oxide flakes at the following concentrations: GN/ExF
(5 ug/mL), 1GO/ATS (100 ug/mL), 1GO/Term (10 ng/mL), and rGO/TUD (5 pg/mlL, treated for 24
h. Quadrants in the cytograms show live cells (3) and individual stages of cell death: Q1—necrotic
cells, Q2—late apoptotic cells, and (Q4—early apoptotic cells. (B) Chart shows the percentage of apoptotic
and necrotic cells for all the tested concentrations (5, 10, 25, 50, and 100 pg/mL) of GN and rGOs.
{C) Gene expression profile in glioblastoma cell line U87; gene expression of casp3 and caspd in U87 cells
untreated and treated with graphene (GN) or reduced graphene oxide {rGO) flakes. Bonferroni’s multiple
comparison test was used for statistical analysis. Values in rows marked with an asterisk show significant
differences. Values marked with one asterisk (*) indicate a p-value < 0.005. Values were normalized to that
of the reference gene house-keeping gene rpl13a. The expression level of the examined genes was expressed
as the relative quantitation (RQ) value. Abbreviations: PI, propidium iodide; FACS, fluorescence assisted
cell sorting; Q, quadrant; C, control group (untreated cells); rGO, reduced graphene oxide; GN, graphene;
casp3, caspase 3; casp9, caspase 9; rpl13a, ribosomal protein L13a.

The results of the JC-1 cytometric assay prompted us to examine the expression of genes,
namely aifinl and cytc, important in the mitochondrial pathway of apoptosis. Apoptosis-inducing
agent (AIF} is a pro-apoptotic flavoprotein that participates in caspase-independent cell death.
Under physiclogical conditions, AIF is an FAD-dependent mitochondrial oxidoreductase that
plays a role in oxidative phosphorylation. Thus, AIF has a protective function in some cell types.
After cellular damage, however, ATF is cleaved by calpains and cathepsins, and moves from the
mitochondria to the cytosol and then into the nucleus. In the nucleus, it interacts with DNA
and causes the chromatin-independent condensation of caspases and large-scale fragmentation of
DINA [43]. Overexpression of AIF.promotes peripheral chromatin condensation in the nucleus,
DNA fragmentation into 50-kb fragments, translocation of phosphatidylserine in the cell membrane,
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and a decrease in the mitochondrial membrane potential [44]. The expression of the aifin] gene showed
a statistically significant increase after treatment with rGO/Term (Figure 6C). In the remaining groups,
only a tendency to increase was observed.
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Figure 6. Mitochondrial membrane potential of U87 cells, untreated and treated with GN and
rGO flakes, was evaluated using JC-1 dye and the expression of cyic and aifin? by AACt method
using real-time PCR. (A) A¥m depolarization was monitored using FACS and JC-1 as markers of
mitochondrial membrane potential at 24 h post-exposure to treatment. Cytograms show cells treated
with GN and rGO flakes at a concentration of 25 jig/mL. Gated quadrant R (red and green fluorescence)
includes cells with intact mitochondrial membranes (high A¥m), and quadrant G {green fluorescence)
depicts cells with loss of A¥m. (B) Charts show percentages of cells with high and low A¥m for
all the tested concentrations (5, 10, 25, 50, and 100 ug/mL) of GN and ¥GOs. (C) The expression
of cyfc and aifinl in the glioblastoma cell line U87 untreated and treated with graphene (GN) or
reduced graphene oxide (rGO) flakes. Bonferroni’s multiple comparison test was used for statistical
analysis. Values in rows marked with an asterisk (*) show statistically significant differences at
p-value < 0.005. Values marked with one asterisk {*) indicate a p-value < 0.005, and three asterisks
(**) a p-value < 0.001. Values were normalized to that of the reference house-keeping gene rpl13a.
The expression level of the examined genes was expressed as the relative quantitation (RQ) value.
Abbreviations: A¥m, mitochondrial membrane potential; FACS, fluorescence assisted cell sorting; JC-1,
5,5 6,6 -Tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide; C, control group (untreated
cells); GO, reduced graphene oxide; GN, graphene; cyfc, cytochrome c; aifinl, apoptosis inducing
factor mitochondrial associated 1; rpl13a, ribosomal protein L13a.
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In healthy cells, cytochrome ¢ (CytC) is located in the space between the outer and inner
mitochondrial membrane, where it acts as an electron carrier in the respiratory chain and interacts with
cardiolipin. Pro-apoptotic stimuli may lead to permeabilization of the mitochondrial membrane,
which results in cytochrome ¢ molecules being released into the cytosol [45]. In the cytosol,
CytC combines with the protein factor Apaf-1 and procaspase 9. This three-element complex is
called the “death circle” or the apoptosome. The main task of this complex is the activation of
executive caspases {e.g., caspase 3, 6, and 7) [46]. In this study, the expression of the cytc gene showed
statistically significant increases in the groups treated with GN/ExF and rGO/ Term at a concentration
of 25 pg/mL (Figure 6C). Limited evidence shows that GO is smaller and less toxic than rGO because it
possesses a high oxygen content, smoother edges, and hydrophilic properties [36]. The lowest oxygen
content was shown by rGO/Term; this material induced apoptosis more strongly than the rest of the
tested compounds. However, the most effective inducer of apoptosis was pure graphene (GN/ExF).
This indicates that even a minimal oxygen content decreased the pro-apoptolic activity of graphene
and its derivatives. Cells normally die and proliferate. Thus, cellular proliferative potential must
also be taken into account in order to check for any compensatory mechanisms. Therefore, we then
analyzed the cell cycle and expression of key genes in the regulation of cell cycle and proliferation.

For this, we conducted a cytometric analysis of DNA content using propidium iodide, RNase A
and analyzed the expression of genes important in proliferation. Cytometric analysis (Figure 7A,B)
showed no significant differences in the percentage of cells in the individual phases of the cell cycle.
After treatment with xGO/Term at 100 ug/mL, a small increase in the percentage of cells in the S
phase of the cycle was observed in comparison with that of the control cells. A small decrease in
the percentage of cells in the G2/M phase was observed in the group treated with GN/ExF at a
concentration of 100 g /mL. Kang et al. showed that exposing PC12 cells (a traditional neural target
cell line} to rGO at 20 and 50 pg/mL led to cell-cycle arrest in the GO/G1 phase. That study also
showed a significant decrease in the number of cells in the G2/M phase, which may be associated with
abnormal proliferation and altered mitotic ability [47]. In our study, only a small percentage of cells in
the S phase of the cell cycle was observed after treatment with rGOs. These minor changes in the cell
cycle prompted us to assess the expression of genes important in proliferation.

We evaluated the expression of pcna, ki-67, and mcm2, which are involved in regulation of the cell
cycle and proliferation. Proliferating target nuclear antigen (PCNA) is a cell cycle regulatory protein;
its expression increases significantly in the G1 phase, reaching a peak and decreasing in the G2/M
phase. PCNA expression shows a periodic change with the replication of DNA in the transition from
G1 phase into the S phase [48]. Expression of the Ki-67 protein is also closely related to cell proliferation.
During interphase, this antigen is found within the nucleus when the chromosomes are relocated to
the surface of the nucleus. The fact that the Ki-67 protein is present during the active cycle (GL, S, G2,
and mitosis), but is absent in resting cells (G0), makes it an excellent marker for assessing the growth
of a given cell population [49]. MCM2 is one of the minichromesomal maintenance proteins that is
necessary for the initiation and regulation of DNA replication. The highest expression of MCM2 occurs
in the G1 phase, when it is necessary to initiate DNA synthesis after each turn of the cell cycle. MCM
proteins dissociate chromatin irreversibly during the S phase of the cell cycle [530]. The analysis of
gene expression showed statistically significant changes (Figure 7). The expression of pcna was only
significantly increased in the rGO/Term group, whereas mem2 expression in the rGO/TUD-treated
group was decreased. Sawosz et al. showed a tendency for a decreased expression of pcng mRINA in
the healthy brain tissue of chicken embryos treated with pure graphene in vivo. This may indicate
decreased DNA synthesis during the cell cycle [51]. In this study, the gene expression of pcna increased
by 26% in the rGO/ Term-treated group and by 28% in the GN/ExF-treated group; this was likely due
to cell-cycle arrest in the S phase cccurring in U87 cells after treatment with GN and rGOs. The ki-67
gene is highly expressed in glioblastoma and lymphatic metastasis tissues, and is closely related
to cell division [52]. Our study is the first to report that freatment with GN and rGO affected the
expression of the ki-67 gene in glioblastoma multiforme cells. So far, there is only one published study
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describing the effects of GO, functionalized with polyethylene glycol (PEG) and polyethylenimine
(PEI), on the cell cycle in five tumor lines (HeLa, HEK293T, A549, HepG2, and MCF-7). The results
of that study showed that GO-PEG-PEI nanosheets disrupt the S phase of the cell cycle, leading to
a reduction in DNA synthesis [53]. However, our results indicate that cells treated with reduced
graphene oxides showed a statistically significant increase in the expression of ki-67. The expression of
ki-67 increased by 49% in the rGO/Term-treated group and by 46% in the rGO/TUD-treated group,
compared with GN/ExF-treated group, where the expression increased by 27%. The expression of
mein2 was previously shown to be decreased by treatment with ionizing radiation in the glioblastoma
line U251 [54]. In our study, mem2 gene expression exhibited a statistically significant decrease of
17% in the rGO/TUD-treated group of U87 cells. This may have occurred because the cell cycle had
stopped in the S phase, and the highest expression of mcm2 was recorded in the G1 phase, when the
synthesis of DNA was initiated. In the GN/ExF-treated group, fewer cells were retained in the 3
phase; therefore, a smaller decrease in mcm2 gene expression was observed. In 1GO/Term-, 1GO/ATS-,
and rGO/TUD-treated groups, more cells were retained in the S phase; hence, a greater decrease in the
expression of mem2 was observed.

In summary, the surface chemistry and size of graphene flakes play key roles in the toxicity,
transport, and excretion of graphene. Thus, various graphene materials may exert different effects on
the body [55]. Jaworski et al. observed that 1GOs form aggregates, and flakes smaller than 200 nm gain
entry into glioblastoma cells U87 and U118 [7]. Horvath et al. showed that rGO flakes of various sizes
can be taken up by cells via endocytosis [56]. Mao et al. suggested that graphene flakes with a larger
size and higher degree of oxidation may show a stronger cytotoxicity [57]. This was also confirmed in
our study, showing that rGO/TUD, having the largest surface area and highest oxygen content, caused
greater cytotoxicity at a concentration of 100 pg/mL than GN/ExF did at the same concentration.
We conclude that GN/IxF, in comparison to tGO/ATS and rGO/TUD, showed a stronger tendency to
agglomerate within the cell body, indicating that these materials had a stronger affinity for the cells.
However, flakes that did not have any oxygen groups, such as those of pure graphene, were the most
cytotoxic [8]. We also confirmed that rGOs showed few toxicological effects in comparison with those
of GN/ExF.

These results collectively show that the surface and function of graphene play key roles in
its physico-chemical properties and in the biocompatibility of various graphene-derived materials.
Apoplosis is a coordinated process triggered by three different pathways: the death receptor TiNFa
(tumor necrosis factor a} and FAS (fragment apoptosis simulating)-mediated extrinsic pathway, located
on the cell membrane, and the intrinsic mitochondrial pathway. Theoretically, these pathways may
be triggered because rGOs and GN interact with death receptors on the cell membrane. Jaworski et
al. showed that entry of rGOs into the cell causes degradation of the mitochondria. rGOs may also
interact with surface receptors on the cell membrane, blocking the transport of various substances
into the cell, and causing cellular stress and apoptosis [7]. Li et al. suggested that the mitochondrial
pathway may be the dominant mechanism underlying apoptosis induced by graphene [58]. Li et al.
suggested that GN may alter mitochondrial integrity via a mechanism associated with the activation
of pro-apoptotic agents from the Bcl-2 family (Bim, Bax, and Bel-2). However, when mitochondria
are damaged under the influence of rGO, there is no difference in the expression of Bcl-2, indicating
that this protein is not involved in the activation of apoptosis [58]. Zhou et al. showed that exposing
MDA-MB-231, PC3, and B16F10 cells to graphene platelets led to the direct inhibition of I, II, 11, and IV
complexes of the Krebs cycle, causing depolarization of the mitochondria and consequent disruption
in ATP production [59].
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Figure 7. Cell cycle and proliferation in U87 cells untreated and treated with GN and rGO flakes as
evaluated by flow cytometry and propidium iodide (PI). (A) Histograms were used to analyse the
cell cycle in U87 cells untreated and treated with GN or rGO flakes at a concentration of 25 pg/mlL..
At 24 h post-treatment, cells were stained with propidium iodide after RNase A treatment and DNA
content was evaluated by flow cytometry. Histograms show numerical values of individual phases
of the cell cycle. M1 = G0/G1 (GO indicates cells in the resting phase, while G1 indicates production
of mRNA and proteins necessary for DINA synthesis); M2 = 5 (DNA replication phase); M3 = G2/M
{G2 indicates preparing for entry into mitosis, and M indicates the mitotic phase). Histograms on
the x-axis show the number of cells collected for analysis, while the y-axis shows the intensity of PI
fluorescence on a linear scale. (B) Chart shows the percentage of cells in individual phases of the cell
cycle at all tested concentrations (5, 10, 25, 50, and 100 pg/mL) of GN and rGOs. (C) Gene expression
profile in glioblastoma cell line U87, untreated and treated with graphene (GN) or rednced graphene
oxide (rGO) flakes, was assessed using proliferation markers ki-67, mem2, and pena. Bonferroni's
multiple comparison test was used for statistical analysis. Values in rows marked with an asterisk
(*) show statistically significant differences at p-value < 0.005. Values marked with one asterisk (*)
indicate p-value < 0.005. Values were normalized to that of the reference hose-keeping gene rpll3a.
The expression level of the examined genes was expressed as the relative quantitation (RQ) value.
Abbreviations: C, control group (untreated cells); rGO, reduced graphene oxide; GN, graphene; ki-67,
nuclear protein detected using monoclonal antibody Ki-67; mcm2, minichromosome maintenance
complex component 2; pcna, proliferating cell nuclear antigen; ANOVA, analysis of variance; rpl3a,
ribosomal protein L13a; SE, standard error.
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One of the proposed mechanisms underlying the cytotoxicity of graphene involves reactive oxygen
species [60,61]; other mechanisms are based on damage to the cell membrane, impaired mitochondrial
activity, DNA damage, and interactions with cellular receptors that eventually lead to apoptotic
and /or necrotic cell death [21,60,62]. The mechanism involved in the cytotoxicity of graphene and
its derivatives is still not fully understood. However, it is assumed, and confirmed by our studies,
that flakes of graphene and its derivatives likely induce cell death via the mitochondrial pathway.
Therefore, it appears that the mitochondrion is key for the graphene-cell interactions.

3. Materials and Methods

3.1. Production and Preparation of GN and vGO

Graphene and reduced graphene oxides were supplied by the Institute of Electronic Materials
Technology (ITME), Warsaw. Direct graphite exfoliation using Capstone (a fluorinated surfactant} was
used to oblain graphene flakes, designated as GN/ExF. Flakes of rGO were produced by reducing
previously prepared graphene oxide (GO). GO was obtained by graphite oxidation and exfoliation,
according to a modified method by Marcano [63]. Reduced graphene oxide, designated as rGO/ATS,
was created by reducing GO with ammonium thiosulphate for 20 h at 95 °C. The molar ratio of the
reducing agent to GO was 3:1 and the reduction was conducted at neutral pH. rGO/Term was created
by reducing GO powder in an oven at 1000 °C for 1 h under a nitrogen atmosphere. Reduced rGO/TUD
graphene oxide was prepared by reducing GO via exposure to thiourea dioxide at 85 °C for 1.5 h.
The molar ratio of the reducing agent to GO was 5:1 and pH was set as 9. rGO/ATS and rGO/TUD
were purified through pressure filtration on a membrane and then dialysis was used. During these
steps, a significant number of residue chemicals were removed from materials; however, there were
still some sulfur ions. Then, 1 mg/mL aqueous suspensions were prepared from the GN powder
{GN/ExF) and three types of rGO powders (tGO/ATS, rGO/Term, and rGO/TUD). Powders were
gently sonicated for 30 min with ultrapure and sterile water. Then, each suspension was diluted to
different concentrations, and each dilution was re-sonicated for 15 min immediately prior to being
used to treat cells [33]. Appropriate dilutions of GN and rGO flakes (50, 100, 250, 500, and 1000 pg/ml.)
were prepared for further experiments.

3.2. Characterization of GN and rGOs

Elemental analysis and Raman spectroscopy were conducted at the Institute of Electronic
Materials Technology (Warsaw, Poland). Elemental analysis of graphene flakes was performed using
an 0836 oxygen analyzer (LECO, Katowice, Poland) to assess the content of oxygen in the samples.
Electrical conductivity of the samples was also examined. The samples were first pressed to form
thin peliets (<100 um). Resistance was determined in Ohm/square (/1) using a Hallotron (ECOPIA
HMS 5500) with an external magnetic field of 0.55 T. Raman spectra were collected using a Reinshaw
Invia confocal microscope with a 532-nm Nd-YAG laser, under a 100x objective with a 300-nm spot
size and 1 mW laser. Measurements of the thickness of GO flakes were conducted with the use
of Atomic Force Microscopy (Bruker, Stuttgart, Germany,). Chemical characterization of graphene
samples was performed with an FTIR Spectrophotometer (Vertex 80v, Bruker). Zeta potential and
size of flakes in water were measured by light scattering using a ZetaSizer Nano Z5 model ZEN3500
(Malvern Instruments, Malvern, UK). The shape and size of GN and rGO flakes were examined using
a JEM-1220 (JEOL, Tokyo, Japan) transmission electron microscope (TEM} at 80 KeV, and a Morada
eleven-megapixel camera {Olympus Soft Imaging Solutions, Miinster, Germany). Grids were inserted
into the TEM immediately after drying the droplets in dry air.

3.3. Cell Cultures

Human glioblastoma U87 and normal Hs-5 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagle’s culture
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medium supplemented with 10% fetal bovine serum (Life Technologies, Houston, TX, USA) and 1%
antibiotic-antimycofic mixture containing penicillin and streptomycin (Life Technologies). Culture was
performed at 37 °C under 5% CO; and at 95% humidity in an INCOMED153 (Memmert GmbH &
Co., Germany).

3.4. Cell Morphology

U87 cells were seeded at 2 x 10° cells per well in six-well plates and cultured until confluence
reached 70-80%. After 24 h, the culture medium was replaced with that containing 10% solutions of GN
and rGO flakes at final concentrations of 5, 10, 25, 50, and 100 pg/mlL; then, the cells were incubated
for another 24 h. The control sample consisted of cells cultured without the addition of any {lakes.
Cell morphology was evaluated using an inverted light microscope (Leica DMi8, Cairn, Kent, UK) and a
confocal microscope (Olympus FV1000, Tokyo, Japan). For confocal microscopy, U87 cell cultures were
plated in six-well plates with sterile cover slips placed into each well. After incubation with graphene
flakes, the cells were fixed using 4% aqueous paraformaldehyde for 10 min. After fixation, the cells
were washed three times with phosphate buffered saline (PBS) without ions. The cells were stained
with 4-(4-(didecylamino)styryl)-N-methylpyridinium iodide (4-Di-10-ASP; Life Technologies) at 5 mM,
and with diamidino-2-phenylindole (DAPI; Sigma, St. Louis, MO, USA) at 1 ug/mL. After each
staining, the cells were washed three times with PBS. A drop of Glass Antifade Mountant (Sigma,
St. Louis, MO, USA) was applied to each glass slide and slides were stored in the dark. The images
were analyzed using two fluorescence channels and differential interference contrast (DIC) on a
FV10-ASW 4.2 (Olympus, Tokyo, Japan).

3.5. Viahility Assays

Cell viability was assessed using an MTT assay. U87 glioblastoma and Hs-5 normal cells were
cultured in 96-well plates. Approximately 1.2 x 10* cells were seeded onto each well. After incubating
for 24 h, the culture medium was replaced with that containing 10% solutions of the flakes of GN
and rGO at the concentrations of 5, 10, 25, 50, and 100 pg/ml.. Cells incubated without the addition
of any flakes were used as controls. After 24-h incubation, 10 pl. MTT (Thermo Fisher Scientific,
Waltham, MA, USA) was added to the cultures and incubated for 4 h at 37 °C. After this time, 100 pL
of lysis buffer (containing isopropanol, Tween-20, and HCl) was added to the cultures. The lysed cells
and dissolved formazan crystals were centrifuged at 440x g for 5 min to deposit cell fragments and
graphene and rGO flakes used in the test on the bottom of the plate. Then, 100 pL of supernatant was
transferred into a new 96-well plate and measured using a spectrophotometer (Infinite M200, Tecan,
Durham, NC, USA) at 570 nm excitation and 690 nm emission. The metabolic activity of the cells
was expressed as a percentage compared to that of the control. Wells containing only DMEM were
used as blanks. We used the formula (ABSiest — ABSpiank) / (ABSconial — ABSpin ), where ABSpq is
the absorbance of wells exposed to the treatment, ABS ;0 is the absorbance of control wells, and
ABSyank is the absorbance of wells without cells [e4].

3.6. Apoptosis Assay

Apoptosis was evaluated using a FITC Annexin V/Dead Cell Apoptosis Kit (Thermo Scientific,
Waltham, MA, USA). U87 cells were seeded at 2 x 10° cells per well in six-well plates and cultured until
70-80% confluence. After 24 h, the culture medium was changed to that containing 10% solutions of
the flakes of GN and rGO at the final concentrations of 5, 10, 25, 50, and 100 pg/mL. The control sample
consisted of cells cultured without the addition of any flakes. After 24-h incubation with the flakes, the
cells were trypsinized, harvested, and washed with cold PBS containing calcium and magnesium ions.
After rinsing and centrifugation, each cell pellet was suspended in 100 pL of Annexin binding buffer.
Then, 5 uL of FITC {fluorescein isothiocyanate)-labelled Annexin V and 1 L of propidium icdide were
added to each cell suspension. The cells were incubated at 25 °C for 15 min. Then, 400 uL Annexin
binding buffer was added to cell suspensions, gently mixed, and stored on ice until introduction



Int. J. Mol. Sci. 2018, 19, 3938 19 0f27

into the flow cytometer. Ten thousand events were recorded per sample. Plots were generated using
Flowing Software 2.5.1 (Perttu Terho, Turku, Finland). Fluorescence emission intensity was measured
using two FL1 channels for FITC at Em = 530 nm and FL2 for PI at Em > 570 nm.

3.7. Cell-Cycle Assay

A method based on staining DNA with propidium iodide was used to assess the cell cycle.
U87 cells were seeded in six-well plates at 2 x 10° cells per well and cultured until they reached
70-80% confluence. After 24 h, the culture medium was changed to that containing 10% solutions
of the flakes of GN and rGO at the final concentrations of 5, 10, 25, 50, and 100 ug /mL. The control
sample consisted of cells cultured without the addition of any flakes. After the cells were fixed and
harvested, they were rinsed in 5 mL of PBS without calcium or magnesium ions, and then centrifuged
at 200x g for 5 min at 4 °C. Cells were then suspended in 1 mL of ice-cold PBS. Each cell suspension
was gently mixed and slowly dropped into 9 mL of previously chilled 70% ethanol in 15 mL Falcon
tubes. The cells were stored for at least 24 h at —20 °C. Then, the cells were centrifuged at 200x g for
10 min at 4 °C. The supernatant was carefully removed to leave the remaining loose pellet undisturbed,
and the pellets were resuspended in 3 mL of cold P’BS, gently mixed, and centrifuged again using
the same parameters. Cell pellets were washed three times in 5 mL of cold PBS and centrifugation.
The resulting pellet was resuspended in 0.5 mL of staining buffer [containing 10 mL of PBS buffer
(v/v), 0.1% Triton X-100, 2 mg DNase-free RNase A, and 0.4 mL propidium iodide at a concentration of
500 pg/mL]. Cells were suspended in staining buffer, transferred to cytometric tubes, and incubated
for 30 min at room temperature in the dark. The samples were filtered using a filter with a 40-um
pore size, and analyzed on a BDFacsCalibur™ cytometer at a flow rate not exceeding 400 objects/s.
Analysis was performed within 2 h from the end of incubation. Data were analyzed using a histogram
of fluorescence intensity on an FL2 channel and the number of cells introduced. Pl was excited at
488 nm with a relatively large Stockes shift, and the emission wavelength was 617 nm.

3.8. Analysis of Mitochondrial Membrane Potential

JC-1 dye (Thermo Scientific, Waltham, MA, USA) was used to determine the mitochondrial
membrane potential. U87 cells were seeded in six-well plates at 2 x 10° cells per well and cultured
until they reached 70-80% confluence. After 24 h, the culture medium was changed to that containing
10% solutions of the flakes of GN and rGO at the final concentrations of 5, 10, 25, 50, and 100 ug/mlL.
The control sample consisted of cells cultured without the addition of any flakes. The 200 uM solution
of JC-1 dye in DMSO was prepared by pre-heating the reagents to room temperature. The cells were
suspended in 1 mL of working solution (1 uL/mL) of JC1 and incubated at 37 °C and at 5% CO, for
15 min. The prepared cell suspensions were analyzed in a BDFacsCalibur™ flow cytometer at 488 nm
using the FL1 vs. FL2 channels. Plots were generated using Flowing Software 2.5.1 (Perttu Terho,
Turku, Finland).

3.9. Isolation of Total RNA

For the isolation of total RNA, U87 cells were cultured in 25 cm? culture flasks. Each of the samples,
both control and test (treated with flakes GN and rGO), was established in three independent biological
repetitions. The solutions of the GN and rGO flakes were added to the cultures at a concentration of
25 pg/mL in a volume not exceeding 10% of the culture volume, and incubated for 24 h. Total RNA
was isolated using a Purelink® RN A Mini Kit (Ambion™ Life Technologies, Foster City, CA, USA).
The resulting cell pellet was resuspended in lysis buffer containing 1% 2-mercaptoethanol. Then, frozen
metal balls were added to the probe and homogenized in a TissueLyser ball mill (Qiagen, Germantown,
MD, USA) for 5 min at 50 Hz. The homogenate was centrifuged at 12,000x g. The supernatant,
containing total RNA, was transferred into a new tube, and one volume 70% ethanol was added into
each volume of cell homogenate, following the manufacturer’s instructions. Total RNA was eluted in
a volume of 50 uL RNase-free water and stored at —80 °C. The isolated RNA was measured using a
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NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). ¢cDNA was synthesized
with a cDNA High Capacity Reverse Transcription Kit (AppliedBiosystems, Foster City, CA, USA) to
reverse-transcript the mRNA to cDNA, using 2200 ng per reaction. The obtained cDNA was measured
using a NanoDrop 2000 spectrophotometer and stored for further analysis at —20 °C.

3.10. Real-Time PCR

We used the AACt method {o determine the expression of mRNA using real-time PCR:
AACT = ACT test sample-—ACT calibrator sample. The reaction was carried out using 48-well plates
and Luminaris Color HiGreen reagents qPCR Master Mix (Thermo Fisher Scientific); 100 ng of
cDNA was used for each reaction. The following genes were examined: casp3, casp9, cyic, aifml,
pcna, ki-67, and mcemZ2. The primers used for this procedure are presented in Table 2. rpi13a was
used as the reference house-keeping gene [65]. The reaction conditions were sel as specified by
the manufacturer. Each sample was analyzed in duplicate. The procedure was conducted using a
StepOnePlus™ Real-Time PCR System.

Table 2. Primers used to assess the expression of genes involved in proliferation and type of cell death.

Genes Forward Primers (5’-3) Reverse Primers (5/-3')
ki-67 CCACACTGIGTCGTCGTTTG CCGTGCGCITATCCATTCA
mcm2 GTGGATAAGGCTCGTCAGAT GTCGTGGCTGAACTTGTT
pena GTCTCCTTTCCTCCTCTCTGTT CCATCCTCAAGAAGGTGTTGG
casp3 CAAACTTTTTCAGAGGGGATCG GCATACTGTTTCAGCATGGCAC
casp9 TGCAGGACACACACACAAGAAA TCCTGGCTAAGACCCCCTT

cytc GCGTCTCCTTGGACTTAGAG GGCGGCTGTGTAAGAGTATC
aifml TGCCTGAGCAGAACAAAGGT CATGCTGCTCACCGTCCTTA
rpil3a CATAGGAAGCTGGGAGCAAG GCCCTCCAATCAGTICTTCTG

Abbreviations: ki-67, marker of preliferation ki-67; mcmZ, minichromosomal maintenance protein 2; pena,
proliferating target nuctear antiger; casp3, caspase 3; caspd, caspase 9; cybe, cytachrome c; aifinl, apoptosis inducing
factor mitochendrial associated 1; rpli3a, ribosomal protein L13a.

3.11. Statistical Analysis

The data were analyzed with monofactorial analysis of variance using GraphPad Prism 7.04
(GraphPad Software Inc., La Jolla, CA, USA). Differences between groups were tested using
Bonferroni’s multiple comparisons test. All mean values are presented using standard deviation
or standard error. Differences with p-value < 0.05 were considered significant.

4, Conclusions

Every type of graphene derivative affects the particular cell type, triggering the activation of a
different cellular pathway. Nevertheless, our results indicate that both GN and rGOs can activate the
same apoptotic pathway in the U87 glioblastoma cells. The number of oxygen-containing functional
groups and the associated number of defects in the carbon crystal structures are the distinguishing
features of the investigated forms of graphene. The resistance appeared to be strongly related to the
oxygen content in the reduced graphene oxide forms. A higher oxygen content leads to a higher
resistance. In the presented study, we also measured other characteristics, like the zeta potential,
approximate size of the flakes, and dispersiveness of graphene.

The presence of oxygen groups renders the reduced graphene oxide to be more hydrophilic.
The reduced graphene oxides, produced by different methods, showed differences in surface
functionalization in the range between 1 to 16%. Among the reduced graphene oxides investigated in
the presented study, the oxygen content of 1GO/Term (1% Q) had the most similar characteristics to
the control (GN/ExF). rGOs appeared to be less cytotoxic than GN in U87 glioblastoma cells in vilro.
rGO caused cell death mainly via mitochondrial-dependent induction of apoptosis. Our results show
that graphene derivatives exerted a scant influence on the cell cycles.
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We hypothesized that rGOs has a stronger anticancer impact than GN, which was supported
by our results. The cytotoxicity of rGOs may be mainly the result of their direct contact with the
glioblastoma cell membrane. An increase in the reduction of oxygen content in rGOs caused an
increase in the number of delocalized electrons on the surface of graphene flakes. This may lead to
disruption of the signaling pathways in the cell membrane or the direct interaction within cellular
structures that are sensitive to electrochemical potential (cell membrane, mitochondria).

In glioblastoma therapy, the most important feature of these flakes is the presence of
oxygen-containing functional groups. Oxygen-containing functional groups are involved in the
adherence of flakes to the cell body. Our previous studies showed many features of allotropic
forms of carbon, which indicated the potential application of that biomaterial in cancer glioma
therapy. It was shown, inter alia, that GN, GO, and rGO can induce cell death of the glioma in
the process of apoptosis [7,8]. It was also demonstrated that diamond nanoparticles (DN) have
excellent anti-angiogenic properties [3,4]. We confirmed that DN, GO, and GN are highly biocompatible
and do not exert a significant effect on rat health status within twelve weeks after intraperitoneal
administration [66]. Finally, we proved that GN and rGOs cause a strong effect by the decrease of the
mitochondrial membrane potential in glioblastoma cells in the way of cell energy center corruption.
In this study, for the first time, we confirmed that GN and rGOs can increase the expression of the ki-67
gene in the glioblastoma cells of the multiform U87 line. Therefore, as continuation of that research,
we plan to investigate the impact of GN and rGOs on the mitochondria-dependent energy pathways.
The examination of these features will allow for the future application of different graphene forms in
clinical trials and may allow for the effective treatment of the malignant brain tumors.
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Chart Al. FTIR spectra of four graphene-like samples. Band at 1735 cm ™! refers to C=0 modes of
carbonyl groups. Peak that appears at around 1560 cm ! indicates C=C bonding in aromatic tructure
of the materials. In the range of 1400 cm ! and 1450 cm ! there are overlapped bands corresponding
to CH vibrations as well as to C-C (stretching) in aromatic structure and to OH groups. Peaks at
around 1000-1200 cin ! correspond to C-O {stretching) and CH (aromatic) bonds. Abbreviations:
FTIR, fourier transform infrared spectroscopy.
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Figure A1. Morphology of U87 cells treated with GN flakes, as evaluated by optical microscopy.
Cells treated with graphene flakes (at concentration of 50 ug/mL}—(1-2) GN/ExF. Regions of inferest
marked with red borders, are shown enlarged, and are indicated by black arrows. Scale bar: 100 um.

Figure A2. Morphology of U87 cells treated with rGO flakes, as evaluated by optical microscopy.
Cells treated with graphene flakes (at concentration of 50 ug/mL)—(3-4) rGOQ/ATS. Regions of interest
markeéd with red borders, are shown enlarged, and are indicated by black arrows. Scale bar: 100 pm.
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Figure A3. Morphology of U87 cells treated with rGO flakes, as evaluated by optical microscopy.
Cells treated with graphene flakes {at concentration of 50 ug/mI)}—(5-6) rGO/Term. Regions of interest
marked with red borders, are shown enlarged, and are indicated by black arrows. Scale bar: 100 pm.

Figure Ad. Morphology of U87 cells treated with rGQ flakes, as evaluated by optical microscopy.
Cells treated with graphene flakes (at concentration of 50 ug/mL)}—(7-8) rGO/TUD. Regions of interest
marked with red borders, are shown enlarged, and are indicated by black arrows. Scale bar: 100 wm.
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Abstract: The development of nanotechnology based on graphene and its derivatives has aroused
great scientific interest because of their unusual properties. Graphene (GN) and its derivatives, such
as reduced graphene oxide (rGO), exhibit antitumor effects on glioblastoma multiforme (GBM) cells
in vitro. The antitumor activity of rGO with different contents of oxygen-containing functional groups
and GN was compared. Using FTIR {fourier transform infrared) analysis, the content of individual
functional groups {GN/exfoliation (ExF), tGO/thermal (Term), rtGO/ammonium thiosuiphate (ATS),
and rGO/ thiourea dioxide (TUD)) was determined. Cell membrane damage, as well as changes in
the cell membrane potential, was analyzed. Additionally, the gene expression of valtage-dependert
ion channels (clen3, clend, cacnalb, cacnald, nalen, kemed, kenjl0, and kenbl) and exdracellular receptors
was determined. A reduction in the potential of the U87 glioma cell membrane was observed after
treatment with rGO/ATS and rGO/TUD flakes. Moreover, it was also demonstrated that major
changes in the expression of voltage-dependent jon channel genes were abserved in clen3, nalen, and
kcned after treatment with rGO/ATS and GO/ TUD flakes. Furthermore, the GN/ExF, rGQ/ATS,
and rGO/TUD flakes significantly reduced the expression of extracellular receptors (ulPar, CID105)
in U87 glioblastoma cells. In conclusion, the cytotoxic mechanism of GO flakes may depend on
the presence and types of oxygen-centaining functional groups, which are more abundant in GO
compared to GN.

Keywords: graphene; reduced graphene oxide; glioblastoma multiforme; voltage-gated ion channel;
cell membrane receptor; membrane potential

1. Introduction

Glioblastoma (GBM) is the most common primary malignant brain tumor. GBM is
associated with poor prognosis and a life expectancy of approximately 15 months despite
optimal therapy, which includes surgery, chemotherapy, and radiotherapy [1]. The lack of
therapeutic success has been attributed to a variety of factors, including rapid infiltration
of brain tumor cells, inter- and intratumor heterogeneity, limited diffusion of therapeutic
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drugs across the blood—brain barrier and brain parenchyma/tumor, and the presence of
GEM stem cells (GSC) in the tumor, which are resistant to radiotherapy and chemotherapy
and are capable of tumor formation and indefinite self-renewal [2].

Graphene is made up of a layer of carbon atoms arranged in a hexagonal pattern and
consists purely of sp2 hybridized bonds. It has gained enormous interest in various fields
owing to its unique electrochemical properties, which include high thermal conductivity,
high eurrent, density, chemical volume, optical transmittance, and very high hydropho-
bicity [3,4]. It is the simplest form of carbon and the thinnest material ever produced [5].
The graphene family incdudes sheets and flakes of graphene as well as graphene oxide
(GO) and reduced graphene oxide (rGO) [6,7]. GO is highly hydrophilic because of the
presence of a large number of oxygen groups on the surface (hydroxyl, carboxyl, epoxy).
rGO has more oxygen functional groups than graphene (GN), but less than GO. Therefore,
GO is less hydrophilic than GO and, therefore, has higher electrical conductivity [8]. In
addition to the numerous applications of graphene materials in electronics, their deriva-
tives are also assessed for their use in medicine, for example, in anticancer therapy [9,10].
Our previous studies have shown that graphene and its derivatives can be cytotoxic to
glioblastoma cells in vitro and in vivo. GN, rGO, and GO induce apoptosis and lead to
the reduction of viability and proliferation in U87 and U118 glioblastoma cell lines [11].
Jaworski et al. also showed that graphene flakes were too large {0.45-1.5 pm) to enter the
glioblastoma cells [11,12]. However, both GN and rGO can activate the mitochondrial-
dependent apoptotic pathway by reducing the mitochondrial membrane potential in U87
glioma cells. On the contrary, GO can regulate the expression of mitochondrial oxidative
phosphorylation (OXPHOS) genes in GBM, thus leading to a decrease in the invasion
potential of cancer cells [13]. The tested materials (GN/exfoliation (ExE), rGO /thermal
(Term), rGO/ammonium thiosulphate (ATS), and rGO/ thicurea dioxide (TUD)) showed
no effect on the cell cycle [14]. Despite the fact that even minimal oxygen content on the
surface of the flakes may reduce the proapoptotic abilities of graphene and its derivatives,
oxygen-containing derivatives have a better affinity for GBM cells than pure graphene,
which allows for better targeting of the intended effect [15].

An important finding seems to be the reduction of oxygen content in rGO in relation
to the starting material, GO, which results in an increase of delocalized electrons on the
surface of the graphene flakes. This can lead to a disruption of the signaling pathways
in the plasma membrane or to direct interaction with cell structures, which are sensitive
to electrochemical potential. Therefore, graphene and its derivatives are characterized by
strong bioelectric properties; because of the presence of delocalized electrons and oxygen-
containing functional groups on the surface of the flakes, this material can interact with
structures that receive electrical signals, for example, receptors located on the cell surface,
as well as proteins building voltage-dependent ion channels, ultimately causing changes
in the potential of the cell membrane. Cell surface charge is a key biophysical parameter
that depends on the composition of the cytoplasmic membrane and the physiological state
of cells. In addition to the presence of ion channels and transporters, negative values of
cell membrane potential at physiological pH values are also caused by the presence of
nonionic groups in phosphelipids (phosphatidylcholine; —62 mV), proteins, and their
polysaccharide conjugates [16]. Direct comparisons of the in vitro and in vive Vm levels of
normal and cancer cells showed that the cancer cells were more depolarized (negative Vi)
than their normal counterparts [17]. Therefore, the studied materials of graphene origin
(GN and +GO) may prefer adhesion to neoplastic cells with depolarized cell membranes.
Moreover, Fiorillo et al. proved that GO, characterized by the presence of many functional
groups containing oxygen, preferred adhesion to U87 tumor cells rather than stem cells and
normal fibroblasts [18]. Therefore, it has been hypothesized that graphene-derived flakes
exert modulating and transducing effects on proteins contained in the membrane of U87
glioma cancer cells. These effects result from the unique structure and type of functional
groups on the surface of graphene. GN flakes are characterized by several functional
groups on the surface, and they possess a larger electron cloud than rGO.
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Ion channels play an important role in the regulation of electrical excitability in normal
and cancer cells [19]. Ton channels and transporters are also associated with GBM tumor
growth and malignancy [20]. Genomic analysis revealed that the genes involved in Na,
K, Ca transmission or transport belong to the most frequently mutated functional groups
affecting GBM in 90% of the tested samples [21,22]. Therefore, the article discusses the
subject of studying the expression of individual snbunits that build ion channels (Na*,
K*, Ca?*, C1"). The functioning of ion channels and pumps influences the migration and
proliferation of GBM cells. For example, deregulated K* and Cl~ channels regulate the
osmotic drive, allowing for cell shape and volume changes that promote glioblastoma
cell migration [23], and Ca-activated K* (BK) channels, which conirol glioblastoma cell
growth [24]. In this study, we hypothesize that flakes of graphene (GN) and reduced
graphene oxides (rGOs) may affect the expression of voltage-dependent ion channel genes
Cl™ (clen3 and clené), Ca®* (cacnalb and cacnald), Na* (nalen), KT (kened, kenj10, and kerbd),
resulting in an alteration of the potential of the glioblastoma cell membrane. It is also
suspected that GN and rGO flakes may reduce the expression of extracellular receptors
and further reduce the invasiveness of glioblastoma in vitro.

The aim of this study is to determine changes in the cell membrane caused by direct or
indirect contact with bioelectric flakes of rtGO with different degrees of reduction compared
to GN in U87 glicblastoma multiforme cells in vitro.

2. Results
2.1. Physicochemical Characterization of GN and rGO Flakes

The physicochemical properties (inter alia, transmission electron microscopy, Ra-
man spectroscopy, atomic force microscopy, zeta potential, oxygen content, and electrical
resistance) of graphene (GN) and reduced graphene oxides (+GOs) have recently been
published [14]. In this study, the physicochemical properties were complemented with
an additional analysis of the tested materials. FTIR analysis allowed us to obtain detailed
information about the functional groups.

SEM images were used to confirm the morphology of the graphene flakes. Micropho-
tographs of thin layers of GN and rGO graphene sheets are shown in Figure 1. In GN/ExF
(al), irregular edges of graphene flakes were observed. Photos showing rGO/Term (b1),
GO/ ATS (1), and rGO/TULY (d1) samples showed wrinkled and complex textures with
rough surfaces, resulting from collapse. SEM images, taken in the AEE (active emission
element) mode (Figure 1(a2,b2,c¢2,d2})), allowed the scanning of graphene with the table
current. Owing to this, the quality of the images was good for conductive materials.

Figure 1, Morphology of GN and rGOs was examined using a scanning electron microscope (SEM). (a1) GN/ExF, (b1)
GO/ Term, (¢1) rGO/ ATS, (d1) rGO/TUD—standard SEM images show 2D nanoshects morphologies. Scale bare: 50 pm.
{a2) GN/EXEF, (b2) rGO/Term, (¢2) tGO/ATS, (d2) rGO/TUD-—AEE mode showing conductive materials. Scale bare: 50 pm.
Abbreviations: GN, graphene; rGO, reduced graphene oxide; SEM, scanning electron microscope; AEE, active emission
element; ExF, exfoliatien; Term, thermal; ATS, ammonium thiosulphate; TUD, thiourea dioxide.
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The presence of functional groups was confirmed by FTIR analysis (Figure 2). Spec-
trum analysis showed the presence of aliphatic groups containing C-H bonds in their
chemical structure. From the presented spectra, it can be concluded that the purest was
graphene GN/ExF. The spectrim of this sample lacked absorption bands in the range of
wave numbers between 3000-2800 cm ! and 1470-1440 cm 1. Graphene rGO/ Term and
rGO/ATS had similar amounts of these impurities. The most C-H bonds occurring in both
the form of methyl and methylene groups were in graphene rGO/TUD. In the obtained
spectra, bands originating mainly from O-H, C-H, C=0, and C-O bond vibrations were
visible. The location and assignment of individual bands to specific bonds are shown and
summarized in Table 1.

GN/ExF rGO/Term 1GO/ATS rGO/TUD

025

0.20

0,154

0.10

Absorbance [a.u.]

0.05-

0.00 .
: . .
4000 3000 2000 1000

Wavenumber [ermi]

Figure 2. Fourier transferm infrared (FTIR) spectra of graphene (GN/ExF; black line) and reduced
graphene oxides {rGO/Term, red line; GO/ ATS, green line; rGO/TUD, blue line). The individual
digital markings on the graph show the bands associated with the occurrence of individual functional
groups; 1 (OH-), 2 (OH-), 3 (N-H), 4 (C-H), 5 (C=0), 6 (C=0), 7 (C=C), 8 (COO-), 9 (C-H), 10 (-
OFH), 11 (C-O-C), 12 (C-NH; /C-N), 13 (C=8), 14 (carbon ring), 15 (CHy=CH), 16 (carbon ring}, 17
(C-5/5-0). Abbreviations: GN, graphene; 1GO, reduced graphene oxide; FTIR, Fourier iransform
infrared; a.u., absorbance unit; ExF, exfoliation; Term, thermal; ATS, ammonium thiosulphate; TUD,
thiourea dioxide.

Considering the quantity of oxidized carbon in its chemical structure as the criterion
for assessing the quality of the tested material, the largest number of such connections
was found in graphene rGO/TUD. Slightly less connection was observed in graphene
GO/ ATS. Graphene GN/EXFE had two characteristic low-intensity peaks belonging to
C=0 and COO- bonds, which were also present in the spectra of samples rGO/ATS and
rGO/TUD. The least number of C=0 bonds occurred in the graphene rGO/Term. Only one
peak with a maximum at 1747 cm ! appeared in the spectrum of this material. Therefore,
the rGO/ Term material turned out to be the most hydrophebic, which was confirmed by
macroscopic observation of the behavior of graphene flakes in this solution. The sharp
maximum in graphene rGO/TUD was observed at 3680 cm~!. Additionally, bands from
the vibration of N-H and C-NH; bonds appear in the spectra of graphene rGO/ATS and
tGO/TUD, which were found at 3280 and 1124 cm™, respectively. The sulfur component
was also incorporated into the graphene structure, giving peaks at wave numbers 1100
and 617 cm ™1,
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Table 1. Location of abserption bands exhibited by the functional groups in FTIR spectra obtained for individual GN and

GO samples.

No.

200N U NS

17

Wavenumber [cm 1] Type of Bond = Eazle
GN/ExF rGO/Term rGO/ATS rGO/TUD

3680 (-H (stretch) - - - + (w)
3600-3000 O-H (stretch) +{m} + (w) + (m) + ()
3280 N-H (stretch) - - + (m) + {m)
3000-2800 C-H {stretch) - +{m) + (m) +(s)

1747 C=0 (stretch) - +(w) - -
1711 C=0 (stretch) = = + (m) +(s)
1640 C=C (stretch) +(m) + (m) +(s)
1563 COO- (stretch) +{w) - + (m) +(s)
1465 C-H (deformation) - + (w) + (w) + {m}
1400 -OH (in-plane bendig) +{w) +(w) + (w) +(s)
1174 C-0O-C (stretch) +{w) - + {m) + ()
1124 C-NHz /C-N (stretch} - - + (m} + {w)
1100 C=5 (stretch) - - + (w) + (w)
1018 Carbon ring = + (w) +Hm) +(m)

CH,=CH
b (deformation) . ) *(w) )
639-511 carbon ring +(w) + (m) + (m} + {m)
C-5 (stretch) /5-O

&g (scissors} . . (s )

Nates: designations used in the table: w—weak; m—medium; s—strong; "+"—current; "-"—absent. Abbreviations: GN, graphene; rGO,
reduced graphene oxide; ExF, ex{oliation; Term, thermal; ATS, ammonitim thiosulphate; TUD, thicurea dioxide.

2.2. Membrane Potential

In the next stage, changes in cell membrane potential were analyzed. The results
are presented in the form of line graphs depicting changes in cell membrane potential
(Figuze 3). In glioblastoma U87 cells, a statistically significant decrease in cell membrane
potential was observed only after treatment with rGO/ATS and rGO/TUD flakes. The
first potential peak (decrease; 516.7-563 RFU ({relative fluorescence units)) after rGO/TUD
treatment was observed after 2 and 4 h (p < 0.05). Maximum potential reduction after
1GO/TUD treatment (714.7 RFU) occurred after 24 h of treatment (p < 0.05). In U87 cells
after rGO/ ATS treatment (567 RFU), the maximum reduction in cell membrane potential
was observed after 22 h. The strongest reduction was observed after 18 h for both rGO/ ATS
and rGO/TUD (p < 0.05). In Hs5 cells, a significant reduction in cell membrane pokential
was observed only for rGO/ATS flakes (maximum 297.7 RFU after 4 h of treatment;
p-value <0.05). The strongest reduction was observed after 8 h of rGO/ ATS flake treatment
{p < 0.05). Greater changes in the potential were observed in cancer cells (421 RFU, 561.7 RFU)
than in healthy cells (258.4 RFU, 384.3 RFLJ) after 1GO/ATS and rGO/TUD treatment.

2.3. Gene Expression of Voltage-Gated Ion Channels

Analysis of the expression of genes involved in the transport of chlorine, calcium,
sodium, and potassiwn voltage-dependent ions was performed. The resulis are shown
in Figure 4 and Table 51. Gene expression that was studied using real-time PCR was
focused on the genes coding the individual subuniks of proteins that cocreate ton channels,
responsible for the transport of the aforementioned ions.



Int. J. Mol. Sci. 2021, 22, 515

6of 18

o

Fiuorescence {Ex=530, Em=570)[RFLU]

8000+

] ~
o o
=2 =
5=

500
000

0

8000+

7500+

7000

500

Flucrescenta (Ex=530, Ema570)[RFU)
[LX:.]

]-m m:]-.—.\—#ﬁ:ﬁqqa#n-

23819 %0 aDICDDAar DSBS O DML B D

Time exposure (h) Time expesure {h)

& C i GNEXF - rGO/Term ¥ (GO/ATS -4 rGOTUD 4+ PC

Figure 3. Effect of graphene flakes (GN/ExF) and three types of reduced graphene coxide flakes (1GO/Term, rGO/ATS, and
rGO/TUD) on the membrane potential of U7 and Hsb5 cell lines. The immediate reading after the addition is marked as
0 on the x-axis of the membrane potential sensor. PC represents the group after H;O; (hydrogen peroxide) treatment as
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test. Differences with p-value < 0.05 were considered significant. One asterisk {*) means p-value < 0.05. Abbreviations: rGO,

reduced graphene oxide; GN, graphene; C, control group (unireated group); PC, positive contrel; h, hours; ExF, exfoliation;
Term, thermal; ATS, ammeniwm thivsulphate; TUD, thiourea dioxide.

2.3.1. Chloride Channels

The expression of two subunits of chloride channels, clend and clené, was measured.
In the US7 line, there was an increase in clen3 and clené expression 24 h after rGO/ATS
(log2RQ = 4.67 +/— 0.7158) and rGO/TUD (log2RQ = 6.89 +/ — 0.7158) treatment. There
was an increase in clcn3 expression after 6 h of treatment in all groups. The highest increase
was observed in the rGO/ATS group (log2RQ = 0.42 +/— 0.1063). In Hs5 cells, there was
no increase in clcn3 and clené expression after 24 h treatment; however, there was higher
expression after & h of treatment with GO/ ALS flakes (log2R(} = 0.42 +/— 0 1063).

2.3.2. Calcium Channels

In the noncancerous Hs5 cell line, there was an increase in cacnald expression after
6 h of graphene rGO/ Term treatment (log2RQ = (.7957 +/— 0.2863), rGO/ATS (log2RQ
=1.160 +/— 0.2863), and rGO/TUD (logZRQ = 1.387 +/ — 0.2863). After 24 h, there was
a decrease in carnald expression in the rGO/ATS (log2RQ = —0.7671 +/— 0.2863) and
1GO/TUD {og2RQ = —1.029 +/— 0.2863) groups. There was no expression of the cacnald
gene in the US7 glioblastoma line even in the control sample.

Comparing the expression of the cacnalb gene in both cell lines, a much higher expres-
slon was observed in the noncancerous Hs3 cells (log2RQ = 7.757 +/ — 1.492). Addiiionally,
in this cell line, under the influence of graphene flakes, a significant reduction in cacnalb ex-
pression was observed in all groups after 6 h of treatment. The highest reduction occurred
in the rGO/Term treatment (log2RQ) = —2.953 +/— (.2990). After 24 h of treatment, no
statistically significant changes were observed.
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Figure 4. Analysis of the mRNA expression level of voltage-gated ion channels after treatment at 25 pg/mL concentration
for 6 and 24 h in U8Y and Hs5 cells. The results are calculated relative to the control values. Log2RQ (log2 relative
quantitation) values for all genes are normalized to the RFL13A housekeeping gene. Statistical significance between
the control and the treated cells is indicated by an asterisk and was assessed using Bonferroni’s multiple comparisons
test. Differences with p-value < 0.05 were considered significant. One asterisk (*) means p-vaiue < 0.05. Abbreviations:
G0, reduced graphene oxide; GN, graphene; C, control group (untreated group); ExF, exfoliation; Term, thermal; ATS,
ammonium thiosulphate; TUD, thiourea dioxide; clcre3, chloride voltage-gated channel 3; clené, chloride voltage-gated
channel 6; cacnalb, calcium voltage-gated channel subunit alphal B; cacnald, caleium voltage-gated channel subunit alphal
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2.3.3. Sodinm Channels

In the Hs5 cell ling, there was an increase in nalcn expression in all examined groups
after 24 h of flake treatment. The expression changes were as follows: GN/ExF (log2RQ =
3.810 +/— 0.978), rtGOQ/Term (log2RQ = 3.683 +/— 0.978), 1GO/ ATS (log2RQ = 2.904 +/ —
0.978), and rGO/TUD (log2RQ = 3.338 +/— 0.978). After 6 h of treatment, no significant
changes were observed. In the U87 cell line, an increase in nialcn expression was observed
after 24 h of treatment with tGO/ATS (log2RQ) = 2472 +/ — 0.978) and rGO/TUD (log2RQ)
=3.200 +/— 0.978) flakes. There were no significant changes in nalcn gene expression after
6 h of treatment in the U87 cell line.

2.3.4, Petassium Channels

Tn our study, we analyzed the expression of two potassium ion channel genes (kenbl
and kcne4). For both Hsb5 fibroblast cells and U87 tumor cells, no statistically significant
changes in kenbl gene expression were observed. In Hsb cells, there was no statistically
significant change in kened expression in any of the studied groups. In U87, there was an
increase in kcned expression after 24 h treatment by rGO/ATS flakes (log2RQ =1.192 +/—
0.33452) and a decrease (logZRQ} = —~1.734 +/ — 0.33452) after 24 h of rGO/TUD treatment.
No statistically significant changes in the expression of the kcnj10 gene were observed in
either Hsb5 fibroblast cells or U87 tumor cells.

2.4. Expression of Membrane Receptors

Extracellular receptors expression was analyzed using Human Receptor Antibody
Array (Targets: 4-1BB (TNFRSE9), ALCAM {CD166), CD8O0 (B7-1), BCMA (TNFRSF17),
CD14, CD30 (TNFRSF8), CD40 Ligand (TNFSF5), CEACAM-1, DRé (TNEFRSF21), Dik,
Endoglin (CD105), ErbB3, E-Selectin, Fas (TNFRSF6), Flt-3 Ligand, GITR (TNFRSF18),
HVEM (TNFRSF14), ICAM-3 (CD50), IL-1 R4 (ST2), IL-1 R1, IL10 Rbeta, IL-17RA, TL-
1 R gamma, IL-21R, LIMPII, Lipocalin-2 (NGAL), L-Selectin (CD62L), LYVE-1, MICA,
MICB, NRG1-beta 1, PDGEF R beta, PECAM-1 (CD31), RAGE, TIM-1 (KIM-1}, TRAIL R3
(TNFRSF10C), Trappin-2, uPar, VCAM-1 (CD106), XEDAR) (Table 52). The results are
shown in Figure 5 and Figure 51. Significant changes in the expression of endoglin, MICA,
and uPar receptors were seen in Hs5 cells. An increase in the expression of the uPar
receptor in the Hs5 cell line occurred in all treatment groups. On the contrary, in U87 tumor
cells, the effect is the opposite. A reduction in uPar receptor expression in all the studied
groups was noticed. In Hs5, there was an increase in CD105 receptor expression in the
GO/ ATS and tGO/TUD groups. In U87, there was a decrease in the expression of the
CD105 receptor in all groups.
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Figure 5. Antibody array analysis of human cell membrane receptor (original drafts) in U87 glioma
cells {al-a4) and Hs5 fibroblast cells (bl-b4), with or without 24 h treatment (C: control, al,bl),
with graphene flakes (GN/ExF: a2,b2) and two types of reduced graphene oxides (rfGO/ATS: a3 b3;
rGO/TUD: a4, b4). The full array map and uncropped images are available in the supplement
material. Results were normalized and compared to a dots control sample. The dots with the location
(C3, C4) indicate the expression of endoglin (CD105), (F7, F8) indicate uPar (CD87), and (15, 16}
indicate MICA. Abbreviations: 1GO, reduced graphene oxide; GN, graphene; C, control group
(unfreated group); ExE, exfoliation; Term, thermal; ATS, ammoniwm thiosulphate; TUD, thiourea
dioxide; CI¥105, endoglin; uPar, urckinase plasminogen activator surface receptor; MICA, major
histocompatibility complex elass T chain-related protein A.

3. Discussion

Previous studies have shown that reduced graphene oxides (xGOs), compared to
graphene GN, does not exert identical effects on glioblastoma multiforme cancer cells. The
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effectiveness of the tested materials was examined in terms of viability, metabolic activity,
cell cycle dynamics, and the level of apoptosis. The results indicate that GN and 1GOs
activate the mitochondria-dependent apoptotic pathway by reducing the potential of the
mitochondrial membrane. This study has proved that rGOs have a stronger cytotoxic effect
than GN. We used the MTT assay to assess whether graphene and its derivatives also
affect the viability and metabolic activity of fibroblast Hs5 and glioblastoma UB7 cells. The
highest decrease in metabolic activity in glioblastoma U87 cells, at 8.69% & 12.88%, was
found in the group treated with rGO/TUD at a concentration of 100 pg/mL. Interestingly,
in the group treated with rGO/ ATS, the lowest viability, at 37.7% £ 12.55%, occurred at a
concentration of 5 ug/mL rGO/ ATS. In other groups treated with GN/ExF and rGO/Term,
~50% mortality was observed at concentrations ranging from 25 to 100 pg/mL. Reducing
the oxygen content and increasing defects in the connections between carbons in rGOs
compared to GO resulted in an increase in the number of delocalized electrons on the
surface of the graphene flakes and oxygen groups, including hydroxyl, carboxyl, and
epoxy [14]. It was hypothesized that the cytotoxicity of rfGOs may mainly result {from direct
contact with the glicblastoma cell membrane and may lead to the disruption of signaling
pathways in the plasma membrane or direct interaction with cell structures, which are
sensitive to electrochemical potential (cell membrane, e.g., ion channels and extracellular
receptors). Studying the interactions between graphene materials and cell membranes may
reveal the underlying mechanisms of the cytotoxicity of these materials.

Using FTIR analysis, a detailed examination was performed to compare the presence
of characteristic functional groups in both reduced graphene oxides (tGO/Term, rGO/ATS,
rGO/TUD) and graphene (GN/ExF). This analysis confirmed the results obtained in a
previous study [14]. The FTIR analysis presented in this paper shows the presence of
hydroxyl groups (-OH) on the surface of the flakes, derived from the native aqueous
solution in which the flake suspensions were prepared. Further, the presence of C=0
connections may be associated with a greater affinity of the material for the attachment of
hydroxyl (OH-) groups. Thus, the more C=0 bonds that are hydrophilic in nature, the more
OH- hydroxyl groups. The presence of carbonyl groups (C=0) and carboxyl groups (COO-)
was also observed. The highest expression was observed in the rGO/TUD treatment. Ina
study by Loryuenyong et al.,, the presence of hydroxyl (-OH), carbonyl (C=0), and epoxy
(C-0) groups was confirmed in GO and rGO. Moreover, the high intensity of the main
peaks in GO confirms the presence of a large number of oxygen functional groups after the
oxidation process [25]. Emiru and Ayele obtained a similar band arrangement of the FTIR
spectrum. of GO and rGQ, as presented in this article. Among other things, they observed
such functional groups as OH-, COH-, COOH-, and CO- [26]. It showed that with the
use of chemical methods, the content of functional groups is reduced. The most effective
method for GO reduction is the thermal process because the obtained GO/ Term had the
highest rate of reduction [14].

It is known that graphene materials can modulate electron transfer in redox reactions.
The speed of the redox reactions on the graphene surface depends on the migration of
electrons across the reactive surface and the subsequent transfer along the surface. Pan
et al., during an analysis of the resistance in the studied graphene materials, proved that
the higher the degree of graphene folding, the more difficult it was to transfer electrons [27].
The same relationship between the degree of folding and resistance was observed in
a previous study [14]. Thus, the more corrugated the surface of the carbon material
(rGO/Term < rGO/ATS < rGO/TUD), the lower the resistance of the graphene flakes.

The obtained selectivity of graphene flakes towards cancer cells could be determined
by the differences in cell membrane potential (Vm) between cancer and noncancerous
cells. Cell surface charge is a key biophysical parameter that depends on the compesition
of the cytoplasmic membrane and the physiological state of cells. Cone’s theory [28]
proposes a general correlation between proliferation and Vm, as he showed the significant
depolarization of Vm during the malignant transformation of normal cells [29,30]. Direct
compatisons of the in vitro and in vive Vm levels of normal and cancer cells showed
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that the cancer cells were more depolarized than their normal counterparts [17]. A cell
depolarizes when Vi is relatively less negative (tumor cells, proliferating: 0 to —50 mV),
while a hyperpolarized cell has more negative Vm (normal cells, nonproliferating; —50
to —90 mV) [31]. Glioblastoma cells express the potential of —14 mV of depolarized cell
membrane, which determines the lower repulsive forces. Therefore, the flakes with reduced
graphene (tGO/ATS and rGO/TUD in particular) possess a lower negative surface charge
and can probably adhere to glioblastoma U87 cell membranes more easily.

When analyzing the results of the cell membrane potential (V) of U37 and Hs5, a
decrease in cell membrane potential was observed over time after freatment with tGO/ATS
and rGO/TUD flakes. However, the decrease in potential in fibroblast Hs5 cells was smaller
than that in US7 cells: for rGO/ATS material, it was 258.4 REU and 421 RFU, respectively,
and for rGO/TUD material, 384.3 RFU and 561.7 RF, respectively. Bondar et al. observed
that the membrane potential in Hela cells, in which apoptosis was thermally induced,
shifted negatively by about 42 mV compared to control cells. This was probably the
result of the redistribution of phosphatidylserine, containing a negatively charged carboxyl
group, from the inner to the outer lipid layer of the cell membrane [16]. Therefore, the
reduction of the TJ87 glioma cell membrane potential after treatment with rGO/ATS and
rGO/TUD flakes may be partially secondary to the flakes due to the induction of apoptosis
in cells.

Graphene flakes, apart from direct contact with the lipid double membrane, are
in contact with channels, including ion channels. Ton channels are membrane proteins
that open or clese a plasmatic membrane, depending on a voltage gradient or ligand
binding. They are essential for cell proliferation and play a key role in malignant glioma by
influencing the shape and volume of glioblastoma cells, which, in turn, may influence the
invasiveness and migration of tumors [32].

The effect of the graphene flakes on the expression of voltage-gated ion channels,
participating in both electrical and chemical signaling pathways [33], was assessed. Wang
etal. showed that between 18 genes of ion channels (voltage-gated and ligand-gated),
the expression of 16 genes (cacnald, cicnb, glrb, gria2, gridl, keanbl, kenb1, kend2, kenj10,
kernmal, kengn3, nalen, p2rx7, scnla, and vdac?) was reduced compared to normal tssue [34].
Based on these studics, genes encoding voltage-dependent jon chamnel subunits (cacnald,
clené, kenabl, kenbl, kenj10), and nalcn) were selected to determine the effect of graphene
derivatives on channel gene expression. The following genes were also added for the
analysis: clcn3 [35], cacnalb [36], and kened [37].

The presented study shows that the expression of nalen in U7 glioma tumor cells was
significantly higher (log2RQ = 6.15) than in Hs5 fibroblasts. Ouwerkerk et al. reported that
the concentration of Na* ions in malignant tumors increased in comparison to noncancer
tissues [38]. Moreover, the expression of nalci in astrocytes, the glial cells that glioblastoma
is derived from, was markedly low [39]. The expression of naicn in U87 glioma cells was
significantly higher after treatment with rtGO/ATS and rGO/TUD. In Hs5 cells, the same
effect was observed in the case of each treatment with graphene derivative material. It was
suggested that the increase of intracellular Na* occurs in the early phase of apoptosis [40,41].
Maoreover, several studies also reported an elevation of cytoplasmic Na* in the late phase of
apoptosis [42,43]. Thus, an increased expression of zulcn, induced by the graphene flakes,
can provoke apoptosis in glioblastoma cells by stimulating sodium influx into the cells,
which increases the cytoplasmic concentration of Na*.

cleré is predominantly localized in the intracellular vesicles of the endoplasmic retic-
ulum (late endosomes} and the cell membrane. Our study showed a significant increase
of clent during the initial treatment of U87 glioblastoma cells in all tested groups. On the
contrary, Hs5 cells revealed a significant increase of clene expression in the GN/ExF and
GO/ ATS treatment groups. The observed overexpression leads to lysosomal acidifica-
tion [44]. Neagoe et al. clearly proved that CIC-6 mediates the CI™ /H* exchange, which
affects its coupling, conductivity, and ion selectivity features [45]. Increased expression of
the clcné gene in U87 glioma cells leads to cytoplasmic alkalization. In fact, intracellular
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alkalization and extracellular acidification are commonly observed in malignant tumors.
The altered activity of cell transporters, internal enzymes, and pH gradient in the cancer cell
membrane plays a pivotal role in tumor progression and metastasis [46,47]. Acidification
of the cytoplasm leads to the activation of apoptotic pathways in cancer cells [48]. Based
on that, we conclude that graphene flakes (GN/ExF) and rGOs in U87 glioblastoma. cells
block CI~ /H* transport. Consequently, it leads to the acidification of the cytoplasm and
the activation of apoptosis. Simultaneously, in response to that blockage, an increase in
clcnb gene expression can oceur.

Four classes of potassium channels are distinguished: Xv channels (voltage-gated),
KCa®" channels (calcium-activated), Kir channels {inward-rectifier potassium channel), and
KZP channels (two-pore channels) [49,50]. Based on these studies, selected markers of Kv
and Kir classes were verified. In the channels of the Kv class, we analyzed expression kcnbl
(Kv2.1) and kcned channels, as well as kenj10, which belongs to the Kir potassium channel
class. Major changes were observed in the expression of the kcned channel belonging
to the Kv potassium channel class. This study confirmed a significant increase in the
expression of the kcned channel (log2RQ = 1.192) after 24 h treatment of US7 glioma cells
with rGO/ATS. Meanwhile, the reduction in kcned expression (log2RQ = —1.734) was
cbserved after 24 h treatment by rGO/TUD. No changes in KCNE4 expression were
noted in Hs5 fibroblasts. KCNE4 expression was characterized by a 2.9-fold increase in
glioma compared to the healthy tissues [51]. The kcie4 genes encode single proteins of the
transmembrane domain with an extracellular N-terminus and an intraceflular C-terminus.
Therefore, the abovementioned proteins cannot form functional ion channels. They can
function as the accessory subunits for various ion channels and regulate their biophysical
and pharmacological properties in paralltel [52-54].

The study confirmed no changes in cacralb expression in US7 cells after treatment with
different graphene materials. In Hs5 cells, the expression was decreased in all experimental
grotips in the initial treatment. The results confirmed that the expression of the cachalb
gene in the fibroblasts was significantly higher (log2ZRQ = 7.52} than in U87 cells. Wang
et al. reported, based on brain and breast cancer studies, that cacnall is expressed at a low
level in tumor cells. Brain cancers, including glioblastoma, oligodendroglia, anaplastic
astrocytoma, diffuse astrocytoma, and glioblastoma, show a significant reduction of cacnalb
expression compared to the control groups [55).

In our studies, we did not observe the expression of the cacnald gene encoding the
sulunit of calcium channels in U87 cells. Changes in cacrald expression occurred only
under GO influence in Hs5 cells. At the initial 6 h treatment, an increase of cacnald was
observed after rGO/ Term, GO/ ATS, and rGO/TUD treatment. However, 24 h of treatment
decreased its expression in both rGO/ATS and rGO/TUD groups. The primary increase in
cacnald expression can induce a greater influx of CaZ* jons into the cells. Therefore, after
24 h of treatment, we noticed the reduction in cacnald expression, which equalized the
earlier influx of Ca®* ions. ’

Analysis of clcn3 expression in U87 glioma cells showed an increase in expression after
treatment with graphene flakes (GN/ExF) and reduced graphene oxide flakes (1GO/Term,
GO/ ATS, tGO/TUD). In particular, significant changes were visible in the rGO/ATS
and +GO/TUD groups. Recent studies have shown that cien3 is highly expressed in
GBM, and it plays a significant role in cell survival, proliferation, and malignancy [56,57].
Sontheimer et al. showed that decreased expression of clcn3 channels inhibits the migration
of glioblastoma cells in vitro and in vivo [35]. An increase in clcn3 expression can stimulate
the invasiveness of U87 glioma cells. No parallel changes were observed in Hs5 fibroblasts
after reatment with carbon flakes.

Additionally, using the protein mafrix, which allows the determination of the expres-
sion of 40 different receptor proteins involved in different signaling pathways (Figure 5),
we assessed the expression of selected extracellular receptors. As a result, it was no-
ticed that the expression of the uPar protein was increased in U87 cells compared to Hs5
cells. Raghu et al. confirmed significantly higher wuPar protein expression in U87 cells in
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comparison to normal HMEC cells [58]. Analysis of uPar expression in 1J87 glioma cells
after treatment with graphene flakes (GN/ExF) and reduced graphene oxide GO/ ATS,
rGO/TUD) showed a significant reduction of its expression. It was mainly affected by
the treatment with reduced graphene oxides. uPar is responsible for the degradation
of extracellular matrix (ECM) compenents attached to the cell surface [59]. It contains
three domains connected to the concave structure, which is the binding site for vitronectin.
However, since the binding sites of vitronectin and uPa are distinct, uPar can bind simul-
taneously to both ligands, regulating proteolysis, adhesion, and cell signaling [604. The
asseciation between uPa and uPar can cause the cleavage of the adjacent uPar molecules.
The cleaved uPar does not support plasminogen, which is mediated by the activation of
ula on the cell surface [61]. Thus, the flakes of graphene and reduced graphene oxides act
similarly to uPa by activating the cleavage of adjacent uPar receptors. They can also block
the attachment sites of uPar and vitronectin and, therefore, inhibit uPar signaling [61,62].

Endoglin (CD105) is the other factor that had a changed expression after treatment
with GN and rGO flakes. Mt is transmembrane homodimeric protein localized in the
endothelial cells of blood vessels. It is a component of the transforming growth factor
B (TGFp) receptor signaling pathway. CD105 plays a pivotal role in angiogenesis and
vasculogenesis processes, preventing apoptosis in hypoxic endothelial cells [63]. Tt was
observed that (D105 is correlated with cancer prognosis (particularly in pediatric cases),
but its role in high-grade gliomas remains unclear [64]. Our study showed a significantly
higher endoglin expression in U87 glioma cells than in Hs5 fibroblasts. In other studies,
a high expression of CD105 in neoplastic tissue, such as in meningiomas [65] ot childhood
brain tumors [64], was also confirmed. The presented study showed a decrease in CD105
expression in U8Y glioma cells after treatment with GN and rGOs in all treatment groups.
Muenzner et al. confirmed that the endoglin carboxy-terminal domain is required to
inhibit cell detachment [66]. Therefore, treatment with GN and rGO, resulting in decreased
endoglin expression, can stimulate cell adhesion and, consequently, leads to the reduction
of the ability of cancer cell migration.

4, Materials and Methods
4.1. Production and Preparation of GN and rGO

Graphene and reduced graphene oxides were supplied by the Fukasiewicz Research
Network—Institute of Microelectronics and Photonics, Warsaw. Direct graphite exfoliation
using Capstone (a fluorinated surfactant) was used to obtain graphene flakes, designated
as GN/ExE Flakes of rGO were produced by reducing previously prepared graphene oxide
(GO). GO was obtained by graphite oxidation and exfoliation, according to a modified
Marcano method. Reduced graphene oxide, designated as rGO/ATS, was created by
reducing GO with ammonium thiosulphate for 20 h at 95 “C. The molar ratio of the reducing
agent to GO was 3:1, and the reduction was conducted at neutral pH. rGO/Term was
created by reducing GO powder in an oven at 1000 °C for 1 h under a nitrogen atmosphere.
Reduced rGO/TUD graphene oxide was prepared by reducing GO via exposure to thiourea
dioxide at 85 °C for 1.5 h. The mofar rafio of the reducing agent to GO was 5:1, and pH was
setas 9. 1GO/ATS and 1GO/TUD were purified through pressure filiration on a membrane,
and then dialysis was used. During these steps, a significant number of residue chemicals
were removed from materials; howevet, there were still some sulfur ions [14].

4.2, Characterization of GN and rGOs
4.2.1. Fourier Transform IR (FT-IR) Spectrometer Analysis

The samples were processed in pellet form. Each pellet consisted of 0.007 g of graphene
and (0.200 g of potassium bromide. Infrared absorption of the coatings in the spectral
range of 400-4000 cmn! was performed using a model i550 Fourier transform IR (FI-IR)
spectrometer (Thermo Fisher Scientific, Wilmington, DE, TISA). Spectra were recorded
with a resolution of 4 cm ™ ! using a high sensitivity MCT-B detector (mercury cadmium
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telluride). The measurements were performed in the transmitation mode. In each case,
data from 120 scans wete collected to construct a single spectrum.

4.2.2, Scanning Electron Microscopy of Flakes

The morphology of graphene and reduced graphene oxides was examined using
scanning electron microscopy (SEM, Hitachi 5-3000 N, Minato-ku, Tokyo, Japan). SEM
images were taken in the AEE mode to scan the graphene with the table current.

4.3, Cell Cultures

Human glioblastoma U87 MG (ATCC? HTB-14™) and bone marrow stromal Hs5
(ATCC® CRI-11882™) cell lines were obtained from the American Type Culture Collection
(Manassas, VA, USA) and maintained in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum (Life Technologies, Houston, TX, USA) and 1%
antibiotic-antimycotic mixture containing penicillin and streptomycin (Life Technologies,
Houston, TX, USA). Cultures were maintained at 37 °C under 5% CO; and 95% humidity
in an INCOMED153 (Memmert GmbH & Co. KG, Schwabach, Germany).

4.4. Cell Membrane Potential Assay

A Cellular Membrane Potential Assay Kit (abl76764, Abcam, Cambridge, UK) was
used to detect changes in membrane potential. Cells were plated in 96-well black plates.
Approximately 3 x 10* cells were seeded onto each well. After incubation for 24 h, the
culture medium was replaced with medium containing GN and rGO at a final concentration
of 25 ng/mL. After 24 h of incubation with graphene and graphene derivatives, the growth
medium was removed from each well and replaced with 100 pL of diluted (1:10) assay
buffer, with the addition of 1.5 pL MP sensor dye loading. The plate was incubated for
30 min at RT in the dark, and membrane potential change was analyzed using an ELISA
reader {Infinite M200, Tecan, Durham, NC, USA) by measuring fluorescence at Ex/Em =
530/570 nm.

4.5, Isolation of Total RNA and cDNA Synthesis

For the isolation of total RNA, U87 and Hsb cells (2 x 10°) were cultured on a six-well
plate in three independent replicates. A water solution of GN and GO flakes was added
to the cultures at a concentration of 25 pug/mL and incubated two independent imes
for 6 h and 24 h. Cells were detached from the plates by trypsinization, centrifuged for
5min at 400x g, and washed twice with phosphate-buffered saline (PBS; Thermo Fisher
Scientific, Wilmington, DE, USA). The cell pellet was resuspended in freshly prepared
lysis buffer from a PureLink™ RINA Mini Kit (Thermo Fisher Scientific, Wilmington, DE,
USA) containing 1% 2-mercaptoethanol and vortexed at high speed until the cell pellet
was completely dispersed and the cells were lysed. The supernatant was transferred
to new tubes, mixed with one volume of 70% ethanol, and then transferred to a spin
cartridge. Further steps were performed according to the manufacturer’s protocol. The
isolated RNA was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). A cDNA High Capacity Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) was used. The procedure was performed
with the following cycle conditions: 10 min at 25 °C, 120 min at 37 °C, and 5 min at
4 °C using a 2720 Thermal Cycler (Thermo Fisher Scientific, Wilmington, DE, USA). cDNA
concentration was measured on a NanoDrop 2000 spectrophotometer and stored for further
analysis at —80 °C.

4.6. Gene Expression

The reaction was carried out using 48-well plates and Power SYBR™ Green PCR
Master Mix (Thermo Fisher Scientific, Wilmington, DE, USA); 100 ng of cDNA was used
for each reaction. The following genes were examined: clch3, clenb, cacnalb, caciald, nalen,
kenj10, kenbl, and kened. Gene-specific primers (Table 2) were purchased from Genomed
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(Warsaw, Poland), and rpl13s was used as the reference gene [67]. The reaction was per-
formed using the Step One™ Real-Time PCR System (Thermo Fisher Scientific, Wilmington,
DE, USA). Conditions of the reaction were set as specified by the manufacturer. Each sam-
ple was analyzed in duplicate. The AACt method was used to determine mRNA expression
by real-time PCR: AACT = ACT test sample—ACT calibrator sample. RQ) = 2724CT,

Table 2. Primers used to assess the expression of genes involved in voltage-dependant ion channels.

Genes Forward Primers (5'-3) Reverse Primers (5'-3") References
clen3 CTGTGCCGCCTCTAAGCC ACTGTAGTTCGACTCGCTGAA Primer blast
clenb ACCTGGAAGTTTTGGAGACCAT TGAGTTCGGTGAAGAGTCGC Primer blast

cacnalb CCCTTGCTGTCAACATCTGGT GGATGGGTGAGGAGTTGGC Primer blast

cacrinld ACTCGGGCTATCCAGAAGTAG CTTGCCCAAAGAAAAGACTGC Primer blast
nailcn CGCCGTAGACTGTGGTTTTG AATGACGCTGATGATGGCAC Primer blast
kCﬂjIﬂ TCAGAAGACGGGCGAAACAA GUGAGCCTAAGCAAGACTCA Primer blast
kenbl CCATTCTGCCATACTATGTCACC AGCAAGCCCAACTCATTGTAG [68]
kened CACCGCTACCTGAAAACCCT TTGATCGTGGCAGAGTGAGC Primer blast

rpllaa CATAGGAAGCTGGGAGCAAG GCCCTCCAATCAGTCTTCTG [67]

4.7. Human Receptor Antibody Array

For protein analysis, glioma cell line 1787 and fibroblast cell line Hs5 were treated with
graphene (GN) or reduced graphene oxides (rGOs) at a concentration of 25 jxg/mL and
incubated for 24 h. The cells were scraped off, centrifuged, and washed twice in PBS. Cells
not treated with graphene flakes were used as a control. The cell pellet was resuspended
in a diluted lysis buffer containing protease and phosphatase inhibitors (Sigma-Aldrich,
5t. Louis, MO, USA} according to the manufacturer’s instructions. Frozen metal balls and
TissueLyser {Qiagen, Hilden, Germany) were used for homogenization at 50 Hz for 10 min
on a shaking frozen cartridge. The samples were then centrifuged (30 min; 14,000 g;
4 °C), and the supernatant was collected. Protein concentration was determined using
a bicinchoninic acid kit (Sigma-Aldrich, St. Louis, MO, USA). Analysis of receptor cell
membranes was performed using an antibody array (ab211065; Abcam, Cambridge, UK).
The assay was performed in accordance with the manufacturer’s instructions, using lysates
containing 400 pug/ml. of total protein per membrane. Membranes were visualized using
the Azure Biosystern C400 (Azure, Dublin, CA, USA) [63]. The results shown in Figure 51
were obtained by analysis in Image]. Results were normalized and compared to a dot
control sample.

4.8. Statistical Analysis

The data were analyzed using a two-way analysis of variance with GraphPad Prism
8.4.3 (GraphPad Software Inc,, La Jolla, CA, USA). Differences between groups were tested
using Bonferroni’s multiple comparison test and Dunnett’s multiple comparisons test. All
mean values are presented using standard deviation or standard error. Differences at
p < 0.05 were considered significant.

5. Conclusions

Different types of graphene derivatives may activate separate cell pathways. rGOs
can affect cells as the result of contact with the glioblastoma cell membrane via its func-
tional groups, which are presented on the surface of the examined flakes. This is the
first study confirming that graphene flakes have a significant effect on the expression of
voltage-dependent ion channel (VGIC) genes in U87 glioma cells. The mechanism of the
effect of graphene-derived flakes on membrane proteins depends on the number of the
specific structure of voltage-dependent ion channels and extracellular receptors. It was also
demonstrated that major changes in the expression of voltage-dependent ion channel genes
werte observed in clen3, nalen, and kcned after treatment with GO/ ATS and rGO/TUD
flakes. Moreover, we present that the examined graphene forms or different types of
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graphene derivatives (GN and rGOs) can affect the expression of extracellular receptors
(uPar and endoglin) in U87 cells, significantly reducing their expression. We showed that
GN and rGOs decrease uPar expression by acting as inhibitors of neoplastic-promoted
proteolysis. Therefore, the mobility of mesenchymal-type cells may be inhibited. More-
over, GN and rGOs decrease the expression of endoglin (CD105) and probably provide
an increase in cell adhesion, consequently reducing cancer cell migration. In conclusion,
we suggest that the presence of oxygen-containing functional groups of rGO, including
their number and types, may be the most important feature of the examined flakes for their
future medical application.
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Abstrack: Aggressive invasiveness is a common feature of malignant gliomas, despite their high
ievel of tumor heterogeneity and possible diverse cell origins. Therefors, it is important to explore
new therapeutic methoeds. In this study, we evaluated and compared the effects of graphene (GN)
and reduced graphene oxides (xGOs) on a highly invasive and neoplastic cell line, U87. The surface
functional groups of the GN and rGO flakes were characterized by X-ray photoelectron spectroscopy.
The antitumor activity of these flakes was cbtained by using the neutral red assay and their anti-
migratory activity was determined using the wound healing assay. Further, we investigated the
mRNA and protein expression levels of important cell adhesion molecules invelved in migration
and invasiveness. The rGO flakes, particularly rGO/ATS and rGO/TUD, were found highly toxic.
The migration potential of both U87 and Hs5 cells decreased, especially after rGO/TUD treatmnent.
A post-treatment decrease in mobility and FAK expression was observed in TJ87 cells treated with
1GO/ATS and rGO/TUD flakes. The rGO/TUD treatment also reduced B-catenin expression in U7
cells. Our results snggest that rGO Hakes reditce the migration and invasiveness of U87 tumor cells
and can, thus, be used as potential antitumor agents.

Keywords: graphene; reduced graphene oxide; glioblastoma; FAK; B-catenin; cell mobility; invasiveness;
migration; cell membrane receptors; 87 cell line

1. Introduction

Gliomas are the most common primary malignancy of the central nervous system [1].
Stage IV glioblastoma (GBM) is one of the most aggressive and lethal types of cancer,
with an average survival time of 15 months from diagnosis [2], GBM is characterized by
diffusive growth hindering complete resection, genetic changes conditioning immunity
to apoptosis, high proliferation and invasion, and poor responses to current therapy.
Standard treatment is limited and consists of surgical resection of the tumor followed
by chemotherapy and radiotherapy. The most commonly used chemotherapy is the oral
alkylating agent, temozolomide [3]. All these features contribute to relapse of the neoplastic
disease and a very poor prognosis for the patient [4].

Moreover, the common feature of gliomas is high invasiveness, despite strong bio-
logical heterogeneity [5]. Thus the development of the new effective therapies is a very
important issue. The distinction between migration and invasiveness is essential. Migration
is mostly limited to certain stages of cell cycle. In addition, it is a physiological reaction
performed by many cell types, for exarnple by neural stem cells (NSCs), which budge along
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the brain tissue boundary. This process is regulated by highly invasive cells. In addition,
tissue damage can occur in both cases, and invasion is an undesirable, anatomically in-
adequate, and a non-physiological reaction [6]. Several complex cellutar and molecular
processes which are connected with the damage of extracellular matrix (ECM) components,
cell separation, and diapedesis through the basement metnbrane and stroma influence
tumor cell invasion. ECM degradation is due to overexpression of key proteases co-related
to increased invasion (e.g., uPA, uPAR, cathepsin B, MM, and ADAM), whose activity in
healthy tissue is controlled by endogenous inhibitors (e.g., PAIL, PAI2, cystatin C, stefin A,
stefin B), which may not function properly in neoplastic cells [7,8].

Moreover, fibronectin, the dominant component of the extracellular matrix (ECIM), is
involved in the development of GBM intrusion. GBM shows increased invasion activity in
the presence of fibranectin [9]. However, recently it was confirmed that the upregulation
of fibronectin (FNMA) may result in reduced mobility and tumor cell aggressiveness [10].
They are likely made possible by increased cell-cell and cell-ECM adhesion abilities.
This process may be connected with the upregulation of a5 integrin expression, which
can be activated by dexamethasone [6]. ECM transition is a highly regulated process that
requires a balance between cell connections as well as between annihilation and remodeling
of the ECM. Interactions between ECM and individual cells are essential in attributing
the nature of invasiveness. Many different brain ECM components may influence the
creation of a favorable migration environment for GBM cells [11]. Many receplors are
involved in the process of invasiveness, including integrins, which are involved in cell-
cell and cell-matrix interactions. For example, in GBM, the $1 integrin is usually highly
expressed, which activates an invasiveness of the GMB cells [12}. The o5 subunit of
the integrins may bind to fibronectin, one of the extracellular ligands, which leads to
an activation of intracellular signaling cascades influencing an increased cell motion [9].
In addition, cadherins are believed to be important cellular components because these
transmembrane proteins influence the creation of the adjacent junctions (AJs) in cell-
cell adhesion by, for example, indirectly regulating apoptosis, gene expression, and cell
proliferation and migration [13-16]. In addition, cadherins also take part in cell—cell
attachment by N-cadherin downregulation, which influences cell polarity and motion,
with significant increases in tumor cell migration and invasiveness [17]. Other researchers
have demonstrated that aggressiveness of GMB correlates with N-cadherin expression
and is connected with the Ki-67 labeling index, thus influencing cell proliferation and
differentiation [18]. Moreover, seme protein tyrosine kinases play a key role in migration,
proliferation, and survival of several different cell types [19]. One of them, called FAK
{focal adhesion kinase), is activated by ligand binding and clustering of cell-surface integrin
receptors [20]. It promotes neoplasm progression and metastasis by affecting the tumor
microenvironment. Some FAK functions include control of cell motion, invasiveness, gene
expression, and self-renewal of tumor stem cells [21]. Because all aforementioned molecules
are related to migration and invasiveness mechanisms, and the invasion of GBM cells is
one of the biggest challenges associated with the therapeutic management of GBM, it seems
justified to study the influence of new materials, such as graphene (GN) and reduced
graphene oxides (rGO) flakes in our case.

Therefore, when it comes to rGO flakes, a crucial discovery may be the reduction in
the content of oxygen-containing functional groups that may disrupt signaling pathways in
the cell membrane or directly interact with cellular structures such as integrin o5, integrin
Bl, p-catenin, N-cadherin, PAN-cadherin, and FAK in comparison to GO. Fiorillo et al.
demonstrated that the presence of multiple oxygen-containing functional groups in GO
favors an adhesion to U87 tumor cells [22]. We previously showed that the allotropic forms
of carbon (C60, nfNDY) could cause cell cycle arrest and thus reduce cell proliferation and
virulence as well as the invasion of the hepatoceltular carcinoma cell lines HepG2 and
C3A [23,24]. We also showed that the use of the nfGO and CELE cocktail (chicken embryo
liver extract) teduced proliferation by arresting the cell cycle, increasing the expression
of adhesion genes such as FAK, E-cadherin, and N-cadherin, and decreasing p-catenin
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expression [24]. Further, we showed that NI (nano diamond}, NG (nano graphene), and
nGO {nano graphene oxide) nanoparticles reduced the adhesion and invasiveness of U87
and U118 GBM cell lines and thereby affected the activity of the EGFR/AKT/mTOR and
f3-catenin pathways [25]. These results indicate that the tested carbon allotropes may act as
potential anticancer therapeutic agents by inhibiting cell proliferation and invasion. There-
fore, in this study, we analyzed the influence of other allotropic forms of carbon, including
10O, on the phenomenon of adhesion and invasiveness in neoplastic cells of glioblastoma
multiforme. The main aim of the study was to determine the effect of rGO/ATS and
rGO/TUD flakes in comparison with GN/ExF in exerting modulating and transducing
effects on the mechanisms of adhesion and related invasiveness in US7 glioblastoma multi-
forme cells. For this purpose, migration and mobility assessment tests were used, as well as
molecular analyses examining the expression of adhesion and invasiveness markers [o5 in-
tegrin, 1 integrin, 3-catenin, N-cadherin, PAN-cadherin, and FAK (focal adhesion kinase)}
responsible for cell-cell and cell-ECM junctions, both at the mRINA and protein levels.

2. Materials and Methods
2.1. GN and rGO Specimens

The Lukasiewicz Research Network—Institute of Microelectronics and Photonics,
Warsaw prepared the GN and rGO. To obtain the GN/EXF graphene flakes, direct graphite
exfoliation using Capstone (a fluorinated surfactant) was adopted. The graphite oxidation
and exfoliation were used for obtaining the GO, according to a modified Marcano method.
Marcano et.al. found that excluding NaNO3 increases the amount of KMn(O4 and performs
the reaction in a 9:1 mixture of H2504/H3PO4, which improves the efficlency of the
oxidation process. This improved method provides a greater amount of hydrophilic
oxidized graphene material. Moreover, the GO produced by Marcano et al.’s method is
more oxidized than that prepared by Humme et al.’s method and does not generate toxic
gas [26]. Then the reduction at neutral pH of GO with ammonium thiosulphate for 20 h
at 95 °C in ratio 3:1 leads to creation of the rGO/ATS flakes. The exposure to thiourea
dioxide at 85 °C for 1.5 h at pH 9 of GO was used for rGO/TUD preparation with a 5:1
molar ratio. Then pressure filtration on a membrane and dialysis were used for rGO/ATS
and rGO/TUD purification.

2.2, X-ray Photoelectron Spectroscopy of GN and rGO

The multi-chamber ultra-high vacuum (UHV) system PREVAC [PREVAC, Rogow,
Poland] was used for X-ray photoelectron spectroscopy (XPS). The spectra were obtained by
using a hemispherical Scienta R400( electron analyzer [Scienta, Sweden]. Complementary
equipment such as the Scienta SAX-100 X-ray source (Al Kx, 1486.6 eV, (.8 eV band)
equipped with the XM 650 X-ray Monochromator [Scienta, Sweden] (0.2 eV band) was
used. The pass energy of the analyzer was set to 200 eV for survey spectra (with 500 meV
steps), and 50 eV for regions (high-resolution spectra): Cls, Ols, Nis, S2p, and Fls (with
50-100 meV step). The base pressure in the analysis chamber was 5-109 mbar. During the
spectra collection, it was not higher than 2 x 1078 mbar.

2.3. Cell Culfure

For cell culturing [27], the human glioblastoma U87 MG (ATCC® HTB-14™) and bone
marrow stromal Hs5 (ATCC® CRL-118827) cell lines were used from the American Type
Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine sexum (Life Technologies, Houston,
TX, USA) and 1% antibietic-antimycotic mixture containing penicillin and streptomycin
(Life Technologies, Houston, TX, USA) at 37 *C under 5% CO; and 95% humidity in an
INCOMED153 {Memmert GmbH & Co. KG, Schwabach, Germany).
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2.4, Cell Viability Assay—Neutral Red

For the cell viability studies, the neutral red assay was used. A total of 2 x 10%
cells were cultured in 96-well plates for 24 h. Then the culture medium was replaced by
another containing 10% solutions of GN and rGO flakes at the concentrations of 10, 25,
50, and 100 pug/mL, As controls, the cells incubated without flakes were used. After 24
h, 10 uL of 0.33% neutral red solution in DPBS (Thermo Fisher Scientific, Waltham, MA,
UUSA) was added for 4 h at 37 °C. Subsequently, the culture medium with neutral red was
removed, and the cells were washed with 200 pL of fixative solution (0.1% CaCl; in 0.5%
formaldehyde) for 3 min. The wells were then supplemented with 100 uL of solubilization
solution (1% acetic acid in 50% ethanol), incubated for 10 min at room temperature, and
mixed gently by pipetting. Measurements were performed at a wavelength of 540 nm using
a spectrophotometer (Infinite M200, Tecan, Durham, NC, USA) and a reference 690 nm.
Cell viability was expressed as a percentage compared with the control.

2.5, Wound Heqling Assay

Cell invasion was assessed using two-well culture-inserts (No. 80209, Animalab,
Germany) in 6-well plates. A total of 2 x 10* cells/ well cells were seeded and cultivated in
two-well culture-inserts and grown until a monolayer was obtained. The growth area in
the culture-insert was 0.22 an? per well. The cell-free gap width was 500 £ 100 um. After
a few days of incubation, inserts were removed and the cell layer was washed with PBS
{Life Technologies, Houston, TX, USA). The plate was filled with 1.8 mL of the medium
in each well. Two hundred microliters of aqueous solutions of GN and rGO flakes at a
concentration of 250 pg/mL were added to the appropriate wells. Cells were cultured
for 48 h and then fixed after 0, 12, 24, and 48 h with 4% paraformaldehyde and stained
with May-Grimwald Glemsa stain. Photographs were taken at the same area at 2.5x
magnification of the wound using an inverted light microscope. Images were analyzed
using the Image] software (National Institutes of Health, Bethesda, MD, USA).

2.6. Motility Cells in Co-Culture

For the selectivity assay, we used two dyes: Cell Tracking Dye Kit (Green) for the
Hs5 line (ab138891, Abcam, Cambridge, UK) and Cell Tracking Dye Kit (Orange) for the
US7 line (ab138892, Abcam, Cambridge, UK). Approximately 2 x 105 cells were used for
labeliing. Tracking dye green was diluted 1:1000 in assay buffer and 500 uL. was added
to 500 pL Hs5 cell suspension. Tracking dye orange was diluted 1:50 in assay buffer and
100 pL was added to 900 pL UB7 cell suspension. Cells were incubated for 30 min at
37 °C. After staining, the cells were washed thrice with 20 mM HEPES buffer (HBBS). Cell
pellets were suspended in 1 mL of growth medium DMEM and applied to the 1BIDI dish
35 mm (Cat. No:81156) in a ratio of 1:1. A co-culture was incubated for 24 h (after the
culture medium was replaced with that containing 10% selutions of the flakes of GN and
tGOs at the concentrations of 25 ug/mL) and visualized on a FV10-ASW 4.2 (Olympus,
Tokyo, Japan) in 200 repetitions every 5 min—Multi Area Time Lapse. The images were
analyzed using two fluorescence channels for Ex/Em = 490/520, Ex/Em = 540/570, and
differential interference contrast (DIC). After visualization, a film was created using the
software FV3000 (Clympus, Tokyo, Japan), and the seleclivity of the studied cell flakes
in the co-cultures was analyzed. For more detailed analysis, films in the oib format were
analyzed using the (Fiji Is Just) Image] program with the TrackMate overlay [28]. Cell
mobility was analyzed after separating the cells into green (Hs5) and red {U87) channels.
Enhanced contrast was used with a value of 0.5%, and in the LoG detector window, the
value was 30,000 microns for the estimated blob diameter and for the threshold. Then,
based on the values of track duration and tracking distance traveled from the track statistics
window, the values of the cell motility of individual populations were calculated.
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2.7. Total RNA Isolation and cDNA Synthesis

187 and Hs5 cells were cultured in six-well plates in three independent replicates in
the aqueous solufions of the GN and rGO flakes (25 pg/mL) for 24 h. After trypsiniza-
tion, cells were centrifuged for 5 min at 400 g and washed twice with PBS. For the total
RNA isolation, the NucleoSpin RNA Mini Kit for RNA Purification (MACHEREY-NAGEL
GmbH & Co. KG Allentown, FA, USA) was used according to the manufacturers instruc-
tions. The RNA concentration and purification were measured using a NanoDrop OneC
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The High Capacity Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA) was used for the cDNA that
was synthesized. The procedire was performed under the following cycling conditions:
10 min at 25 °C, 120 min at 37 °C, and 5 min at 4 *C using a 2720 Thermal Cycler (Thermo
Fisher Scientific). The cDNA concentration and purification were measured by a NanoDrop
OneC spectrophotometer and stored for further analysis at —20 °C [29].

2.8. Gene Expression

The AACE method was used to determine mRNA expression: AACT = ACT test
sample—ACT calibrator sample. The Fower SYBR™ Green PCR Master Mix (Thermo
Fisher Scientific) was used; 100 ng of cDNA was prepared for each reaction. Gene-specific
primers (Table 1) were prepared by Genomed (Warsaw, Poland), and rpi13s was used as
the housekeeping [29,30].

Table 1. Primers used to assess the expression of genes involved in cell adhesion and migration.

Genes Forward Primers (5’ to 3) Reverse Primers (5 to 37) References
ITGAS TGCAGTGTGAGGCTGTGTACA GTGGCCACCTGACGCTCT {31]
ITGB1 GAAGGGTTGCCCTCCAGA GCTTGAGCTTCTCTGCTGTT [31]
CDH2 ACAGATGTGGACAGGATTGTGGGT  TATCCCGGCGTTTCATCCATACCA [32]
CTNNB1 CCTATGCAGGGGTGGTCAAC CGACCTGGAAAACGCCATCA [33]
PTK2 CCCACCAGAGGAGTATGTCC CCCAGGTCAGAGTTCAATAG [34]
rpli3n CATAGGAAGCTGGGAGCAAG GUCCTCCAATCAGTCTTCTG [30]

2.9. Immunoblotting—DProtein Expression

Immuneblotting was used to evaluate integrin «5, integrin p1, N-cadherin, f-catenin,
and focal adhesion kinase (FAK) expression. The cells were cultured as described in
the section “Cell cultures”. Tce-cold lysis buffer TX100 (150 mM NaCl, 1% Triten X-100,
50 mM TRIS pH 8} supplemented with protease (Sigma-Aldrich, St. Louis, MO, USA)
at a ratio of 100:1 (TX100: protease) was used for whole-cell protein extracts isolation.
Cells were centrifuged for 30 min at 12,000x g at 4 "C. The protein concentration in
supernatant was meastired using a Bicinchoninic Acid Kit (Sigma-Aldrich, 5t. Louis,
MG, USA). Proteins were denatured for 5 min using the $-mercaptoethanol (Bio-Rad
Laboratories, Munich, Germany). Equal amounts of protein from each sample were loaded
onto a 7.5% polyacrylamide gel. Electrophoresis was performed at 100 mA and 120 V for
1.5 hin 25 mM TGS [Tris-glycine-sodium dedecyl suliate (SDS) buffer]. Then the Trans-Blot
Turbo Transfer System (Bio-Rad Laboratories, Munich, Germany) was used for protein
transfer to polyvinylidene difluoride (PVDF) membranes and blocked with T-BLOCK™
reagent (0.2%) (Applied Biosystems, Bedford, MA, USA) in PBS with Tween-20 (0.1%)
for 60 min. The primary antibodies such as integrin &5 monoclonal antibody (ab150361,
Cambridge, UK), integrin 31 monoclonal antibody (ab179471, Cambridge, UK}, N-cadherin
monoclonal antibody (MAT-159, Thermo Fisher Scientific, Waltham, MA, USA), 3-catenin
polyclonal antibody (PA5-19469, Thermo Fisher Scientific, Waltham, MA, USA), and FAK
monoclonal antibody (ab40794, Cambridge, UK) were incubated with the membranes
overnight af 4 °C. Then they were washed in PBS with Tween-20 {0.1%) and incubated
with the diluted secondary antibodies such as goat anti-mouse IgG H&L (AP, ab97020
Cambridge, UK) and goat anti-rabbit IgG H&I (AP, ab97048, Cambridge, UK) for 1 h. The
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Novex™ AP chemiluminescent substrate (CDP-Star™) (WP20002, Thermo Fisher Scientific,
Waltham, MA, USA) was used for protein detection and then visualized using Azure c400
{Azure Biosystems, Dublin, CA, USA). For protein normalization, the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, MA5-15738, Thermo Fisher Scientific, Waltham, MA,
USA) was used as the loading control, The background corrections were performed using
Image]® 1.48v (National Institutes of Health, Bethesda, MD), USA) [23].

2.10. Statistical Analysis

GraphPad Prism 8.4.3 (GraphPad Software Inc., La Jolla, CA, USA) was used for the
data analysis. Differences between the groups were tested using Bonferroni’s tests and
Dunnett’s multiple comparison tests. All mean values are presented as standard deviations
or standard errors. Differences were considered statistically significant at p < 0.05.

3. Results
3.1, X-ray Photoelectron Spectroscopy of GN and vGO

The XPS survey spectra of the samples are shown in Figure 1A. Carbon and oxygen
were the major contributors to the surface composition (81.5 and 85.3 atomic%, respectively).
The presence of nitrogen (rGO/ TUD and rGO/ ATS) and sulfur in the rGO/ ATS sample was
due to the different subsirates and preparation methods employed. The presence of fluorine
in the GN/EXF and rGO/ ATS samples was caused by the use of Capstone F5-30 during
the preparation procedure. The high-resolution spectra of the Cls region are presented
in Figure 1B-D. The peak model for this region was based on the works of Koinuma [35],
Morais [36], Rabchinskii [37], Radaelli [38], and Barinov [39]. The GN/ExF spectrum
featured a well-developed narrow (FWHM = 0.56 eV) peak at 284.5 eV, corresponding to
aromatic sp2 carbon. Defective graphene structures were visible at 284.1 €V, and aliphatic
moteties C-C sp3 and C-H sp3 were visible at 285.0 and 285.5 eV, respectively [35,39,40]. The
surface of GN/ExF flakes was partially oxidized. Epoxy groups were the most abundant
ones (5.7 atomic%). Other oxygen species such as hydroxyl, carbonyl, and carboxyl groups,
were also present and reach 12.6% at. in total [35,36,38]. The results are in line with literature
data [35,36,41]. The reduction of GO using ammonium thiosulfate (rGO/ATS) and thiourea
dioxide (rGO/TUD) leads to the production of more defective forms of graphene. The HR
spectra of rGO/ATS and rGO/TUD are shown in Figure 1C,D, respectively. The main sp2
carbon peaks are well developed, but less proncunced (46.7 and 46.6% at., respectively).
Compared to sample GN/ExF, peaks at ~284.1 eV and ~283.5 eV, corresponding to defective
structures {39,42], are higher: 13.3% at. (rGO/ATS) and 12.6% at. (fGO/TUD) compared
to 2.3% at. High resolution spectra of Ols region are presented in Figure A2. The specira
were fitted with five peaks, corresponding to the following moieties: quinones (~530.6
eV), carbonyl oxygen (~531.5), epoxy (~532.6), aromatic hydroxyl and carboxyl groups
(~533.4) and adsorbed oxygen species (H20/02) [39,43-45]. On the GN/EXF surface, the
C-O-C epoxy groups were most abundant (80% of all the oxygen species); however, it
should be kept in mind that the total oxygen amount in this sample was the lowest: 6% at.,
compared to 11.5% at. for 1GO-ATS and 13.3% at. for rGO/TUD. The reduced graphene
oxides (rGO/ATS and rGO/TUD) contained considerable amounts of other oxygen species.
Most notably, the amounts of carbonyl oxygen were more than tenfold higher (27.1%
at. for rGO/ATS and 254% at. for rtGO/TUD) compared to GN/ExF (2.5 % at.). The
amounts of hydroxyl oxygen were almost two-fold higher (25.1% at. for rGO/ATS and
28.6% at. for rGO/TUD) versus the exfoliated graphene (13.3% at. for GN/ExF) and the
amounts of quinone oxygen were more than sevenfold higher (12.1% at. for rGO/ATS
and 12.4% at. for rGO/TUD vs, 1.7% at. for GN/ExF). GN/ExF and rGO/TUD samples
contained tiny amounts of sulphur-less than 0.2% at. On the contrary, the rGO/ ATS sample
contained more than 4% at. of this element, due to non-ideal removal of the reducing agent
(ammonium tiosulphate). The reduced graphene oxide samples contained less than 1.5% at.
of nitrogen. The high-resolution spectra show that its main forms were pyridinic nitrogen
at ~398.2 eV, amines at ~399.9 €V, and quarternary nitrogen [40,46,47].
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Figure 1, X-ray photoelectron spectroscopy (XPS) results: survey spectra of GN/ExF, rGO/TUD, and
GO/ ATS (A), Cls high-resolution spectra (HR) of GIN-EXEF (B), rGO-TUD (C), and rGO-ATS (D).
Abbreviations: rGO, reduced graphene oxide; GN, graphene; C, control group {untreated group);
ExF, exfoliation; ATS, ammonium thiosulphate; TUD, thicurea dioxide.

3.2. Cell Viability Assay—Neutral Red

First, we assessed the effect of GN and rGO flakes on the viability and cytotoxicity
of glioblastoma multiforme (U87) and normal (Hs5) cell lines using a neutral red assay
(Figure 2}. In the case of neoplastic cells of the U87 line in all groups treated with GN and
rGO flakes, statistically significant changes in viability were observed at all concentrations
tested. In healthy Hsb cells, the most statistically significant changes were observed after
treating the cells with rGO/ATS and rGO/TUD flakes at 25, 50, and 100 ug/mL. In the U87
cell line, a highly statistically significant (p < 0.0001) reduction in viability was observed
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2.54) and 100 pg/mL (7.98% = 1.25) and in the groups treated with tGO/TUD flakes at
a concentration of 100 pg/mL (58.31% =+ 2.06). In healthy Hs5 cells, the most significant
reduction in viability (p < 0.0001) was observed in the groups treated with rGO/ATS at
25 ug/ml. (29.95% + 5.27), 50 pg/mL (29, 98% + 4.58), and 100 ug/mL (13.55% =+ 4.13).
Interestingly, in the groups treated with 100 ug/mL rGO/TUD, a greater reduction in
viability was observed in healthy Hs5 cells(31.8% = 5.6), compared to the U87 tumor cells.
Based on the results of the neutral red test, the optimal concentration of 25 pg/mL GN and
GO flakes was selected for further experiments.
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Figure 2. Cell viability of U87 and Hs5 cells treated and untreated with GN and rGO flakes, as
evaluated by the neutral red assay. U87 and Hs5 cells were exposed to GN and rGO flakes at
concentrations of 10, 25, 50, and 100 ug/mL for 24 h. Values are expressed as mean =+ standard
deviation. Statistical significance between the control and treated cells is indicated by an asterisk and
was assessed using Bonferroni’s multiple compazison test. Differences with p < 0.05 were considered
statistically significant. One asterisk (¥) indicates p < 0.01, two asterisk {**) indicates p < 0.005, three
asterisks (***) indicate p < 0L001, four asterisk (****} indicate p < 0.0001. Abbreviations: rGO, reduced
graphene oxide; GN, graphene; C, control group (untreated group); ExF, exfoliation; ATS, ammonium
thiosulphate; TUD, thiourea dioxide; ns, not significant,

3.3. Wound Healing Assay

A wound healing assay (Figure 3} was performed to evaluate the migration and
profiferation of the U87 and Hs5 cells treated with the GN and rGO flakes. US87 cells
(Figure 3A) migrated faster than healthy Hs5 celis (Figure 3B) and completely covered
the free space of the scratch after 24 h. However, Hs5 cells did not completely cover the
scratch even after 48 h. The resulis of the wound healing assay indicate that the treatment
with tGO/TUD flakes reduced the migration of U87 cells compared to the control cells.
Moreover, in the case of U87 cells, a decrease in spheroid formation was observed, especially
after 48 h of incubation in the groups treated with rGO flakes compared to the control cells.

In healthy Hs5 cells, reduced cell migration was observed after treatment with 1GO/TUD
flakes for 48 h.
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Figure 3, Analysis of U87 (A} and Hs5 (B) cell invasion and migration after 0, 12, 24 and 48 h of
cultivation. U87 and Hsb cells were expeosed to GN and rGO flakes at a concentration of 25 pg/mL.
Notes: For better contrast, cells were fixed and stained with the May Griinwald-Giemsa method.
The scratch area is marked with a red frame. Scale bar: 1 mm. Abbreviations: rGO, reduced
graphene oxide; GN, graphene; C, control group (untreated group); ExF, exfoliation; ATS, ammoenium
thiosulphate; TUD, thionrea dioxide.

3.4. Motility

Next, we analyzed the motility (Figure 4, Tables 2 and 3) of U87 glioma tumor cells
and healthy Hs5 cells in co-cultures after treatment with GN/ExF graphene flakes and
rGQ/ATS and rGO/TUD. PBirst, based on the obtained results, it can be observed that
the speed of tumor (U87: 11.73 pm/s) and healthy (Fs5: 10.08 um/s) cells differed in the
control co-cultures. UB7 cells were found fo be faster than Hs5 cells, and their mobility
decreased significantly by 51.2% (p < 0.0001) and 30.86% (p < 0.01) upon treatment with
rGO/ATS and rGO/TUD flakes, respectively. In the case of healthy Hs5 cells, mobility
decreased significantly by 13.41% (¢ < 0.05), 36.06% (p < 0.0001), and 28.36% (p = 0.0001) after
treatment with GN/ExE, tGO/ATS, and rGO/TUD, respectively, compared to control cells.
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Figure 4. Analysis of U87-and Hs5 cell metility (um/s) and percentage of motility inhibition (%) in
co-culture treated with graphene (GN) and reduced graphene oxide (rGO). Statistical significance
between the control and treated cells is indicated by an asterisk and was assessed using Bonferroni's
multiple comparisons test. Differences with p < 0.05 were considered statistically significant. One
asterisk (*) indicates p < 0.05, three asterisk (***) indicates p < 0.001 and four asterisk (***) indicate
p < 0.0001. Abbreviations: rGO, reduced graphene oxide; GN, graphene; C, control group {untreated
group}; ExF, exfeliation; ATS, ammoenium thiosulfate; TUD, thiourea dioxide. Notes: Cell mobility
data were analyzed from three independent cultures. Within each co-culture, 100 cell pathways
were analyzed in Image] using the TrackMate overlay. The average track duration and distance
traveled were obtained from the 100 paths. Three independent means from 100 paths were used for
statistical calculations.
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Table 2. Analysis of U87 and Hs5 cell motility in co-culture treated with graphene (G} and reduced
graphene oxide (rGO) expressed in (i /s. Statistical significance between the control and the treated
cells is indicated by an asterisk and was assessed using Bonferroni’s multiple comparisons test.
Differences with p < 0.05 were considered statistically significant. One asterisk (*) indicates p < 0.05,
three asterisk (***) indicates p < 0.001 and four asterisks (****) indicate p < 0.0001.

Motility (wm/s)
C GN/ExF IGO/ATS rGO/TUD
U8y 11.73 10.92 572 %t 8.11 **
Hs5 10.08 573% .44 A4 7.22

Table 3. Analysis of U87 and Hs5 cell motility inhibition in co-culture treated with graphene (GN)
and reduced graphene oxide (rGO) expressed in percentage of mobility inhibition {%). Statistical
significance between the control and the treated cells is indicated by an asterisk and was assessed
using Bonferroni’s multiple comparisons test. Differences with p < 0.05 were considered statistically
significant. One asterisk (*) indicates p < 0.05, three asterisk (***) indicates p < 0.001 and four asterisks
(***} indicate p < C.000L.

Percentage of Mobility Inhibition (%)

C GN/ExF rGO/ATS 1GO/TUD
Us7 0 6.86 51.20 **=* 30.86 ***
Hsb 0 13.41% 36.06 == 28.35 %+

3.5. Gente Expression

The next stage of this study was to evaluate the influence of the studied forms of GN
and rGO on the expression of the selected adhesion and cell migration markers in U87
glioma cells and healthy Hs5 cells (Figure 5). A statistically significant increase in integrin
o5 expression was observed in U87 glioma cells (Figure 5A) after treatment with GN/ExF
(log2RQ = 0.38 + 0.1121) and rGO/TUD {logZRQ = .46 + 0.1121} and in healthy Hs5 ceils
(Figure 5B) after treatment with tGO/ ATS (log2RQ = 0.49 £ 0.1173) and 1GO/ TUD (log2RQ
=0.43 £+ 0.1173). Compared with U7 glioma cells, no change in integrin o5 expression was
observed in Hs5 cells after treatment with GN/ExF flakes. Subsequently, the expression
analysis of integrin 31 revealed no statistically significant changes in its expression in U87
glioma cells treated with GN and rGO graphene flakes. However, a statistically significant
increase in integrin 1 expression was observed in Hs5 cells treated with rGO/ATS (log2RQ
=0.49 & 0.1335). Next, p-catenin expression was analyzed after treatment with GN/ExF
flakes (Iog2RQ) = —0.25 = 0.08658), GO/ ATS (10g2RQ = ~0.39 + 0.08658) and rtGO/TUD
{log2RQ = —0.54 & 0.08658). A statistically significant reduction in B-catenin expression
was observed in U87 glioma cells, with the most significant reduction in cells treated with
rGQO/TUD flakes (log2RQ = —0.54 + 0.08658). In healthy Hs5 cells treated with GN/ExF
flakes, the expression of f-catenin decreased, but this was not a statistically significant
change. However, a greater reduction in {§-catenin expression was observed in T1s5 cells
treated with 1GO/ATS (log2RQ = —0.85 + 0.1025} and rGO/TUD (log2RQ = —1.04 &
0.1025), compared with that in U87 glioma cells. Further, a statistically significant increase
in N-cadherin expression was observed in U87 glioma cells (p < 0.01) after treatment with
GN/ExF (log2RQ = 0.39 £ 0.09812), rGO/ATS (log2RQ = 0.4 + 0.09812), and rGO/TUD
(log2R() = 0.41 =+ 0.09812), whereas in healthy Hs5 cells (p < 0.0001), it was observed only
after rGO/ATS treatment (log2RQ = 0.64 + 0.09322). Expression analysis of FAK showed
a statistically significant (p < 0.01) reduction in its expression in U87 glioma cells after
treatment with rGO/ATS (log2RQ = —0.36 + 0.09078) and rGO/TUD (logZRQ = —0.34 =
0.09078), whereas in healthy Hs5 cells, it was observed after treatment with all tested flakes:
GN/ExF (1og2RQ = -0.31 & 0.1084}, rGO/ATS (logZRQ = —0.49 + 0.1084), and rGO/TUD
(log2RQ = —0.65 =+ 0.1084).
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Figure 5. Analysis of the mRNA expression levels of the integrin o5, integrin B1, $-catenin, N-
cadherin, and FAK genes after GN and rGO treatment at 25 pug/mL concentration for 24 h in U87
{A) and Hs5 (B) cells. The results are caleniated relative to the contrel values. Log2RQ (log2 relative
quantifation) values for all genes are normalized o the housekeeping gene RPLI3A. Statistical
significance between the contrel and the treated cells is indicated by an asterisk and was assessed
using Bonferroni’s multiple comparisons test. Differences with p < 0.05 were considered statistically
significant. One asterisk (*) indicates p < 0.05, two asterisk (**) indicates p < 0.01, three asterisk
(***) indicates p < 0.001 and four asterisks (****} indicate p < 0,.0001. Abbreviations: rGO, reduced
graphene oxide; GN, graphene; C, control group (untreated group); ExF, exfoliation; Term, thermal;
ATS, ammonium thiosulfate; TUD, thiourea dioxide; rpl13a, ribesomal protein L13a; log2R(}, log2
relative quantitation.

3.6. Protein Expression

Changes in expression at the protein level were confirmed using Western blotting.
Expression levels of proteins involved in cell adhesion and migration (integrin &5, integrin
@1, B-catenin, PAN-cadherin, and FAK) were analyzed in U87 glioma cells and compared
with the corresponding protein levels in healthy Hs5 cells treated with different graphene
flakes (GN and rGQ) (Figure 6). No significant changes in integrin «5 expression were
observed in Hs5 cells treated with GN and rGO flakes. In U87 glioma cells, only a slight
increase in integrin o5 expression was observed after treatment with rGO/TUD flakes. In
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Integrin a5

healthy Hsb cells, a slight increase in integrin 1 expression was observed after treatment
with GN/ExF and rGO/ ATS flakes, but the greatest increase was observed after treatment
with 1GO/TUD flakes. In U87 glioma cells, we observed an increase in integrin 1 ex-
pression after treatment with 1GO/ATS and rGO/TUD flakes. In normal Hs5 cells, no
change in -catenin expression was observed upon treatment with all tested flakes. In U87
glioma cells, a slight decrease in B-catenin expression was observed after treatment with
rGO/ATS flakes, while a strong decrease was observed after treatment with rGO/TUD
flakes. PAN-cadherin expression increased in healthy Hs5 cells treated with GN/ExF
and rGO/ ATS flakes; however, the greatest increase was observed in cells treated with
rGO/TUD flakes. In U87 glioma cells, no changes in PAN-cadherin expression were ob-
served. A significant increase in FAK expression was observed in Hs5 cells affer treatment
with all tested GN/ExF, rGO/ATS, and rGO/TUD flakes. However, U87 glioma cells had
the opposite effect, with the group treated with GN/ExF flakes showing a decrease in FAK
expression and the groups treated with rGO/ATS and rGO/TUD flakes showing a much
greater reduction in FAK expression.

Hs5 U87

[ GN/ExF rGO/ATS  rGO/TUD C GN/ExF  rGO/ATS «GO/TUD
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Figure 6. Western blot analysis of integrin &5, integrin B1, f-catenin, PAN-cadherin, and FAK after
GN and rGO treatment at 25 pg/mL concentration for 24 h in 1787 and Hs5 cells. GAPDH was
used as a loading control. Abbreviations: rGO, reduced graphene oxide; GN, graphene; C, control
group {untreated group); ExF, exfeliation; term, thermal; ATS, ammonium thiosulfate; TUD, thiourea
dioxide; GAPDI, glyceraldehyde 3-phosphate dehydrogenase.

4. Discussion

In the present investigation, we hypothesized that the cytotoxicity of rGOs may
result mainly from the direct confact of their surface functional groups with the GBM cell
membrane and may lead to the disruption (activation/inhibition) of signaling pathways in
the plasma membrane and inside the cell, thus modifying the mRNA and protein expression
of molecules related to migration and adhesion. The study of the interaction between the
GN materials and the expression of selected proteins was thought to reveal the mechanisms
underlying the cytotoxicity of these materials in the cell membrane and their innovative
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application potential in therapy. Therefore, the present study focused on elucidating the
migration and adhesion mechanisms of US7 GMB cells treated with GN and rGO flakes in
comparison to normal Hs5 cells.

During a first stage of this study, the cytotoxicity of GN and rGO flakes was analyzed
using the neutral red test (Figure 2). Having regard to the fact that living cells incorporate
weakly cationic dyes into lysosomes, which first cross the cell membranes by non-ionic
passive diffusion compared to damaged or dead cells [48], the dose-dependent cytotoxicity
of GN and rGO can be determined by the neutral red uptake assay. Neutral red analysis
showed the cytotoxicity of the tested GN materials against U7 glioma tumor cells and Hs5
healthy cells (Figure 2). RGO flakes were mare toxic to both lines than GN flakes. Particular
differences in the sensitivity of cells to the tested materials were observed in the case of
the rGO/ATS flakes at a concentration of 25 pg/mL. In U87 glioma cells, viability was
76.76%, while in healthy Hs5 cells, viability after treatment decreased to 29.95%. Another
significant difference in the sensitivity of the tested materials was observed in the case of
the rGO/TUD flakes at a concentration of 100 ug/mL. In U87 glioma cells, we observed a
viability of 58.31%, while in the case of healthy Hsb5 cells, the viability decreased to 31.81%,
indicating the greater toxicity of the examined flakes against healthy cells. In our previous
studies, Szczepaniak et al. used the MTT metabolic activity test in healthy Hs5 cells and
showed a smaller decrease in metabolic activity than in U87 tumor cells after treatment
with the same materials [49]. For example, in the group treated with rGO/TUD flakes at a
concentration of 100 pg/mL, the US7 glioma cells showed a decrease in viability of 8.69 +
12.88%, while in the case of healthy Hs5 cells at the same concentration, the decrease in
viability was approximately 65%. Moreover, in the case of the treatment with rGO/ATS
flakes, a 57.03% viability was observed at a concentration of 100 pug/mlL in U87 glioma
cells, whereas in healthy Hs5 cells at the same concentration, the decrease in viabhility was
approximately 65% [49]. Neutral red uptake depends on the ability of the cell to maintain a
pH gradient through ATP production. At a physiological pH, the dye shows a charge close
to zero, allowing it to penetrate the cell membranes. In contrast, a proton gradient at the
center of lysosomes maintains a its pH lower than that of the cytoplasm. In this way, the dye
becomes charged inside the lysosomes [48]. Therefore, the differences in the cytotoxicity
results of the presented neutral red and MTT assays may be caused, among others, by
GN and rGO flakes blocking the non-ionic diffusion of passive neutral red through the
cell membrane, and the flakes can also disrupt the proton gradient, keeping the pH of
lysosomes lower than that of the cytoplasm. Our MTT and neutral red assay results are
consistent with those of previous studies, which indicate that GN and rGO flakes show
significant toxicity against several glioblastoma multiforme cell lines, among others, U251,
U87, and U118 [50-53). Muthoosamy et al. observed a significant difference in the viability
of U87 cells, starting from a concentration of 25 ug/mL (g < 0.01) for GO and rGO; GO had
anIC50 of 26.27 pg/mL, which turned out to be more toxic to U87 cells than rGO, with an
IC50 of 132.40 pig/mL). They also showed that rGO showed no toxicity against normal cell
lines, with cell viability above 0%, even at a concentration of 50 pg/mlL [54].

Next, we performed a wound healing assay to assess the migration of U87 and Hsb
cells after treatment with GN and rGO flakes (Figure 3). We observed that U87 cells
migrated faster than normal Hs5 cells and almost completely covered the free gap after
24 h, which is consistent with the observations of Formolo et al., who showed that the level
of invasiveness of the U87 glioma line was 29 times higher than that of the T98G, LN18,
and U118 cell lines [55]. Treatment of cells with rGO/TUD flakes reduced the migration
of U87 glioma cells, leading to slower crack growth. Hs5 cells showed low mobility, and
additional treatment with the tested flakes did not change mobility in relation to the
control group. Cancer cells migrate by gradually degrading their surrounding extracellular
matrix (ECM) to create their own migration tracks by following ‘leader’ cancer cells or
cancer-associated stromal cells that open up paths for migration or by moving through
pre-existing channel-like tracks created by anatomical structures {56]. Xiao et al. observed
that U87 cells in co-cultivation conditions with healthy neurons and glium had significantly
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higher mobility [57]. Wierzbicki et al. also observed that treatment with NG and nGO
nanoparticles at a concentration of 50 pg/mL reduiced the two-dimensional migration of
UB7 and U118 GBM cells [25]. These results were confirmed by the mobility analysis of
the co-culture of U87 tumor cells and healthy Hs5 cells (Figure 4). Tt was observed that the
materials with the strongest properties that inhibited the mobility of U87 glioma cells were
rGO/ATS flakes (difference between the control {11.73 um/s) and rGO/ ATS-treated cells
(5.72 pm/s) was 6.01 um/s) followed by rGO/TUD flakes {difference between the control
(11.73 pm/s) and rGO/TUD-treated cells (8.11 pm/s) was 3.62 pm/s). In normal Hsb cells,
the treatment with rGO/ATS and rGO/TUD flakes reduced the mobility to 3.64 pm/s
and 2.86 um/s, respectively, which was lower than that of the corresponding treated U87
glioma cells. Overall, the flakes tested inhibited the mobility of both normal and tumor
cells; however, for tumor cells that naturally have higher mobility, this change was stronger.
The factors that regulate cell mobility are cell adhesion molecules and ECM recep-
tors {58]. These include the integrins «5 and B1, p-catenin, N-cadherin, PAN-cadherin, and
FAK, which were analyzed in the present study. Integrins are the principal ECM receptors
in animal cells. Integrin w531 is a receptor for fibronectin (a glycoprotein found in the
extracellular matrix) that plays a very important role in tumor progression, metastasis,
and /or resistance to therapy [59-611. Integrin «5p31 is expressed at a much higher level in
GBM cells than in normal brain tissue, suggesting it potential role in GBM development
or progression [62]. The results of our study showed a statistically significant increase in
the expression of integrin «5 mRNA levels after treatment with GN/ExF flakes {log2RQ =
0.38 == 0.1121) and rGO/TUD (log2ZRQ = 0.46 £ 0.1121) in the U87 cell line. No statistically
significant changes were observed in the expression of integrin 31 mRNA upon treating
1J87 cells with GN flakes. In contrast, in healthy Hs5 cells, the expression of integrin 31
mRNA increased significantly in the group treated with rGO/ATS flakes (log2RQ = 0.49 +
0.1335). Analysis of integrin o5 expression at the protein level showed no difference after
treatment with GN flakes. Integrin 31 protein expression increased when 187 glioma cells
were treated with rGO/ATS and rGO/TUL flakes. Moreover, the expression of integrin 31
was much higher in U87 cells than in healthy Hs5 cells. Janouskova et al. showed that high
expression of integrin «531 is associated with worse prognosis in patients with GBM [63].
Thus, an increase in integrin «f expression after treatment with GN/ExF and 1GO/TUD
flakes may be detrimental to invasiveness and patient survival. Riemenschneider et al.
observed integrin o531 overexpression at the protein level in a significant percentage of
human glioblastoma biopsies [64]. Moreover, Janouskova et al. showed that p53 activation
by nutline-3a inhibits the expression of integrin «581 [63]. Therefore, we suspect that
the expression of integrin B1 at the mRNA level after treatment with GN flakes did not
change in 187 glioma cells because of the activation of p53, which inhibits the expression of
integrin 31. Itis likely that the GN flakes act on the signaling pathway, similar to nutlin-3a.
Moreover, ECM components, such as vitronectin, coltagen, and fibronectin, are natural
integrin ligands. Each pair of ab integrins contains a specific set of ECM proteins [65].
Therefore, GN flakes attached to the ECM can actively block access to ligands of integrin 31,
such as fibronectin, and by binding to the GBM cell membrane, actively blocking integrin
p1 itself and indirectly increasing the expression of integrin $1 at the protein level. Thus,
after flake treatment, tumor cells showed no alteration in the expression of integrin (31 at
the mRNA level, but showed increased expression at the protein level after rGO/ATS and
tGO/TUD treatment. This may be due to the fact that tumor ceils have a stock of integrin
A1 mRNA and use it under unfavorable conditions to increase integrin f1 expression at
the protein level, compensating for the stress of blocking fibronectin ligands in the ECM
and integrin 31 itself, thereby increasing cell-ECM interaction and reducing migration.
f-catenin is a key component of the canonical Wnt/ 3-catenin pathway. It accumulates
in the nucleus, where it interacts with transcriptional co-regulators, including Tef-4 and
Lef-1, to form the B-catenin/Lef/Tef complex, which regulates the transcription of several
genes involved in proliferation, differentiation, survival, and apoptosis [66]. It appears
that -catenin expression is higher in glioma cells than in healthy brain cells. Silencing of
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P-catenin by siRNA in human GBM cells inhibits cell proliferation and invasiveness and
induces apoptotic death [66]. Abnormal activation of the Wnt/ 3-catenin signaling pathway
is a hallmark of many cancers [67] and may contribute to the formation and maintenance
of stem cell-like phenotypes [68]. The results of our analysis show a statistically significant
decrease in B-catenin mRINA expression after treatment with GN/ExF flakes (logzRQ
= —0.25 £ 0.08658), rGO/ATS (log2RQ = —0.39 £+ 0.08658), and rGO/TUD (log2RQ =
—0.54 4 0.08658) in U87 glioma cells. The greatest decrease in f-catenin expression after
treatment with tGO/TUD flakes was confirmed by Western blot analysis in US7 glioma
cells. Wierzbicki et al. also observed a reduction in the expression of cytoplasmic $-catenin
at the protein level after treatment with NG and nGO nanoparticles in U118 glioma cells [25].
The reduction in 3-catenin expression due to the promotion of proliferation and stem cell
renewal may contribute to lowering the invasiveness of neoplastic cells, making them
more sensitive to other therapies, including radiotherapy, and reducing tumor relapse after
resection [69].

p-catenin, a component of the cell adhesion complex, binds to cadherin and thus
regulates cell—<ell adhesion. Changing the binding of 3-catenin to cadherin reduces cell
adhesion while promoting cell migration and epithelial-mesenchymal transition [70]. In
the present study, the mRNA and protein expression levels of N-cadherin and PAN-
cadherin (an antibody reactive with all types of cadherin proteins, including N-cadherin,
E-cadherin, P-cadherin, and R-cadherin) were analyzed. The results of our mRNA analyses
show a statistically significant increase in N-cadherin expression after treatment with all
tested GIN/ExF flakes (log2RQ = 0.39 - 0.09812), rGO/ATS (log2RQ = 0.4 £ 0.09812), and
1GO/TUD (log2RQ = 0.41 = 0.09812). A feedback phenomenon probably occurred here
because a slight decrease in PAN-cadherin expression at the protein level was observed
after treatment with GN/ExF flakes, but no visible changes were observed after treatment
with rGO/ATS and 1GO/TUD flakes in U87 glioma cells. Wierzbicki et al. also observed
a decrease in PAN-cadherin expression at the protein level after nGO treatment in U118
glioma cells. For the U87 lineage, no changes in expression were observed for both N-
cadherin and PAN-cadherin. Wierzbicki et al. suggested that nanoparticles may change
cell migration by hindering interaction between cells and ECM [25]. As the level of
cadherins did not change, it should be assumed that the reduction in mobility of glioma
cells and fibroblasts occurred because the proposed mechanism of changes in intercellular
connections did not occur.

Focal adhesion kinase (FAK) is a multifunctional regulator of cell signaling in the
tamor microenvironment [71]. During the development of various types of cancer, FAK
promotes cell mobility, survival, and proliferation through kinase-dependent and inde-
pendent mechanisms. In addition, pharmacological inhibition of FAK activity increases
the strength of cell-cell adhesion, which may prevent cancer cells from spreading more
rapidly [72]. Our mRNA-level expression analyses show a statistically significant de-
crease in expression following treatment with rGO/ATS (log2RQ = —0.36 + 0.09078) and
rGO/TUD (log2RQ = —0.34 & 0.09078) flakes. Moreover, analysis of FAK expression at
the protein level clearly confirmed and showed a decrease in FAK protein expression after
treatment with tGQ/ ATS and rGO/TUD flakes in U87 glioma cells. In confrast, in Hs5
cells, an increase in FAK protein expression was observed after treatment with all GN/ExF,
rGO/ATS, and rGO/TUD flakes. Lipinski et al. found that increased FAK activity was
correlated with high proliferation and low migration rates in four different human GBM cell
lines, suggesting that FAK is an important signaling effector in gliomas, and its regulation
may be a determinant of proliferative development or migratory phenotype [73]. Thus,
the reduction in the expression of FAK in U87 cells may be the reason for the decreased
proliferation of U87 glioma cells after treatment with rGO/ATS and rGO/TUD flakes.
The mechanism of interaction with normal cells might be different, as a decrease in FAK
expression at the mRNA level and an increase in FAK expression at the protein level, with
a simultaneous decrease in mobility, were observed. Canel et al. observed that alternative
splicing or increased FAK mRNA expression does not always translate to increased protein
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levels {74]). Therefore, in normal Hs5 cells, we observed no relationship between FAK
expression at the mRNA. and protein levels. Moreover, FAK is involved in the formation of
integrin receptor clusters upon hinding of cells to ECM proteins, which may include FAK
dimerization [75]. The interaction between the C-terminal domain of FAK and integrins in
focal adhesion (FA) is mediated by integrin/FAK binding because the overexpression of
the C-terminal fragment of FAK blocks integrin-mediated activation of FAK [76]. Therefore,
we suppose that in U87 glioblastoma cells treated with rGO flakes, the reduction in FAK
expression at both mRNA and protein levels may be caused by the rGO-induced increase
in the expression of integrin 31.

Analyzing the results in terms of the differences between the tested materials, it is
evident that rGO/ATS causes a strong decrease in viability, mobility, and mRNA expression
of p-catenin and FAK, as well as an increase in the expression of N-cadherin mRNA in
U87 cells. At the protein level, after treatment with 1GO/ ATS flakes, an increase in the
expression of integrin 31 and a decrease in the expression of FAK in U87 cells was observed.
In contrast, rGO/TUD caused a decrease in viability in U7 glioblastoma cells, but lower
than in the case of the aforementioned flakes, as well as inhibition of migration, reduced
mobility, an increase in mRNA expression of integrin 5 and N-cadherin, and a decrease in
the extrusion pressure of p-catenin and FAK. After treatment with rGO/TUD flakes, an
increase in the expression of integrin 1 and a decrease in the expression of B-catenin and
BAK were observed at the protein level. For comparison, GN/EXFE flakes in U87 glioma
cells caused a lower cytotoxic effect, did not inhibit migration, decreased cell mobility to a
lesser extent, and, at the mRNA level, increased integrin o5 and N-cadherin expression,
and decreased p-catenin expression. At the protein level, there was a slight reduction in the
expression of PAN-cadherin and FAK. These differences probably result from the structure
of these flakes (first, the examined flakes differed in the presence of oxygen-containing
surface functional groups as well as in a number of physicochemical properties). It seems
that flakes with more oxygen-containing functional groups have relatively high potential
and hydrophilicity, which is directly related to the size of the GN flakes that can more easily
adhere to the cell wall.

5. Conclusions

This study expands our knowledge about the functional mechanism of carbon flakes.
We showed that they can affect cell mobility by interacting with cell membrane receptors,
such as integrins «5 and B 1, B-catenin, cadherins, and FAK, through their sirface functional
groups. However, they are not selective for tumor cells and interact similarly with normal
cells, although the strength of this interaction is weaker, or have an opposite effect on
normal cells compared to the tumor cells. To the best of our knowledge, we observed for
the first time a significant decrease in FAK expression at both mRNA and protein levels
in U87 glioma cells treated with rGO/ATS and rGO/TUD flakes. Moreover, although the
final effect is similar in normal and cancerous cells (i.e., reduced motility), it must follow
different pathways because the expression of key proteins related to mobility (i.e., integrins,
B-catenin, cadherin, and FAK) is not consistent in these cells. Further research should be
carried out on a more advanced research model, which would verify whether changes
in the expression of the studied molecules responsible for migration and invasiveness
increase/decrease the virulence of these tumnors.
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Appendix A

Figure A1, Transmission electron microscopy (TEM) images. Images of GN/ExF flakes and two types
of rGO (1GO/ ATS, and rGO/TUD). Abbreviations: rGQ, reduced graphene oxide; GN, graphene.
Notes: All necessary analyses regarding the characteristics of graphene and reduced graphene oxides
(including TEM, SEM, FTIR, Raman, etc.) can be found in the works of Szczepaniak et al. 2018,
2021 [29,49].
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Figure A2, XPS results: Ols high resolution spectra of GN/ExF, rGO/TUD and rGO/ ATS.
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Data i miejsce

Jarostaw Szczepaniak

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

Imig i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Szezepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska,
M.; Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOL
10.3390/ijms 19123939 (IF= 4,183; MNiSW: 140 pkt)

mdj udzial polegat na

uczestniczeniu w projektowaniu ukladu doswiadczalnego, wykonywaniu do$wiadczen,
interpretacji wynikéw i analizie statystycznej wynikéw oraz pisaniu manuskryptu (64%
wkiadu)

-

Podpis



4,04 2023 Warvneuwe

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

Data i miejsce

Barbara Strojny

Imig i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagicllo, J.; Winkowska,
M.; Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOI:
10.3390/1ims 19123939 (IF= 4,183; MNiSW: 140 pkt)

moj udziat polegal na

uczestniczeniu w projektowaniu ukladu doswiadczalnego i walidacji wynikow (2% wkladu)



Data i miejsce

Ewa Sawosz-Chwalibog

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szezepaniak, I.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOIL
10.3390/ijms19123939 (IF=4,183; MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w nadzorze nad przebiegiem prac eksperymentalnych (2% wkiadu)

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




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

Data i miejsce

Stawomir Jaworski

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOI:
10.3390/ijms19123939 (IF= 4,183; MNiSW: 140 pkt)

m¢j udziatl polegal na

uczestniczeniu w czedci do§wiadczalnej dotyczace] analizy potencjat: blony mitochondrialnej
oraz zapewnieniu czedci reagentdow (3% wkladu)

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



108, .1.9.2}.,. Memewa

Data i miejsce

Joanna JagicHo

Imie 1 nazwisko

Afiliacja

Katedra Syntezy Chemicznej i Grafenu Platkowego, Instytut Technologii Materiatow
Elektronicznych w Warszawie

OSWIADCZENIE WSPOELAUTORA

O$wiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska,
M.; Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol Sci. 2018, 19, 3939. DOI:
10.3390/ijms19123939 (IF=4,183; MNiSW: 140 pkt)

moj udziat polegal na

produkcji platkéw grafenowych i zredukowanych tlenkéw grafenu 1 wykonaniu czedcl
do$wiadczalnej dotyczacej ich charakterystyki (3% wkladu)

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

Podpis
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Data i miejsce

Magdalena Winkowska

Imie¢ i nazwisko

Afiliacja

Katedra Syntezy Chemicznej i Grafenu Platkowego, Instytut Technologii Materiatow
Elektronicznych w Warszawie

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, I.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L,;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOL
10.3390/ijms 19123939 (IF= 4,183; MNiSW: 140 pkt) '

moj udziat polegatl na

wykonaniu czeéci do$wiadczalnej dotyczacej charakterystyki platkéw grafenowych i
zredukowanych tlenkow grafenu (2% wktadu) .

fi s. . ,'"‘ il (F s . .
Ll Ol A S0l ...



Data i miejsce
AMaciej Ssmidt

LR RN TN R R R R o O O

lmig { nazwisko

Afiliacja

Natedra Nauk Morfologicznyeh, Instytut Medycyny Weterynaryjnej, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, 1.; Strojny, B.: Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.
Szmidt, M.: Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOL
10.3390/ijms 19123939 (1F=4,183; MNiSW: 140 pkt)

moj udzial polegal na

uczestniczeniu w pisaniu manuskryptu, jego przegladzie i edycji (2% wkiadu)




Data i miejsce

Matensz Wierzbicki

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

I'mieg i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

O$wiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, Q.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOI:
10.3390/ijms 19123939 (IF=4,183; MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w czgsci do§wiadczalnej dotyczace; mikroskopii konfokalnej oraz interpretacji

wynikéw (2% wkladu) j\( L‘
............... W\(....l, u} s

Podpis



Data 1 migjsce

Malwina Sosnowska

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

Imie i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOL
10.3390/ijms19123939 (IF=4,183; MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w  czedei do$wiadczalnej dotyczacej analizy cykiu komérkowego =z
wykorzystaniem cytometrii przeptywowej (2% wkladu)



10.05.902%4.  (tar WeadQ
Data i miejsce

Jasmina Balaban

--------------------- F e RE BRI TR AN R RO F I PR AN RASFA N

Imig i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska,
M.; Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOIL
10.3390/ijms19123939 (IF= 4,183; MNiSW: 140 pkt)

mdj udzial polegat na

uczestniczeniu w czgsei do$wiadczalnej dotyczacej analizy_ cyklu komérkowego z
wykorzystaniem cytomeltrii przeplywowej (2% wkladu)

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

Podpis

Zeskanowane w CamScanner



Warszawa 10.05.2023

Anna Winnicka

Afiliacja

Katedra Patologii i Diagnostyki Weterynaryjnej, Instytut Medycyny Weterynaryjnej, SGGW w
Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOL:
10.3390/ijms19123939 (IF=4,183; MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w czesci doswiadczalnej dotyczacej analiz z wykorzystaniem cytometrii
przeptywowej (2% wkladu)

pfzmzwwS



10.05.2023, Warszawa
Data i miejsce

Ludwika Lipinska

Imie i nazwisko

Afilhacja

Zakiad Syntezy Chemicznej i Grafenu Platkowego, Instytut Technologii Materiatow
Elektronicznych w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A Lipinska, L ;
Witkowska Pilaszewicz, O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sei. 2018, 19, 3939. DOI:
10.3390/ijms19123939 (IF= 4,183; MNiSW: 140 pkf)

moj udziat polegal na

uczestniczeniu w cz¢sei doswiadczalnej dotyczacej charakterystyki materiatéw grafenowych

(2% wkiadu) J @(U]L_ OCL,- v
s ) d’\A\,(,




10.05.2023
Data i miejsce

Olga Witkowska-Pilaszewicz

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

Imie i nazwisko

Afiliacja

Katedra Choréb Duzych Zwierzat i Klinika, Instytut Medycyny Weterynaryjnej,
SGGW w Warszawie (dawniej Katedra Patologii i Diagnostyki Weterynaryjnej)

OSWIADCZENIE WSPOELAUTORA

Oswiadczam, Zze w pracy:

Szczepaniak, J.; Strojny, B.; Sawosz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz, Q.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle of Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOL
10.3390/ijms 19123939 (IF=4,183; MNiSW: 140 pkt)

mdj udziat polegal na

wykonywaniu oznaczefi laboratoryjnych, analizie wynikéw, uczestniczeniu w korekcie
merytorycznej i jezykowe]j manuskryptu (2% wkladu).
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Data i miejsce

Marta Grodzik

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

Imig¢ i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, Zze w pracy:

Szczepaniak, JI.; Strojny, B.; Sawesz Chwalibog, E.; Jaworski, S.; Jagiello, J.; Winkowska, M.;
Szmidt, M.; Wierzbicki, M.; Sosnowska, M.; Balaban, J.; Winnicka, A.; Lipinska, L.;
Witkowska Pilaszewicz. O.; Grodzik, M. Effects of Reduced Graphene Oxides on Apoptosis
and Cell Cycle ol Glioblastoma Multiforme. Int. J. Mol. Sci. 2018, 19, 3939. DOI:
10.3390/ijms19123939 (IF= 4,183; MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w konceptualizacji oraz projektowaniu do§wiadczenia i analizie czesci
wynikéw, pracy nad manuskryptem oraz wykonywaniu obowigzkéw  autora

korespondencyjnego i pozyskaniu finansowania (10% wkiadu) &w Ow

-----------



Aoosresne . Mg AR

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

Data i migjsce

Jarosiaw Szczepaniak

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

Imig i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent lon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021,
22, 515. DOI1:10.3390/ijms22020515 (1F= 6,208; MNiSW: 140 pkt)

moj udziat polegal na

uczestniczeniu w projektowaniu ukladu doswiadczalnego, wykonywaniu doswiadczen,
interpretacjii wynikdw i analizie statystycznej wynikdéw oraz pisaniu manuskryptu (70%
wkladu)

e SOV .%mm&g&g\.x&@&
Podpis
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.............. Fretrerineaannennranenretaniaaninanssnan
Data 1 micjsce

Joanna Jagietto

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

Imig i nazwisko

Afiliacja

Katedra Syntezy Chemicznej i Grafenu Platkowego, Sie¢ Badawcza Lukasiewicz — Instytut
Mikroelektroniki i Fotoniki w Warszawie

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent Ton Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sei. 2021,
22, 515. DOT:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkt)

mdj udziat polegat na
produkce;ji ptatkow grafenowych i zredukowanych tlenkow grafenu (2% wkladu)

Podpis



Data i miejsce

Mateusz Wierzbicki

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Ze w pracy:

Szezepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent fon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sei. 2021, 22,
515. DOI:10.3390/ijms22020515 (iF= 6,208; MNiSW: 140 pkt)

moj udziat pol'egai na

uczestniczeniu w czesci doswiadcezalnej dotyczacej membran biatkowych (2% wkiadu)



o M5 233 Ao
Data 1 miejsce

Dorota Nowak

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

Imig i nazwisko

Aﬁliacja
Tricomed SA

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, I.; Jagiello, I.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent Jon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021, 22,
515. DOI:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkt)

moj udziat polegal na

wykonaniu czgsci doswiadezalnej dotyczacej charakterystyki materiatéw grafenowych —
SEM, FTIR (2% wkladu)

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



Data i miejsce

Anna Sobczyk-Guzenda

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

Imie i nazwisko

Afiliacja
Instytut Inzynierii Materiatowej, Politechnika f.6dzka

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wiergbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Grapbene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent lon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sei. 2021, 22,
515. DOI:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkt)

méj udziat polegat na

wykonaniu czedci doswiadczalne]j dotyczacej charakterystyki materiatow grafenowych —
FTIR wraz z opracowaniem wynikéw (2% wkiadu)




Data i miejsce

Malwina Sosnowska

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent lon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021, 22,
515. DOI:10.3390/ijms22020515 (IF= 6,208, MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w czesci doswiadczalnej dotyczacej membran biatkowych (2% wkiadu)

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



Data i miejsce

Stawomir Jaworski

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

Imie i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, Ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent Ion Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021, 22,
515. DOIL:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkt)

mdj udziat polegat na

uczestniczeniu w czesei doswiadcezalnej dotyczacej analizy potencjatu blony komérkowej (2%
wkiadu)

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



Data 1 migjsce

Karolina Daniluk

Imi¢ i nazwisko

Afiliacja
Katedra Nanobiotechnologn, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szezepamiak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B ;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent Ion Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021,
22,515. DOI:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkt)

moj udzial polegal na

uczestniczeniu w cz¢sci dodwiadczalnej dotyczgcee) analizy ekspresji gendw (2% wkladu)



Data i miejsce
Maciej Szmidt

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

Imie i nazwisko

Afiliacja

Katedra Nauk Morfologicznych, Instytut Medycyny Weterynaryjnej, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent lon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Seci. 2021, 22,
515. DOI:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkf)

moj udziat polegat na

uczestniczeniu w pisaniu manuskryptu, jego przegladzie i edycji (2% wkilad

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

Podpis



10.05.2023

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

Data i miejsce

Olga Witkowska-Pitaszewicz

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

Imie i nazwisko

Afiliacja
Katedra Choréb Duzych Zwierzat i Klinika, Instytut Medycyny Weterynaryjnej,
SGGW w Warszawie (dawniej Katedra Patologii i Diagnostyki Weterynaryjnej)

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent Jon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021, 22,

515. DOI:10.3390/ijms22020515 (IF= 6,208; MNiSW: 140 pkt)

mdj udziat polegal na
walidacji, uczestniczeniu w korekcie merytorycznej i jezykowej manuskryptu (2% wkladu).

Hithatliarfilnmecs. %

Podpis



Data i miejsce

Barbara Strojuy-Cieslak

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

Imie i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent Ton Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sci. 2021,
22, 515. DOI:10.3390/ims22020515 (IF= 6,208; MNiSW: 140 pkt)

m@j udzial polegal na

uczestniczeniu w poprawkach merytoryeznych manuskryptu oraz poprawkach jezykowych

(2% wkladu)
Bute Stsoiechly.

Podpis



Data i miejsce

Marta Grodzik

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Jagiello, J.; Wierzbicki, M.; Nowak, D.; Sobczyk-Guzenda, A.; Sosnowska,
M.; Jaworski, S.; Daniluk, K.; Szmidt, M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak, B.;
Grodzik, M. Reduced Graphene Oxides Modulate the Expression of Cell Receptors and
Voltage-Dependent lon Channel Genes of Glioblastoma Multiforme. Int. J. Mol. Sei. 2021, 22,
515. DOIL:10.33%0/ijms22020515 (IF= 6,208, MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w konceptualizacji oraz projektowaniu do§wiadczenia i analizie czedci
wynikéw, pracy nad manuskryptem oraz wykonywaniu obowigzkéw autora
korespondencyjnego i pozyskaniu finansowania (10% wkiadu)



Data i migjsce

Jaroslaw Szczepaniak

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOEAUTORA

Os$wiadczam, Ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pilaszewicz, O.; Strojny-
Cieslak, B.; Jagiello, J.; Fraczek, W.; Kuémierz, M.; Grodzik, M. Reduced Graphene Oxide
Modulates the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro.
Materials, 2022,15, 5843. DOI:10.3390/mal5175843 (IF= 3,748; MNiSW: 140 pkt)

moj udziat polegat na
uczestniczeniu w projekiowaniu ukladu doswiadczalnego, wykonywaniu doswiadczen,

interpretacji wynikéw i analizie statystycznej wynikéw oraz pisaniu manuskryptu (71%
wkladu)

Podpis



Data i miejsce

Malwina Sosnowska

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pilaszewicz, Q.; Strojny-Cieélak,
B.; Jagielto, J.; Fraczek, W.; Kusmierz, M.; Grodzik, M. Reduced Graphene Oxide Modulates
the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro. Materials,
2022,15, 5843. DOI:10.3390/mal5175843 (IF= 3,748; MNiSW: 140 pkt)

moj udzial polegat na

uczestniczeniu w projektowaniu uktadu doswiadczalnego dotyczacego analizy wound healing
assay (3% wkiadu)

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



Data i miejsce

Mateusz Wierzbicki

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

Imie i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pitaszewicz, O.; Strojny-Cieélak,
B.; Jagietto, J.; Fraczek, W.; Kusmierz, M.; Grodzik, M. Reduced Graphene Oxide Modulates
the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro. Materials,
2022,15, 5843. DOI:10.3390/mal5175843 (IF=3,748; MNiSW: 140 pkt)

moj udzial polegat na

uczestniczeniu w czesei do§wiadezalnej dotyezgeej mikroskopii konfokalnej i analizy western
blot oraz interpretacji wynikow (5% wkiadu)



10.05.2023

aa
-------------------------------------------------
------

Data i miejsce
Olga Witkowska-Pitaszewicz

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Imie i nazwisko

Afiliacja

Katedra Choréb Duzych Zwierzat i Klinika, Instytut Medycyny Weterynaryjnej,
SGGW w Warszawie (dawniej Katedra Patologii i Diagnostyki Weterynaryjnej)

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak,
B.; Jagiello, J.; Fraczek, W.; KuSmierz, M.; Grodzik, M. Reduced Graphene Oxide Modulates
the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro. Materials,
2022,15, 5843. DOI:10.3390/mal 5175843 (IF= 3,748; MNiSW: 140 pkt)

moj udzial polegal na

dobieraniu metodologii, wykonywaniu oznaczeii laboratoryjnych, uczestniczeniu w korekcie
merytorycznej i jezykowej manuskryptu (2% wkiadu).

Hilaotes :z.fi.);{«g«;f..._//eq

Podpis



96.04.2023  Werrel

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

Data i miejsce
Barbara Strojny-Cieslak

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

Imie i nazwisko

Afiliacja

Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oséwiadczam, ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pilaszewicz, O.; Strojny-
Ciedlak, B.; JagieHo, J.; Fraczek, W.; Ku$mierz, M.; Grodzik, M. Reduced Graphene Oxide
Modulates the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro.
Materials 2022, 15, 5843. DOI:10.3390/mal5175843 (IF= 3,748; MNiSW: 140 pkt)

moj udzial polegal na

uczestniczeniu w czeici dodwiadczalnej doiyczacej analizy western blot (2% wkladu)

?a«éa%%)éfﬂ% .......

Podpis



495, w"’f%jwwwﬁ ................

Data i migjsce

Joanna Jagietto

Imie 1 nazwisko

Afiliacja

Katedra Syntezy Chemicznej i Grafenu Platkowego, Sie¢ Badawcza Pukasiewicz — Instytut
Mikroelektroniki i Fotoniki w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pilaszewicz, O.; Strojny-
Cieslak, B.; Jagieto, J.; Fraczek, W.; Kusmierz, M.; Grodzik, M. Reduced Graphene Oxide
Modulates the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro.
Materials, 2022,15, 5843. DOI:10.3390/mal5175843 (IF= 3,748; MNiSW: 140 pkt)

moj udziat polegat na
produkeji platkow grafenowych i zredukowanych tlenkéw grafenu (2% wkladu)

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

Podpis



Data i miejsce

Wiktoria Fraczek

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Zze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pitaszewicz, O.; Strojny-Cieglak,
B.; Jagiello, J.; Fraczek, W.; Ku$mierz, M.; Grodzik, M. Reduced Graphene Oxide Modulates
the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro. Materials,
2022,15, 5843. DOI:10.3390/mal5175843 (IF= 3,748; MNiSW: 140 pkt)

moj udziat polegat na

uczestniczeniu w czesei doswiadczen (2% wkladu)

Podpis



Data 1 miejsce

Marcin Kus$mierz

P T R R ressEimdmEvEma mde ke

Imie i nazwisko

Afiliacja
Laboratorium Analityczne, Instytut Nauk Chemicznych, Wydziat Chemii, UMCS w Lublinie

Oswiadczam, ze w pracy:

B.; Jagiello, J.; Fraczek, W.; Kusmierz, M.; Gi ML
the FAK-dependent Signaling Pathway in Glioblastoma
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Data i miejsce

Marta Grodzik

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

Imie i nazwisko

Afiliacja
Katedra Nanobiotechnologii, Instytut Biologii, SGGW w Warszawie

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Szczepaniak, J.; Sosnowska, M.; Wierzbicki M.; Witkowska-Pilaszewicz, O.; Strojny-Cieslak,
B.; Jagielo, J.; Fraczek, W.; Kusmierz, M.; Grodzik, M. Reduced Graphene Oxide Modulates
the FAK-dependent Signaling Pathway in Glioblastoma Multiforme Cells in vitro. Materials,
2022,15, 5843. DOL:10.3390/mal5175843 (IF= 3,748; MNiSW: 140 pkt)

m¢j udziat polegal na P

uczestniczeniu w konceptualizacji oraz projektowaniu dodwiadczenia i analizie czedel
wynikéw, pracy nad manuskryptem oraz wykonywaniu obowigzkéw  autora
korespondencyjnego i pozyskaniu finansowania (10% wkiadu)

R Cluo duie

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



