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1. Streszczenie

Wplyw nanoczastek metalicznych i nanomaterialéw weglowych w badaniach na
modelu wybranych linii raka trzustki, piersi, watroby, glejaka oraz

nienowotworowych liniach komorkowych.

Choroby nowotworowe stanowig gldwna przyczyng $§mierci w Polsce i na Swiecie
a ich leczenie cz¢sto okazuje si¢ nieskuteczne doprowadzajgc tym samym do $mierci
pacjenta. Problemy napotykane w trakcie konwencjonalnej terapii spowodowaty, iz
naukowcy zaczgli poszukiwaé alternatywnych metod mogacych je rozwigzad.
Nanoczastki metaliczne oraz nanomaterialty weglowe w ostatnich latach zyskaty duze
zainteresowanie w tym aspekcie ze wzgledu na ich unikalne wlasciwosci
fizykochemiczne. Celem pracy bylo okreslenie potencjalnych wlasciwosci
antynowotworowych nanoczastek metalicznych oraz nanomateriatow weglowych na
komorki nowotworowe charakteryzujace si¢ wystepowaniem zjawiska lekoopornosci,
w tym komorki nowotworu: piersi (MDA.MB.231, MCF-7), trzustki (BxPC-3, AsPC-1),
watroby (Hep G2) oraz glejaka IV stopnia (U-118 MG, T98G, U-87 MG). Co wigcej,
niniejsze badania miaty na celu analize¢ wptywu nanomateriatow weglowych jako srodka
stabilizujacego macierz zewnatrzkomorkowa (ECM) na aktywnos$¢ proliferacyjng oraz
adhezje komorek glejaka IV stopnia U-87 MG oraz raka piersi MDA.MB.231.
Analizowano cytotoksycznos¢ badanych nanomateriatow, indukcje reaktywnych form
tlenu (ROS) , ,profil ekspresji cytokin prozapalnych komorek AsPC-1 oraz BxPC-3
w odpowiedzi na traktowanie tlenkiem grafenu (GO) i1 nanoczastkami diamentu (ND).
Analizujac wptyw nanofilméw weglowych brano pod uwagg takie parametry jak tempo
proliferacji, adhezja do nanofilméw oraz adhezja do wybranych komponentow ECM
pokrytych ND. Dodatkowo wykonane zostaly analizy cytotoksycznosci ND
zawieszonego w macierzy zewnatrzkomorkowej okalajacej komorki nowotworowe
z zastosowaniem biodrukowanych modeli 3D. Przeprowadzone analizy wykazaly, ze
najwyzszy efekt cytotoksyczny wzgledem ustalonych linii nowotworu trzustki mozna
uzyska¢ stosujac ND, ktory wywotuje dawkozalezny spadek zywotnosci komorek,
perforacje blony komorkowej oraz indukuje powstawanie ROS. Co wigcej zastosowanie
ND w formie nanofilmu powoduje powstanie nietoksycznej powierzchni wzmagajacej
adhezje oraz hamujacej proliferacje komorek nowotworu piersi MDA.MB.231. Efekt
wywotywany przez ND jest komdrkowo specyficzny. Cytotoksycznos¢ ND nie zalezy od

metody produkcji nanomateriatu (detonacyjna, laserowa) ani rozmiaru nanoczastek,



jednak obecno$¢ grupy aminowej na powierzchni ND nasila jego cytotoksyczno$¢

wzgledem komorek glejaka I'V stopnia T98G oraz U-118 MG.

Stlowa kluczowe: nanoczgstki metaliczne, nanomateriaty weglowe, nanoczastki

diamentu, cytotoksyczno$¢, adhezja, proliferacja, biodruk 3D, reaktywne formy tlenu
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Summary

The influence of metallic and carbon-based nanoparticles in studies on selected

pancreatic, breast, liver, glioblastoma grade IV and non-cancerous cell lines

Cancer is the main cause of death in Poland and worldwide, and its treatment often turns
out to be ineffective, leading to the patient's death. Problems encountered during
conventional therapy have caused scientists to look for alternative methods to solve them.
Metallic nanoparticles and carbon nanomaterials have gained great interest in recent years
due to their unique physicochemical properties. The aim of the work was to determine
the potential anticancer properties of metallic nanoparticles and carbon nanomaterials on
cancer cells characterized by drug resistance, including cancer cells: breast
(MDA.MB.231, MCF-7), pancreas (BxPC-3, AsPC-1), liver (Hep G2) and glioblastoma
grade IV (U-118 MG, T98G, U-87 MG ). Moreover, this study aimed to analyze the effect
of carbon nanomaterials as an extracellular matrix (ECM) stabilizing agent on the
proliferative activity and adhesion of U-87 MG grade IV glioma cells and MDA.MB.231
breast cancer cells. The cytotoxicity of the tested nanomaterials, the induction of reactive
oxygen species (ROS), and the expression profile of pro-inflammatory cytokines after
treatment AsPC-1 and BxPC-3 cells with graphene oxide (GO) and diamond
nanoparticles (ND) were analyzed. When analyzing the impact of carbon nanofilms,
parameters such as proliferation rate, adhesion to nanofilms and adhesion to selected
ND-coated ECM components were taken into account. Additionally, cytotoxicity
analyzes of ND suspended in the extracellular matrix surrounding cancer cells were
performed using 3D bioprinted models. The analyzes performed showed that the highest
cytotoxic effect against established pancreatic cancer lines can be obtained using ND,
which causes a dose-dependent decrease in cell viability, perforation of the cell
membrane and induces the formation of ROS. Moreover, the use of ND in the form of a
nanofilm creates a non-toxic surface that enhances adhesion and inhibits the proliferation
of MDA.MB.231 breast cancer cells. The effect caused by ND is cell-specific. The
cytotoxicity of ND does not depend on the method of nanomaterial production
(detonation, laser) or the size of the nanoparticles, however, the presence of an amino
group on the surface of ND increases its cytotoxicity towards T98G and U-118 MG

glioblastoma grade IV cells.
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Key words: metallic nanoparticles, carbon nanomaterials, diamond nanoparticles,

cytotoxicity, adhesion, proliferation, 3D bioprinting, reactive oxygen species
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3. Wykaz skrotow

AFM — mikroskopia sit atomowych;

Ag — nanoczastki srebra;

ATCC — American Type Culture Collection;

AU — nanoczastki zlota;

C60 — fulleren;

Ce0(OH)40 — fullerenol,

DLS — dynamiczne rozpraszanie $wiatla;

DMEM — Dulbecco’s Modified Eagle’s Medium;

DNA — kwas deoksyrybonukleinowy;

ECM — macierz zewnatrzkomorkowa;

EMEM — Eagles’s Minimum Essential Medium;

EMT — przejscie epitelialno-mezenchymalne;

FBS — ptodowa surowica bydleca;

GN — grafen;

GO — tlenek grafenu;

HER — receptor naskorkowego czynnika wzrostu;
ICAM-1 — wewnatrzkomorkowa molekuta adhezyjna 1;
IL-1a — interleukina 1a;

IL-8 — interleukina 8;

LDE — laserowa elektroforeza Dopplera;

LDH — dehydrogenaza mleczanowa;

MN — mikrojadra;

ND — nanoczastki diamentu,

ND-B — nanoczastki diamentu o $rednicy 10-20nm;
ND-S — nanoczastki diamentu o $rednicy 3-4nm;
ND-COOH — nanoczastki diamentu funkcjonalizowane grupami karboksylowymi;
ND-nf — nie funkcjonalizowane nanoczastki diamentu;
ND-NH: —nanoczastki diamentu funkcjonalizowane grupami aminowymi;
ND-OH — nanoczgstki diamentu funkcjonalizowane grupami hydroksylowymi;
PBS — s0l fizjologiczna buforowana fosforanami;

PFA — paraformaldehyd,

Pt — nanoczastki platyny;
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RayND —nanoczastki diamentu produkowane metoda ablacji laserowe;j;

RayND-AL — nanoczastki diamentu produkowane metoda ablacji laserowej, poddane
procesowi aminowania;

ROS - reaktywne formy tlenu;

RPMI 1640 — Roswell Park Memorial Institute 1640;

RT-DND — nanoczastki diamentu syntetyzowane metoda detonacyjna;

RT-DND-A — nanoczastki diamentu syntetyzowane metoda detonacyjna, poddane
procesowi aminowania;

RT-DND-EN — hydrofilowe nanoczastki diamentu syntetyzowane metodg detonacyjna;
RT-DND-L — hydroksylowane nanoczastki diamentu syntetyzowane metoda
detonacyjna;

RT-DND-LN — hydrofobowe nanoczgstki diamentu syntetyzowane metoda
detonacyjna;

SEM - skaningowa mikroskopia elektronowa;

TEM — transmisyjna mikroskopia elektronowa;

TGF-B — transformujacy czynnik wzrostu 3;

TIMP-2 — tkankowy inhibitor metaloproteinazy 2;

TNF-B — czynnik martwicy nowotworu f3;

ZP — potencjal zeta;
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4. Wstep

Choroby nowotworowe stanowig gltéwng przyczyne $mierci w Polsce 1 na
swiecie. Zgodnie z raportami Narodowego Rejestru Nowotworow w roku 2020 w Polsce
odnotowano 2431 zgonow ws$rod mezczyzn oraz 2542 zgondw wsrod kobiet
w nastepstwie nowotworu trzustki. Szacuje si¢, iz okoto 73% pacjentdw z nowotworem
trzustki umrze w ciggu pierwszego roku od daty diagnozy [1], a jedynie 15% pacjentow
bedzie miatlo szans¢ na skuteczng terapig, ktora w tym przypadku zaktada chirurgiczne
usunigcie patologicznie zmienionej tkanki [2]. Dzieje si¢ tak poniewaz nowotwoOr ten nie
daje zadnych objawow w poczatkowych fazach rozwoju co generuje problemy ze
wczesng diagnoza dajaca szans¢ na catkowite wyleczenie. Kolejnym wyzwaniem
w stworzeniu skutecznej terapii jest wystepowanie zjawiska lekoopornosci. Nierzadko
zdarza si¢, ze komorki nowotworowe nie reaguja na zastosowany chemioterapeutyk od
samego poczatku terapii. Okazuje si¢ jednak ze lekoopornos¢ moze réwniez wystepowaé
z czasem po stopniowej ekspozycji na lek. U podstaw tego zjawiska lezy wiele
czynnikow, za glowne uwaza si¢: mutacje, zaburzenia w ekspresji genéw, zaburzenia
w przekazywaniu sygnatow w gltdéwnych sciezkach sygnalnych takich jak: NF-kf, Notch
czy Akt, deregulacje procesu programowanej $mierci komoérkowej, aktywacje procesu
przejscia epitelialno-mezenchymalnego (ang. epithelial-mesenchymal transition; EMT),
obecno$¢ nowotworowych komorek macierzystych, wzmozong angiogenez¢ oraz

wystgpienie hipoksji w mikrosrodowisku guza nowotworowego [3].

Wysoka $miertelnos$¢ rowniez obserwuje si¢ wsrdd pacjentéw zdiagnozowanych
z glejakiem IV stopnia. Zgodnie z raportami Narodowego Rejestru Nowotworéw w roku
2020 w Polsce odnotowano 1571 zgondw wsrdod mezczyzn oraz 1365 zgonoéw wsrod
kobiet. Glejak IV stopnia jest to nowotwor ztosliwy wyrdzniajacy si¢ zwiekszonym
potencjatem proliferacyjnym [4] oraz cechami anaplazji komorkowej co przektada si¢ na
jego agresywny rozwdj oraz zle rokowania. Pomimo mozliwo$ci zastosowania wielu
strategii terapeutycznych od chemio- i radioterapii poprzez leczenie chirurgiczne $rednia
dtugos¢ zycia pacjentéw z tym rodzajem nowotworu oszacowana zostata na poziomie
12,6 miesiecy [5]. Leczenie chorych z glejakiem IV stopnia stanowi wyzwanie dla
wspotczesne] medycyny ze wzgledu na heterogeniczno$¢ guza nowotworowego,
obecnos¢ tkanki martwiczej, wysokg aktywno$s¢ miotyczng, zaburzenie procesu
programowanej S$mierci komorkowej, wysoki potencjal proliferacyjny, nasilong

angiogeneze 1 zdolnos¢ do naciekania przylegajacych tkanek [6]. Co wigcej, obserwuje
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si¢ rowniez wystepowanie zjawiska lekoopornosci [7] oraz EMT [8] co dodatkowo
utrudnia skuteczng terapie. Po mimo wysokiej $miertelnosci od 2009 roku nie
zanotowano zadnych udoskonalen w najcze¢sciej stosowanym podejsciu terapeutycznym
jakim jest chemioterapia [9], co wskazuje na potrzebe poszukiwania alternatywnych

metod leczenia.

Rak piersi jest jedna z najczeSciej wystepujacych choréb nowotworowych
powodujacych zgon pacjenta. Nie nalezy zapominac¢, ze ten rodzaj nowotworu diagnozuje
si¢ zarowno u kobiet jak i u mezczyzn [10], jednak choroba ta najczesciej dotyczy kobiet.
Zgodnie z raportami Narodowego Rejestru Nowotworow w roku 2020 w Polsce
odnotowano 77 zgondw wsrdd mezezyzn oraz 6956 zgondw wsrod kobiet. Jest to choroba
wyrdzniajaca si¢ duzg heterogennos$cia pod wzgledem molekularnym co przektada si¢ na
zroznicowany rozwoj oraz rokowania [11]. Za najbardziej agresywny podtyp uwaza si¢
potrojnie ujemnego raka piersi [12], ktory charakteryzuje si¢ brakiem ekspresji
receptoréw dla progesteronu, estrogenu oraz naskorkowego czynnika wzrostu (ang.
human epidermal growth factor receptor; HER). Komodrki nowotworowe wykazujace
ekspresje receptorow dla estrogenu mozna zaliczy¢ do dwodch podtypow
luminalnego A 1 B. Oba podtypy wykazuja ekspresje gendw charakterystycznych dla
komorek gruczotowych, réznig si¢ natomiast ekspresjg genu HER2, ktora obserwowana
jest jedynie w podtypie luminalnym B co przektada si¢ na gorsze rokowania [11].
Zjawisko lekoopornosci powszechnie wystepuje we wszystkich podtypach raka piersi,
niezaleznie od stosowanego leczenia. Co wigcej zaobserwowano, Ze rozwoj opornosci na
rozne leki nie wyklucza si¢ wzajemnie co oznacza, ze guz moze by¢ oporny na wiele
strategii terapeutycznych [13]. Dodatkowym wyzwaniem stawianym przed skuteczng
terapig jest wystepowanie zjawiska EMT zwiekszajacego zdolno$¢ do migracji
I tworzenia ognisk wtornych jak i nasilajgcego oporno$¢ na stosowane $rodki
terapeutyczne [14]. Obecnie stosowane w przypadku nowotworu piersi leczenie opiera
si¢ o chemio- i radioterapig, interwencj¢ chirurgiczng oraz immunoterapi¢ [15]. Jednak
terapie te maja swoje ograniczenia 1 dla wielu pacjentéw okazuja si¢ nie byc¢
wystarczajaco skuteczne co przektada si¢ na ilo$¢ notowanych zgondéw w nastepstwie

choroby nowotworowe;.

Podobne statystyki obserwuje si¢ w przypadku raka watrobowokomodrkowego.
Zgodnie z raportami Narodowego Rejestru Nowotworéw w roku 2020 w Polsce

odnotowano 1265 zgondéw wsrod mezczyzn oraz 875 zgonéw wsrod kobiet. Natomiast
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na §wiecie rejestruje si¢ rocznie okoto 0,7 miliona zgonéw w nastgpstwie nowotworu
watroby [16]. Rak watrobowokomodrkowy jest najczes$ciej wystepujacym pierwotnym
nowotworem zlosliwym watroby. Pomimo znacznych postepéw w profilaktyce,
technikach diagnostycznych oraz leczeniu zachorowalno$¢ oraz $miertelnos¢ stale rosng
[17]. Obecnie medycyna dysponuje takimi technikami jak chirurgiczna resekcja guza,
transplantacja watroby, embolizacja oraz chemio- i radioterapia [18]. Metody te jednak
czesto zawodzg co w duzej mierze wynika z poznego rozpoznania [17]. Kolejnym
powodem, dla ktorego terapia moze okaza¢ si¢ nieskuteczna jest wystgpienie zjawiska
EMT [19] oraz lekoopornosci [20] zwigzanej z aktywnos$cig biatka z rodziny ABC
wiazacego trifosforan adeniny o charakterze pompy usuwajacej lek z wnetrza komorki

nowotworowej [21].

Stosowanym we  wszystkich omoéwionych nowotworach podejsciem
terapeutycznym jest chirurgiczna resekcja guza nowotworowego. Chociaz w wielu
przypadkach jest metoda, ktora daje najwigcksze szanse na przezycie pacjenta rOwniez
posiada swoje ograniczenia, ktore prowadza do nawrotu choroby. W ciggu 5 lat od daty
przeprowadzenia operacji az u 40% pacjentow obserwuje si¢ nawrédt co skutkuje az
10-krotnie gorszym rokowaniem. Dzieje si¢ tak poniewaz nowo powstaly guz
nowotworowy przewaznie nie odpowiada na konwencjonalng terapie. Uwaza sie, Ze
nowo powstale nowotwory pochodza z wyselekcjonowanych klonéw, ktore wykazuja
wyzszg oporno$¢ na chemio-, immuno- i radioterapi¢ [22]. W tym miejscu nalezy
zaznaczyC, ze w patologicznie zmienione] tkance moga wystepowac rézne komorki
w tym: krazace komoérki nowotworowe, ktore sa zdolne do oddzielenia si¢ od guzow
pierwotnych [23] i nowotworowe komorki macierzyste, ktore promujg inicjacje,
proliferacje, migracje i lekoopornosé¢ [24]. Zgodnie z danymi literaturowymi, po resekcji
guza komorki charakteryzujg si¢ kilkoma réznicami fenotypowymi, na podstawie czego
wysuni¢to hipoteze, ze owe zmiany fenotypowe moga by¢ przyczyna nawrotu choroby.
Chirurgiczne usunigcie guza sprzyja wydzielaniu czynnikow, ktore powoduja aktywacje
komorek immunosupresyjnych, umozliwiajagc szybkie ponowne zasiedlenie matych
kieszonek choroby resztkowej. Ponadto w weztach chlonnych i nowopowstaltym guzie
obserwuje si¢ nacieki makrofagéw M2 i limfocytow T regulatorowych CD4+Foxp3+.
Wszystko to razem tworzy zlozong sie¢ immunosupresji w otaczajacym
mikro§rodowisku, ktora moze sprzyja¢ nawrotom raka [22]. Kolejnym waznym

czynnikiem w rozwoju nowotworu jest macierz zewnatrzkomorkowa (ang. extracellular
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matrix; ECM). Jej rola jest nie tylko zapewnienie wsparcia strukturalnego
zapewniajacego integralnos¢ tkanki [25], ale jest to takze fizjologicznie aktywna
struktura, ktora dostarcza wszystkich niezbednych czasteczek regulujgcych komunikacje
miedzy komorkami [26]. ECM jest wytwarzana i organizowana przez komorki
zasiedlajace dang tkanke, ponadto jest to wysoce dynamiczna struktura, ktéora moze
ulegaé przebudowie w zaleznosci od potrzeb tkanki lub w wyniku postepu choroby [25].
Pierwszym krokiem w procesie przerzutowania jest inwazja komoérek. Aby zjawisko to
bylo mozliwe, musi zosta¢ zaklécona adhezja komoérek do macierzy
zewnatrzkomorkowej [27], co jest silnie powigzane z dezorganizacja jej unikalnej
struktury [28]. Wskazuje to, na kluczowa rolg jaka ECM pelni w progresji nowotworu.
Aby utrzyma¢ homeostazg, komodrki w kontakcie z ECM po przez receptory
powierzchniowe i kompleksy adhezyjne oddziatuja z ECM regulujac ekspresje biatek
budujacych tg strukture. Tworzy to mechanizm sprz¢zenia zwrotnego, w ktorym nie tylko
ECM wptywa na rezydujace komorki, co przyczynia si¢ do powstania rOwnowagi migdzy
budowa i degradacja ECM [29]. Nawet niewielkie zmiany w homeostazie ECM
specyficznego dla tkanki moga mie¢ znaczacy wplyw na proliferacj¢ komorek
nowotworowych. Liczne zmiany w macierzy zewnatrzkomorkowej, takie jak
podwyzszony poziom kolagenu I, III, IV 1 fibronektyny, wskazuja, ze progresja
nowotworu opiera si¢ na zlozonych interakcjach komoérek nowotworowych
z otaczajacym je ECM [30]. Ponadto wyzszy poziom bialek macierzy moze przyczyniaé

si¢ do zmian w polaryzacji komorek oraz w adhezji komorkowej [31].

Problemy napotykane w trakcie konwencjonalnej terapii spowodowaly, iz
naukowcy zaczgli poszukiwac alternatywnych metod mogacych je rozwigzac.
Nanoczgstki metaliczne oraz nanomateriaty weglowe w ostatnich latach zyskaty duze
zainteresowanie w tym aspekcie ze wzgledu na ich unikalne wlasciwosci
fizykochemiczne wynikajace m.in.: z efektu ograniczenia kwantowego elektronéw,
zwigkszenia liczby miejsc koordynacyjnych oraz zwigkszonego stosunku atomow
1jonow powierzchniowych oraz przypowierzchniowych w stosunku to tych znajdujacych
si¢ wewnatrz danej nanoczastki [32]. Podobienstwo wymiarowe nanoczastek do
biomolekut, wysoki stosunek powierzchni do objgtosci 1 mozliwo$¢ wprowadzania
modyfikacji powierzchniowych uczynity z nich potezne narzedzia w diagnostyce,
obrazowaniu i terapii [33]. Ze wzgledu na swoj rozmiar, nanoczastki wykazuja zdolno$¢

do glebokiej penetracji tkanek, moga przenika¢ miedzy komorkami nabtonkowymi i sg
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na ogo6t skutecznie wychwytywane przez komorki docelowe, co skutkuje poprawa

biodostepnosci czasteczek terapeutycznych [34].

Obecnie wiele badan skierowanych jest na biomedyczne zastosowanie
nanoczastek metalicznych. Nanoczastki platyny (Pt), ztota (Au) i srebra (Ag) ze wzgledu
na swoje specyficzne cechy znalazty zastosowanie w obszarach takich jak bioznakowanie
[35], dystrybucja lekéw [36] i leczenie przeciwnowotworowe [37-39]. Ponadto uwaza
sie, ze mechanizm cytotoksyczno$ci charakterystyczny dla nanoczastek Ag 1 Au czyni
z nich obiecujace materiaty, ktore mozna zastosowaé w terapii przeciwnowotworowe;.
Wspomniane nanoczastki pobierane sg przez komorki i dopiero w kwasnym $rodowisku
lizosomoéw dochodzi do uwalniania toksycznych dla komorki jonow [40]. Mechanizm
toksyczno$ci nanoczasteczek Pt nadal nie jest w pelni poznany. Sugeruje sig, ze
nanoczastki te mogg przedostawaé si¢ do komorki poprzez aktywny mechanizm
internalizacji i podobnie jak nanoczastki Ag i Au, po wniknigciu do komorki uwalniane
sa toksyczne jony [41]. Cho¢ wielu naukowcdéw podejmuje proby oceny wlasciwosci
przeciwnowotworowych nanostruktur metalicznych potrzebne sg dalsze badania w celu
oceny potencjalnych korzysci 1 zagrozen zwigzanych ze stosowaniem nanoczastek

metalicznych.

Nanomaterialy ~ weglowe  rowniez  charakteryzuja  si¢  unikatowymi
wlasciwo$ciami, ktore czynig z nich materiaty, ktore potencjalnie mozna zastosowac
w terapii antynowotworowej. Obecnie analizuje si¢ ich zastosowanie w dziedzinach
takich jak nos$niki lekéw [42], inzynieria tkankowa, obrazowanie, diagnostyka i terapia
przeciwnowotworowa [43-45]. Nanomaterialy weglowe mimo podobnego sktadu
chemicznego roznig si¢ budowsg oraz wlasciwosciami fizykochemicznymi co przektada
si¢ na rézne wilasciwosci biologiczne. Wsréd nanomateriatow weglowych znajdujg sie:
grafen (GN), tlenek grafenu (GO), fuleren (C60), fulerenol (Ceo(OH)a0) oraz nanoczastki
diamentu (ND).

GN jest dwuwymiarowg strukturg weglowa skladajacg si¢ z atomow wegla
polaczonych heksagonalnie [46]. Wskazany nanomaterial wykazuje powinowactwo do
struktur biologicznych [47]. Co wigcej GN zyskal duze zainteresowanie ze wzgledu na
jego zdolnos¢ do indukcji apoptozy [48]. Zaproponowano dwa mechanizmy, dzigki
ktorym GN oddziatuje z komodrka. Pierwszy dotyczy przylegania ptatkow GN do

zewngtrznej czgsci blony cytoplazmatycznej co powoduje naruszenie jej integralnosci.
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Natomiast drugi mowi o zdolnosci GN do wnikania do komorek co indukuje powstawanie

reaktywnych form tlenu (ang. reactive oxygen species; ROS) [47].

Najbardziej rozpowszechniong pochodng grafenu wykorzystywang w badaniach
naukowych z zakresu biologii jest GO. Ten nanomaterial powstaje w wyniku
intensywnego utleniania sproszkowanego grafitu. GO najczesciej przyjmuje forme
ptatkow, a jego struktura wzbogacona jest znaczng iloscia takich grup funkcyjnych jak
OH, C-0O-C, C=0 oraz COOH [49]. Co wiecej, GO ma charakter hydrofilowy z czego
wynika lepsza niz w przypadku GN stabilnos¢ w zawiesinach wodnych. Chociaz
wskazany nanomaterial okre§lany jest mianem cytokompatybilnego [50] doniesienia
literaturowe wskazuja na jego zdolno$¢ do indukcji ROS [51], co wskazuje si¢ jako

glowny mechanizm cytotoksycznosci [52].

C60 nalezy do sferycznych struktur weglowych. Przyjmuje forme pustej kuli
zwane] ‘buckyball’, ktora jest mnajbardziej rozpowszechniona w badaniach
z zakresu biologii [53]. Forma kulista C60 sktada si¢ z 20 heksagondéw i 12 pentagonow
polaczonych ze soba [54]. Mechanizm toksycznos$ci C60 rowniez opiera si¢ o indukcje
ROS. Zgodnie z doniesieniami literaturowymi omawiany nanomateriat wywotuje
mozliwg do obserwowania po kilku godzinach produkcje ROS, ktora przyczynia si¢ do
nekrozy w komorkach nowotworowych [55]. Co wiecej traktowanie C60 powoduje
perforacje blony komoérkowej. W odroznieniu do fulerenu, fulerenol czyli jego pochodna
funkcjonalizowana grupami hydroksylowymi, ktora charakteryzuje si¢ wyzsza
hydrofilno$cig powoduje opdzniong w czasie produkcje ROS, ktore przyczyniajg si¢ do
indukcji $mierci komdrkowej o cechach charakterystycznych dla apoptozy. Traktowanie
Ce0(OH)40 dodatkowo powoduje utrate symetrycznej budowy plazmalemmy, jednak bez
jej permabilizacji oraz  fragmentacj¢ = kwasu  deoksyrybonukleinowego

(ang. deoxyribonucleic acid; DNA) [55].

ND réwniez nalezy do sferycznych struktur weglowych. Swoja popularnos¢
zyskat dzigki zdolnosci do intensywnej penetracji 1 akumulacji w tkankach
neoplastycznych [56]. ND nie jest usuwany z komorki za posrednictwem biatek z rodziny
ABC [57], ktore przyczyniaja si¢ do rozwoju lekoopornosci w komorkach
nowotworowych. Dzigki tej wlasciwosci ND moze stanowi¢ element skutecznej terapii
antynowotworowej. Jako gldéwny mechanizm cytotoksycznosci ND wskazuje si¢

indukcje stresu oksydacyjnego. Nadmierna produkcja ROS powoduje uszkodzenie DNA
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oraz formowanie mikrojader (ang. micronuclei; MN). Jednak cytotoksycznos¢ ND moze
zaleze¢ od wielu czynnikow takich jak: metoda produkcji, rozmiar oraz obecno$¢ grup
funkcyjnych. Chociaz ND uwazany jest za biokompatybilny nanomaterial [58] jego
cytotoksycznos$¢ jest rowniez zalezna od analizowanego modelu badawczego. Badania
pokazuja, ze ludzkie linie komérkowe wykazuja zréznicowang wrazliwos¢ na ND.
Sugeruje si¢, ze na t¢ komoérkowo specyficzng odpowiedz wptywaja mechanizmy

internalizacji i zdolnos$¢ do inicjowania odpowiedzi zapalnej czy apoptozy [59].

Jak wcze$niej wspomniano jednym z wielu probleméw w terapii
przeciwnowotworowej jest nawr6t choroby po chirurgicznej resekcji  guza.
Nanomateriaty weglowe takie jak GN, GO, ND i C60 mogg tworzy¢ nanofilmy [60-63],
ktore stanowig zrédto bodzcow mechano-chemicznych odpowiedzialnych za zmiang
zachowania komorek poprzez zmiang¢ poziom ekspresji biatek bioragcych udziat
w procesie proliferacji, aktywujac syntez¢ ATP oraz obnizajac ekspresj¢ biatek
budujacych cytoszkielet. Dlatego tez, nanofilmy weglowe moga by¢ zdolne do
promowania wilasciwej adhezji 1 zmniejszania tempa proliferacji komorek
nowotworowych, co skutkowaloby zmniejszeniem potencjatu  onkogennego

I zapobieganiem nawrotom choroby.
5. Hipoteza badawcza, cel i zakres pracy

Hipoteza badawcza

Nanoczastki metaliczne oraz nanomateriaty weglowe indukujg Smier¢ komorek
poprzez perforacje¢ blon komoérkowych, oraz indukcje stresu oksydacyjnego. Efekt
wywolywany przez nanoczastki oraz nanomaterialy jest komorkowo specyficzny.
Nonofilmy utworzone z nanomateriatow weglowych zwigksza adhezje komorek oraz
hamuja ich proliferacjec po przez zaburzenie proceséw podziatu komodrkowego.
Cytotoksyczno$¢ nanoczastek diamentu jest komorkowo specyficzna i zalezy od
czynnikow takich jak rozmiar nanoczastek, obecnos$¢ grup funkcyjnych na ich

powierzchni oraz metoda produkciji.

Podstawowy cel naukowy

Celem pracy bylo okreslenie potencjalnych wlasciwosci antynowotworowych
nanoczastek metalicznych oraz nanomateriatow weglowych na komorki nowotworowe

charakteryzujace si¢ wystepowaniem zjawiska lekoopornosci, w tym komorki
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nowotworu: piersi (MDA.MB.231, MCF-7), trzustki (BxPC-3, AsPC-1), watroby
(Hep G2) oraz glejaka IV stopnia (U-118 MG, T98G, U-87 MG). Co wigce] niniejsze
badania miaty na celu analiz¢ wplywu nanomateriatow weglowych jako s$rodka

stabilizujacego ECM, na aktywnos$¢ proliferacyjng oraz adhezje komorek glejaka IV
stopnia U-87 MG oraz raka piersi MDA.MB.231.

Szczegolowe cele naukowe:

1. Celem doswiadczenia 1 bylo okreslenie potencjalnych wihasciwosci
antynowotworowych  nanoczastek metalicznych  (Pt, Ag, Au) oraz
nanomateriatow weglowych (GO, ND, Ceo(OH)a0) wzgledem ustalonych linii
nowotworu trzustki: AsPC-1 i BXPC-3 opornych na gemcytabing oraz linii
nienowotworowych: komorki zrgbu szpiku kostnego HS-5 i fibroblasty HFFF-2.
Dodatkowym celem byt wybdér nanomaterialdéw, wykazujacych pozadane
dzialanie, do kolejnych analiz.

2. Celem doswiadczenia II byta analiza wptywu bodzcoOw mechanicznych oraz
chemicznych, ktorych zrodtem byly nanofilmy utworzone z nanomateriatlow
weglowych (GN, GO, C60 oraz ND) na aktywnos$¢ proliferacyjng oraz adhezje
komorek raka piersi MDA.MB.231 oraz glejaka IV stopnia U-87 MG przy
zastosowaniu hodowli in vitro w monowarstwie oraz biodrukowanego
modelu 3D.

3. Ze wzgledu na fakt, iz ND wykazywal najlepsze dziatanie antynowotworowe
w pierwszych dwoch doswiadczeniach celem III doswiadczenia byla ocena
wplywu parametréw takich jak: rozmiar, metoda produkcji (laserowa,
detonacyjna) oraz obecnos¢ réznych grup funkcyjnych na powierzchni ND naich
toksycznos¢ wzgledem ustalonych linii nowotworowych: glejaka IV stopnia
(U-118 MG, T98G), nowotworu piersi (MCF-7), nowotworu watroby (Hep G2)

oraz nienowotworowej linii ludzkich fibroblastow (HFF-1).

Zakres pracy:

e Charakterystyka nanoczastek metalicznych (Pt, Ag, Au), nanomaterialoéw
weglowych (GN, GO, C60, Ceso(OH)s, ND i jego modyfikacji) oraz
nanofilméw uzyskanych z GN, GO, C60 i ND pod wzgledem
fizykochemicznym z uwzglednieniem cech powierzchni badanych

nanofilmow za pomocg analizy potencjatu zeta, srednicy hydrodynamicznej,
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pomiaru kata zwilzalno$ci 1 widma Ramana oraz przy uzyciu technik TEM,
SEM i AFM;

Okreslenie potencjatu toksycznego wskazanych nanoczastek
1 nanomaterialow z uwzglednieniem nanofilméw na podstawie analizy
aktywnosci metabolicznej oraz integralno$ci blony komoérkowej z uzyciem
testow: MTT, PrestoBlue HS, CyQUANT LDH;

Okreslenie zmian morfologicznych z uzyciem odwroconej mikroskopii
swietlnej;

Okreslenie zmian w zakresie ekspresji 40 cytokin prozapalnych wywotanych
przez GO i ND (w stezeniu 50 mg/l) po traktowaniu komorek nowotworu
trzustki AsPC-1 i BXPC-3 z uzyciem membran antygenowych;

Okreslenie wptywu badanych nanofilméw na proliferacj¢ i adhezje komoérek
glejaka IV stopnia linii U-87 MG oraz nowotworu piersi MDA.MB.231 za
pomocg pomiaru ilosci dehydrogenazy mleczanowej (ang. lactate
dehydrogenase; LDH) po calkowitej lizie komorek z uzyciem testu
CyQUANT LDH,;

Okres$lenie wptywu ND na adhezj¢ komorek glejaka IV stopnia U-87 MG oraz
komorek raka piersi MDA.MB.231 do 7 komponentow ECM (kolagen I,
kolagen 11, kolagen IV, fibronektyna, laminina, tenascyna, witronektyna)
z uzyciem testu ECM Cell Adhesion Array;

Okreslenie wplywu ND zawieszonego w macierzy pozakomoérkowej na
toksyczno$¢ 1 proliferacje komorek glejaka IV stopnia U-87 MG oraz
nowotworu piersi MDA.MB.231 z zastosowaniem biodrukowanego modelu
3D przy uzyciu mikroskopii konfokalnej;

Analiza poziomu reaktywnych form tlenu po traktowaniu ND komoérek
nowotworu trzustki BxPC-3 i AsPC-1 oraz po traktowaniu ND i jago
modyfikacjami komorek: glejaka IV stopnia: U-118 MG, T98G; nowotworu
watroby Hep G2, nowotworu piersi MCF-7 oraz nienowotworowej linii
ludzkich fibroblastéw HFF-1.

. Metodyka badan

6.1 Nanoczastki i nanomaterialy wykorzystywane w badaniach
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Niniejsze badania mozna podzieli¢ na 3 do$wiadczenia. W dos$wiadczeniu |
(Publikacja 1: Wojcik et al., 2021) zastosowano hydrokoloidalne zawiesiny nanoczastek
metalicznych pozyskane od firmy Nano-Koloid (Warszawa, Polska) o stezeniach:
Pt - 100 mg/l, Au - 50 mg/l, Ag - 50 mg/l. Wskazane hydrokoloidy postuzyly do
przygotowania 10 krotnie stezonych roztwordéw o stezeniach 1, 5, 10, 20 oraz 50 mg/1.
Dodatkowo w przedstawionym doswiadczeniu zastosowano réwniez nanomateriaty
weglowe. GO i ND pozyskane byty od firmy Skyspring Nanomaterials (Houston, TX,
USA). Srednia dlugosé¢ platkéw GO wynosita od 1-2 um, natomiast ich grubo$é nie
przekraczata 2 nm. Srednica ND miescita si¢ w zakresie od 3 do 4 nm. Ostatnim
nanomateriatem zastosowanym w doswiadczeniu I byt Ceo(OH)s0 pozyskany od firmy
US Research Nanomaterials (Houston, TX, USA). Ze wskazanych nanomateriatow
wykonane zostaly x10 krotnie st¢zone roztwory o stezeniach: 100, 200, 500 oraz
1000 mg/l. Do przygotowania wszystkich zawiesin wykorzystano ultra czysta wode.
Przed uzyciem zawiesiny nanoczastek oraz nanomateriatow sonikowane byty przez 1 min
(500W, 20 Hz) przy uzyciu VC 505 Vibra-Cell™ Ultrasonic Liquid Processor
(Sonics & Materials, Newton, CT, USA).

W doswiadczeniu IT (Publikacja 2: Wojcik et al.; 2023) zastosowano nast¢pujace
nanomateriaty: GN, GO, C60 oraz ND. GN zostal pozyskany od firmy SkySpring
Nanomaterials. Zgodnie z danymi dostarczonymi przez producenta powierzchnia
ptatkéw GN wynosita 750 m?/g a ich grubo$é miescita si¢ w zakresie od 1 do 5 nm. GN
wyprodukowane byto metoda eksfoliacji. GO 1 ND pozyskane zostaty od firmy US
Research Nanomaterials. Srednia dtugo$é ptatkéw GO miescita sie w zakresie od 1,5 do
5,5 um natomiast ich grubo$¢ nie przekraczata 1,23 um. GO zawieszone byto w wodzie
(2wt%). Srednica ND miescita si¢ w zakresie od 2 do 10 nm. C60 zostat pozyskany od
firmy SES Research (Houston, TX, USA). Nanomaterial suszony byt w piecu
prozniowym i zgodnie z danymi przekazanymi przez producenta nie zawieral on
rozpuszczalnika. GN, GO, C60 1 ND zawieszone zostaty w ultraczystej wodzie w celu
uzyskania zawiesin o stezeniu 1000 mg/l. Przed uzyciem zawiesiny sonikowane byty
przez 1 min (500W, 32Hz). W celu utworzenia nanofilméw przygotowane zawiesiny
zostaly wylane i réwnomiernie rozprowadzone na spodzie dotka 96-dotkowej plytki
hodowlanej (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) w objetosci 50 ul.

Natomiast w celu oceny morfologii na ptytkach 6-dotkowych (Nunc, Thermo Fisher
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Scientific) natozono 10 kropli w rownych odleglosciach o objetosci 10 ul. Nanofilmy

suszone byly w warunkach sterylnych.

W doswiadczeniu III (Publikacja 3: Wojcik et al., 2023) zastosowano rozne
modyfikacje ND, ktore podzielono na trzy grupy. Pierwsza grupa nanomateriatow rézni
si¢ obecnoscig grup funkcyjnych i pozyskana zostala od firmy US Research
Nanomaterials. ND-nf nie bylo funkcjonalizowane, ND-NH> posiadaly na swojej
powierzchni  grupy aminowe, ND-COOH byto funkcjonalizowane grupami
karboksylowymi, a ND-OH posiadat na swojej powierzchni grupy hydroksylowe.
Nanomaterialy z drugiej grupy roznily si¢ rozmiarem i pozyskane zostaly od firmy
Skyspring Nanomaterials. Rozmiar nanoczastek ND-S miescit si¢ w zakresie 3-4 nm,
natomiast ND-B od 10 do 20 nm. Trzecia grupa nanomaterialow rdoznita si¢ metoda
produkcji i pozyskana zostata od firmy Ray Techniques Ltd. (Jeruzalem, Izrael). RayND
oraz RayND-AL produkowane byly metoda ablacji laserowej, natomiast RT-DND,
RT-DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN produkowane byly metoda
detonacyjna. Wszystkie nanomateriaty zawieszone byty w ultraczystej wodzie w celu
uzyskania 10 krotnie stezonych roztworow o stezeniach 50, 200, 500 oraz 1000 mg/l.

Przed uzyciem wszystkie zawiesiny sonikowane byty przez 1 min (SO0W, 32 kHz).

6.2 Modele badawcze in vitro

W niniejszych analizach zastosowano ustalone linie nowotworowe
I nienowotworowe pozyskane z ATCC (ang. American Type Culture Collection,
Manassas, VA, USA). Wszystkie linie komorkowe scharakteryzowane zostaly jako typ

adherentny.

W doswiadczeniu I zastosowano ustalone linie nowotworu trzustki AsPC-1 oraz
BXPC-3 charakteryzujace si¢ opornoscia na gemcytabing. Jako Kkontrole uzyto
nienowotworowe linie komoérek zrebu szpiku kostnego HS-5 oraz linie fibroblastow
ludzkich HFFF-2. Komorki nowotworowe hodowane byly w pozywce Roswell Park
Memorial Institute 1640 (RPMI 1640, Gibco, Thermo Fisher Scientific)
suplementowanej 10% dodatkiem ptodowej surowicy bydlecej (ang. fetal bovine serum;
FBS, Gibco) oraz 1% dodatkiem mieszaniny antybiotyku (Antibiotic-Antimycotic,
Gibco) sktadajacego si¢ z penicyliny (100 U/mL), streptomycyny (100 pg/mL), i Gibco

amfoterycyny B (0.25 ug/mL). Nowotworowe linie komérkowe hodowano w pozywce
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Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) suplementowanej 10%
dodatkiem FBS (Gibco) i 1% dodatkiem mieszaniny antybiotyku (Antibiotic-
Antimycotic, Gibco). Hodowla prowadzona byta w warunkach standardowych w 37°C

(95% wilgotnosci, 5% CO»).

W doswiadczeniu II uzyto dwoch linii nowotworowych: glejaka IV stopnia
U-87 MG oraz nowotworu piersi MDA.MB.231. Komorki linii U-87 MG hodowane byty
w pozywce Eagles’s Minimum Essential Medium (EMEM, ATCC) suplementowane;j
10% dodatkiem FBS (Gibco) oraz 1% dodatkiem mieszaniny antybiotyku (Antibiotic-
Antimycotic, Gibco). Komorki linii MDA.MB.231 hodowane byly w pozywce DMEM
(ATCC) suplementowanej 10% dodatkiem FBS (Gibco) i 1% dodatkiem mieszaniny
antybiotyku (Antibiotic-Antimycotic, Gibco). Hodowla prowadzona byta w warunkach
standardowych w 37°C (95% wilgotnosci, 5% COz). Co wiecej w celu odtworzenia
wielowymiarowych oddziatywan miedzy komoérkami zastosowano réwniez technologie
biodruku 3D do stworzenia przestrzennych modeli utworzonych zarowno z komorek linii

U-87 MG jak i MDA.MB.231.

W doswiadczeniu 11l uzyto czterech linii nowotworowych: dwdch linii glejaka IV
stopnia T98G i U-118 MG, raka piersi MCF-7 oraz nowotworu watroby Hep G2. Jako
nienowotworowg linie kontrolng uzyto linii ludzkich fibroblastéw HFF-1. Komorki linii
T98G, MCF-7 oraz Hep G2 hodowane byly w pozywce EMEM (ATCC)
suplementowanej 10% dodatkiem FBS (Gibco) oraz 1% dodatkiem mieszaniny
antybiotyku (Antibiotic-Antimycotic, Gibco). Komorki linii U-118 MG oraz HFF-1
hodowane byly w pozywce DMEM (ATCC). Do hodowli komoérek linii U-118 MG
zastosowano suplementacje FBS (Gibco) w wysokosci 10% natomiast w przypadku
komorek liniit HFF-1 zastosowano 15% dodatek FBS. W obu przypadkach do pozywki
dodano 1% mieszaniny antybiotyku (Antibiotic-Antimycotic, Gibco). Hodowla

prowadzona byta w warunkach standardowych w 37°C (95% wilgotnosci, 5% CO>).
6.3 Charakterystyka nanoczastek metalicznych 1 nanomateriatow weglowych

Ultrastrukture wybranych do doswiadczenia I nanomaterialdéw 1 nanoczastek
analizowano za pomocg transmisyjnego mikroskopu elektronowego JEM-1220
(ang. transmission electron microscope; TEM, JEOL, Tokio, Japonia) wyposazonego
w kamerg Morada o rozdzielczosci 11 megapikseli (Olympus Soft Imaging Solutions,

Miinster, Niemcy). Dodatkowo wykonano pomiar potencjatu Zeta za pomocg laserowej
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elektroforezy Dopplera (ang. laser Doppler electrophoresis; LDE) z zastosowaniem
przyblizenia Smoluchowskiego. Wszystkie pomiary wykonane byly w temperaturze
25°C przy stezeniu 20 mg/l. Do analiz wykorzystano instrument pomiarowy Zeta Sizer
Nano-ZS90 (Malven, Worcestershire, UK). Kolejno zmierzono $rednice
hydrodynamiczna nanoczastek i nanomaterialtdbw zawieszony w ultraczystej wodzie
w stezeniu 25 mg/l dla nanoczasteczek metalicznych i 20 mg/l dla nanomateriatow
weglowych. Pomiary przeprowadzono metoda dynamicznego rozpraszania $wiatla

(ang. dynamic light scattering; DLS).

Ultrastrukture nanomaterialdow wykorzystanych w doswiadczeniu II GN, GO,
C60 i ND analizowano za pomoca mikroskopii TEM JEM-1220 (TEM, JEOL, Tokio,
Japonia) przy 80 KV wyposazonego w aparat Morada o rozdzielczosci 11 megapikseli
(Olympus Soft Imaging Solutions, Miinster, Niemcy). Powierzchnie wykonane z GN,
C60 1 ND scharakteryzowane zostaty za pomocg mikroskopii sit atomowych (ang. atomic
force microscopy; AFM) w tym celu powierzchni¢ ptytki do hodowli komoérkowej
roOwnomiernie pokryto zawiesinami nanomaterialéw 1 wysuszono (Nanores, Polska).
Dodatkowo wysuszone nanomaterialy poddano analizie za pomoca skaningowego
mikroskopu elektronowego (ang. scanning electron microscope; SEM; Quanta 200, FEI,
Hillsboro, USA). Dodatkowo zmierzono kat zwilzania badanych nanofilmow. W tym
celu na powierzchni szalki do hodowli komérkowej (Thermo Fisher Scientific, Waltham,
MA, USA) pokrytej odpowiednim nanofilmem umieszczono 50 pl wody. Krople
obrazowano za pomocg poziomego mikroskopu stereoskopowego (Delta Optical,
Polska). Do pomiarow potencjatu Zeta wykorzystano analizator Zetasizer Nano ZS90
(Malvern, Worcestershire, UK). Potencjat Zeta mierzono metodg LDE przy zastosowaniu
przyblizenia Smoluchowskiego w temperaturze 25°C. Przed wykonaniem analiz wybrane
nanomateriaty zdyspergowano w ultraczystej wodzie do ste¢zenia 5 mg/L, poddano
sonikacji (500 W i 20 kHz) przez 1 minut¢ przy uzyciu pluczki ultradzwigkowej
Vibra-Cell™ (Sonics & Materials) i odwirowano (5 minut, 1000 x g) w celu usunigcia

powstatych klastrow.

Nanomaterialty z do$wiadczenia III réwniez zostaly poddane analizie
z wykorzystaniem techniki TEM. Dodatkowo we wspotpracy z Politechnika Warszawska
wykonano pomiary widma Ramana przy uzyciu spektrometru Renishaw inVia ze zrodiem
lasera 514 nm. Analiz¢ potencjatu Zeta i $rednicy hydrodynamicznej przeprowadzono

przy uzyciu analizatora Zeta Sizer Nano-ZS90 (Malven). Potencjat Zeta mierzono metoda
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LDE przy zastosowaniu przyblizenia Smoluchowskiego w temperaturze 25°C.
Nanoczastki diamentu zawieszone zostaly w ultraczystej wodzie oraz w pozywce
hodowlanej EMEM (ATCC) w stezeniu 20 mg/l. Przed wykonaniem analizy probki
zwirowano (5 min; 4000 RPM). Pomiary wykonano w czasie Oh zaraz po dodaniu
nanoczastek oraz po 24-godzinnej inkubacji w 37°C. Nastepnie za pomocg metody DLS
zmierzono $rednice hydrodynamiczng nanoczastek diamentu w ultraczystej wodzie oraz

podtozu hodowlanym EMEM w dwoch punktach czasowych (Oh i 24h).
6.4 Uktad doswiadczen

W toku realizacji pracy doktorskiej przeprowadzono trzy doswiadczenia (ryc.l)
w ramach, ktorych analizowano toksyczno$¢ nanoczastek metalicznych: Pt, Ag, Au,
nanomateriatow weglowych: GO, ND, Ceo(OH)4 oraz nanofilmow weglowych
utworzonych z: GN, GO, C60 1 ND. Co wigcej w trakcie realizacji badan
przeanalizowano wplyw czynnikow takich jak obecnos¢ grup funkcyjnych (ND-nf, ND-
NH2, ND-COOH, ND-OH), rozmiar (ND-S, ND-B) czy metoda produkcji (RayND,
RayND-AL, RT-DND, RT-DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN) na
toksyczno$¢ nanoczastek diamentu. Dodatkowo w toku analiz w celu odzwierciedlenia
wielowymiarowych interakcji komodrka-komorka oraz komorka-ECM  utworzono

trojwymiarowy model za pomoca techniki biodruku 3D.

Doswiadczenie | Doswiadczenie I
Publikacja 1 Publikacja 2

Linie nowotworowe: AsPC-1, BxPC-3

Model Badawczy o Model Badawczy — Linie nowotworowe: U-87 MG, MDA.MB.231
Lnie nienowotworowe: Hs-5, HFFF-2

| l l

Zawiesiny nanoczgstek Zawiesiny nanomateriaiow Nanofilmy weglowe
metalicznych weglowych

ND, GN, GO, C60
Ag, Au, Pt GO, Ceo(OH)so, ND \/

Doswiadczenie 111
Publikacja 3

Linie nowotworowe: T98G, U-118 MG, Hep G2, MCF-7
Model Badawczy <

Lnie nienowotworowe: HFF-1

|

Zawiesiny nanodiamentow

<’_______————7’1 Laserowe: RayND, RayND-AL
Obecnosc roznych grup funkcyjnych: Rozmiar: Metoda produkcji <: Detonacyjne: RT-DND, RT-DND-EN

ND-nf, ND-NH,, ND-COOH, ND-OH ND-S, ND-B RT-DND-A, RT-DND-L, RT-DND-LN

Ryc. 1 Schemat do§wiadczen
6.4.1 Doswiadczenie I (Publikacja 1: Wojcik et al., 2021)
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Celem  doswiadczenia  bylo  okreSlenie  potencjalnych  wlasciwosci
antynowotworowych nanoczastek metalicznych (Pt, Ag, Au) oraz nanomaterialéw
weglowych (GO, ND, C60(OH)40) wzgledem ustalonych linii nowotworu trzustki:
AsPC-1 i BXPC-3 opornych na gemcytabing oraz wybor nanomaterialow, wykazujacych

pozadane dzialanie, do kolejnych analiz. Schemat do§wiadczenia zostat przedstawiony

na rycinie 2.
Analiza fizykochemiczna: Namnoczastki metaliczne: Stezenia [mg/l]:
— TEM | Ag Au, Pt 0,1:0,5:1: 2; 5
— Potencjal zeta (LDE) Nanomaterialy weglowe:
—» Srednica hydrodynamiczna (DLS) GO, ND, C4,(OH),, 10; 20; 50; 100; 200

| |

— Analiza morfologiczna Linie nowotworu Linie nienowotworowe:
— Analiza integralnoéci blony komérkowej (LDH) + trzustki: HS-5
— Analiza aktywno$ci metabolicznej (MTT) AsPC-1 HFFF-2
l | BxPC-3
— Analiza ekspresji cytokin prozapalnych po Linie nowotworu
traktowaniu GO 1 ND w stezeniu 50 mg/1 L trzustki:
— Analiza poziomu reaktywnych form tlenu po AsPC-1
traktowaniu ND w stezeniu: 20, 50 1 100 mg/l BxPC-3

Ryc. 2 Schemat pierwszego doswiadczenia

Aby oceni¢ toksyczno$¢ wskazanych nanoczastek 1 nanomateriatow wykonano
testy: aktywno$ci metabolicznej MTT (Thermo Fisher Scientific), integralnosci blony
komorkowej LDH (LDH, Roche, Switzerland) oraz oceniono morfologie komorek. Testy
wykonano na dwoch liniach nowotworu trzustki BxPC-3 i AsPC-1 oraz dwoch liniach
nienowotworowych: komodrkach zrebu szpiku kostnego HS-5 i fibroblastach HFFF-2.
Wszystkie analizy wykonane zostaty po 24-godzinnej inkubacji z badanym czynnikiem.
W celu wykonania testow MTT 1 LDH stosowano 10% dodatek uprzednio
przygotowanych 10 krotnie stezonych zawiesin nanoczastek uzyskujac badane stgzenia
0,1; 0,5; 1;2 1 5 mg/l oraz nanomateriatéw weglowych uzyskujac stezenie 10, 20, 50,100
1 200 mg/l. Ocena morfologii wykonana zostata dla stezen: 1 mg/l dla nanoczastek
metalicznych i 10 mg/l dla nanomateriatow weglowych. Po analizie otrzymanych
wynikdw zmierzono poziom ROS po 2-godzinnej inkubacji komoérek nowotworowych
(BXPC-31 AsPC-1) z ND w stezeniach 20, 50 i 100 mg/L. Analize wykonano przy uzyciu
mikroskopii  konfokalnej po wyznakowaniu jader komorkowych barwnikiem

fluorescencyjnym NucRed Live 647 (Thermo Fisher Scientific) oraz ROS przy uzyciu
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markera stresu oksydacyjnego CM-H2DCFDA (Thermo Fisher Scientific). Zdjecia
wykonano przyzyciowo w komorze utrzymujacej stalg temperature 37°C oraz atmosferg
0 5% zawartosci CO.. Nastepnie przeliczono gestos¢ pikseli odpowiadajacych ROS na
jedng komorke za pomocg oprogramowania Fiji [64]. Wyniki przedstawiono w postaci
% kontroli. Kolejnym etapem byta ocena poziomu 40 cytokin prozapalnych. Ta analiza
wykonana zostala dla komorek nowotworowych AsPC-1 i BXPC-3 po 24-godzinnej
inkubacji z GO 1 ND w stezeniu 50 mg/1 przy uzyciu membran antygenowych (ABCAM,
Cambridge, UK). We wszystkich analizach zastosowano rowniez kontrole nosnika, w tej
grupie komorki traktowane byty jedynie rozpuszczalnikiem, w ktorym byly zawieszone
nanoczagstki 1 nanomaterialy - ultraczysta wodg. Wszystkie dane liczbowe
przeanalizowane zostaly statystycznie przy uzyciu oprogramowania Statgraphic Plus 4.1
(StatPoint Technologies, Warrenton, VA, USA) testem jednoczynnikowej analizy
wariancji: one-way ANOVA. Roznice migdzy grupami oceniano testem HSD Tukeya,
przyjeto poziom istotnosci p < 0,05. Wszystkie wartosci S$rednie przedstawiono

z odchyleniem standardowym.

6.4.2 Doswiadczenie 11 (Publikacja 2: Wojcik et al.; 2023)

Celem doswiadczenia byla analiza wptywu bodzcoOw mechanicznych oraz
chemicznych, ktorych zrodlem byty nanofilmy utworzone z nanomateriatow weglowych
( GN, GO, C60 oraz ND) na aktywnos¢ proliferacyjng oraz adhezj¢ komorek raka piersi
MDA.MB.231 oraz glejaka 1V stopnia U-87 MG przy zastosowaniu hodowli in vitro
w monowarstwie oraz biodrukowanego modelu 3D. Schemat doswiadczenia zostat

zaprezentowany na rycinie 3.
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Analiza fizykochemiczna:
— TEM

— SEM

— Potencjal Zeta (LDE)
— AFM (GO, Cg4, ND)

|

Analizy wykonywane w 3 punktach czasowych po 24, 48 1 72h
— Analiza morfologiczna

— Analiza integralnosci blony komorkowej (LDH)
— Analiza proliferacji (LDH)

Nanofilmy
GN, GO, C¢y, ND

l Linia glejaka IV stopnia:
— Analiza adhezji do nanofilméw w 3 punktach czasowych L U_'S.—f MG o
po 30, 601 120 min (LDH) Linia nowotworu pierst:
— Analiza adhezji do wybranych komponentéw ECM MDA MB.231
pokrytych ND

|

— Analiza cytotoksycznosci ND w stezeniu 100 mg/]
z zastosowaniem biodrukowanych modeli 3D

Ryc. 3 Schemat drugiego doswiadczenia

Wszystkie analizy wykonane zostalty na dwoch liniach nowotworowych: glejaka
IV stopnia U-87 MG oraz MDA.MD.231. Aby oceni¢ toksyczno$¢ nanofilmow
weglowych wykonanych z GN, GO, C60 oraz ND wykonano test integralnosci blony
komorkowe] z wykorzystaniem testu aktywno$ci dehydrogenazy mleczanowe]
CyQUANT LDH (Thermo Fisher Scientific) oraz analiz¢ morfologiczng
z wykorzystaniem mikroskopu Leica DMi8 (Leica Microsystem, Wetzlar, Niemcy)
wyposazonego w kamerg Leica MC 190 HD. Analizy te zostaly wykonane w trzech
punktach czasowych po 24, 48 oraz 72godz. Pozadanym efektem w terapii
z zastosowaniem wzmocnienia naturalnego ECM przez nanofilmy weglowe jest
zahamowanie proliferacji komodrek nowotworowych, dlatego tez oceniono aktywno$¢
proliferacyjng komorek po 24, 48 oraz 72 godz. W tym celu wykonano zmodyfikowany
test LDH (Thermo Fisher Scientific), w ktorym wszystkie grupy (kontrolna i badawcza)
zostaty poddane lizie. llos¢ komorek zostata oceniona na podstawie calkowitej ilosci
enzymu LDH w probie po przez przyrownanie do wartosci uzyskanych w nietraktowane;j
grupie kontrolnej. Kolejnym ocenianym parametrem w przedstawionym doswiadczeniu
byta adhezja komoérek do podtoza pokrytego okreslonym nanomateriatem weglowym.
Badanie to wykonano w trzech punktach czasowych 20, 60 oraz 120min od wysiania

komoérek na wczesniej przygotowang powierzchnig¢. W celu usunigcia komorek
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nieprzytwierdzonych do powierzchni dotki w plytce hodowlanej przeptukano solg
fizjologiczng buforowang fosforanami (ang. phosphate buffer saline; PBS, Thermo Fisher
Scientific) a nast¢gpnie wszystkie grupy poddano lizie. Ilo§¢ komorek oceniano na
podstawie ilosci enzymu LDH z zastosowaniem testu CyQUANT LDH (Thermo Fisher
Scientific) po przyrownaniu uzyskanych wartosci do tych uzyskanych dla nietraktowane;
grupy kontrolnej. Analiz¢ adhezji komorkowej uzupetniono wykonujac test ECM Cell
Adhesion Array (Merck KGaA, Darmstadt, Niemcy), w ktorym badano adhezje komorek
do wybranych sktadnikow macierzy zewnatrzkomorkowej (kolagen I, kolagen I, kolagen
IV, fibronektyna, laminina, tenascyna i witronektyna) pokrytych ND. Test opiera si¢ na
pomiarze kolorymetrycznym. Kolejnym etapem byto stworzenie modeli 3D metoda
biodruku z zastosowaniem biodrukarki Bio X (Cellink, Goteborg, Szwajcaria). W tym
celu komorki zawieszono w GeIMA Bioink (Cellink) w grupie kontrolnej oraz GeIMA
Bioink (Cellink) z dodatkiem hydrokoloidu ND, uzyskujac koncowe stezenie 100 mg/L.
Modele 3D inkubowano przez 7 dni w temperaturze 37°C w wilgotnej atmosferze
zawierajace] 5% CO2. Pozywke do hodowli komoérkowej wymieniano na S$wieza
w drugim, czwartym, piatym i szostym dniu inkubacji. Po 7 dniach komorki barwiono
przy uzyciu barwnika Image-IT™ DEAD Green Viability Stain (Thermo Fisher
Scientific) po czym utrwalono 4% roztworem paraformaldehydu (PFA), a nastepnie
wybarwiono jadra komorkowe przy uzyciu barwnika DAPI (Thermo Fisher Scientific).
Analiz¢ przeprowadzono w 4 powtorzeniach dla kazdej grupy z zastosowaniem
mikroskopii konfokalnej przy uzyciu mikroskopu Leica DMi8 (Leica Microsystem)
wyposazonego w kamere Leica MC 190 HD. Komorki zliczone zostaly przy uzyciu
oprogramowania Fiji [64].

Wszystkie dane liczbowe wuzyskane w trakcie doswiadczen zostaty
przeanalizowane statystycznie z zastosowaniem oprogramowania Statgraphics Plus 4.1
(StatPoint Technologies) za pomocg testu jednoczynnikowej analizy wariancji one-way
ANOVA. Roznice miedzy grupami przeanalizowano za pomocg testu HSD Tukeya.
poziom istotno$ci przyjeto na poziomie p < 0,05. Wszystkie warto$ci S$rednie

przedstawiono z odchyleniem standardowym.

6.4.3 Doswiadczenie I1I (Publikacja 3: Wojcik et al., 2023)

Celem doswiadczenia III byta ocena wptywu parametrow takich jak: rozmiar

(ND-S, ND-B), metoda produkcji (laserowa: RayND i RayND-AL, detonacyjna:
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RT-DND, RT-DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN ) oraz obecnos¢
réznych grup funkcyjnych na powierzchni nanoczastki ND (ND-nf, ND-NH2,
ND-COOH, ND-OH) na ich toksyczno$¢ wzglgdem ustalonych linii nowotworowych:
glejaka IV stopnia (U-118 MG, T98G), nowotworu piersi (MCF-7), nowotworu watroby
(Hep G2) oraz nienowotworowej linii ludzkich fibroblastow (HFF-1). Schemat

dos$wiadczenia zostat zaprezentowany na rycinie 4.

Nanoczastki diamentu réznigee  Nanoczastki diamentu Nanoczastki diamentu  Nanoczastki diamentu Stezenia:
sie modyfikacjami rozniace sig rozmiarem:  produkowane metoda  produkowane metoda 5 mg/l
powierzchmowymi: ND-B ablacji laserowe: detonacyjna: 20 mg/1
ND-nf ND-S RayND RT-DND 50 mg/1
ND-NH2 RayND-AL RT-DND-EN 100 mg/l
ND-COOH RT-DND-A
ND-OH RT-DND-L
i RT-DND-LN

Analiza fizykochemiczna:

— TEM

— Pomiar widma Ramana Ultraczysta woda Dwa punkty czasowe:

— Pomiar potencjati Zeta (LDE) oh

— Pomiar $rednicy hydrodynamicznej (DLS) Medium hodowlane 24h

l EMEM

— Analiza morfologiczna
— Analiza aktywnos$ci metabolicznej (PrestoBlue HS)
— Analiza integralno$cei blony komérkowej (LDH)

Nowotworowe Nienowotworowe
linie komorkowe:  linie komarkowe:

l T98G HFF-1
U-118 MG

— Analiza ogolnego poziomu reaktywnych form tlenu (ND 50 mg/l) Hep G2

— Analiza poziomu ponadtlenku mitochondrialnego (ND 50 mg/1) MCE-7

Ryc. 4 Schemat trzeciego doswiadczenia.

Aby oceni¢ toksyczno$¢ badanych ND wykonano testy: aktywnosci
metabolicznej PrestoBlue HS (Invitrogen, Thermo Fisher Scientific), integralno$ci btony
komorkowej CyQUANT LDH (Thermo Fisher Scientific) oraz oceniono morfologi¢
komorek. Testy wykonano na czterech liniach nowotworowych: glejaka IV stopnia T98G
I U-118 MG, raka piersi MCF-7, nowotworu watroby Hep G2 oraz jednej linii
nienowotworowej fibroblastow HFF-1. Wszystkie analizy wykonane zostaly po
24-godzinnej inkubacji z badanym czynnikiem. W celu wykonania testow PrestoBlue HS
1 LDH stosowano 10% dodatek uprzednio przygotowanych 10x stezonych zawiesin ND
uzyskujac badane stezenia 5, 20, 50, 100 mg/l. Oceng¢ morfologii wykonano po
traktowaniu nanomateriatlami w stezeniu 20 mg/l. W niniejszych analizach zastosowano
kontrol¢ nosnika, w tej grupie komorki traktowane byty ultraczysta wodg dodang do
pozywki w objetosci 10% (objetos¢ rowna objetosci dodawanych zawiesin
nanomateriatow). Dodatkowo zmierzono poziom ogdlnego stresu oksydacyjnego oraz

ponadtlenku mitochondrialnego po 3-godzinnym traktowaniu badanymi nanomateriatami
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przy uzyciu mikroskopii konfokalnej. W tym celu komorki wybarwiono barwnikami
fluorescencyjnymi: CM-H2DCFDA (indykator stresu oksydacyjnego, Invitrogen,
Thermo Fisher Scientific), MitoSOX Red (indykator mitochondrialnego ponadtlenku,
Invitrogen, Thermo Fisher Scientific). Jadra komorkowe wybarwiono przy uzyciu
barwnika fluorescencyjnego Hoechst 33342 (Invitrogen, Thermo Fisher Scientific).
Zdjecia wykonano sekwencyjnie w komorze utrzymujacej stalg temperaturge 37°C,
w celu zachowania prawidlowego pH ptynu hodowlanego zastosowano dodatek 25 uM
HEPES (Thermo Scientific). Nastepnie przeliczono gestos¢ pikseli odpowiadajacych
ROS i ponadtlenkowi mitochondrialnemu na jedng komoérke za pomocg oprogramowania
Fiji [64]. Wyniki przedstawiono w postaci % kontroli (komorki nietraktowane). Dane
uzyskane z analiz aktywno$ci metabolicznej PrestoBlue HS oraz integralnosci btony
komorkowej LDH zostaty przeanalizowane statystycznie za pomoca oprogramowania
GraphPad Prism 9 (GraphPad Software, CA, USA) testem wieloczynnikowej analizy
wariancji two-way ANOVA. Roéznice o poziomi istotnosci p < 0,5 uznano za istotne
(* p < 0,05 ** p < 0,01; *** p < 0,001). Dane uzyskane z pomiaru ROS oraz
mitochondrialnego ponadtlenku przeanalizowane zostaty statystycznie przy uzyciu
oprogramowania Statgraphic Plus 4.1 (StatPoint Technologies) testem jednoczynnikowej
analizy wariancji: one-way ANOVA. Réznice migdzy grupami oceniano testem HSD
Tukeya, przyjeto poziom istotnosci p < 0,05. Wszystkie wartosci srednie przedstawiono

z odchyleniem standardowym.

7. Omowienie gtownych wynikéw przeprowadzonych do§wiadczen

7.1  Okreslenie potencjalnych wlasciwosci  antynowotworowych nanoczastek
metalicznych (Pt, Ag, Au) oraz nanomateriatow weglowych (GO, ND, Cso(OH)a0)
wzgledem ustalonych linii nowotworu trzustki: AsPC-1 i BxPC-3 opornych na
gemcytabing oraz wybdér nanomaterialdow, wykazujacych pozadane dziatanie, do

kolejnych analiz. (Publikacja 1: Wojcik et al., 2021)

Celem tego badania byla ocena toksyczno$ci roéznych nanomateriatow
metalicznych (Ag, Au i Pt) i weglowych (GO, ND i Ceo(OH)a40) w réznych stezeniach.
Jak dotad nie przeprowadzono wielu badan analizujacych potencjalne zastosowanie
nanoczasteczek jako srodka przeciwnowotworowego w leczeniu raka trzustki. Analiza

morfologiczna wykazata, ze zadna z badanych linii komérkowych (nowotworowe:
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BxPC-3, AsPC-1 i nienowotworowe: HFFF-2, HS-5) nie wykazywala zadnych
widocznych zmian po traktowaniu Ag i Au. Nie zaobserwowano zadnych ztogow
nanoczasteczek na btonie komorkowej ani wewnatrz komorki. Niemniej jednak istniejg
pewne dowody na to, ze metaliczne nanoczastKi, takie jak Ag i Au, mogg przedostawac
si¢ do komorek poprzez aktywny mechanizm internalizacji [65]. Moga takze pehi¢ role
tzw. konia trojanskiego, przyczyniajac si¢ do uwolnienia stosunkowo toksycznych jonow
w kwasnym $rodowisku lizosoméw. Zjawisko to opisano jako efekt konia trojanskiego
wzmocnionego przez lizosomy, poniewaz warunki panujace w lizosomach sprzyjaja
degradacji czastek i moduluja ich toksycznos¢ [66]. Ponadto uwaza si¢, ze Au moze
oddziatywac¢ z grupami fosforu w DNA, powodujac $mier¢ komorki. Co wiecej zgodnie
z doniesieniami literaturowymi Au moze rdwniez przyczyniaé si¢ do $mierci komorki
poprzez oddzialywanie z grupami siarkowymi w biatkach [67]. Jednakze
przeprowadzone analizy nie wykazaly istotnej utraty zywotnosci komoérek BxPC-3
I HFFF-2, nawet przy najwyzszym testowanym stezeniu 5 mg/l. Niemniej jednak, po
podaniu nanoczastek metalicznych do AsPC-1 i HS-5, zywotno$¢ nieznacznie spadta, co
sugeruje, ze linia komérkowa AsPC-1 moze by¢ bardziej podatna na cytotoksyczne
dzialanie nanoczastek metalicznych. Wedlug Abdolhosseina 1 wsp. Au ma toksyczny
wptyw na komorki raka okreznicy HT-29. We wspomnianym badaniu ste¢zenie hamujace
po 72-godzinnym okresie inkubacji oszacowano na poziomie 419,7 mg/l [68]. Co wigcej,
inne badanie wykazato, ze zarowno Au, jak i Ag wykazuja toksycznos¢ wobec linii
komorkowej raka okreznicy HT-116, nawet po 24-godzinnym okresie inkubacji
w stezeniach 100 i 200 mg/L [39]. Uwalnianie toksycznych jonow jest silnie zalezne od
czasu ekspozycji i pH. W ciagu pierwszych 24 godzin inkubacji w §rodowisku kwasnym
znacznie wigcej jonow uwalnia si¢ z nanoczastek Ag niz Au, podczas gdy srodowisko
obojetne nie sprzyja degradacji nanoczastek [66]. Podobnie jak w przypadku Ag i Au, po
traktowaniu Pt nie zaobserwowano zmian morfologicznych we wszystkich badanych
liniach komérkowych. Warto zauwazyc¢, ze istnieje wiele czynnikow lezacych u podstaw
toksyczno$ci Ag 1 Au, ktore zalezag od stgzenia, czasu ekspozycji, $rodowiska
i mechanizmu wnikania do komorek, poniewaz nanoczastki wychwycone na drodze innej
niz endocytoza sg mniej podatne na degradacje co prowadzi do powstania toksycznych
jonow [66]. Wedlug Bendale i wsp. cytotoksyczno$¢ Pt wobec komorek ssaczych silnie
zalezy od typu komorki [69]. Przeprowadzone analizy ujawnity, ze podobnie jak inne
testowane nanoczastki metaliczne, Pt wptywa jedynie na zywotnos¢ komoérek AsPC-1

I HS-5, powodujac spadek odpowiednio o 20% i 23% przy najwyzszym testowanym
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stezeniu. Wspomniane wczesniej badanie wykazato, ze Pt moze wptywaé na lini¢
komorkowa raka trzustki Mia-Pa-Ca-2. W tym badaniu uzyskano znaczny spadek
zywotnosci, po 48-godzinnym okresie inkubacji z nanoczasteczkami w st¢zeniu 200 mg/1.
Jednak przeprowadzone analizy wskazuja na nieznaczng toksyczno$ci koloidalnych
zawiesin Ag, Au i Pt wobec komorek BxPC-3 i HFFF-2. Jednakze wyniki testu MTT,
ktore wykazaty obnizong zywotno$¢ komoérek AsPC-1 po 24-godzinnym traktowaniu
metalicznymi nanoczasteczkami w stezeniu 5 mg/l, sugeruja, ze zwickszenie stezenia
nanoczasteczek 1 wydtuzenie czasu inkubacji moga przyczyni¢ si¢ do uzyskania lepszego
dzialania przeciwnowotworowego w kierunku przerzutowego typu komorek raka
trzustki. Co ciekawe, te same nanoczastki w tych samych stezeniach wptynety tylko na
jedng z dwdch testowanych linii raka trzustki. Zjawisko to moze by¢ zwigzane ze
specyficzna reakcja na stres oksydacyjny wywolany przez H20,, poniewaz linia
komoérkowa AsPC-1 charakteryzuje si¢ obnizong zdolno$cia do usuwania H20>
w porownaniu z nienowotworowymi komorkami, takimi jak: H6c¢7, ludzkimi
fibroblastami, ludzkimi astrocytami, HBePC, krwinkami czerwonymi czy nawet
HFs74int [70], natomiast obecno$¢ H202 w komodrkach BxPC-3 sprzyja aktywacji
procesu EMT [71]. Niemniej jednak potrzebne sg dalsze badania, aby oceni¢ potencjat

przeciwnowotworowy tych nanoczasteczek.

Nanomaterialy weglowe cieszg si¢ szerokim zainteresowaniem ze wzgledu na
swojg unikalng charakterystyke i szeroki zakres mozliwych zastosowan. Ceo(OH)ao,
w przeciwienstwie do fulerenu, charakteryzuje si¢ wieksza biodostepnoscig ze wzgledu
na wigkszg zdolno$¢ do tworzenia stabilnych hydrokoloidow [72]. Przeprowadzone
badania potwierdzity doniesienia o nietoksycznej charakterystyce Ceo(OH)ao [73], gdyz
nie zaobserwowano spadku aktywno$ci metabolicznej po traktowaniu komorek linii
BxPC-3, AsPC-1 i HFFF-2 nawet w najwyzszym testowanym stezeniu. Jednakze, analizy
przeprowadzone przez inne zespoly badawcze wskazuja na zalezno$¢ toksyczno$ci
fulerenolu od stezenia [74] i typu komorki [75]. Nizsza zywotno$¢ komorek po
traktowaniu Ceo(OH)s0 moze by¢ spowodowana wzmozonym formowaniem MN, co jest
wynikiem nieudanego podziatu chromosomalnego DNA w fazie M cyklu komorkowego
[76]. Przeprowadzone analizy wykazaly, ze nanoczastki Ceo(OH)s0 moga przenika¢ do
cytoplazmy lub tworzy¢ klastry na powierzchni komorki. Zakladamy, ze ze wzgledu na

specyficzny okragly ksztalt tych nanomateriatow i ich zdolno$¢ do hamowania procesu
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peroksydacji lipidow [77], moga one przenika¢ do cytoplazmy bez uszkadzania btony

komorkowej, co potwierdzaja wyniki testu LDH.

Dodatkowym celem analizy byta ocena wlasciwosci cytotoksycznych GO wobec
linii komoérkowych raka trzustki. Nie jest do konca jasne, czy GO wykazuje wlasciwosci
cytotoksyczne. Niektore badania sugeruja, ze zjawisko to silnie zalezy od wielkosci
ptatkbw nanomateriatlow, ich stezenia i czasu ekspozycji [73]. Test aktywnosci
metabolicznej wykazal, ze w przypadku linii komoérkowej HFFF-2 nie zaobserwowano
efektu cytotoksycznego. wyniki te sg zgodne z wynikami Bengtsona i wsp., ktorzy
wykazali, ze GO nie wptywa na komorki nabtonka ptuc myszy FE1 [78] nawet przy
najwyzszym testowanym stezeniu, 200 mg/l. Inny zespo6t badawczy potwierdzit t¢ teze,
wykazujac brak cytotoksycznego dziatania oczyszczonego GO na lini¢ komodrkowa
ludzkiego raka ptuc A549 w dawkach do 100 mg/L [79]. Jednakze istnieje rowniez wiele
badan wykazujacych cytotoksycznos¢ GO. Linie komoérkowe glejaka U118 1 U87
wykazywaty znaczaco zmniejszong zywotnos¢ po traktowaniu GO w stezeniu 100 mg/L
[80]. Co wigcej, ludzkie fibroblasty skory (HDF) rowniez wykazywaty nizsza zywotno$é
po traktowaniu GO w dawkach wigkszych niz 50 mg/1 [81]. Podobnie ludzkie komorki
srodblonka zyly pepowinowej (HUVEC) wykazaty zalezng od dawki odpowiedz na GO
[82]. Przeprowadzone badania pokazaty, ze komorki BxPC-3, AsPC-1 i HS-5
wykazywatly zmniejszong zywotno$¢ po traktowaniu GO, nawet przy najnizszym
testowanym stezeniu 10 mg/l. Wedlug Changa 1 wsp. GO moze indukowal stres
oksydacyjny w sposob zalezny od dawki [51]. Proces ten zostal uznany za jeden
z mozliwych mechanizméw lezacych u podstaw cytotoksyczno$ci nanomateriatow
weglowych [52]. W liniach komorkowych AsPC-1, HFFF-2 i HS-5 nastapil wzrost
aktywnos$ci metabolicznej po wprowadzeniu GO w dawce 50 mg/1 lub wyzszej. Zjawisko
to moze wynika¢ z tworzenia si¢ struktury podobnej do nanofilmu z ptatkow GO, ktére
osadzaja si¢ na powierzchni naczynia hodowlanego wraz ze wzrostem st¢zenia
nanomateriatu, co moze sprzyja¢ proliferacji komoérek [83]. Innym mozliwym
mechanizmem toksycznos$ci GO jest uszkodzenie btony. Niektore badania sugeruja, ze
ptatki GO z duzym prawdopodobienstwem uszkadzaja integralno$¢ blony komdrkowej
[84]. Przeprowadzone analizy nie potwierdzily jednak tezy o uszkodzeniu btony
komorkowej, gdyz poziom LDH pozostat na podobnym poziomie jak w grupie
kontrolnej. Jedynie linie komorkowe AsPC-1 i HFFF-2 wydawaty si¢ bardziej podatne
na negatywny wplyw GO 1 wykazywaly podwyzszony poziom LDH w pozywce
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hodowlanej w poréwnaniu z kontrola, co skutkowato odpowiednio 3% 1 8%
cytotoksycznos$cig. Aby lepiej zrozumie¢, w jaki sposéb GO wplywa na komorki raka
trzustki, przeprowadzono analiz¢ poziomu 40 cytokin prozapalnych. W obu liniach
komorek nowotworowych odnotowano nizszy poziom TIMP-2 i wewnatrzkomorkowej
czasteczki adhezyjnej ICAM-1. TIMP-2 jest inhibitorem metaloproteinazy macierzy
bioracej udziat w degradacji macierzy zewnatrzkomodrkowej. Obnizenie jego poziomu
moze prowadzi¢ do nasilenia migracji komorek nowotworowych i1 powstania wtornych
przerzutow. Poniewaz GO moze indukowa¢ stres oksydacyjny w komorkach
nowotworowych, zasugerowano, ze mozliwe jest aktywowanie procesu EMT poprzez
aktywacje szlaku HoO2/ERK/NF-kB. Zjawisko to wystepuje w roznych liniach ludzkiego
raka trzustki, na przyktad w komorkach BxPC-3 lub Panc-1. W obecnosci H202 komorki
zyskuja fenotyp mezenchymalny, ktory prowadzi do zwigkszonej zdolnos$ci do inwazji
I migracji [71]. Zmiany zachodzace w komodrce nowotworowej sprawiaja, ze jest ona
mniej podatna na anoikis [85] i stosowane chemioterapeutyki [86]. Ponadto traktowanie
linii komoérkowej BxPC-3 GO spowodowalo zmniejszenie poziomu biatek: interleukiny
la (IL-1a; ang. interleukin 1a) i interleukiny 8 (IL-8; ang. interleukin 8). Obie interleukiny
biora udziat w pozytywnej regulacji angiogenezy. Wyniki te sugeruja, ze GO moze
hamowa¢ tworzenie nowych naczyh krwionosnych w mikro$rodowisku guza

nowotworowego.

Poniewaz ND wykazuje unikalne wlasciwosci przeciwnowotworowe takie jak
zdolnos$¢ do penetracji i akumulacji w tkance neoplastycznej [56] czy tez zdolnos¢ do
uwrazliwiania komorek nowotworowych na chemioterapeutyki [87], w trakcie realizacji
badan oceniono jego wiasciwosci cytotoksyczne wobec wybranych linii raka trzustki.
Wplyw ND na rdézne typy komorek jest nadal przedmiotem intensywnych badan.
NanoczastKi te uznaje si¢ nawet za nanomaterial mozliwy do zastosowania jako nos$niki
lekéw, poniewaz charakteryzuja si¢ wysokim wychwytem komodrkowym i niska
cytotoksycznosciag [88,89]. Jednakze przeprowadzone analizy wykazaly, ze ND
wywotuje efekt cytotoksyczny wobec wszystkich badanych linii  komorek
nowotworowych i nienowotworowych. Zaobserwowano, ze toksyczno$¢é ND zalezy nie
tylko od stezenia i czasu ekspozycji, ale takze od typu komorek [90]. Nasze badania
wskazuja na to, ze komodrki BxPC-3 sg najbardziej podatne na ND ze wszystkich
testowanych linii komorkowych, na co wskazuje zalezny od dawki spadek zywotnosci.

Zaobserwowano prawie 30% utrate zywotno$ci, nawet przy najnizszym badanym
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stezeniu (10 mg/l). ND wywiera takze dzialanie cytotoksyczne na druga badang lini¢
komoérkowa raka trzustki, AsPC-1, réwniez powodujac dawkozalezny spadek
zywotnosci. Dane uzyskane w niniejszym badaniu sg zgodne z wynikami uzyskanymi

przez inne grupy badawcze dotyczacymi cytotoksycznos$ci ND [90, 91].

Kolejnym czynnikiem wptywajacym na cytotoksyczno$¢ nanomateriatow jest ich
wielkos¢. Wielko$¢ nanoczgstek stosowanych w przedstawionym badaniu miescita si¢
w zakresie od 3 do 4 nm. Uznaje si¢, ze mniejsze nanoczgstki moga wywotac lepszy efekt
toksyczny. Wedlug Dworak i wsp. najlepszy efekt mozna uzyskac stosujac ND
o Srednicy ponizej 1 nm [90]. Zgodnie z doniesieniami literaturowymi ND, nawet
w nietoksycznych stezeniach, ma wtasciwosci genotoksyczne 1 moze przyczyniac si¢ do
oksydacyjnego uszkodzenia DNA i tworzenia MN. Poniewaz stres oksydacyjny jest
jednym z mozliwych mechanizméw cytotoksycznych ND, zbadano poziom ROS. Co
ciekawe, analiza ta ujawnita, ze traktowanie ND linii komoérkowej BxPC-3, ktéra byta
bardziej podatna na ND, powodowato wyzszy poziom indukcji ROS w poréwnaniu
z komorkami AsPC-1. Co wigcej, dane uzyskane z testu aktywnos$ci metabolicznej s
zgodne z danymi uzyskanymi z analizy poziomu ROS. Dane te mogg wskazywac na
potencjalny udziat ROS w mechanizmie cytotoksycznosci ND. Ponadto uzyskane wyniki
dotyczace stresu oksydacyjnego sa zgodne z ustaleniami innych zespotow badawczych,
ktore wykazaty, ze traktowanie ND powoduje podwyzszony poziom ROS w takich
liniach komorkowych jak: A549, HaCaT i HelLa [93, 94]. Mozliwym jest, ze
zaobserwowany efekt toksyczny byt bardziej widoczny w linii komoérkowej BxPC-3 niz
w AsPC-1, poniewaz komorki BxPC-3 czeSciej dzielity si¢ w warunkach
eksperymentalnych. Co wigcej, sugeruje si¢, ze wystgpowanie zjawiska wytwarzania
ROS stymulowanej przez ND moze by¢ specyficzne dla linii komérkowej [93], co

réwniez wyjasnialoby wyzsza czutos¢ komorek BxPC-3.

Aby oceni¢, czy ND uszkadza btony komoérkowe obu linii przeprowadzono
pomiar wycieku LDH. W przypadku bardziej wrazliwej linii komoérkowej (BxPC-3)
zaobserwowano wiekszy wyciek LDH niz w linii komérkowej AsPC-1. Co ciekawe,
w przypadku nienowotworowych linii komérkowych (HFFF-2 i HS-5) najwigkszy
wyciek LDH zaobserwowano przy stezeniu 50 mg/l. Powszechnie wiadomo, ze ND moze
adsorbowa¢ biatka na swojej powierzchni [92]. Ponadto obie linie komorkowe
charakteryzujg si¢ ekspresjg gendw kodujacych mucyny, ktére petnig role ochronna.

Zasugerowano, aby rézne profile mucyn odpowiadajace réznym cechom komorek
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(zdolno$¢ do przerzutowania lub jej brak) mogly by¢ powigzane ze zwigkszong
wrazliwoscig komorek BxPC-3 na uszkodzenie ND. Jednak, aby potwierdzi¢ to

stwierdzenie, potrzebnych jest wiecej analiz.

Analizy przeprowadzone z zastosowaniem membran antygenowych wykazaty, ze
w odpowiedzi na traktowanie ND w stezeniu 50 mg/l komoérki BxPC-3 oraz
ASPC-1 zmieniaty profil ekspresji cytokin prozapalnych w stosunku do nietraktowane;j
kontroli. W linii komorkowej BXxPC-3 zaobserwowano wyzszy poziom IL-8, ktéra moze
dziata¢ jako pozytywny regulator angiogenezy. IL-8 po raz pierwszy oczyszczono jako
czynnik chemotaktyczny dla neutrofili. Jednak pdzniejsze badania wykazaty, ze 1L-8
w warunkach in vitro wykazuje wielokierunkowe dziatanie na neutrofile, w tym indukcje
zmiany ksztaltu, uwalnianie enzyméw lizosomalnych, wytwarzanie ponadtlenku
i nadtlenku wodoru oraz zwigksza ekspresj¢ czasteczek adhezyjnych na neutrofilach [95].
Dodatkowo zaobserwowano nizszy poziom tkankowego inhibitora metaloproteinaz 2
(TIMP-2; ang. tissue inhibitor of matalloproteinases), i nizszy poziom aktywnoS$ci
wewnatrzkomorkowej czasteczki adhezyjnej 1 (ICAM-1; ang. intracellular adhesion
molecule 1), ktéra moze rowniez zwigkszaé przepuszczalno$é naczyn krwionosnych.
Natomiast w komorkach linii ASPC-1, poza nieco wyzszym poziomem IL-8 i spadkiem
poziomu TIMP-2, zaobserwowano nizszy poziom czynnika martwicy nowotworu-f
(TNF-B; ang. tumor necrosis factor — ) nazywanego rowniez limfotoksyng. Oddziatuje
on z receptorem LTPR. Badania pokazuja, ze cytokina ta jest zaangazowana w $ciezke
sygnalng prowadzaca do rozwoju nowotworu [96]. Badania prowadzone na modelu
mysim wykazaty, ze chroniczna nadekspresja limfotoksyny prowadzita do rozwoju
nowotworu watroby [97]. Inny zespot wykazat udziat tej cytokiny w rozwoju komorek
nowotworu prostaty niezaleznego od androgendéw [98]. Mediatory stanu zapalnego
obecne w mikro§rodowisku guza nowotworowego promuja przebudowe tkanki,
angiogeneze, wzrost tkanki neoplastycznej oraz tlumig odporno$¢ adaptacyjna.
Przewlekly stan zapalny wywotany podwyzszonym poziomem cytokin prozapalnych
moze sprzyja¢ progresji nowotworu [96]. Spadek poziomu cytokin prozapalnych
zaobserwowany po traktowaniu ND 1 GO komoérek nowotworu trzustki: AsPC-1 oraz

BXPC-3 potencjalnie moze by¢ zwiagzany z korzystnymi dla terapii efektami.

7.2 Analiza wptywu bodzcéw mechanicznych oraz chemicznych, ktorych zrodtem byty
nanofilmy utworzone z nanomateriatow weglowych (GN, GO, C60 oraz ND) na

aktywnos$¢ proliferacyjng oraz adhezj¢ komorek raka piersi MDA.MB.231 oraz glejaka
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IV stopnia U-87 MG przy zastosowaniu hodowli in vitro w monowarstwie oraz

biodrukowanego modelu 3D.

Celem badania byta ocena czy nanomateriaty weglowe, takie jak GN, GO, C60
i ND, moga stuzy¢ jako potencjalne sktadniki ECM, ktéry moze wywiera¢ wptyw na
potencjat onkogenny komoérek nowotworowych zmniejszajac go, szczeg6lnie poprzez
zmniejszenie tempa proliferacji komorek nowotworowych oraz intensyfikacje adhezji do
ECM. Nanomaterialy mozliwe do zastosowania w leczeniu nowotworéw powinny
charakteryzowaé si¢ biokompatybilnoscig. Aby oceni¢ cytotoksycznos$¢ nanofilmow
utworzonych z GN, GO, C60 i ND przeprowadzono analiz¢ integralnosci btony
komorkowej. Analiza ta wykazata, ze nanomaterialy uzyte w eksperymencie nie
uszkadzajg btony komérek MDA.MB.231. Jednakze nanofilmy GN 1 ND wykazywaty
niska toksyczno$¢ wobec komorek U-87 MG. Obrazowanie nanomateriatéw za pomoca
techniki TEM potwierdzity, ze GN ma posta¢ platkdbw. Wysuszony nanofilm GN
charakteryzowat si¢ chropowata powierzchnia, co wykazaly analizy SEM 1 AFM. Zdjecia
morfologii komoérek wykazaty, ze komorki U-87 MG byly wigksze niz komorki
MDA.MB.231 i tworzyty skupiska. Potgczenie tych czynnikow mogto przyczynic¢ si¢ do
wiekszego wycieku LDH z komérek U-87 MG, co wskazuje na uszkodzenie blony
komorkowej. Wyniki te sg zgodne z tezg Akhavana i Ghaderiego [99]. Zgodnie
z doniesieniami literaturowymi jeden z proponowanych mechanizmow toksycznosci GN
zaklada uszkodzenie blony komorkowe; w  wyniku fizycznych interake;ji
z nanomateriatem [100]. Hydrofobowy charakter powierzchni GN umozliwia jego
interakcje z lipidami btony komoérkowej [52], co rdwniez moze przyczynia¢ si¢ do
umiarkowanej toksycznosci nanofilmu GN wobec komoérek U-87 MG. Nanofilm
utworzony z ND réwniez powodowat umiarkowang toksyczno$¢ wobec linii komorkowe;
glejaka IV stopnia. Jak pokazano na zdjgciach obrazujacych morfologie komorek,
fragmenty ND cze$ciowo oddzielaty si¢ od nanofilmu i1 byly zinternalizowane przez
komorki lub tworzyly skupiska na ich powierzchni. Na przyczepnos¢ nanofilmu ND
moga wplywac nastgpujace czynniki: tworzenie si¢ fazy innej niz diament, powstawanie
pustych przestrzeni podczas procesu suszenia oraz rdznice miedzy wspolczynnikiem
rozszerzalno$ci cieplnej nanofilmu ND a otaczajacymi go fazami [101]. Analizy
wykonane w doswiadczeniu 1 wykazaly, ze ND w posta¢ hydrokoloidu narusza
integralno$¢ blony komorkowej w ustalonych liniach glejaka IV stopnia T98G 1 U-118
MG [102]. Co ciekawe, zarowno nanofilmy GN, jak i ND nie mialy wptywu na
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integralno$¢ plazmalemmy komérek MDA.MB.231. Nanofilmy ND to cienkie warstwy
amorficznego wegla potaczonych wigzaniami o hybrydyzacji sp? zwigzanego z fazami
krystalicznymi wegla wigzaniami o hybrydyzacji sp°. Charakterystyka nanofilmu ND jest
podobna do charakterystyki diamentu w makroskali [103]. Wedtug literatury
biokompatybilno$¢ nanofilmu ND zalezy od struktury wigzan i zawartosci wodoru.
Biokompatybilnos$¢ zalezy takze od linii komorkowej [102]. Nanofilm ND jest jednak
uznawany za cytokompatybilny nanomaterial [104], co wykazatla analiza
przeprowadzona na komoéorkach MDA.MB.231. Uzyskane wyniki byty zgodne z analizg
przeprowadzong na biodrukowanym modelu 3D, gdzie nie zaobserwowano toksycznosci

po traktowaniu ND komérek MDA.MB.231.

Pozadanym efektem zwigzanym z zastosowaniem analizowanych nanofilméw
weglowych byto zahamowanie tempa proliferacji komoérek nowotworowych. Analiza
proliferacji wykazata, ze nanofilmy GN i ND znaczaco hamujg proliferacj¢ komorek
MDA.MB.231 po 48 godzinach. Efekt ten utrzymywat si¢ rowniez po 72 godzinach. Tg
samg tendencje zaobserwowano w przypadku komoérek U-87 MG. Jednakze po
72 godzinach nie zaobserwowano zadnych znaczacych zmian. Badania przeprowadzone
na linii komorkowej raka watrobowokomorkowego C3A wykazaty, ze cienka warstwa
nanofilmu ND zmniejsza ilo$¢ biatek odpowiedzialnych za proliferacj¢ komorek, co
prowadzi do zmniejszenia populacji komorek nowotworowych w fazie GO/G1 cyklu
komoérkowego [60]. Bodzce mechanochemiczne, ktorych zréodlem jest nanofilm
utworzony z ND, zaburzaja ekspresje specyficznych bialek zwigzanych z mitoza
1 proliferacja, co moze przyczynia¢ si¢ do zahamowania proliferacji komorek

MDA.MB.231.

Kolejng cecha, ktorg powinien charakteryzowac si¢ nanomaterial odpowiedni do
tworzenia niszy stabilizujacej ECM po resekcji guza, jest jego proadhezyjny charakter,
w zwiazku z tym przeprowadzono analiz¢ adhezji. Analiza wykazata, Ze nanofilm ND
zwicksza adhezj¢ komérek MDA.MD.231 w ciggu pierwszych 30 minut po dodaniu
komorek. Otrzymane wyniki sg zgodne z tymi uzyskanymi przez Guo i wsp. [105].
Badania przeprowadzone na komoérkach Hela wykazatly, ze ND moze zwigksza¢ adhezje
komorek, hamujagc w ten sposéb ich migracje poprzez uposledzenie przebudowy
cytoszkieletu komorkowego. Innym mozliwym mechanizmem lezacym u podstaw tego
zjawiska jest zaburzenie szlaku sygnalnego aktywujacego proces EMT poprzez

zmniejszenie poziomu transformujacego czynnika wzrostu 3 (ang. transforming growth
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factor B; TGF-B) spowodowanego przez ND [105]. Inne badanie dotyczace adhezji
osteoblastow do powtok pokrytych nanofilmem utworzonym z ND réwniez wykazato, ze
nanokrystaliczna warstwa ND moze sprzyja¢ adhezji [106]. Poniewaz adhezja komorek
nowotworowych odgrywa istotng role w progresji nowotworu [107], zbadano rowniez
adhezje komorek do poszczegolnych sktadnikow ECM pokrytych ND. Analiza wykazata,
ze pokrycie komponentéw ECM ND zwigksza adhezj¢ komorek raka piersi 1 glejaka IV
stopnia do tenascyny i witronektyny. W przypadku komoérek U-87 MG zaobserwowano
takze zwigkszong adhezje do kolagenu I 1 IV. Zgodnie z doniesieniami literaturowymi
liczne izoformy tenascyny powstaja w wyniku alternatywnego splicingu dziewigciu
regioné6w fibronektyny typu III. Rézne izoformy splicingowe charakteryzuja si¢
specyficznymi funkcjami biologicznymi [108]. Najczesciej wystgpujace tenascyny
w mikro$rodowisku nowotworu piersi to te zawierajagce domeny D i1 B, ktore sg zwigzane
z fenotypem inwazyjnym [109]. Tenascyna ulega réwniez nadekspresji w ECM
inwazyjnego fenotypu glejaka IV stopnia [110]. Omawiana sktadowa ECM moze
bezposrednio oddzialywaé z réznymi receptorami biorgcymi udzial w procesie adhezji,
wplywajac w ten sposob na ich funkcje [111]. Obecno$¢ tego biatka w ECM moze
hamowac¢ adhezje ogniskowg oraz sprzyja¢ migracji komorek i angiogenezie [112]. Jedna
z pierwszych obserwacji dotyczaca tenascyny wykazata, ostabiong adhezje do sktadnika
ECM, co z kolei prowadzito do wyzszego tempa proliferacji [113]. Jednak
przeprowadzone analizy wykazaty, ze dodatek ND moze ostabia¢ aktywno$¢ tenascyny,
zwigkszajac adhezje, a tym samym hamujac proliferacj¢ komorek MDA.MB.231.
Kolejnym waznym biatkiem obecnym w mikrosrodowisku nowotworu jest witronektyna.
Dodatek ND zwigkszyt adhezj¢ zarowno komoérek MDA.MB.231, jak i U-87 MG do tego
bialka. Interakcja miedzy witronektyng i integrynami moze aktywowac szlaki sygnalne
regulujace reorganizacje cytoszkieletu, metabolizm lipidow, wewnatrzkomérkowy
transport jonow 1 ekspresje genow [114]. Co wigcej, analiza wykonana na komodrkach
glejaka IV stopnia U-87 MG wykazata zwigkszong adhezje do kolagenu I i IV pokrytych
ND. Zgodnie z doniesieniami literaturowymi kolagen I ma dwie domeny: domeng
interakcji z macierza i domeng interakcji z komoérkami [115]. Pierwsza z nich ostabia
wlasciwosci strukturalne widkienek kolagenowych. Domena ta posiada miejsca wigzania
proteoglikanow, takich jak siarczan dermatanu czy siarczan keratyny. Natomiast druga
odpowiada za przekazywanie sygnatu i przebudowg ECM. Domena ta ma miejsca
wigzania dla metaloproteinaz macierzy, integryn, receptoréw domeny dyskoidyny

1 biatek macierzy [116]. Kolagen typu IV posredniczy w procesie prowadzacym do
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tworzenia fibryli kolagenowych. Domeny te sg glownymi sktadnikami btony podstawne;j
[116]. Zwickszona adhezja do tych sktadnikow moze prawdopodobnie doprowadzi¢ do
przebudowy uszkodzonego ECM po resekcji guza.

7.3 Ocena wplywu parametrow takich jak: rozmiar, metoda produkcji (laserowa,
detonacyjna) oraz obecno$¢ roznych grup funkcyjnych na powierzchni nanoczastki ND
na ich toksycznos¢ wzgledem ustalonych linii nowotworowych: glejaka IV stopnia
(U-118 MG, T98G), nowotworu piersi (MCF-7), nowotworu watroby (Hep G2) oraz
nienowotworowej linii ludzkich fibroblastow (HFF-1). (Publikacja 3: Wojcik et al., 2023)

Ze wzgledu na staba farmakokinetyke i wystgpowanie lekoopornosci, obecnie
dostepne strategie terapeutyczne w leczeniu nowotworow wymagaja udoskonalenia
1 optymalizacji. Ze wzgledu na mozliwe liczne zastosowania biomedyczne ND, pojawita
si¢ pilna potrzeba oceny ich toksycznosci. Analiza morfologiczna ujawnita, ze wszystkie
ND tworzyty skupiska na powierzchni komorek T98G, U-188 MG, MCF-7, HepG2
i HFF-1 lub zostaly zinternalizowane przez komorki. Wyniki te sa zgodne z badaniem,
w ktorym wykazano wychwyt komoérkowy ND przez komorki HelLa przy uzyciu
obrazowania TEM 1 techniki ilosciowego znakowania radioaktywnego [117]. Za gtéwny
mechanizm pobierania ND przez komoérki uwaza si¢ endocytoze klatrynozalezng [118].
Wychwyt ND ma kluczowe znaczenie dla inicjalizacji interakcji nanomateriatu
z komorka, czyli procesu determinujacego los ND w komorce. Wydaje sig, ze cechy
morfologiczne ND mogg wplywac na etap internalizacji endocytozy, a tym samym na
szybko$¢ pobierania nanomateriatow. Absorpcja moze by¢ powigzana z powierzchnig
styku i lokalng ostro$ciag w punkcie interakcji. Chociaz ND o ostrych krawedziach nie ma
trudno$ci z zakotwiczeniem w blonie komoérkowej, jego internalizacja trwa dluzej niz
w przypadku nanoczastek ND o gladszych krawedziach [119]. Cytotoksycznosé
1 biokompatybilno$¢ ND zaleza od szeregu czynnikow takich jak: metoda produkcji,
wielko$¢, obecno$¢ grup funkcyjnych na powierzchni nanoczastki oraz od typu
traktowanych komorek. Z tego powodu przeprowadzono badania Zywotnosci
I integralnosci btony komorkowej przy uzyciu 13 rodzajow ND (ND-nf, ND-NHo,
ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN,
RT-DND-A, RT-DND-L, RT-DND-LN), 4 nowotworowych linii komérkowych (T98G,
U-118 MG, MCF-7, Hep G2) oraz 1 linii komorek nienowotworowych (HFF-1). Wiele

badan pokazuje, ze ND bez funkcjonalizacji powierzchni jest cytokompatybilny lub
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wywotuje staby efekt toksyczny [91,120]. To stwierdzenie jest zgodne z wynikami
uzyskanymi w testach zywotnosci. Przeprowadzone analizy wykazaly, ze prawie
wszystkie ND produkowane metoda detonacyjng nie wykazywaly cytotoksycznosci
wobec linii komoérek raka piersi MCF-7, linii komorek raka watrobowokomorkowego
Hep G2 i linii komorek fibroblastow HFF-1. Co wigcej po zastosowaniu ND
produkowanych metoda detonacyjng w niektorych przypadkach zaobserwowano wzrost
aktywno$ci metabolicznej komorek. Niektore badania sugerujg rowniez, ze ND
charakteryzujg si¢ zdolnoscig do usprawniania proces gojenia si¢ ran [121, 122]. Jednak
badanie Mytycha i in. wskazuja dwufazowa krzywa dawka-odpowiedz ludzkich,
nienowotworowych, diploidalnych fibroblastow skoéry twarzy [122]. Analiza
przeprowadzona przez badaczy wykazata, ze ND o $redniej wielko$ci ponizej 10 nm traci
wlasciwosci lecznicze i powoduje cytotoksycznos$¢ juz w stezeniu 50 mg/l i wyzszym.
Jednakze nasze badania przeprowadzone na linii komorkowej fibroblastoéw napletka
HFF-1 nie potwierdzity tego stwierdzenia, gdyz niezaleznie od metody produkcii,
wielko$ci czy obecno$ci grup funkcyjnych komérki charakteryzowaty si¢ wyzsza niz
100% aktywnoscia metaboliczng (na podstawie, ktorej mozna wnioskowaé o Zzywotnosci)
przy stezeniu 100 mg/l. Tylko dwa rodzaje ND spowodowaly nieznaczny spadek
zywotno$ci: ND-B produkowany metoda detonacyjng o sredniej wielkosci 10-20 nm
w stezeniu 5 mg/l i syntetyzowany laserowo RayND o $redniej wielkosci 4-5 nm
w stezeniu wynoszacy 20 mg/l. Efektu cytotoksycznego obserwowanego w wyzszych
stezeniach nanomaterialow nie mozna powigzac z liczbg nanoczastek, ktore sag w stanie
przedosta¢ si¢ do wnetrza komorki, co jest bezposrednio okreslone przez ich stezenie
i czas ekspozycji [123]. Wyzsze stezenia nanomaterialdow moga zwickszaé ich agregacje.
Wraz ze wzrostem S$redniej $rednicy aglomeratdow moze zosta¢ utrudniony proces
pobierania nanoczastek przez komorke, co moze prowadzi¢ do zmniejszenia toksycznosci

[124].

Analiza funkcjonalizowanych nanomateriatow (ND-NH2, ND-COOH i ND-OH),
w przeciwienstwie do ND-nf (wielkos¢ 2-10 nm), wykazata, ze obecno$¢ grup
funkcyjnych wplyneta na wywotanie efektu cytotoksycznego wobec linii komérkowych
glejaka IV stopnia T98G i U-118 MG. Takie same wyniki uzyskali Ray i in. w badaniach
na komorkach neuronalnych SK-N-MC (rozmiar ND 3-6 nm) [125]. Natomiast
Wierzbicki i in. wykazali, ze ND (wielkos¢ 2-7 nm) wywotuje efekt cytotoksyczny wobec

komorek U-118 i U87 w stezeniu 100 mg/l i wyzszym [126]. Co ciekawe, oba badania
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wskazuja, ze wyzsze dawki ND nie nasilajg efektu cytotoksycznego. Zjawisko to mozna
powigza¢ z wrazliwoscia komoérek neuronowych na ROS generowane przez
nanomateriaty [125]. Nasze badanie ujawnito, ze cytotoksycznos¢ zalezna od dawki jest
wywotywana wytacznie przez ND-OH, RayND-AL, RT-DND-EN i RT-DND-LN po
traktowaniu komorek T98G oraz RT-DND i RT-DND-EN po traktowaniu komoérek
U-118 MG. Najwyzszy efekt cytotoksyczny wobec T98G zaobserwowano po
traktowaniu syntetyzowanymi laserowo RayND i RayND-AL (25% spadek zywotnos$ci).
Wynik ten wskazuje, ze metoda produkcji moze mie¢ potencjalny wpltyw na
cytotoksyczno$¢ ND [127]. Jednak najwigkszy spadek zywotnosci w przypadku linii
U-118 MG zaobserwowano po podaniu RT-DND w stezeniu 100 mg/l (spadek o 38%).
Nanomaterial ten nie byt funkcjonalizowany, a $rednia wielko$¢ czastek miescita sig
w zakresie od 3,5 do 6 nm. W tym badaniu wykorzystano trzy inne ND produkowane
metoda detonacyjnag, ktore nie byly funkcjonalizowane: ND-nf (rozmiar 2-10 nm),
ND-B (rozmiar 10-20 nm) i ND-S (rozmiar 3—4 nm ). Przeprowadzone analizy wykazaty,
ze oprocz RT-DND, jedynie ND-B wywotal cytotoksycznos¢ (28% spadek zywotnosci
przy stezeniu 50 mg/l). Poniewaz ND-B i ND-S zostaly zakupione od tej samej firmy
1 roznity si¢ jedynie wielkoscig, jest wysoce prawdopodobne, ze wigksze ND moga by¢

bardziej toksyczne dla komorek U-118 MG.

Analiza TEM uwidocznita, ze zastosowane w badaniach ND miaty postaé
krystaliczng. Uwaza sig¢, ze takie nanomateriaty mogg fatwo uszkodzi¢ btong komdrkowa.
Nanomaterialy napedzane sitami powierzchniowymi 1 wewnatrzczasteczkowymi
przylegaja do btony komoérkowej, co moze skutkowaé lokalnym odksztatceniem,
restrukturyzacja lipidow i1 utworzeniem domen. Ponadto procesy te moga prowadzi¢ do
powstania porow, a takze biernej translokacji nanomateriatu na skutek inwazji lub
ekstrakcji lipidow z membrany [128]. Aby przeanalizowaé¢ wptyw nanomateriatow na
integralno$¢ plazmalemmy wykonano test integralno$ci btony komdrkowej. Uzyskane
wyniki byly zgodne z wynikami uzyskanymi w tescie zywotno$ci. Traktowanie ND nie
zmienito poziomu wycieku LDH w komorkach Hep G2. Wyniki zar6wno testu
integralnos$ci btony, jak 1 testu zywotnos$ci sa zgodne z ustaleniami Pageta 1 in. Zesp6t
badawczy udowodnit cytokompatybilno$¢ ND o réznych $rednicach na szesciu ludzkich

liniach komérkowych: HepG2, Caki-1, Hek-293, HT29 i A549 [129].

Chociaz nie zaobserwowano spadku zywotnosci komorek MCF-7, to nastepujace

nanomaterialty powodowaty zwickszony wyciek LDH: ND-nf (50 mg/l), ND-OH
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(50 mg/l), ND-B (100 mg/l) oraz RT-DND-EN (100 mg/l), co moze wskazywac na
uszkodzenie btony komodrkowej. Wszystkie wymienione nanomateriaty wytworzono
metoda detonacyjng. ND syntetyzowane laserowo nie wplynely na integralno$¢ btony
komorkowej. ND-S w odréznieniu od ND-B nie powodowat zwigkszonego wycieku
LDH, chociaz méwi si¢, ze cytotoksycznos¢ ND zalezy od wielkosci ND, przy czym
mniejsze nanomateriaty generuja silniejszy efekt [90]. Sugerowano jednak rowniez, ze
mniejsze nanoczastki sg w stanie przenikng¢ przez najmniejsze pory, takie jak te obecne
w blonie jadrowej [130]. Z tego powodu ND-S moze nie wptywac na integralnos¢ btony

komoérkowe;j.

Wigkszo$¢ badanych nanomateriatow nie miala wptywu na integralno$¢ blony
komorkowej komoérek HFF-1. Jednakze nastepujace ND powodowatly zwiekszony
wyciek LDH: ND-nf (5 i 100 mg/l), ND-B (wszystkie badane stezenia), ND-S (5 mg/l)
i RayND-AL (100 mg/l). Co ciekawe, syntetyzowany laserowo RayND, ktory
powodowal obnizong zywotno$¢ komorek HFF-1, nie uszkadzal btony komodrkowe;.
Zjawisko to mozna powigza¢ ze ztozonym mechanizmem cytotoksycznosci ND [91].
Nanomateriaty moga by¢ skutecznie zinternalizowane przez komorki bez uszkadzania
btony komorkowej, a mimo to powodujg uszkodzenia DNA i formowanie MN [92].
Nanomaterialy weglowe moga takze wywotywaé stres oksydacyjny 1 powstawanie
ponadtlenku mitochondrialnego. Zmiany potencjatu zeta i $rednicy hydrodynamicznej
moga wskazywac, ze ND sa zdolne do adsorbowania biatek surowicy na swojej
powierzchni. Korona bialkowa moze wpltywaé na cytotoksyczno$¢ badanych
nanomateriatow [131]. Chociaz ND charakteryzujace si¢ dodatnim potencjatem zeta
(takie jak RayND) moze zmniejsza¢ zywotno$¢ komorek, ND z ujemnym potencjatem
zeta (takie jak RayND-AL) moze silniej wpltywa¢ na komoérki [132] ze wzgledu na

wickszg zdolnos$¢ do adsorpcji biatek na swojej powierzchni [93].

Co ciekawe, wszystkie testowane nanomaterialy wptywaty na integralnos¢ bton
komorkowych T98G 1 U-118 MG, powodujac zwiekszony wyciek LDH. Co wigcej,
traktowanie ND mialo roéwniez wplyw na aktywno$¢ metaboliczng komorek. Moze to
wskazywac na wigksza wrazliwos$¢ linii komorkowych glejaka VI stopnia na ND. Wyniki
uzyskane w trakcie eksperymentu s3 zgodne z wynikami uzyskanymi przez
Hinzmana i in., gdzie autorzy wykazali niewielki spadek zywotnosci komorek glejaka
U87 po traktowaniu ND syntetyzowanym metodg detonacyjng [133]. Najlepszy efekt

cytotoksyczny na komorki T98G zaobserwowano po traktowaniu syntetyzowanymi

48



laserowo RayND w stezeniu 100 mg/l (35% cytotoksycznosci) oraz ND wytwarzanym
technika detonacyjng RT-DND-LN w stezeniu 50 i 100 mg/1 (odpowiednio 35% 1 36%
cytotoksycznosci). Ponadto najwickszg cytotoksycznos¢ w komorkach U-118 MG
zaobserwowano po wprowadzeniu syntetyzowanego laserowo RayND-AL w st¢zeniu
100 mg/l (cytotoksycznos¢ 21%) i produkowanego metoda detonacyjng RT-DND
w stezeniu 50 mg/l (24% cytotoksyczno$¢). Wyniki te moga wskazywac, na to ze metoda
produkcji nie miata wplywu na cytotoksyczno$¢ ND. Badania Vaikuviene i in.
przeprowadzone na komoérkach neuronalnych nie wykazaty potencjalu cytotoksycznego
ND o sredniej $rednicy 35 nm [134]. Natomiast w przeprowadzonych badaniach
wykazano, ze zastosowane nanomaterialy wplywaty na integralno$¢ btony komorkowe;j
mimo, ze mialy $rednice mniejsza niz 35 nm . Zjawisko to moze wskazywac, ze
w przypadku cytotoksycznosci wzgledem komorek glejaka, wielko§¢ ND moze odgrywac
kluczowa role. Natomiast po potraktowaniu komérek T98G ND-B i ND-S w najwyzszym
badanym stezeniu (100 mg/l), ND-B (wielkos¢ 10-20 nm) powodowala 25%
cytotoksycznosé, a ND-S (wielko$¢ 3-4 nm) cytotoksyczno$¢ wynosita jedynie 17%,
natomiast w przypadku komorek U-118 MG uzyskano podobne wartosci dla obu
nanomateriatlow. Po zastosowaniu ND-B w stezeniu 100 mg/I cytotoksycznos¢ oceniono
na poziomie 8%. Traktowanie ND-S w stezeniu 20 i 50 mg/l spowodowato 9%

cytotoksyczno$¢ dla obu stezen.

Analiza poziomu reaktywnych form tlenu i ponadtlenku mitochondrialnego
wykazata, ze wszystkie badane ND majg zdolno$¢ obnizania obu parametrow w liniach
komorkowych  ludzkiego  gruczolakoraka  piersi MCF-7, ludzkiego raka
watrobowokomorkowego Hep G2 i ludzkich fibroblastu napletka HFF-1. Co wiecej,
wszystkie wspomniane linie komorkowe wykazywaty wyzszg aktywnos¢ metaboliczng
po traktowaniu ND. Wedtug Chena 1 in. zjawisko to mozna powigza¢ z faktem, ze ND
wykazuja aktywno$¢ mimetyczng oksydazy, katalazy i peroksydazy, ktora silnie zalezy
od warto$ci pH [135]. Rézne wartosci pH w kompartmentach komdrek nowotworowych,
takich jak ptyny pozakomorkowe (pH~6,5), endosomy (pH~5-6) czy lizosomy (pH~4-5)
[136], moga wyzwala¢ przeciwutleniajgcg aktywno$¢. Poniewaz bezposrednia interakcja
nanoczastek z blong komoérkowa moze prowadzi¢ do uszkodzen wywotanych stresem
oksydacyjnym [137], dziatanie przeciwutleniajace ND moze mie¢ pozytywny wplyw na
przezywalno$¢ komorek. Wydaje sie, ze jedynie obecno$¢ grupy -NH2 na powierzchni

ND nie zwigkszata poziomu ROS w linii komoérkowej Hep G2. Podobnie, nie
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zaobserwowano znaczacych zmian w poziomie mitochondrialnego ponadtlenku
w komorkach Hep G2 po traktowaniu ND-NHz i ND-nf. Natomiast RayND-AL
syntetyzowany laserowo i syntetyzowane metodg detonacjg RT-DND-EN, RT-DND-A,
RT-DND-L i RT-DND-LN doprowadzity do wigkszego spadku ROS. Warto zauwazy¢,
ze oprocz RayND-AL, RT-DND-EN, RT-DND-A, RT-DND-L i RT-DND-LN, réwniez
ND-B prowadzity do obnizenia poziomu ponadtlenku mitochondrialnego, ktory jest
jednym z najwazniejszych zrédet ROS [138]. Jednakze nie zaobserwowano zadnych
znaczgcych zmian w aktywnos$ci metabolicznej komoérek po traktowaniu zarowno ND-S,

jak i ND-B.

Zgodnie z doniesieniami literaturowymi ND ($rednica 3-4 nm, czysto$¢ >95%)
nie wptywata na poziom ROS w komodrkach MCF-7 [139]. Jednak przeprowadzone
analizy uwidocznity, ze komorki MCF-7 wykazywaly nizszy poziom ROS po
traktowaniu ND. Cho¢ wszystkie nanomaterialy znaczaco obnizaly mierzony parametr,
warto zaznaczy¢, ze najwyzszy poziom ROS zaobserwowano po traktowaniu ND-NHz,
podobnie jak w przypadku komorek Hep G2, co moze wskazywaé, na to ze ND
funkcjonalizowane grupami -NH2 majg najstabsze wlasciwosci przeciwutleniajace.
Chociaz nie bylo znaczacych r6znic w zmniejszaniu ogdlnego poziomu ROS pomiedzy
ND-B i ND-S, ND-B wykazywatl wigksza zdolno$¢ do obnizenia poziomu ponadtlenku
mitochondrialnego. Badania przeprowadzone na drozdzach réwniez wykazaty brak
cytotoksycznosci 1 zmniejszenie  stresu  oksydacyjnego po  traktowaniu

karboksylowanymi ND [140].

Co ciekawe, nienowotworowe komorki HFF-1 rowniez wykazywaly wyzsza
aktywno$¢ metaboliczng 1 nizszy poziom ROS po traktowaniu ND. Podobnie jak we
wczesniej omawianych modelach badawczych, ND-NH; wykazywal najstabsze dziatanie
przeciwutleniajace, ale tylko jesli chodzi o ogélny poziom ROS. W przypadku
ponadtlenku mitochondrialnego najstabsze wtasciwos$ci antyoksydacyjne wykazywaly
ND, RT-DND-EN, RT-DND-A i RT-DND-LN. Ponadto najwigcksza aktywno$¢
antyoksydacyjng (redukcje ogdélnego stresu oksydacyjnego) wykazywaty ND-B, ND-S,
Ray-ND, RayND-AL, RT-DND, RT-DND-A, RT-DND-EN, RT-DND-L
I RT-DND-LN. To dziatanie w komoérkach wydaje si¢ korzystne, gdyz ROS biorg udziat
w procesach starzenia [138]. ROS odgrywaja podwodjng rolg w komorkach
nienowotworowych; petnig funkcje wtérnych przekaznikéw, ale gdy ich poziom jest

niezrownowazony, moga prowadzi¢ do $mierci komorki, powodujac uszkodzenie DNA,
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biatek i lipidow [141]. Wydaje si¢, ze niezaleznie od wielkos$ci, metody produkeji i sktadu
chemicznego powierzchni, ND sg cytokompatybilne dla komérek HFF-1. Moga takze
wykazywa¢ korzystne wilasciwosci poprzez zmniejszenie ogdlnego poziomu stresu
oksydacyjnego 1 poziomu ponadtlenku mitochondrialnego, zwigkszajagc w ten sposéb
aktywno$¢ metaboliczng komorek. Wedlug ostatnich doniesien wytwarzanie ROS
w glejaku ma zwigzek z lekoopornoscia. Co wigcej, poniewaz ROS wptywaja na cykl
komoérkowy, odgrywaja rowniez role w progresji nowotworu. Jednakze wzmozona
produkcja ROS prowadzi do indukcji apoptozy lub autofagii [7]. Traktowanie glejaka IV
stopnia U-118 MG i komoérek T98G ND spowodowalo wyzszy poziom ROS
i ponadtlenku mitochondrialnego. Te dwie linie komoérkowe byly podatne na
cytotoksyczne dzialanie ND, co potwierdzily wszystkie przeprowadzone analizy.
RT-DND i RT-DND-EN zwigkszyty produkcj¢ mitochondrialnego ponadtlenku. Ponadto
po wprowadzeniu ND-nf, ND-NH2, ND-COOH i ND-B do ptynu hodowlanego komorek
U-118 MG nie zaobserwowano istotnego wzrostu ogélnego poziomu ROS. Jednakze ND-
nf i ND-NH. zwickszaly poziom ponadtlenku mitochondrialnego. Co cieckawe,
w komorkach U-118 MG indukowana przez ND produkcja ROS zalezata od wielkos$ci
czastek, poniewaz mniejsze czastki ND-S powodowaly zaré6wno wyzszy poziom
ogolnych ROS, jak 1 wyzszy poziom ponadtlenku mitochondrialnego. Traktowanie ND
spowodowato takze podwyzszony poziom ROS w komodrkach HeLa [94], komodrkach
srodbtonka [142] oraz limfocytach [90]. Uwaza si¢ rowniez, ze indukcja wytwarzania
ROS przez ND moze by¢ komoérkowo specyficzna [93], co potwierdzaloby nasze
ustalenia. Ponadto w linii komoérkowej U-118 MG, w odrdoznieniu od linii komdrkowej
T98G, poziom ogdlnego stresu oksydacyjnego zalezat takze od metody produkcji.
Przeprowadzone badania wykazaly, ze nanomaterialy wytworzone technika detonacyjna
RT-DND-EN i RT-DND-LN, wykazywaty najwicksza indukcj¢ wytwarzania ROS. Co
wiecej, traktowanie RT-DND-L spowodowato rowniez najwyzszy wzrost poziomu

ponadtlenku mitochondrialnego (422% kontroli).

8. Podsumowanie

Wyniki uzyskane z doswiadczenia I wskazuja, ze w przypadku ustalonych linii
nowotworowych gruczolakoraka trzustki AsPC-1 i BXPC-3 opornych na gemcytabing

lepszy efekt cytotoksyczny mozna uzyska¢ stosujagc nanomaterialy weglowe. Po
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zastosowaniu nanoczastek metalicznych Ag, Au oraz Pt nie uzyskano pozadanych
efektow. Co wigcej przeprowadzone analizy uwidocznity fakt, ze z badanych
nanomateriatow weglowych (GO, ND, Ceso(OH)40), ND indukowat najsilniejszy efekt
cytotoksyczny powodujac dawkozalezny spadek zywotnosci w obu badanych liniach
nowotworowych. Przedstawione analizy wykazaty rowniez, ze cytotoksyczno$¢ ND jest
komorkowo specyficzna. Linia wrazliwsza na dziatanie ND - BXPC-3 charakteryzowata
si¢ zarowno wickszym spadkiem aktywnos$ci metabolicznej, wigckszym wyciekiem LDH
z komorek ($wiadczacym o uszkodzeniu plazmalemmy) oraz wyzszym poziomem
wewnatrzkomorkowych ROS po traktowaniu ND. Analizujac wyniki z tego
doswiadczenia do kolejnych analiz zastosowano tylko nanomateriaty weglowe.

Analizy przeprowadzone w do$§wiadczeniu Il wykazaty, Zze nanofilm utworzony
z ND spelnia oczekiwania stawiane przed nanomateriatem majacym na celu stabilizacje
niszy po resekcji guza nowotworowego. Nanofilm ND charakteryzowatl si¢ brakiem
wlasciwosci cytotoksycznych jednak wzmagal adhezje komoérek nowotworu piersi
MDA.MB.231 i hamowat ich proliferacje. Analiza adhezji do wybranych komponentow
ECM pokrytych ND dodatkowo wykazata, Ze nanomateriat ten zwigksza adhezje do
tenascyny i witronektyny zaréwno w komoérkach U-87 MG jak i MDA.MB.231.
Nanofilmy utworzone z GO i C60 charakteryzowaty si¢ cytokompatybilnoscig wzgledem
badanych linii nowotworowych jednak nie wywieraly one wptywu na adhezj¢ oraz
proliferacj¢. Analiza danych pozyskanych w doswiadczeniach 1 i II wskazata, ze ze
wszystkich analizowanych nanoczastek 1 nanomateriatow najlepsze wyniki uzyskano
stosujgc ND. Analizy przeprowadzone w do$wiadczeniu Il wykazaly, ze toksyczno$é
i cytokompatybilnos¢ ND sa komorkowo specyficzne. W toku realizacji badan okazato
si¢, ze komodrki nowotworu watroby Hep G2, nowotworu piersi MCF-7 oraz
nienowotworowe fibroblasty HFF-1 reagowaly w podobny sposob na traktowanie ND
w tym przypadku obserwowano zaréwno podwyzszenie aktywno$ci metabolicznej jak
1 obnizenie poziomu ROS w komoérkach. Wskazany nanomaterial indukowal efekt
cytotoksyczny w komorkach glejaka IV stopnia T98G oraz U-118 MG w tym przypadku
obserwowano obnizenie aktywnos$ci metabolicznej, uszkodzenie btony komorkowej oraz
wzrost poziomu ROS w komorkach. Uzyskane wyniki wskazuja, ze stres oksydacyjny
wywotany przez ND moze by¢ zaangazowany w mechanizm cytotoksycznosci.
Przeprowadzone badanie nie potwierdzajg jednoznacznie tezy o wplywie metody
produkcji na toksyczno$¢ ND. Kolejnymi analizowanymi parametrami byly rozmiar

1 obecno$¢ grup funkcyjnych na powierzchni ND. Okazuje si¢, ze o ile nie
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zaobserwowano istotnych roznic przy zastosowaniu ND o réznej wielkosci, obecno$¢

grupy hydroksylowej moze nasila¢ cytotoksyczno$¢ ND.

9. Whioski

1. Nanoczastki diamentu o $rednicy 3-4 nm (SkySpring Nanomaterials) wykazywat
toksyczne dzialanie wzgledem ustalonej linii gruczolakoraka trzustki BxPC-3
w stezeniach od 10 mg/l do 200 mg/l powodujac dawkozalezny spadek
zywotnos$ci, uszkodzenie btony komorkowej oraz indukcje reaktywnych form
tlenu.

2. Linia gruczolakoraka trzustki AsPC-1 wykazywala mniejszg wrazliwo$¢é na
traktowanie ND. Spadek zywotno$ci obserwowany jest w stezeniach od 20 mg/1
do 200 mg/l a do indukcji reaktywnych form tlenu dochodzi po zastosowaniu
dawki 100 mg/l.

3. Funkcjonalizacja nanoczastek diamentu grupami karboksylowymi (ND-COOH)
w przeciwienstwie do innych grup funkcyjnych wplywata na cytotoksycznos¢
nanoczastek diamentu powodujac wyzszy spadek zywotnosci oraz zwigkszony
wyptyw LDH z komdrki $wiadczacy o uszkodzeniu blony komoérkowej w stezeniu
50 mg/I po traktowaniu komorek glejaka T98G.

4. Metoda produkcji (ablacja laserowa, technika detonacyjna) nie wplywala na
roznicg w cytotoksycznosci nanoczastek diamentu pozyskanych od firmy Ray
Techniques Ltd. wzgledem linii komorkowej glejaka T98G.

5. Nanoczastki diamentu o wigckszej srednicy ND-B wykazywat silniejsze dziatanie
toksyczne w stosunku do ND-S w hodowli glejaka T98G powodujac wyzszy
wyplyw LDH z komoérek w stezeniu 100 mg/1.

6. Nanofilm utworzony z nanoczgstek diamentu w postaci hydrokoloidu o stezeniu
1000 mg/l wykazywal dziatanie toksyczne wzgledem ustalonej linii potrojnie
ujemnego raka piersi MDA.MB.231 powodujac zwigkszony wypltyw LDH po 72h
oraz zahamowanie proliferacji po 48h.

7. Nanofilm utworzony z nanoczgstek diamentu intensyfikowat proces adhezji
komorek linii MDA.MB.231 w czasie 30 oraz 60 min. wzmagajac interakcje

integryn powierzchniowych z tenascyng oraz witronektyna.

53



54

10.

1.

10.

Bibliografia:

Mizrahi, J.D. et al. (2020) ‘Pancreatic cancer’, The Lancet, 395(10242), pp. 2008—
2020. Available at: https://doi.org/10.1016/50140-6736(20)30974-0.
Borowa-Mazgaj, B. (2016) ‘Pancreatic —ncer--mechanisms of chemoresistance’,
Postepy hilieny i medycyny doswiadczalnej (Online), 70, pp. 169-179. Available
at: https://doi.org/10.5604/17322693.1196387.

Long, J. et al. (2011) ‘Overcoming drug resistance in pancreatic cancer’, Expert
Opinion on Therapeutic Targets, 15(7), pp. 817-828. Available at:
https://doi.org/10.1517/14728222.2011.566216.

Mohiuddin, E. and Wakimoto, H. (2021) ‘Extracellular matrix in glioblastoma:
opportunities for emerging therapeutic approaches.’, American journal of cancer
research, 11(8), pp. 3742-3754. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/34522446%0Ahttp://www.pubmedcentral
.nih.gov/articlerender.fcgi?artid=PMC8414390.

Carlsson, S.K., Brothers, S.P. and Wahlestedt, C. (2014) ‘Emerging treatment
strategies for glioblastoma multiforme’, EMBO Molecular Medicine, 6(11), pp.
1359-1370. Available at: https://doi.org/10.15252/emmm.201302627.

Tilak, M. et al. (2021) ‘Receptor tyrosine kinase signaling and targeting in
glioblastoma multiforme’, International Journal of Molecular Sciences, 22(4),
pp. 1-35. Available at: https://doi.org/10.3390/ijms22041831.

Olivier, C. et al. (2021) ‘Drug Resistance in Glioblastoma: The Two Faces of
Oxidative Stress’, Frontiers in Molecular Biosciences, 7(January), pp. 1-16.
Available at: https://doi.org/10.3389/fmolb.2020.620677.

Iwadate, Y. (2016) ‘Epithelial-mesenchymal transition in glioblastoma
progression’,  Oncology  Letters, pp. 1615-1620. Available at:
https://doi.org/10.3892/0l.2016.4113.

Brar, H.K. et al. (2023) ‘Tyrosine Kinase Inhibitors for Glioblastoma
Multiforme : Challenges and Opportunities for Drug Delivery’, Pharmaceutics,
15(59), pp. 1-28. Available at: https://doi.org/10.3390/pharmaceutics15010059.
Jassem, Al et al. (2018) ‘Zalecenia postepowania diagnostyczno-terapeutycznego

w nowotworach ztosliwych 2019r. Rak piersi.’, Onkologia w Praktyce Klini—znej



11.

12.

13.

14.

15.

16.

17.

18.

19.

- Edukacja, 4(4), pp. 209-256. Available at:
https://doi.org/10.5603/0CP.2018.0027.

Nowacka-Zawisza, M. and Krajewska, W.M. (2013) ‘Potrdjnie negatywny rak
piersi: Molekularna charakterystyka i1 potencjalne strategie terapeutyczne’,
Postepy Higieny i Medycyny Doswiadczalnej, 67(April), pp. 1090-1097.
Available at: https://doi.org/10.5604/17322693.1077713.

Li, L. et al. (2023) ‘Immunotherapy for Triple-Negative Breast Cancer:
Combination Strategies to Improve Outcome’, Cancers, 15(1). Available at:
https://doi.org/10.3390/cancers15010321.

Tang, Y. etal. (2016) ‘Classi fi cation , Treatment Strategy , and Associated Drug
Resistance in Breast Cancer’, Clinical Breast Cancer, 16(5), pp. 335-343.
Available at: https://doi.org/10.1016/j.clbc.2016.05.012.

Yoon, J.Y. etal. (2023) ‘USP41 Enhances Epithelial-Mesenchymal Transition of
Breast Cancer Cells through Snail Stabilization’, International Journal of
Molecular Sciences, 24(2), pp. 1-12. Available at:
https://doi.org/10.3390/ijms24021693.

Jain, M. et al. (2023) ‘Long-term yogic intervention decreases serum interleukins
IL-10 and IL-1P and improves cancer-related fatigue and functional scale during
radiotherapy/chemotherapy in breast cancer patients: a randomized control study’,
Supportive  Care in  Cancer, 31(1), pp. 1-8  Available at:
https://doi.org/10.1007/s00520-022-07487-4.

Niu, C. etal. (2020) ‘CCAT2 contributes to hepatocellular carcinoma progression
via inhibiting miR-145 maturation to induce MDM2 expression’, Journal of
Cellular Physiology, 235(9), pp. 6307-6320. Available  at:
https://doi.org/10.1002/jcp.29630.

Savitha, G., Vishnupriya, V. and Krishnamohan, S. (2017) ‘Hepatocellular
carcinoma- A review’, Journal of Pharmaceutical Sciences and Research, 9(8),
pp. 1276-1280. Available at: https://doi.org/10.15586/jrenhep.v4i2.84.

Sedighi, M. et al. (2023) ‘Nanomedicines for hepatocellular carcinoma therapy:
Challenges and clinical applications’, Materials Today Communications.
Elsevier. Available at: https://doi.org/10.1016/j.mtcomm.2022.105242.

Wu, X. et al. (2017) ‘GTSEI1 promotes cell migration and invasion by regulating

EMT in hepatocellular carcinoma and is associated with poor prognosis’,

55



56

20.

21.

22.

23.

24.

25.

26.

27.

28.

Scientific Reports, 7(1), pp. 1-12. Available at: https://doi.org/10.1038/s41598-
017-05311-2.

Marin, J.J.G. et al. (2020) ‘Molecular bases of drug resistance in hepatocellular
carcinoma’, Cancers, 12(6), pp. 1-26. Available at:
https://doi.org/10.3390/cancers12061663.

Chow, E.K. et al. (2011) ‘Nanodiamond therapeutic delivery agents mediate
enhanced chemoresistant tumor treatment’, Science Translational Medicine,
3(73). Available at: https://doi.org/10.1126/scitranslmed.3001713.

Predina, J. et al. (2013) ‘Changes in the local tumor microenvironment in
recurrent cancers may explain the failure of vaccines after surgery’, Proceedings
of the National Academy of Sciences of the United States of America, 110(5), pp.
415-424. Available at: https://doi.org/10.1073/pnas.1211850110.

Pantel, K. and Speicher, M.R. (2016) ‘The biology of circulating tumor cells’,
Oncogene, 35(10), pp. 1216-1224. Available at:
https://doi.org/10.1038/0nc.2015.192.

Guo, F. et al. (2023) ‘Natural killer cell therapy targeting cancer stem cells: Old
wine in a new bottle.”, Cancer letters, 570(March), p. 216328. Available at:
https://doi.org/10.1016/j.canlet.2023.216328.

Walker, C., Mojares, E. and Del Rio Hernadndez, A. (2018) ‘Role of extracellular
matrix in development and cancer progression’, International Journal of
Molecular Sciences, 19(10). Available at: https://doi.org/10.3390/ijms19103028.
Frantz, C., Stewart, K.M. and Weaver, V.M. (2010) ‘The extracellular matrix at a
glance’, Journal of Cell Science, 123(24), pp. 4195-4200. Available at:
https://doi.org/10.1242/jcs.023820.

Tufail, M., Cui, J. and Wu, C. (2022) ‘Breast cancer: molecular mechanisms of
underlying resistance and therapeutic approaches.’, American journal of cancer
research, 12(7), pp. 2920-2949. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/35968356%0Ahttp://www.pubmedcentral
.nih.gov/articlerender.fcgi?artid=PMC9360230.

Lah, T.T., Novak, M. and Breznik, B. (2020) ‘Brain malignancies: Glioblastoma
and brain metastases’, Seminars in Cancer Biology, 60(October 2019), pp. 262—
273. Available at: https://doi.org/10.1016/j.semcancer.2019.10.010.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Starr, D.A. and Fridolfsson, H.N. (2010) ‘Interactions between nuclei and the
cytoskeleton are mediated by SUN-KASH nuclear-envelope bridges’, Annu Rev
Cell Dev Biol, 26, pp. 421-44. Avaliable at: https://doi.org/10.1146/annurev-
cellbio-100109-104037.

Malik, R., Lelkes, P.I. and Cukierman, E. (2015) ‘Biomechanical and biochemical
remodeling of stromal extracellular matrix in cancer’, Trends in Biotechnology,
33(4), pp. 230-236. Available at: https://doi.org/10.1016/j.tibtech.2015.01.004.
Paszek, M.Al et al. (2005) ‘Tensional homeostasis and the malignant phenotype’,
Cancer Cell, 8(3), pp. 241-254. Available at:
https://doi.org/10.1016/j.ccr.2005.08.010.

Orzechowska, A. and Szymanska R. (2016) ‘Nanotechnologia w zastosowaniach
biologic—nych - wprowadzenie’, Wszechswiat, 117(1-3) ,pp. 60-69.

Sanvicens, N. and Marco, M.P. (2008) ‘Multifunctional nanopart—cles - properties
and prospects for their use in human medicine’, Trends in Biotechnology, 26(8),
pp. 425-433. Available at: https://doi.org/10.1016/j.tibtech.2008.04.005.

Awasthi, R. et al. (2018) ‘Nanoparticles in Cancer Treatment: Opportunities and
Obstacles’, Current Drug Targets, 19(14), pp. 1696-1709.

Zhang, Y. et al. (2013) ‘Multifunctional gold nanorods with ultrahigh stability
and tunability for in vivo fluorescence imaging, SERS detection, and
photodynamic therapy’, Angewandte C—emie - International Edition, 52(4), pp.
1148-1151. Available at: https://doi.org/10.1002/anie.201207909.

Youssef, A.M., Abdel-Aziz, M.S. and El-Sayed, S.M. (2014) ‘Chitosan
nanocomposite films based on Ag-NP and Au-NP biosynthesis by Bacillus
Subtilis as packaging materials’, International Journal of Biological
Macromolecules, 69, pp. 185-191. Available at:
https://doi.org/10.1016/j.ijbiomac.2014.05.047.

Jeyaraj, M. et al. (2019) ‘A comprechensive review on the synthesis,
characterization, and biomedical application of platinum nanoparticles’,
Nanomaterials. Available at: https://doi.org/10.3390/nan09121719.

Poor, M.H.S. et al. (2017) ‘Cytotoxic activity of biosynthesized Ag Nanoparticles
by Plantago major towards a human breast cancer cell line’, Rendiconti Linceli,

28(4), pp. 693-699. Available at: https://doi.org/10.1007/s12210-017-0641-z.

57



58

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Kuppusamy, P. et al. (2016) ‘In Vitro Anticancer Activity of Au, Ag
Nanoparticles Synthesized Using Commelina nudiflora L. Aqueous Extract
Against HCT-116 Colon Cancer Cells’, Biological Trace Element Research,
173(2), pp. 297-305. Available at: https://doi.org/10.1007/s12011-016-0666-7.
Wang, S.P., Guo, J.G. and Jiang, Y. (2013) ‘The size- and chirality-dependent
elastic properties of graphene nanofilms’, Journal of Computational and
Theoretical ~ Nanoscience,  10(1), pp. 250-256. Available at:
https://doi.org/10.1166/jctn.2013.2687.

Asharani, P. et al. (2010) ‘DNA damage and p53-mediated growth arrest in
human cells treated with platinum nanoparticles’, Nanomedicine, 5(1), pp. 51-64.
Available at: https://doi.org/10.2217/nnm.09.85.

Maiti, D. et al. (2019) ‘Carbon-Based Nanomaterials for Biomedical
Applications: A Recent Study’, Frontiers in Pharmacology. Available at:
https://doi.org/10.3389/fphar.2018.01401.

Lee, J. et al. (2016) ‘Biosensors based on graphene oxide and its biomedical
application’, Advanced Drug Delivery Reviews, 105, pp. 275-287. Available at:
https://doi.org/10.1016/j.addr.2016.06.001.

Jaya Seema, D.M. et al. (2018) ‘Designing of the anticancer nanocomposite with
sustained release properties by using graphene oxide nanocarrier with phenethyl
isothiocyanate as anticancer agent’, Pharmaceutics, 10(3). Available at:
https://doi.org/10.3390/pharmaceutics10030109.

Xu, J. et al. (2019) ‘Inhibition of CaMKIIa Activity Enhances Antitumor Effect
of Fullerene C60 Nanocrystals by Suppression of Autophagic Degradation’,
Advanced Science, 6(8). Available at: https://doi.org/10.1002/advs.201801233.
Campbell, B. and Manning, J. (2007) ‘The rise of graphene’, Nature Materials, 6,
pp. 183-191. Available at: https://doi.org/10.1038/nmat1849.

Zuchowska, A. et al. (2017) ‘Graphene as a new material in anticancer therapy-in
vitro studies’, Sensors and Actuators, B: Chemical. Elsevier, pp. 152-165.
Available at: https://doi.org/10.1016/j.snb.2016.11.105.

Zhang, Y. et al. (2012) ‘Graphene: A versatile nanoplatform for biomedical
applications’,  Nanoscale, 4(13), pp. 3833-3842. Available at:
https://doi.org/10.1039/c2nr31040f.



49.

50.

5l.

52.

53.

54.

55.

56.

57.

58.

Dreyer, D.R. et al. (2010) ‘The chemistry of graphene oxide’, Chemical Society
Reviews, 39(1), pp. 228-240. Available at: https://doi.org/10.1039/b917103g.
de Melo-Diogo, D. et al. (2018) ‘Functionalization of graphene family
nanomaterials for application in cancer therapy’, Colloids and Surfaces B:
Biointerfaces. Elsevier B.V, pp. 260-275. Available at:
https://doi.org/10.1016/j.colsurfb.2018.07.030.

Chang, Y. et al. (2011) ‘In vitro toxicity evaluation of graphene oxide on A549
cells’, Toxicology  Letters, 200(3), pp. 201-210. Available at:
https://doi.org/10.1016/j.toxlet.2010.11.016.

Sanchez, V.C. et al. (2012) ‘Biological interactions of graphene-family
nanomaterials: An interdisciplinary review’, Chemical Research in Toxicology,
pp. 15-34. Available at: https://doi.org/10.1021/tx200339h.

Chen, Z., Mao, R. and Liu, Y. (2012) ‘Fullerenes for Cancer Diagnosis and
Therapy: Preparation, Biological and Clinical Perspectives’, Current Drug
Metabolism, 13(8), pp. 1035-1045. Available at:
https://doi.org/10.2174/138920012802850128.

Fowler, P.W. and Ceulemans, A. (1995) ‘Electron deficiency of the fullerenes’,
Journal of physical chemistry, 99(2), pp. 508-510. Available at:
https://doi.org/10.1021/j100002a010.

Isakovic, A. et al. (2006) ‘Distinct cytotoxic mechanisms of pristine versus
hydroxylated fullerene’, Toxicological Sciences, 91(1), pp. 173-183. Available
at: https://doi.org/10.1093/toxsci/kfj127.

Tjo, K. and Varamini, P. (2021) ‘Nanodiamonds and their potential applications
in breast cancer therapy: a narrative review’, Drug Delivery and Translational
Research. Available at: https://doi.org/10.1007/s13346-021-00996-5.

Chow, EK. et al. (2011) ‘Nanodiamond therapeutic delivery agents mediate
enhanced chemoresistant tumor treatment’, Science Translational Medicine,
3(73). Available at: https://doi.org/10.1126/scitransImed.3001713.

Schrand, A.M., Hens, S.A.C. and Shenderova, O.A. (2009) ‘Nanodiamond
particles: Properties and perspectives for bioapplications’, Critical Reviews in
Solid State and Materials Sciences, 34(1-2), pp. 18-74. Available at:
https://doi.org/10.1080/10408430902831987.

59



60

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Chipaux, M. et al. (2018) ‘Nanodiamonds and Their Applications in Cells’, Small,
pp. 1-25. Available at: https://doi.org/10.1002/smll.201704263.

Sosnowska, M. et al. (2021) ‘Diamond nanofilm normalizes proliferation and
metabolism in liver cancer cells’, Nanotechnology, Science and Applications,
14(August), pp. 115-137. Available at: https://doi.org/10.2147/NSA.S322766.
Wang, S.P., Guo, J.G. and Jiang, Y. (2013) ‘The size- and chirality-dependent
elastic properties of graphene nanofilms’, Journal of Computational and
Theoretical ~ Nanoscience,  10(1), pp. 250-256.  Available at:
https://doi.org/10.1166/jctn.2013.2687.

Verma, R. et al. (2023) ‘Graphene and Graphene Based Nanocomposites for Bio-
Medical and Bio-safety Applications’, ChemistrySelect, 8(6). Available at:
https://doi.org/10.1002/slct.202204337.

Ansar, S.A. et al. (2023) ‘An intuitionistic approach for the predictability of anti-
angiogenic inhibitors in cancer diagnosis’, Scientific Reports, 13(1), pp. 1-14.
Available at: https://doi.org/10.1038/s41598-023-32850-8.

Schindelin, J. et al. (2012) ‘Fiji: An open-source platform for biological-image
analysis’,  Nature = Methods, 9(7), pp. 676-682. Available at:
https://doi.org/10.1038/nmeth.20109.

Iversen, T.G., Skotland, T. and Sandvig, K. (2011) ‘Endocytosis and intracellular
transport of nanoparticles: Present knowledge and need for future studies’, Nano
Today. Elsevier, pp. 176-185. Available at:
https://doi.org/10.1016/j.nantod.2011.02.003.

Sabella, S. et al. (2014) ‘A general mechanism for intracellular toxicity of metal-
containing nanoparticles’, Nanoscale, 6(12), pp. 7052—-7061. Available at:
https://doi.org/10.1039/c4nr01234h.

Balashanmugam, P. et al. (2016) ‘Phytosynthesized gold nanoparticles from C.
roxburghii DC. leaf and their toxic effects on normal and cancer cell lines’,
Journal of Photochemistry and Photobiology B: Biology, 165, pp. 163-173.
Available at: https://doi.org/10.1016/j.jphotobiol.2016.10.013.

Miri, A. et al. (2018) ‘Biosynthesis of gold nanoparticles using Prosopis farcta
extract and its in vitro toxicity on colon cancer cells’, Research on Chemical
Intermediates, 44(5), pp. 3169-3177. Available at:
https://doi.org/10.1007/s11164-018-3299-y.



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Bendale, Y., Bendale, V. and Paul, S. (2017) ‘Evaluation of cytotoxic activity of
platinum nanoparticles against normal and cancer cells and its anticancer potential
through induction of apoptosis’, Integrative Medicine Research, 6(2), pp. 141—
148. Available at: https://doi.org/10.1016/j.imr.2017.01.006.

Doskey, C.M. et al. (2016) ‘Tumor cells have decreased ability to metabolize
H202: Implications for pharmacological ascorbate in cancer therapy’, Redox
Biology, 10, pp. 274-284. Available at:
https://doi.org/10.1016/j.redox.2016.10.010.

Li, W. et al. (2015) ‘Superoxide dismutase promotes the epithelial-mesenchymal
transition of pancreatic cancer cells via activation of the H202/ERK/NF-kB axis’,
International Journal of Oncology, 46(6), pp. 2613-2620. Awvailable at:
https://doi.org/10.3892/ij0.2015.2938.

Li, J. et al. (2012) ‘Separation and purification of fullerenols for improved
biocompatibility’,  Carbon,  50(2), pp. 460-469. Available at:
https://doi.org/10.1016/j.carbon.2011.08.073.

Seabra, A.B. et al. (2014) ‘Nanotoxicity of graphene and graphene oxide’,
Chemical Research in Toxicology, 27(2), pp. 159-168. Available at:
https://doi.org/10.1021/tx400385X.

Zha, Y. ying et al. (2012) ‘Concentration-dependent effects of fullerenol on
cultured hippocampal neuron viability’, International Journal of Nanomedicine,
7, pp. 3099-3109. Available at: https://doi.org/10.2147/1JN.S30934.

Su, Y. et al. (2010) ‘Cellular uptake and cytotoxic evaluation of fullerenol in
different cell lines’, Toxicology, 269(2-3), pp. 155-159. Awvailable at:
https://doi.org/10.1016/j.t0x.2009.11.015.

Niwa, Y. and Iwai, N. (2006) ‘Genotoxicity in cell lines induced by chronic
exposure to water-soluble fullerenes using micronucleus test’, Environmental
Health and Preventive Medicine, 11(6), pp. 292-297. Available at:
https://doi.org/10.1265/ehpm.11.292.

Djordjevic, A. et al. (2015) ‘Review of synthesis and antioxidant potential of
fullerenol nanoparticles’, Journal of Nanomaterials, 2015, pp. 1-15. Available at:
https://doi.org/10.1155/2015/567073.

Bengston, S. et al. (2016) ‘No Cytotoxicity or Genotoxicity of Graphene Oxide in
Murine Lung Epithelial FE1 Cells in Vitro’, Environmental and Molecular
Mutagenesis, 57, pp. 469-482. Available at: https://doi.org/10.1002/em.22017.

61



62

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ali-Boucetta, H. et al. (2013) ‘Purified Graphene Oxide Dispersions Lack In Vitro
Cytotoxicity and In Vivo Pathogenicity’, Advanced Healthcare Materials, 2(3),
pp. 433-441. Available at: https://doi.org/10.1002/adhm.201200248.

Jaworski, S. et al. (2015) ‘In vitro and in vivo effects of graphene oxide and
reduced graphene oxide on glioblastoma’, International Journal of Nanomedicine,
10, pp. 1585-1596. Available at: https://doi.org/10.2147/IIN.S77591.

Wang, K. et al. (2011) ‘Biocompatibility of Graphene Oxide’, Nanoscale
Research Letters, 6(1), pp. 1-8. Available at: https://doi.org/10.1007/s11671-010-
9751-6.

Cheng, C. et al. (2013) ‘Biopolymer functionalized reduced graphene oxide with
enhanced biocompatibility via mussel inspired coatings/anchors’, Journal of
Materials  Chemistry B, 1(3), pp. 265-275. Available at:
https://doi.org/10.1039/c2tb00025c.

Kenry et al. (2016) ‘Selective Accelerated Proliferation of Malignant Breast
Cancer Cells on Planar Graphene Oxide Films’, ACS Nano, 10(3), pp. 3424—
3434. Available at: https://doi.org/10.1021/acsnano.5b07409.

Duan, G. et al. (2017) ‘Graphene-Induced Pore Formation on Cell Membranes’,
Scientific Reports, 7(42767), pp. 1-12. Available at:
https://doi.org/10.1038/srep42767.

Kalluri, R. and Weinberg, R.A. (2009) ‘The basics of epithelial-mesenchymal
transition’, Journal of Clinical Investigation, 119(9), pp. 1420-1428. Available at:
https://doi.org/10.1172/JC139104.1420.

Barnett, P. et al. (2011) ‘Snail-mediated regulation of reactive oxygen species in
ARCaP human prostate cancer cells’, Biochemical and Biophysical Research
Communications, 404(2), pp. 34-39. Available at:
https://doi.org/10.1016/j.bbrc.2010.11.044.

Priyadarshni, N., Singh, R. and Mishra, M.K. (2024) ‘Nanodiamonds: Next
generation nano-theranostics for cancer therapy’, Cancer Letters, 587, p. 216710.
Available at: https://doi.org/10.1016/j.canlet.2024.216710.

Li, J. et al. (2010) ‘Nanodiamonds as intracellular transporters of
chemotherapeutic drug’, Biomaterials, 31(32), pp. 8410-8418. Available at:
https://doi.org/10.1016/j.biomaterials.2010.07.058.



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Zhu, Y. etal. (2012) ‘The biocompatibility of nanodiamonds and their application
in drug delivery systems’, Theranostics, pp. 302-312. Available at:
https://doi.org/10.7150/thno.3627.

Dworak, N. et al. (2014) ‘Genotoxic and mutagenic activity of diamond
nanoparticles in human peripheral lymphocytes in vitro’, Carbon, 68, pp. 763—
776. Available at: https://doi.org/10.1016/j.carbon.2013.11.067.

Schrand, A.M. et al. (2007) ‘Are diamond nanoparticles cytotoxic?’, Journal of
Physical Chemistry B, 111(2), pp. 2-1. Available at:
https://doi.org/10.1021/jp066387v.

Adach, K. et al. (2016) ‘Studies on the cytotoxicity of diamond nanoparticles
against human cancer cells and lymphocytes’, Chemico-Biological Interactions,
254, pp. 156-166. Available at: https://doi.org/10.1016/j.cbi.2016.06.004.
Mukaida, N., Harada, A. and Matsushima, K. (1998) ‘Interleukin-8 (IL-8) and
monocyte chemotactic and activating factor (MCAF/MCP-1), chemokines
essentially involved in inflammatory and immune reactions’, Cytokine and
Growth Factor Reviews, 9(1), pp. 9-23. Available at:
https://doi.org/10.1016/S1359-6101(97)00022-1.

Horie, M. et al. (2012) ‘Evaluation of cellular influences induced by stable
nanodiamond dispersion; The cellular influences of nanodiamond are small’,
Diamond and Related Materials, 24, pp. 15-24. Available at:
https://doi.org/10.1016/j.diamond.2012.01.037.

Mytych, J. et al. (2014) ‘Nanodiamond-mediated impairment of nucleolar activity
is accompanied by oxidative stress and DNMT2 upregulation in human cervical
carcinoma cells’, Chemico-Biological Interactions, 220, pp. 51-63. Available at:
https://doi.org/10.1016/j.cbi.2014.06.004.

Drutskaya, M.S. et al. (2010) ‘Tumor necrosis factor, lymphotoxin and cancer’,
IUBMB Life, 62(4), pp. 283-289. Available at: https://doi.org/10.1002/iub.309.
Haybaeck, J. et al. (2009) ‘A Lymphotoxin-Driven Pathway to Hepatocellular
Carcinoma’, Cancer Cell, 16(4), pp. 295-308. Available at:
https://doi.org/10.1016/j.ccr.2009.08.021.

Ammirante, M. et al. (2010) ‘B-cell-derived lymphotoxin promotes castration-
resistant prostate cancer’, Nature, 464(7286), pp. 302-305. Available at:
https://doi.org/10.1038/nature08782.

63



64

99. Akhavan, O. and Ghaderi, E. (2010) ‘Toxicity of graphene and graphene oxide
nanowalls against bacteria’, ACS Nano, 4(10), pp. 5731-5736. Available at:
https://doi.org/10.1021/nn101390x.

100. Achawi, S. et al. (2021) ‘Graphene-Based Materials in Vitro Toxicity and
Their Structure-Activity Relationships: A Systematic Literature Review’,
Chemical Research in Toxicology, 34(9), pp. 2003-2018. Available at:
https://doi.org/10.1021/acs.chemrestox.1c00243.

101. Handschuh-Wang, S., Wang, T. and Tang, Y. (2021) ‘Ultrathin Diamond
Nanofilms—Development, Challenges, and Applications’, Small, 17(30), pp. 1—
26. Available at: https://doi.org/10.1002/smll.202007529.

102. Wojcik, B. et al. (2023) ‘Dependence of Diamond Nanoparticle
Cytotoxicity on Physicochemical Parameters: Comparative Studies of
Glioblastoma, Breast Cancer, and Hepatocellular Carcinoma Cell Lines’.
Nanotoxicology, 17(4), 2023, pp. 310-337, Available at:
https://doi.org/10.1080/17435390.2023.2218925.

103. Luo, D. and Schricker, S.R. (2014) Handbook of Nanomaterials
Properties, Handbook of Nanomaterials Properties. Available at:
https://doi.org/10.1007/978-3-642-31107-9.

104. Roy, R.K. and Lee, K.R. (2007) ‘Biomedical applications of diamond-like
carbon coatings: A review’, Journal of Biomedical Materials Research - Part B
Applied Biomaterials, 83(1), pp. 72-84. Available at:
https://doi.org/10.1002/jbm.b.30768.

105. Guo, Q. et al. (2021) ‘Nanodiamonds Inhibit Cancer Cell Migration by
Strengthening Cell Adhesion: Implications for Cancer Treatment’, ACS Applied
Materials and Interfaces, 13(8), pp. 9620-9629. Available at:
https://doi.org/10.1021/acsami.0c21332.

106. Yang, L., Sheldon, B.W. and Webster, T.J. (2008) ‘Orthopedic nano
diamond coatings : Control of surface properties and their impact on osteoblast
adhesion and proliferation Film Growth Conditions for Diamond Coatings’,
Journal of Biomedical Materials Research, 91A(2), pp. 548-556. Available at:
https://doi.org/10.1002/jbm.a.32227.

107. Emery, L.A. et al. (2009) ‘Early Dysregulation of Cell Adhesion and

Extracellular Matrix Pathways in Breast Cancer Progression’, The American



Journal of Pathology, 175(3), pp. 1292-1302. Available at:
https://doi.org/10.2353/AJPATH.2009.090115.

108. Meiners, S. and Geller, H.M. (1997) ‘Long and short splice variants of human
tenascin differentially regulate neurite outgrowth’, Molecular and Cellular
Neurosciences, 10(1-2), pp. 100-116. Available at:
https://doi.org/10.1006/mcne.1997.0643.

109. Castro, N.P. et al. (2008) ‘Evidence that molecular changes in cells occur before
morphological alterations during the progression of breast ductal carcinoma’, Breast
Cancer Research, 10(5), pp. 1-14. Available at: https://doi.org/10.1186/bcr2157.

110. Rolle, K. et al. (2010) ‘Promising human brain tumors therapy with interference
RNA intervention (iRNAi1)’, Cancer Biology and Therapy, 9(5), pp. 397-407.
Available at: https://doi.org/10.4161/cbt.9.5.10958.

111. Midwood, K.S. and Orend, G. (2009) ‘The role of tenascin-C in tissue injury and
tumorigenesis’, Journal of Cell Communication and Signaling, 3(3—4), pp. 287-310.
Available at: https://doi.org/10.1007/s12079-009-0075-1.

112.  Wawrzyniak, D. et al. (2020) ‘Down-regulation of tenascin-C inhibits breast
cancer cells development by cell growth, migration, and adhesion impairment’, PLoS
ONE, 15(8), pp. 1-25. Available at: https://doi.org/10.1371/journal.pone.0237889.

113.  Chiquet-Ehrismann, R. and Tucker, R.P. (2011) ‘Tenascins and the importance of
adhesion modulation’, Cold Spring Harbor Perspectives in Biology, 3(5), pp. 1-19.
Available at: https://doi.org/10.1101/cshperspect.a004960.

114. Schvartz, 1., Seger, D. and Shaltiel, S. (1999) ‘Vitronectin’, International Journal
of Biochemistry and Cell Biology, 31(5), pp. 539-544. Available at:
https://doi.org/10.1016/S1357-2725(99)00005-9.

115. Sweeney, S.M. et al. (2008) ‘Candidate cell and matrix interaction domains on the
collagen fibril, the predominant protein of vertebrates’, Journal of Biological
Chemistry, 283(30), pp. 21187-21197. Available at:
https://doi.org/10.1074/jbc.M709319200.

116. Payne, L.S. and Huang, P.H. (2013) ‘The pathobiology of collagens in glioma’,
Molecular Cancer Research, 11(10), pp. 1129-1140. Available at:
https://doi.org/10.1158/1541-7786.MCR-13-0236.

117. Zhang, X. et al. (2012) ‘A comparative study of cellular uptake and cytotoxicity
of multi-walled carbon nanotubes, graphene oxide, and nanodiamond’, Toxicology

Research, 1(1), pp. 62-68. Available at: https://doi.org/10.1039/c2tx20006f.

65



118. Faklaris, O. et al. (2009) ‘Photoluminescent diamond nanoparticles for cell
labeling: Study of the uptake mechanism in mammalian cells’, ACS Nano, 3(12), pp.
3955-3962. Available at: https://doi.org/10.1021/nn901014j.

119. Zhang, B. et al. (2017) ‘Anchored but not internalized: Shape dependent
endocytosis of nanodiamond’, Scientific Reports, 7(September 2016), pp. 1-9.
Available at: https://doi.org/10.1038/srep46462.

120. Strojny, B. et al. (2018) ‘Nanostructures of diamond, graphene oxide and graphite
inhibit CYP1A2, CYP2D6 and CYP3A4 enzymes and downregulate their genes in
liver cells’, International Journal of Nanomedicine, 13, pp. 8561-8575. Available at:
https://doi.org/10.2147/1IJN.S188997.

121. Pacelli, S. et al. (2017) ‘Nanodiamond-based injectable hydrogel for sustained
growth factor release: Preparation, characterization and in vitro analysis’, Acta
Biomaterialia, 58, pp. 479-491. Available at:
https://doi.org/10.1016/J.ACTBI0.2017.05.026.

122. Mytych, J., Wnuk, M. and Rattan, S.I.S. (2016) ‘Low doses of nanodiamonds and
silica nanoparticles have bene fi cial hormetic effects in normal human skin fi
broblasts in culture’, Chemosphere, 148, pp. 307-315. Available at:
https://doi.org/10.1016/j.chemosphere.2016.01.045.

123. Barhoum, A. et al. (2022) ‘Review on Natural, Incidental, Bioinspired, and
Engineered Nanomaterials: History, Definitions, Classifications, Synthesis,
Properties, Market, Toxicities, Risks, and Regulations’, Nanomaterials, 12(2), p. 177.
Available at: https://doi.org/10.3390/nan012020177.

124. Jeevanandam, J. et al. (2018) ‘Review on nanoparticles and nanostructured
materials: History, sources, toxicity and regulations’, Beilstein Journal of
Nanotechnology, 9(1), pp. 1050-1074. Available at:
https://doi.org/10.3762/bjnano.9.98.

125. Roy, U. et al. (2018) ‘Characterization of Nanodiamond-based anti-HIV drug
Delivery to the Brain’, Scientific Reports, 8(1). Available at:
https://doi.org/10.1038/s41598-017-16703-9.

126. Wierzbicki, M. et al. (2017) ‘Diamond, graphite, and graphene oxide
nanoparticles decrease migration and invasiveness in glioblastoma cell lines by
impairing extracellular adhesion’, International Journal of Nanomedicine, 12, pp.

7241-7254. Available at: https://doi.org/10.2147/1JN.S146193.

66



127. Lewinski, N., Colvin, V. and Drezek, R. (2008) ‘Cytotoxicity of nanopartides’,
Small, pp. 26-49. Available at: https://doi.org/10.1002/smll.200700595.

128. Chen, K.L. and Bothun, G.D. (2014) ‘Nanoparticles meet cell membranes:
Probing nonspecific interactions using model membranes’, Environmental Science
and Technology, 48(2), pp. 873-880. Available at:
https://doi.org/10.1021/es403864v.

129. Paget, V. et al. (2014) ‘Carboxylated nanodiamonds are neither cytotoxic nor
genotoxic on liver, kidney, intestine and lung human cell lines’, Nanotoxicology,
8(SUPPL. 1), pp. 46-56. Available at:
https://doi.org/10.3109/17435390.2013.855828.

130. Turcheniuk, K. and Mochalin, V.N. (2017) ‘Biomedical applications of
nanodiamond (Review)’, Nanotechnology, 28(25). Available at:
https://doi.org/10.1088/1361-6528/aabae4.

131. Khanal, D. et al. (2020) ‘The protein corona determines the cytotoxicity of
nanodiamonds: implications of corona formation and its remodelling on nanodiamond
applications in biomedical imaging and drug delivery’, Nanoscale Advances, 2(10),
pp. 4798-4812. Available at: https://doi.org/10.1039/d0na00231c.

132. Namdar, R. and Nafisi, S. (2018) ‘Nanodiamond applications in skin
preparations’, Drug Discovery Today, 23(5), pp. 1152-1158. Available at:
https://doi.org/10.1016/j.drudis.2018.04.006.

133. Hinzmann, M. et al. (2014) ‘Nanoparticles containing allotropes of carbon have
genotoxic effects on glioblastoma multiforme cells’, International Journal of
Nanomedicine, 9(1), pp. 2409-2417. Available at:
https://doi.org/10.2147/1IJN.S62497.

134. Vaitkuviene, A. et al. (2015) ‘Impact of diamond nanoparticles on neural cells’,
Molecular and Cellular  Probes, 29(1), pp. 25-30. Available at:
https://doi.org/10.1016/j.mcp.2014.10.005.

135. Chen, T.M. et al. (2017) ‘Nanodiamonds as pH-switchable oxidation and
reduction catalysts with enzyme-like activities for immunoassay and antioxidant
applications’,  Nanoscale, 9(40), pp. 15673-15684. Available at:
https://doi.org/10.1039/c7nr05629j.

136. Li, Y. et al. (2014) ‘In vivo enhancement of anticancer therapy using bare or

chemotherapeutic drug-bearing nanodiamond particles’, International Journal of

67



Nanomedicine, 9(1), pp. 1065-1082. Available at:
https://doi.org/10.2147/1IN.S54864.

137. Jiang, W. et al. (2008) ‘Nanoparticle-mediated cellular response is size-
dependent’, Nature Nanotechnology, 3(3), pp. 145-150. Available at:
https://doi.org/10.1038/nnano.2008.30.

138. Indo, H.P. et al. (2015) ‘A mitochondrial superoxide theory for oxidative stress
diseases and aging’, Journal of Clinical Biochemistry and Nutrition, pp. 1-7.
Available at: https://doi.org/10.3164/jcbn.14-42.

139. Daniluk, K. et al. (2020) ‘Use of Selected Carbon Nanoparticles as Melittin’,
Materials, 13(1), pp. 1-20. Available at: https://doi.org/10.3390/ma13010090.

140. Kalug, N. and Thomas, P.B. (2022) ‘A carboxylated nanodiamond reduces
oxidative stress and shows no sign of toxicity in yeast’, Fullerenes Nanotubes and
Carbon Nanostructures, 30(4), pp. 487-494, Available at:
https://doi.org/10.1080/1536383X.2021.19605009.

141. Liu, Y. et al. (2020) ‘Amplification of oxidative stress: Via intracellular ROS
production and antioxidant consumption by two natural drug-encapsulated
nanoagents for efficient anticancer therapy’, Nanoscale Advances, 2(9), pp. 3872—
3881. Available at: https://doi.org/10.1039/d0na00301h.

142. Solarska, K. et al. (2012) ‘Effect of nanodiamond powders on the viability and
production of reactive oxygen and nitrogen species by human endothelial cells’,
Diamond and Related Materials, 21, pp. 107-113. Available at:
https://doi.org/10.1016/j.diamond.2011.10.020.

68



11. Publikacje wchodzace w sktad pracy doktorskiej

69



S International Journal of
Molecular Sciences

Article

Effects of Metallic and Carbon-Based Nanomaterials on Human
Pancreatic Cancer Cell Lines AsPC-1 and BxPC-3

Barbara Wéjcik 17, Ewa Sawosz
Karolina Daniluk !, Marlena Zieliniska-Gérska (7, Jasmina Bataban 1(*, André Chwalibog >

Mateusz Wierzbicki 1'*

check for

updates
Citation: Wojcik, B.; Sawosz, E.;
Szczepaniak, J.; Strojny, B.;
Sosnowska, M.; Daniluk, K.;
Zielinska-Gorska, M.; Bataban, J.;
Chwalibog, A.; Wierzbicki, M. Effects
of Metallic and Carbon-Based
Nanomaterials on Human Pancreatic
Cancer Cell Lines AsPC-1 and
BxPC-3. Int. ]. Mol. Sci. 2021, 22,
12100. https://doi.org/10.3390/
ijms222212100

Academic Editor: Valentina Villari

Received: 20 September 2021
Accepted: 4 November 2021
Published: 9 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

10, Jarostaw Szczepaniak 1 Barbara Strojny 1{, Malwina Sosnowska 1,

and

Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences, Ciszewskiego 8,
02-786 Warsaw, Poland; barbara_wojcik@sggw.edu.pl (B.W.); ewa_sawosz_chwalibog@sggw.edu.pl (E.S.);
jaroslaw_szczepaniakl@sggw.edu.pl (J.S.); barbara_strojny@sggw.edu.pl (B.S.);
malwina_sosnowska@sggw.edu.pl (M.S.); karolina_daniluk@sggw.edu.pl (K.D.);
marlena_zielinska_gorska@sggw.edu.pl (M.Z.-G.); jasmina_balaban@sggw.edu.pl (].B.)

Department of Veterinary and Animal Sciences, University of Copenhagen, Groennegaardsvej 3,

1870 Frederiksberg, Denmark; ach@sund.ku.dk

*  Correspondence: mateusz_wierzbicki@sggw.edu.pl

Abstract: Pancreatic cancer, due to its asymptomatic development and drug-resistance, is difficult
to cure. As many metallic and carbon-based nanomaterials have shown anticancer properties, we
decided to investigate their potential use as anticancer agents against human pancreatic adenocarci-
noma. The objective of the study was to evaluate the toxic properties of the following nanomaterials:
silver (Ag), gold (Au), platinum (Pt), graphene oxide (GO), diamond (ND), and fullerenol (Cgy(OH)40)
against the cell lines BxPC-3, AsPC-1, HFFF-2, and HS-5. The potential cytotoxic properties were eval-
uated by the assessment of the cell morphology, cell viability, and cell membrane damage. The cancer
cell responses to GO and ND were analysed by determination of changes in the levels of 40 different
pro-inflammatory proteins. Our studies revealed that the highest cytotoxicity was obtained after
the ND treatment. Moreover, BxPC-3 cells were more sensitive to ND than AsPC-1 cells due to the
ND-induced ROS production. Furthermore, in both of the cancer cell lines, ND caused an increased
level of IL-8 and a decreased level of TIMP-2, whereas GO caused only decreased levels of TIMP-2
and ICAM-1 proteins. This work provides important data on the toxicity of various nanoparticles

against pancreatic adenocarcinoma cell lines.

Keywords: metallic nanoparticles; carbon-based nanomaterials; pancreatic cancer; in vitro; cytotoxicity

1. Introduction

Very often, pancreatic cancer is a silent killer that displays no symptoms until it is too
late for effective therapy. It is estimated that around 73% of patients will die within the
first year after diagnosis [1], and that only 15% of patients will have a chance to qualify
to undergo surgery, which is the most promising anticancer therapy to date [2]. For these
reasons, pancreatic cancer, which is the 11th most common type of cancer and the 7th
leading cancer-related cause of death worldwide, remains a worldwide public health
issue [3]. Despite considerable progress in cancer therapy, the occurrence of pancreatic
cancer is still increasing.

One of many reasons that drives the ongoing search for novel and unconventional ther-
apeutic strategies is the drug-resistant nature of pancreatic cancer cells. It is believed that
drug-resistance can occur de novo or can be acquired during exposure to chemotherapeu-
tics. In the second case, although cells that are exposed to anticancer drugs initially show
drug sensitivity, continued treatment ends in failure. There are many factors underlying the
occurrence of drug-resistance. Mutations; abnormal gene expression; dysregulation of the
main signalling pathways such as NF-kf3, Notch, and Akt; dysregulation of the apoptosis
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pathway; the appearance of epithelial-mesenchymal transition; the presence of cancer stem
cells; increased angiogenesis; and the hypoxic microenvironment inside the tumour are
thought to be the main reasons for drug-resistance [4]. Few of the commercially available
pancreatic adenocarcinoma cell lines are characterized by resistance to the pyrimidine
nucleoside analogue gemcitabine, which is still one of the most important agents that is
used in treatment, including BxPC-3 [5] and AsPC-1 [6].

Thanks to the significant development of nanotechnology, nanoparticles (NPs) are
a possible solution to overcoming the difficulties that are connected with therapy. Due
to their unique physical and chemical properties, NPs have proven to be applicable in
pharmacy and medicine [7]. Moreover, they can be used to reduce the undesirable side-
effects of conventional therapeutic strategies [8]. In this study, the influence of metallic and
carbon-based nanomaterials was investigated.

Metallic NPs have been tested in different fields of science. In recent years, many
researchers have investigated the medical applications of platinum (Pt), gold (Au), and
silver (Ag) NPs. Due to their specific features, they are explored in areas of biolabeling [9],
drug delivery [10], and anticancer treatment [11-13]. Furthermore, Ag and Au NPs are
thought to be promising anticancer agents because of the release of relatively toxic ions
in the acidic environment of lysosomes [14]. The toxic mechanism of Pt NPs is still not
completely understood. It has been suggested that those NPs can enter the cell by an active
mechanism of internalization, and, similarly to Ag and Au NPs, toxic ions are released
once they are inside the cell [15]. Even though many scientists are attempting to assess
the anti-cancer properties of metallic nanostructures, their activity strongly depends on
their shape and size [16]. For this reason, more research is needed to evaluate the potential
benefits and risks of metallic NPs usage.

Carbon-based nanomaterials also possess diverse and inimitable properties that make
them suitable agents for use in various potential applications such as drug delivery sys-
tems [17], tissue engineering, imaging, biosensing, diagnosis, and cancer therapy [18-20].

Although their composition remains similar, carbon-based nanomaterials are charac-
terized by distinct physical and biological features, depending on their structure. The most
intensively investigated members of that group to date are thought to be graphene oxide
(GO), diamond (ND), and fullerenol (Cg(OH)y,). GO displays properties such as a high
drug-loading efficiency, a tunable surface, and good colloidal stability. Although GO has
been reported as a biocompatible nanomaterial [21], it is also capable of inducing oxidative
stress in a dose-dependent manner [22]. This process was suggested as one of the possible
mechanisms underlying carbon-based nanomaterial cytotoxicity [23]. GO was proven to be
cytotoxic in doses that exceeded 200 mg/L for the lung cancer cell line A549 [22,24] or the
human liver cell line HepG2 [25]. ND are characterized by high rigidity, chemical stability,
a large surface area, and a high absorption capacity [26]. As they can penetrate intensively
and accumulate in the neoplastic tissue, they can potentially break down the barriers of
conventional treatment [27]. It has been noted that ND may also reduce chemoresistance
and enhance anti-tumour efficiency [28,29].

Fullerene Cgp has also shown some promising prospects for biomedical applications,
as it possesses certain biological activities, such as antioxidant [30], anticancer [20], and
immunomodulatory effects [31]. Moreover, it is characterized by the ability to accumulate in
the tumour as it easily penetrates the permeable blood vessels that surround the neoplastic
tissue [32]. To achieve increased water solubility and expand the possible biomedical
applications, polar hydroxyl groups have been added to the C¢g skeleton [33]. Due to their
specific structure that is characterized by the unique 7-system, hydroxylated fullerenes
are thought to have a dual nature. They can act as both antioxidative and prooxidative
agents [34]. As antioxidants, they may display hepatoprotective [35] and cardioprotective
effects [36]. As prooxidative agents in the acidic environment that is present in the tumour
microenvironment, they may be capable of reactive oxygen species production (ROS) with
greater rates of oxygen consumption [37]. However, it has been suggested that as the
number of hydroxyl groups increases, reversable radical trapping ability decreases [38].
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Hence, fullerenols with a greater number of hydroxylated groups may display lower
antioxidant activity and higher toxicity against cancer cells.

This study aimed to investigate the potential toxic properties of different metallic and
carbon-based nanomaterials against pancreatic cancer. Based on its anti-cancer features, the
decision was made to evaluate the influence of Ag, Au, Pt, GO, ND, and Cg(OH)4. Tests
were carried out on two human pancreatic cancer cell lines: AsPC-1 and BxPC-3; both are
gemcitabine resistant and differ in their ability to metastasise. Furthermore, to determine
whether the chosen NPs influence normal cells, the same analyses were performed on the
fibroblast cell line HFFF-2 and the bone-marrow-derived cell line HS-5. The expected effect
that was induced by the chosen nanomaterials was a decrease in the viability of neoplastic
cells in the absence of, or with little impact on, the life processes of the normal cells.

2. Results
2.1. Physicochemical Analysis of Metallic and Carbon-Based Nanostructures

Transmission electron microscopy (TEM) analysis was performed to assess the mor-
phology of the metallic and carbon-based nanomaterials. The analysis revealed that the
tested nanomaterials, apart from GO, were spherical (Figure 1); GO took the form of flakes
with visible folds (Figure 1D). This analysis also revealed heterogeneity in the size of Pt
and Ag (Figure 1A,C).

Figure 1. TEM imagines of the nanomaterials that were used in experiments. (A) silver (Ag); (B) gold (Au); (C) platinum
(Pt); (D) graphene oxide (GO); (E) diamond (ND); and (F) fullerenol (Cgo(OH)4p).

The data in Table 1 show the zeta potentials and hydrodynamic diameters of the
studied nanomaterials. The analysis that was performed revealed that the Au suspension
was the least stable of both of the metallic and carbon-based nanomaterials, with a zeta
potential of —13.30 mV. The zeta potentials of both Ag and Pt were negative, maintaining
the following values: —23.20 mV and —21.73 mV, respectively, which indicated moderate
stability. The ND hydrocolloidal suspension also exhibited moderate stability with a
positive zeta potential of 23.20 mV. The highest stability was observed in the case of GO
and Cgo(OH)4, obtaining —38.88 mV and —48.08 mV, respectively.



Int. J. Mol. Sci. 2021, 22, 12100

40f21

Table 1. Zeta potential (ZP) and the average NPs/agglomerate size in suspension that were measured
by laser Doppler electrophoresis (LDE) and dynamic light scattering (DLS), respectively. All of the ZP
measurements were performed at an NP concentration of 20 mg/L. The average size of metallic NPs
was measured at the concentration of 25 mg/L and that of carbon-based nanomaterials at 20 mg/L.
The results are presented as mean with standard division (SD).

Sample ZP by LDE [mV] + SD Diameter by DLS [nm] &+ SD
Ag —232+1.29 244.2 4+ 53.16
Au —13.3+ 391 190.2 + 54.69
Pt —21.7 £2.0 80.0 = 7.36
GO —38.9 £0.38 419.6 +13.31
ND 23.2 £ 0.68 157.6 +1.12
Ce0(OH)49 —48.1 £ 6.58 185.3 - 4.45

2.2. Membrane Integrity
2.2.1. Metallic Nanoparticles

The lactate dehydrogenase (LDH) assay was performed following cell treatment with
the metallic NPs. Before the study was conducted, the interference analysis was made
to investigate the potential influence of the nanomaterials on the colorimetric reaction.
As shown in the Supplementary Materials, only in the case of Ag at the concentration of
2mg/L and 5 mg/L did interference occur. Therefore, Ag NPs were excluded from the
membrane integrity assay.

In the BxPC-3 cell line, only Pt at the concentration of 5 mg/L exhibited a potential
toxic effect, contributing to 6% of cytotoxicity (Figure 2A). In the AsPC-1 cell line, the
highest toxic effect was observed after Pt administration at a concentration of 5 mg/L,
which caused a 5% cytotoxicity. A cytotoxic effect was also observed after Au treatment at a
concentration of 0.5 mg/L (3%) (Figure 2B). Following the treatment of HFFF-2 with metallic
NPs, Pt at a concentration of 1 mg/L, 2 mg/L, and 5 mg/L as well as Au at 0.5 mg/L
and 1 mg/L caused a cytotoxic effect maintaining 3%, 4%, 10%, 9%, and 3% respectively
(Figure 2C). In the HS-5 cells, there was no observed cytotoxic effect (Figure 2D).

2.2.2. Carbon-Based Nanoparticles

The LDH assay that was performed revealed that the highest cytotoxicity was ob-
served following the treatment of the BxPC-3 cells with ND at almost all of the tested
concentrations—20, 50, 100, and 200 mg/L. The percentage of cytotoxicity ranged from 16%
to 19%, compared to the control group and rose in a dose-dependent manner. The cytotoxic
effect was also obtained by introducing Cg(OH)49 at a concentration of 100 mg/L and
200 mg/L into the cell culture (7% and 20%, respectively) (Figure 3A). Furthermore, the
exposure of the AsPC-1 cell line to carbon-based nanomaterials revealed that the highest
cytotoxicity was caused by Cgo(OH)49 at a concentration of 200 mg/L, which is 11%. ND
20mg/L, 50 mg/L, 100 mg/L, and 200 mg/L treatment also caused an elevated cytotoxicity
that ranged from 2 to 8%. Furthermore, GO at the concentrations of 10 mg/L, 20 mg/L,
and 50 mg/L caused 3% cytotoxicity in the AsPC-1 cells (Figure 3B). A significant effect on
membrane integrity that was caused by ND was also observed in the fibroblast HFFF-2
cell line. Herein, the highest cytotoxic effect occurred at a concentration of 50 mg/L and
100 mg/L and led to a 30% and 22% of cytotoxicity, respectively. GO at the concentration
of 10 and 20 mg/L resulted in approximately 8% of cytotoxicity (Figure 3C). The highest
toxicity on the HS-5 cells was also observed after ND 50 mg/L, 100 mg/L, and Cgo(OH)49
200 mg/L treatment, where 8% of cytotoxicity was achieved (Figure 3D).
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Figure 2. Membrane integrity of the cells after a 24-h incubation period with metallic NPs as determined by an LDH assay.

The results are presented as the percentage of cytotoxicity (mean with standard deviation). Different letters above the

columns indicate statistically significant differences between the groups (p < 0.05). Capital letters refers to the different cell
lines: (A) BxPC-3; (B) AsPC-1; (C) HFFE-2; and (D) HS-5.
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by an LDH assay. The results are presented as the percentage of cytotoxicity (mean with standard deviation). Different

letters above the columns indicate statistically significant differences between the groups (p < 0.05). Capital letters refer to
different cell lines: (A) BxPC-3; (B) AsPC-1; (C) HFFF-2; and (D) HS-5.
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2.3. Viability Evaluation
2.3.1. Metallic Nanoparticles

The MTT test did not reveal any cytotoxic effects of the evaluated metallic NPs on the
BxPC-3 and HFFF-2 cell lines (Figure 4A,C). However, after NP treatment of the AsPC-1
and HS-5 cell lines, a loss of viability was observed. All of the tested metallic NPs led to
decreased cell viability of AsPC-1 cells. Ag resulted in an approximately 33% decrease at
the highest concentration (5 mg/L) (Figure 4B). The highest decrease in HS-5 cell viability
was observed after incubation with Ag at concentrations of 0.1 and 0.5 mg/L (25% and 27%,
respectively). The HS-5 cells were also vulnerable to Pt at all of the tested concentrations.
The highest loss of viability (23%) in this group was observed after the treatment of Pt at
the concentration of 5 mg/L. Au at a concentration of 2 mg/L resulted in an approximately
20% decrease (Figure 4D).
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Figure 4. Viability of the cells after a 24-h incubation period with metallic NPs as determined by an MTT assay. The results
are presented as a percentage of the control (mean with standard deviation). Different letters above the columns indicate
statistically significant differences between the groups (p < 0.05). Capital letters refers to different cell lines: (A) BxPC-3;
(B) AsPC-1; (C) HFFF-2; and (D) HS-5.

2.3.2. Carbon-Based Nanomaterials

MTT analysis revealed that the highest decrease in BxPC-3 cell viability was observed
after incubation with ND. The viability decreased from 67% after exposure to the lowest
tested concentration—10 mg/L, to 26% in the highest used concentration, which was
200 mg/L. Moreover, a dose-dependent reaction was observed. Furthermore, GO at
concentrations from 10 to 100 mg/L also displayed a toxic effect. The cell viability in
that group varied from 83% (10 mg/L) to 89% (100 mg/L). There was, however, no dose-
dependent reaction (Figure 5A).
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Figure 5. The cell viability after a 24-h incubation period with carbon-based nanomaterials as determined by an MTT

assay. The results are presented as a percentage of the control (mean with standard deviation). Different letters above the

columns indicate statistically significant differences between the groups (p < 0.05). Capital letters refers to different cell
lines: (A) BxPC-3; (B) AsPC-1; (C) HFFF-2; and (D) HS-5.

In the case of another pancreatic cancer cell line, AsPC-1, only ND caused a loss of
viability. Herein, the highest decrease in the cell activity was observed at a concentration of
100 mg/L, leading to decrease to 56% of the control (Figure 5B).

The fibroblasts cell line HFFF-2 also displayed lower cell viability than the control
after incubation with ND. The highest decrease was observed in the 20 mg/L concentration
and was at the level of 72% of the control. After GO administration, there was a significant
increase in cell viability which varied from 107% to 149% of the control. Moreover, the cell
viability increased in a dose-dependent manner (Figure 5C).

The most detrimental effect on the HS-5 cells was observed in the group that was
treated with GO at the lowest tested concentration, 10 mg/L, and after ND 100 mg/L,
causing 55% and 54% decreases in cell vitality, respectively. After C4o(OH)49 administration,
the cells viability decreased from 81% after exposure to the lowest tested concentration—
10 mg/L to 51% in the highest tested concentration—200 mg/L. Furthermore, a dose-
dependent reaction was observed (Figure 5D).

2.4. Morphological Evaluation

To evaluate the changes in cell morphology that was caused by particular NPs, live
imaging was performed. Figures 6-9 show the general external morphology of the control
(A), metallic NPs—treated cells (B, C, D), and the carbon-based nanomaterials (E, F, G). No
significant changes in the morphology were observed after metallic NPs and Cgy(OH)49
administration in every tested cell line; the cells were similar to the control in every group.
However, microscopy studies revealed that, after exposure to ND and GO, cell morphology
began to change.
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Figure 6. Morphological characterization of the BxPC-3 human pancreatic adenocarcinoma cell line. The cells were treated
with metallic NPs at a concentration of 1 mg/L and carbon-based nanomaterials at a concentration of 10 mg/L. The
incubation period lasted for 24 h. (A) control were treated with ultrapure water, (B) cells were treated with Ag, (C) cells
were treated with Au, (D) cells were treated with Pt, (E) cells were treated with GO, (F) cells were treated with ND, and (G)
cells were treated with Cgo(OH)yp.

AsPC-1 (B

Figure 7. Morphological characterization of the AsPC-1 human pancreatic adenocarcinoma cell line. The cells were treated

with metallic NPs at a concentration of 1 mg/L and carbon-based nanomaterials at a concentration of 10 mg/L. The
incubation period lasted for 24 h. (A) control were treated with ultrapure water, (B) cells were treated with Ag, (C) cells
were treated with Au, (D) cells were treated with Pt, (E) cells were treated with GO, (F) cells were treated with ND, and (G)
cells were treated with Cgo(OH)yp.

ND was taken up by the cells, or was adsorbed onto its surface, even at the lowest
tested concentration of 10 mg/L. ND agglomerates were visible as black spots (Figures 6F,
7F, 8F and 9F). As the concentration of diamond nanoparticles increased, the BxPC-
3 and AsPC-1 cells appeared to become overloaded with nanoparticles and began to
shrink. Some of them even became rounded and detached from the growth substrate
(Figures 6F and 7F). In the non-cancer cell lines, such a strong cell body contraction was
not observed (Figures 8F and 9F).

The GO were also localized in the cytoplasm or formed clusters on the cell surfaces
(Figures 6E, 7E, 8E and 9E). In lower concentrations, the cells tended to shrink more than
in the higher concentrations. The analysis showed that, at a concentration of 50 mg/L and
higher, the treated cells remained similar to those from the control group.
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Figure 8. Morphological characterization of the HFFF-2 human fibroblast cell line. The cells were treated with metallic NPs
at a concentration of 1 mg/L and carbon-based nanomaterials at a concentration of 10 mg/L. The incubation period lasted
for 24 h. (A) control were treated with ultrapure water, (B) cells were treated with Ag, (C) cells were treated with Au, (D)
cells were treated with Pt, (E) cells were treated with GO, (F) cells were treated with ND, and (G) cells were treated with
Co0(OH)40.

Figure 9. Morphological characterization of the HS5-5 human-bone-marrow-derived cell line. The cells were treated with
metallic NPs at a concentration of 1 mg/L and carbon-based nanomaterials at a concentration of 10 mg/L. The incubation
period lasted for 24 h. (A) control were treated with ultrapure water, (B) cells were treated with Ag, (C) cells were treated
with Au, (D) cells were treated with Pt, (E) cells were treated with GO, (F) cells were treated with ND, and (G) cells were
treated with Cgy(OH)yg.

2.5. Reactive Oxygen Species Detection

Detection of reactive oxygen species was performed following the pancreatic cancer
cells treatment with ND. The analysis revealed that ND even at the lowest tested concen-
tration, 20 mg/L, contributed to an increased level of ROS in the BxPC-3 cells (Figure 10),
whereas a significant increase of ROS in the AsPC-1 cells was only observed after ND
treatment at the concentration of 100 mg/L (Figure 10).
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Figure 10. ROS detection after 2 h of incubation of the AsPC-1 and BxPC-3 cell lines with ND at the concentrations of
20 mg/L, 50 mg/L, and 100 mg/L determined using the general oxidative stress indicator CM-H2CFDA (A). The results are
presented as the integrated density per cell (mean from seven replications with standard deviation) (B,C). Different letters
above columns indicate statistically significant differences (p < 0.05).

2.6. Cytokine Array

The next analysis to be performed was the cytokine assay. The levels of 40 different
pro-inflammatory proteins were determined. In this analysis, only the BxPC-3 and AsPC-1
cell lines were investigated. The locations of particular proteins on the membrane are
presented in Table 2.

There were several changes in the pro-inflammatory protein levels that were observed;
one of them was similar in both of the cell lines. They displayed a lower level of TIMP-2
after exposure to ND 50 mg/L and GO 50 mg/L compared with the control (Figure 11).
However, there were also unique changes in the protein levels for each cell line that was
observed. AsPC-1 showed an increased level of IL-6sR and a decreased level of TNFE-f3 after
ND 50 mg/L treatment. Furthermore, the ICAM-1 level was decreased in the group that
was incubated with GO 50 mg/L, while in the BxPC-3 cell line, a lower level of IL-1a and
a higher level of IL-8 was observed after GO 50 mg/L treatment. Moreover, a decreased
level of ICAM-1 was observed after treatment with both GO and ND (Figure 11).
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Table 2. Location of specific proteins on the membrane.
A B C D E F G H I ] K L
1 Pos Pos Neg Neg EOTAXIN EOTAXIN-2 GCSF GM-CSF ICAM-1 INF-y 1-309 IL-1x
2 Pos Pos Neg Neg EOTAXIN EOTAXIN-2 GCSF GM-CSF  ICAM-1 INF-y 1-309 IL-1a
3 IL-1b IL-2 IL-3 IL-4 IL-6 IL-6sR IL-7 IL-8 IL-10 IL-11 IL-12p40  IL-12p70
4 IL-1b IL-2 IL-3 IL-4 IL-6 IL-6sR IL-7 IL-8 1L-10 IL-11 IL-12p40  IL-12p70
5 1L-13 IL-15 IL-16 IL-17 IP-10 MCP-1 MCP-2 M-CSF MIG MIP-1x MIP-13 MIP-16
6 IL-13 IL-15 IL-16 IL-17 IP-10 MCP-1 MCP-2 M-CSF MIG MIP-1 MIP-13 MIP-15
7  RANTES TGF-81  TNF-x TNF-B s TNF RI s TNF RII PDGFE-BB  TIMP-2 BLANK  BLANK Neg Pos
8  RANTES TGF-f1  TNF-«x TNF-B s TNF RI s TNF RII PDGE-BB  TIMP-2  BLANK  BLANK Neg Pos
Control GO 50 mg/L ND 50 mg/L
. .. - .. -
. .. - .. ™
BxPC-3
. . o o .
s . - L .
AsPC-1

Figure 11. Pro-inflammatory protein expression after 24 h of incubation of the AsPC-1 and BxPC-3 cell lines with ND and
GO, at a concentration of 50 mg/L, as determined by the human inflammation antibody array-membranes. The control
group was treated with the same volume of ultrapure water. The results are normalized to the control groups. Images were
created with Image]J software.

3. Discussion

As many proven therapeutic approaches in cancer treatment, such as surgery, radiation
therapy, chemotherapy, or immunotherapy, have their limitations, an urgent need for
a novel strategy has emerged. The purpose of this investigation was to evaluate the
toxicity of different metallic (Ag, Au, and Pt) and carbon-based (GO, ND, and Cgy(OH)4)
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nanomaterials at different concentrations. To date, there are not many studies exploring
the potential usage of NPs as an anticancer agent against pancreatic cancer. Morphological
analysis revealed that every tested cell line (cancer: BxPC-3, AsPC-1, and non-cancer:
HFFF-2, HS-5) did not exhibit any visible changes after Ag and Au treatment. There
were no clusters of NPs that were observed on the cell membrane or inside the cell body.
Nevertheless, there is some evidence that metallic NPs such as Ag and Au can enter the cells
via an active internalization mechanism [39]. They may also act as a so-called Trojan horse,
contributing to the release of relatively toxic ions in the acidic environment of lysosomes.
This phenomenon has been reported as the lysosome-enhanced Trojan horse effect as the
conditions prevailing in the lysosomes promote particle degradation and modulate their
toxicity [40]. Furthermore, Au is thought to be able to interact with phosphorus groups in
DNA, which can lead to a loss of viability or trigger the same effect by reacting with the
sulphur agents in proteins [41]. However, our study did not reveal any significant loss of
viability in the BxPC-3 and HFFF-2 cells, even at the highest tested concentration 5 mg/L.
Nevertheless, after NP administration to AsPC-1 and HS-5, the viability decreased slightly,
suggesting that the AsPC-1 cell line might be more vulnerable to the cytotoxic effects of
metallic NPs. According to Abdolhossein et al., Au has a toxic effect on HT-29 colon cancer
cells. In the abovementioned study, the inhibitory concentration after a 72-h incubation
period was estimated at the level of 419.7 mg/L [42]. Furthermore, another study showed
that both Au and Ag display toxicity against the colon cancer cell line HT-116, even after
a 24-h incubation period at concentrations of 100 and 200 mg/L [13]. The release of toxic
ions is strongly dependent on the exposure time and the pH. Moreover, in the first 24 h of
incubation in an acidic environment, significantly more ions are released from Ag rather
than Au NPs, whereas a neutral environment does not promote NP degradation [40].

As with Ag and Au, after Pt treatment, there were no obvious morphological changes
in any of the cell lines that were analysed. Notably, there are many factors underlying Ag
and Au toxicity that depend on the concentration, exposure time, environment, and the
mechanism of entry into the cells, as the NPs taken up by means other than endocytosis
are less prone to ion release [40]. According to Bendale et al., the cytotoxicity of Pt towards
mammalian cells strongly depends on the cell type [43]. Our study revealed that, like
other tested metallic NPs, Pt only affected the viability of AsPC-1 and HS-5 cells, causing a
20% and 23% decrease, respectively, at the highest tested concentration. The previously
mentioned study showed that Pt can affect the pancreatic cancer cell line Mia-Pa-Ca-2. The
cell response was measured by a significant decrease in cell viability that was obtained
after a 48-h incubation period with NPs at a concentration of 200 mg/L. Furthermore,
it seems that the pancreatic cancer cells are less prone to the negative effects that are
caused by Pt NPs than lung cancer (A549) or ovarian adenocarcinoma (PA-1) [43]. Our
study indicates a near absence of toxicity of colloidal Ag, Au, and Pt towards BXPC-
3 and HFFF-2 cells. However, the results of the MTT assay (Figure 4), which showed
decreased viability of AsPC-1 cells after treatment with metallic NPs at the highest tested
concentrations, suggests that increasing the NP concentration and extending the incubation
time may contribute to greater anticancer effects towards the metastatic type of pancreatic
cancer cells. Interestingly, the same NPs at the same concentrations influenced only
one of the two tested pancreatic cancer lines. This phenomenon might be related to
the specific response to oxidative stress when H,O; is present as the AsPC-1 cell line
is characterized by a downregulated ability to remove H,O, compared with that of the
normal cells such as H6¢7, normal human fibroblasts, normal human astrocytes, HBePC,
red blood cells, or even HFs74int [44], whereas the presence of H,O, in BxPC-3 cells
promotes epithelial-mesenchymal transition [45]. Nevertheless, more research is needed to
evaluate the anticancer potential of those NPs.

Carbon-based NPs have attracted widespread interest due to their unique character-
istics and wide range of possible applications. Cgy(OH)4p, unlike fullerene, is available
to biological systems because of its high-water solubility [46]. Our studies confirmed
the reports of the non-toxic characteristic of Cgo(OH)49 [47], as there was no decrease in



Int. J. Mol. Sci. 2021, 22, 12100

13 of 21

metabolic activity that was observed in the BxPC-3, AsPC-1, and HFFF-2 cell lines at any of
the concentrations that were tested. On the other hand, other results regarding fullerenol
toxicity demonstrated dependency on concentration [48] and cell type [49]. Lower cell
viability after C4o(OH)4o treatment may be caused by the increased micronuclei formation
(MN), which is a result of unsuccessful chromosomal DNA division in the M-phase of
the cell cycle [50]. The performed analysis revealed that C40(OH)4 NPs can penetrate the
cytoplasm or form deposits on the cell surface. We assume that, because of the specific
round shape of those NPs and their ability to suppress the lipid peroxidation process [34],
they can penetrate into the cytoplasm without damaging cell membrane, as evidenced by
the results of LDH assay (Figure 3).

An additional aim of the analysis was to assess the cytotoxic properties of GO against
pancreatic cancer cell lines. It is not entirely clear whether GO displays cytotoxic properties.
Some studies suggest that this phenomenon strongly depends on the size of nanomaterial
flakes, their concentration, and exposure time [47]. The viability assay revealed that, in the
case of the HFFF-2 cell line, there was no cytotoxic effect. This finding is in line with those
of Bengtson et al., who showed no effect of GO on murine lunge epithelial FE1 cells [51]
even at the highest tested concentration, 200 mg/L. Another research team confirmed that
thesis, demonstrating no cytotoxic effect of purified GO on the human lung carcinoma
cell line A549 at doses up to 100 mg/L [52]. By contrast, there are also many studies
showing GO cytotoxicity. Glioblastoma cell lines, U118 and U87, displayed significantly
decreased vitality after GO treatment at a concentration of 100 mg/L [53]. Moreover,
human dermal fibroblasts (HDF) also displayed lower cell viability when exposed to GO at
doses that were greater than 50 mg/L [54]. Similarly, human umbilical vein endothelial
cells (HUVEC) showed a dose-dependent response toward GO [55]. Our studies showed
that BxPC-3, AsPC-1, and HS-5 cells displayed decreased viability after GO treatment, even
at the lowest tested concentration, 10 mg/L. According to Chang et al., GO can induce
oxidative stress in a dose-dependent manner [22]. This process was suggested as one of the
possible mechanisms underlying carbon-based nanomaterial cytotoxicity [23]. In AsPC-1,
HFFF-2, and HS-5 cell lines, there was an increase in cell viability following introduction of
GO at a dose of 50 mg/L or higher. This phenomenon might be a result of the formation
of a nanofilm-like structure from GO flakes that sediment as the concentration of the
nanomaterial rises, which can promote cell proliferation [56]. Another possible mechanism
of GO toxicity evolves membrane damage. Some research suggests that flakes are highly
likely to perforate the cell membrane when entering the cell body [57]. However, our
studies did not confirm that thesis as LDH leakage remained similar to that in the control
group. Only the AsPC-1 and HFFF-2 cell lines seemed to be more vulnerable to the negative
effect of GO and displayed an increased level of LDH in the culture medium compared
with the control resulting in 3% and 8% of cytotoxicity, respectively (Figure 3). For a
better understanding of how GO influences pancreatic cancer cells, a cytokine array was
performed. In both of the cancer cell lines, lower levels of TIMP-2 and the intracellular
adhesion molecule, ICAM-1, were noted. TIMP-2 is a matrix metalloproteinase inhibitor
that is involved in extracellular matrix degradation. Lowering of its levels may lead to the
intensification of cancer cell migration and formation of secondary metastasis. As GO may
induce oxidative stress in cancer cells, we suggest that epithelial-mesenchymal transition
might be induced through the activation of the HyO, /ERK/NF-«B axis. This phenomenon
occurs in different human pancreatic cancer lines, for example, BxPC-3 cells or Panc-1. In
the presence of H,O,, the cells gain a mesenchymal phenotype that leads to increased
invasion and migration ability [45]. Several changes taking place in a cancer cell make it
less susceptible to anoikis [58] and drugs [59]. Moreover, treatment of the BxPC-3 cell line
with GO resulted in a decrease in IL-1a and IL-8 protein levels. Both interleukins take part
in the positive regulation of angiogenesis. These results suggest that GO can inhibit the
formation of new blood vessels in the tumour microenvironment.

Since ND expresses some unique anticancer properties, its cytotoxic properties to-
wards certain pancreatic cancer lines were evaluated. The effect of ND on different cell
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types is still a subject of intensive study. These NPs have even been considered to be a drug
carrier agent as they are characterized by high cell uptake and low cytotoxicity [60,61].
However, our studies revealed that ND displays cytotoxicity towards all of the tested
cancer and non-cancer cell lines. It has been observed that ND toxicity depends not only on
the concentration and exposure time but also on the cell type [62]. Our studies show that
BxPC-3 cells are the most vulnerable to ND of all of the cell lines that were tested, showing
a dose-dependent decrease in viability. An almost 30% loss in viability was observed, even
at the lowest tested concentration (10 mg/L) (Figure 5). However, it has been demonstrated
that ND also promotes a cytotoxic effect on another pancreatic cancer cell line, AsPC-1,
also showing a dose-dependent reaction. Data that were obtained in the present research
agrees with the findings of other studies concerning ND-induced cytotoxicity [63,64].

The other factor underlying the cytotoxicity issue is NP size. Nanoparticles used in
our studies reached a size from 3 to 4 nm. In general, the smallest NPs can induce the
most pronounced toxic effect. According to Dworak et al., ND below 1 nm in diameter
may contribute to the most visible impact [62]. It was previously reported that ND, even
in non-toxic concentrations, have genotoxic properties and may contribute to oxidative
DNA damage and MN formation. As oxidative stress is one of the possible cytotoxic
mechanisms of ND, the level of ROS was investigated. Interestingly this analysis revealed
that treatment with ND of the BxPC-3 cell line, that was more vulnerable to ND, caused
a higher level of ROS induction compared to the AsPC-1 cells (Figure 10). Moreover, the
data that were obtained from the viability assay are in agreement with those obtained from
ROS detection assay. This finding may suggest that ROS production is one of the factors
underlying the cytotoxicity mechanism of ND. Furthermore, the obtained results regarding
oxidative stress are in line with findings of other research teams, where they proved that
ND treatment causes an increased level of ROS in A549, HaCaT, and HeLa [65,66]. We
assumed that the revealed toxic effect was more pronounced in the BxPC-3 cell line than in
AsPC-1 because BxPC-3 cells were more likely to divide under the experimental conditions.
What is more, it is suggested that the occurrence of the phenomenon of ND-stimulated ROS
production may be cell line-specific [66] which would also explain the higher sensitivity of
the BxPC-3 cells.

The two cell lines displayed different morphologies (Figures 6A and 7A). To assess
whether ND damaged cell membranes and whether both of the cell lines reacted similarly,
LDH leakage measurements were performed. In the case of the more sensitive cell line
(BxPC-3), higher LDH leakage was observed than in the AsPC-1 cell line (Figure 3). Inter-
estingly, in the case of non-cancer cell lines (HFFF-2 and HS-5), the highest LDH leakage
was observed at a concentration of 50 mg/L. It is well known that ND can adsorb proteins
on its surface and has a good loading capacity [64]. Furthermore, both of the cell lines are
characterized by the expression of genes encoding mucins, which play a protective role. We
propose that the different mucin profiles corresponding to the different cell characteristics
(metastatic and non-metastatic) may be associated with increased BxPC-3 cell sensitivity to
ND injury; however, to confirm this statement, more data are needed.

Furthermore, exposure to ND provoked the expression of different pro-inflammatory
proteins (Figure 11). In the BxPC-3 cell line, we have observed a higher level of IL-8, which
may act as a positive regulator of angiogenesis but a lower level of TIMP-2, which is an
inhibitor of matrix metalloproteinases and a lower level of intracellular adhesion molecule
ICAM-1, which may also increase the permeability of blood vessels. Whereas, in AsPC-1,
apart from the slightly higher level of IL-8 and a decrease in TIMP-2 chemiluminescence,
a lower level of TNF-3 was observed. Tumour necrosis factor may be responsible for
the increased mortality rate of tumour cells as it can induce apoptosis in certain tumour
cell lines.
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4. Materials and Methods
4.1. Carbon-Based and Metallic Family Nanoparticles

GO and ND were obtained from SkySpring Nanomaterials (Houston, TX, USA). The
average diameter of GO varied from 1 to 2 um, with an obtained thickness of less than
2 nm. According to the manufacturer, greater than 99% purity was obtained. The average
ND size was in the range of 3-4 nm, with greater than 95% purity.

Ce0(OH)4 were obtained from US Research Nanomaterials (Houston, TX, USA). The
material is more than 99% pure fullerene (Cgp) coated with over 40 hydroxyl groups.

GO, ND, and Cgp(OH)49 nanoparticles were diluted in ultrapure water to a concentra-
tion of 2000 mg/L and then sonicated at 500 W and 20 kHz for 1 min using a Vibra-Cell™
Ultrasonic Liquid Processor (Sonics & Materials, Newton, CT, USA). Subsequently, from
the 2000 mg/L stock solutions, the following 10x concentrated solutions were made in
ultrapure water: 100, 200, 500, and 1000 mg /L.

Colloidal water suspensions of the metallic NPs were obtained from Nano-Koloid
(Warsaw, Poland) with the following concentrations: Pt+—100 mg/L, Au—50 mg/L, and
Ag—50mg/L. They were sonicated at 500 W and 20 kHz for 1 min. From the stock solutions
(100 mg/L and 50 mg/L), the following 10x concentrated solutions were prepared: 1, 5,
10, 20, and 50 mg /L.

4.2. Physicochemical Analysis of Metallic and Carbon-Based Nanostructures

The ultrastructure of the chosen nanomaterials was analysed using a JEM-1220 trans-
mission electron microscope (JEOL, Tokyo, Japan) at 80 KeV with a Morada 11 megapixel
camera (Olympus Soft Imaging Solutions, Miinster, Germany).

A Zeta Sizer Nano-Z590 analyser (Malven, Worcestershire, UK) was used to per-
form zeta potential measurements using a Smoluchowski approximation at 25 °C at a
concentration of 20 mg/L for all of the nanomaterials, followed by an investigation of the
hydrodynamic diameter of the nanomaterials that were suspended in ultrapure water at a
concentration of 25 mg/L for metallic NPs, and 20 mg/L for the carbon-based nanomateri-
als. The measurements were performed by dynamic light scattering (DLS). Before analysis
was performed, the water suspensions of NPs were first sonicated at 500 W and 20 kHz for
2 min and then centrifuged (5 min, 5000 x g rpm).

4.3. Cell Lines

A total of four cell lines were used in the study: two pancreatic adenocarcinoma cell
lines, AsPC-1 and BxPC-3, and two non-cancer cell lines, HFFF-2 fibroblasts and HS-5
bone-marrow-derived cells. All of the cell lines were obtained from the ATCC (American
Type Culture Collection, Manassas, VA, USA). AsPC-1 and BxPC-3 cell lines were cultured
in RPMI 1640 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) that was supplemented
with 10% foetal bovine serum (FBS, Gibco) and a 1% antibiotic mix (Antibiotic-Antimy-cotic,
Gibco) of penicillin (100 U/mL), streptomycin (100 ug/mL), and Gibco amphotericin B
(0.25 pg/mL). HS-5 and HFFF-2 were cultured in DMEM (Gibco) that was supplemented
with 10% FBS and 1% antibiotic-antimycotic. All of the cell lines were maintained at 37 °C
in a humidified atmosphere that contained 5% of CO,. Moreover, all of the cell lines are
characterized by the type of adherent cells.

The cells were seeded at a density of 1 x 10° cells/mL for the membrane integrity
assay, 1.5 x 10° cells/mL for the viability assay, and 5 x 10° cells/mL for morphological
analysis. For both the membrane integrity and viability assays, the cells were seeded on a
96-well microplate (Corning, NY, USA) in 100 pL of medium per well. For morphological
analyses, the cells were seeded on a 12-well plate (Corning) in 2 mL of medium per well.
Subsequently, 24 h after seeding, when the cells were fully attached, 10% of the medium
was exchanged with the exact volume (10 uL/well on a 96-well microplate; 200 uL/ well
on a 12-well microplate; 300 uL/ well on a 6-well microplate) of 10x concentrated solutions
of GO, ND, Cgo(OH)4p, Pt, Au, and Ag, to obtain the final concentrations of 10, 20, 50, 100,
and 200 mg/L carbon-based nanomaterials and 0.1, 0.5, 1, 2, and 5 mg/L metallic NPs
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directly in the cell culture media. The cells were incubated for a further 24 h before tests
were performed.

4.4. Membrane Integrity

A LDH activity assay (LDH, Roche, Switzerland) was used to evaluate the cell mem-
brane integrity. The test is based on an enzymatic reaction in which LDH catalyses the
conversion of lactate to pyruvate by the reduction of NAD+ to NADH, which then interacts
with a specific probe to produce a colour. The change in the media colour, relative to
that of a control group, indicates leakage of LDH from damaged cells. This analysis was
performed in three independent experiments with six replications for each group.

The lysis buffer was added to wells in triplicate to evaluate the maximum level of
LDH in the probe and incubated for 45 min. To evaluate spontaneous LDH leakage, 10 nL
of ultrapure water was added to another triplet of wells. The microplates were then
centrifuged (10 min, 200x g) to remove arisen clusters of NPs. Afterward, 50 pL of the
supernatant was transferred to a new plate. A total of 100 puL of LDH reaction mixture
was added to the probes and incubated for 30 min at room temperature protected from
light. Spectrophotometer readings were performed at a wavelength of 490 nm (reference
wavelength: 690 nm) in a microplate reader (Tecan Group ltd., Mdnnedorf, Switzerland).

The results are presented as a % of the maximum LDH release and were calculated
from the following formula:

A — spontaneous LDH leakage

100%
MAX LDH — spontaneous LDH leakage x 100%

% of cytotoxicity =

where A is the mean absorbance of the treated group, MAX LDH is the mean absorbance
of the triplet of wells where the cells were lysed, and spontaneous LDH leakage is the mean
absorbance from the triplet that was treated with 10 pL of ultra-pure water.

4.5. Viability Assay

For the evaluation of cell viability after treatment with GO, ND, C4(OH)4, Pt, Au,
and Ag, the MTT test was performed. The MTT test is based on the conversion of a
yellow, soluble tetrazolium salt into strongly pigmented, purple formazan crystals by
mitochondrial succinate dehydrogenase of metabolically active cells. This analysis was
performed in three independent experiments with six replications.

The culture medium containing the nanoparticles was removed, and 100 pL per well
of fresh medium was added. The MTT (Thermo Fisher Scientific) reagent was dissolved in
phosphate-buffered saline (PBS, Sigma Aldrich, St. Louis, MO, USA) in a concentration of
5 mg/mL and 10 pL was introduced into each well. After 4 h of incubation in 37 °C, the
culture medium was removed, and formazan crystals were dissolved in 200 uL of solubi-
lization detergent (Isopropanol, Triton X-100, 0.01N HCI). Afterwards, the microplates were
centrifuged (10 min, 200x g) to remove the arisen NP clusters, and 100 pL of supernatant
was transferred to a new plate. The spectrometer readings were performed at a wavelength
of 570 nm in a microplate reader.

The results are presented as % of control and were calculated from the following
formula:

% of control = % x 100%

where A is the mean absorbance of the treated group, and C is the mean absorbance of the
control.

4.6. Morphological Evaluation

For cell morphological evaluation, the viable cells were visualized without any stain-
ing. For live imaging, a Leica DMi8 microscope (Leica Microsystem, Wetzlar, Germany)
equipped with a Leica MC 190 HD camera was used.



Int. J. Mol. Sci. 2021, 22, 12100

17 of 21

4.7. Reactive Oxygen Species Detection

The evaluation of reactive oxygen species (ROS) induction after ND treatment was
assessed using the general oxidative stress indicator, CM-H2DCFDA (Thermo Fisher
Scientific). BxPC-3 and AsPC-1 cells were seeded at the density of 1.4 X 10° cells/mL in
ibiTreat 15 p-Slide (ibidi GmbH, Gréfelfing, Germany) in 60 uL of medium per well. After
24 h, the medium was replaced with fresh medium that was supplemented with 10% of
ND suspension to obtain a final concentration of 20 mg/L, 50 mg/L, and 100 mg/L or 10%
dH,O for the control. After 2 h of incubation CM-H2DCFDA in PBS with Ca?* (Thermo
Fisher Scientific) at the final concentration of 5 uM was added to each well. After 20 min
cells were washed and the nuclei were stained with NucRed Live 647 (Thermo Fisher
Scientific) for 20 min in full medium. The cells were washed with fresh medium and the
ROS level was analyzed with a confocal microscope, FV-1000 (Olympus Corporation, Tokyo,
Japan), that was equipped with an incubation chamber that maintained a temperature of
37 °C (Solent Scientific Ltd., Portsmouth, UK) and an on-stage chamber that maintained
5% CO; in air (PeCon GmbH, Erbach, Germany). The cells were imaged sequentially using
20 % objective at excitation and emission of 495/525 nm (CM-H2DCFDA) and 642/661 nm
(NucRed Live 647). All images were taken using the same laser parameters. The experiment
was carried out in seven replications and each well was imaged four times. The ROS levels
were expressed as a sum of the pixel values per cell. Analysis and cell counting was
performed using Fiji software [67]. The cell number on each image was assessed by the
thresholding of channel with the stained cell nuclei, followed by watershed segmentation,
and analyzed particles function.

4.8. Cytokine Array

For the assessment of the induced inflammatory response, the human inflammation
antibody array-membranes (40 targets, Abcam, Cambridge, UK) were used. This method
is an antibody-paired-based assay. The antibodies that are placed on the membrane in
spots bind to the specific proteins that are present in the sample followed by pairing with
biotinylated detector antibody and streptavidin HRP. The membrane detects 40 different
cytokines, and the results are visualized by chemiluminescent detection.

AsPC-1 and BxPC-3 lines were treated with GO and ND at a concentration of 50 mg/L
for 24 h. Afterward, the cells were washed three times with cold PBS and centrifuged
(4 °C, 10 min, 200x g). The pellet was immediately frozen for later use. The protein was
extracted using TissueLyser LT (Qiagen, Hiden, Germany) at a speed of 50 osc/s for 3 min,
after suspending the cells in the lysis buffer that was dedicated to the performed analysis.
the samples were then centrifuged (12,000x g rpm, 10 min), and the supernatant was
transferred to a new microtube. The protein concentration was determined using the BCA
Protein Assay (Thermo Fisher Scientific) according to the manufacturer’s instructions.

First, the membranes were washed in 2 mL of blocking buffer for 30 min. Then,
those membranes were incubated overnight with 200 ug of proteins per membrane. Each
membrane was washed in 20 mL of wash buffer I followed by three washes in buffer
I (2 mL, 5 min) and two washes in buffer II (2 mL, 5 min). Next, the membranes were
incubated overnight with 1 mL of biotin-conjugated anti-cytokine antibodies. Subsequently,
all of the washes were repeated, and the membranes were incubated overnight with 2 mL
of HRP-conjugated streptavidin. Before detection, all of the washes were repeated. The
results were visualized by chemiluminescence detection at multiple exposure times (from
10 s to 1 min) with the ChemiDocl Imaging System using Quantity One Basic Software
(Bio-Rad, Hercules, CA, USA).

4.9. Statistical Analysis

The data were analysed using mono-factorial analysis of variance: one-way ANOVA
with Statgraphics® Plus 4.1 (StatPoint Technologies, Warrenton, VA, USA). The differences
between the groups were tested using Tukey’s HSD multiple-range tests. The differences
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with p < 0.05 were considered significant. All of the mean values are presented with the
standard deviation.

5. Conclusions

The results indicate that more pronounced cytotoxic effects against certain human
pancreatic cancer cell lines were achieved after carbon-based NP treatment rather than
metallic NPs. Interestingly Pt, Ag, and Au caused a decrease in cell viability but only in
HS-5 and AsPC-1 cell lines.

The highest cytotoxicity was observed with the use of ND. Both of the cancer cell
lines showed a dose-dependent viability decrease in the concentration range from 10 to
200 mg/L in the BxPC-3 cell line and from 50 to 200 mg/L in AsPC-1. Furthermore,
BxPC-3 cell line was more sensitive to ND compared to AsPC-1 due to greater reduction in
cell viability and induction of ROS. Moreover, GO and ND treatment changed the level
of certain pro-inflammatory proteins. In both the BxPC-3 and AsPC-1 cell lines, GO at
50 mg/L reduced the signal intensity of TIMP-2 and ICAM-1 compared with the control
groups, whereas ND at a concentration of 50 mg/L reduced the signal intensity of TIMP-2
and increased the IL-8 level in the AsPC-1 and BxPC-3 cell lines. This work provides critical
data showing the different cytotoxicity levels of various nanoparticles against pancreatic
adenocarcinoma cell lines.
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Ag silver
Au gold

Ceo(OH)y  fullerenol
DMEM Dulbecco’s Modified Eagle Medium

DMSO dimethylsulfoxide

FBS foetal bovine serum

GO graphene oxide

HDEF human dermal fibroblasts

HUVEC human umbilical vein endothelial cells
ICAM-1 intracellular adhesion molecule 1
IL-1a interleukin 1

IL-8 interleukin 8

LDH lactate dehydrogenase

MIP-13 macrophage inflammatory protein 13
MN micronuclei

ND nano diamond

NPs nanoparticles

Pt platinum
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ROS reactive oxygen species

RPMI 1640 Roswell Park Memorial Institute 1640 Medium
TEM transmission electron microscope

TIMP-2 tissue inhibitor of metalloproteinases 2

TNE-f3 tumour necrosis factor 3
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Interference Analysis

In order to exclude the influence of nanomaterials on the result of MTT and LDH
cytotoxicity assays interference analysis was performed. The performed analysis revealed a
statistically significant influence of Ag nanoparticles at the concentrations of 2 mg/L and 5
mg/L on the results of colorimetric LDH reaction.

Firstly 90 uL of complete growth medium RPMI 1640 (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% foetal bovine serum (FBS, Gibco) and 1% of
antibiotic — antimycotic mix (Gibco) was added to the 96-well microplate. Subsequentially 10
uL of 10x concentrated nanomaterials suspensions was added in order to obtain final
concentration as follows: 0.1 mg/L; 0,5 mg/L; 1 mg/L; 2 mg/L; 5 mg/L for metallic (Ag, Au, Pt)
nanoparticles and 10 mg/L; 20 mg/L; 50 mg/L; 100 mg/L; 200 mg/L for carbon-based
nanomaterials (GO, ND, Cs(OH)w) and incubated together in humidified atmosphere
containing 5% of CO: at for 37°C for24h.

The MTT and LDH interference analyses (Thermo Fisher Scientific) were carried out
similarly to the cytotoxicity tests but without the presence of cells. For MTT interference
(Figure S1) analysis MTT reagent (Thermo Fisher Scientific) was dissolved in phosphate-
buffered saline (PBS, Sigma Aldrich, St. Louis, MO, USA) in a concentration of 5 mg/mL and
10 pL was introduced into each well. After 4 h of incubation in 37°C, the culture medium was
removed, and formazan crystals were dissolved in 200 pl of solubilization detergent (Iso-
propanol, Triton X-100, 0.0IN HCl). Afterwards, microplates were centrifuged (10 min, 200 x
g) and 100 ul of supernatant was transferred to a new plate. Spectrometer readings were
performed at a wavelength of 570 nm in a microplate reader.
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Figure S1. MTT interference analysis. Interactions of MTT reagent and nanomaterials

presented as the mean absorbance from 3 replications with standard deviation. A statistically

significant difference between a group and the control was marked as * p<0.05. Capital letters

refer to different groups of nanomaterials: (A) metallic NPs, (B) carbon-based nanomaterials.

For LDH (Thermo Fisher Scientific) interference analysis (Figure S2) nanomaterials

were incubated for 24 h in the prepared microplates. Subsequentially, microplates were

centrifuged (10 min, 200 x g) and 50 uL of supernatant was transferred into a new plate. One

hundred microlitres of LDH reaction mixture was added to the probes and incubated for 30

minutes at room temperature, protected from light. Spectrophotometer readings were

performed at a wavelength of 490 nm (reference wavelength: 690 nm) in a microplate reader

(Tecan Group ltd., Mannedorf, Switzerland).

>

0.8+

0.6+

0.4+

mean absorbance

0.24

LDH - interference analysis

0.0~

il L

T T T T
0 0.1 0.5 1 2 5
nanoparticles concentration [mg/L]

W Ag
= Au
[ pt

w

mean absorbance

1.0+

0.8+

0.6+

0.4+

0.2+

0.0~

T T
0 10

T
20

T
50

T
100

200

nanoparticles concentration [mg/L]

M GO
= ND
[ C60(OH)40

Figure S2. LDH interference analysis. Interactions of LDH reagent and nanomaterials

presented as the mean absorbance from 3 replications with standard deviation. A statistically

significant difference between a group and the control was marked as * p<0.05. Capital letters

refer to different groups of nanomaterials: (A) metallic NPs, (B) carbon-based nanomaterials.



Warszawa, 26.09.2023r.

mgr inz. Barbara Wéjcik
barbara_wojcik 1@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

O$wiadczenie o wspolautorstwie

Niniejszym o§wiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Gérska, Jagmina Bataban, André Chwalibog, i Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” m¢j indywidualny
udziat w jej powstaniu polegal na: wykonaniu wszystkich analiz, ktérych wyniki
przedstawione sg zarowno w artykule jak i w suplemencie dofgczonym do artykutu;

opracowaniu oraz wizualizacji uzyskanych danych; oraz na napisaniu i redakeji
manuskryptu.

Podpis

Ww [Jgei



Warszawa, 26.09.2023r.

prof. dr hab. Ewa Sawosz Chwalibog
ewa_sawosz@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Os$wiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, J aroslaw
Szczepaniak, Barbara Strojny-Cie$lak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielifiska-Goérska, Jasmina Bataban, André Chwalibog, i Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” m¢j indywidualny

udziat w jej powstaniu polegat na pomocy w stworzeniu koncepcji badan oraz weryfikacji
danych uzyskiwanych w trakcie analiz.

Podpis

7TV
( \ VA



Warszawa, 26.09.2023r.

mgr Jarostaw Szczepaniak
jaroslaw_szczepaniak@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

OS$wiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cie$lak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Gorska, Jasmina Balaban, André Chwalibog, i Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines
AsPC-1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” mdj
indywidualny udziat w jej powstaniu polegat na analizie formalnej manuskryptu.

Podpis

\‘%Q oS\oud %‘w&&q,\x\\\o&x




Warszawa, 26.09.2023r.

dr Barbara Strojny-Cieslak
barbara_strojny-cieslak@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Os$wiadczenie o wspolautorstwie

Niniejszym oéwiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielifiska-Gorska, Jasmina Bataban, André Chwalibog, i Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” m¢j indywidualny
udzial w jej powstaniu polegat na walidacji stosowanych metod.

Podpis




Warszawa, 26.09.2023r.

dr Malwina Sosnowska-Eawnicka
malwina_sosnowska@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy “Wojeik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Gorska, Jasmina Bataban, André Chwalibog, i Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” mdj indywidualny
udziat w jej powstaniu polegat na walidacji stosowanych metod.

Podpis
l/( o W’, R $ R0k ity



Warszawa, 26.09.2023r.

mgr inz. Karolina Daniluk
karolina_daniluk@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Goérska, Jasmina Bataban, André Chwalibog, 1 Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” m6j indywidualny
udzial w jej powstaniu polegat na doborze oprogramowania stuzacego do wizualizacji
danych uzyskanych w toku realizacji badan.

Podpis



Warszawa, 26.09.2023r.

dr inz. Marlena Zielinska-Gérska
marlena_zielinska gorska(@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zichnska-Gorska, Jasmina Balaban, André Chwalibog, 1 Mateusz Wierzbicki. 2021, | Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3". International Journal of Molecular Sciences 22: 1-21” m6j indywidualny
ud~ziat w jej powstaniu polegal na walidacji metod analitycznych stosowanych w toku

realizacji badan.
Gk g~ Gorls /1

Podpis



Warszawa, 26.09.2023r.

mgr Jadmina Balaban
jasmina_balaban@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadezenie o wspélautorstwie

Niniejszym o$wiadezam, ze w pracy W 6jcik Barbara, Ewa Sawosz Chwalibog, J aroslaw
Szczepaniak, Barbara Strojny-Ciedlak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Gorska, Jasmina Bataban, André Chy alibog, 1 Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21" m6j indywidualny
udzial w jej powstaniu polegal na analizie formalnej przygotowanego manuskryptu.




Warszawa, 26.09.2023r.

prof. André Chwalibog
ach@sund.ku.dk

Rada Dyscypliny Instytutu
Biologii

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibdg, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Gérska, Jasmina Bataban, André Chwalibog, 1 Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” m¢j indywidualny
udzial w jej powstaniu polegal na recenzji oraz redakcji manuskryptu.

Podpis

ra

/f

/ ’//
ALy



Warszawa, 26.09.2023r.

dr hab. Mateusz Wierzbicki, prof. SGGW
mateusz_wierzbicki@sggw.edu.pl

Rada Dyscypliny Instytutu
Biologii

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Os$wiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy “Wojcik, Barbara, Ewa Sawosz Chwalibog, Jaroslaw
Szczepaniak, Barbara Strojny-Cieslak, Malwina Sosnowska, Karolina Daniluk, Marlena
Zielinska-Gorska, Jasmina Bataban, André Chwalibdg, i Mateusz Wierzbicki. 2021. ,,Effects
of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines AsPC-
1 and BxPC-3”. International Journal of Molecular Sciences 22: 1-21” m6j indywidualny
udziat w jej powstaniu polegal na pomocy w przygotowaniu koncepcji badan, opracowaniu
metodologii oraz recenzji i redakeji manuskryptu.



Nanotechnology, Science and Applications Dove

ORIGINAL RESEARCH

Cell Line-Dependent Adhesion and Inhibition of
Proliferation on Carbon-Based Nanofilms

Barbara Woijcik, Katarzyna Zawadzka, Ewa Sawosz, Malwina Sosnowska (), Agnieszka Ostrowska (),
Mateusz Wierzbicki

Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences, Warsaw, 02-786, Poland

Correspondence: Mateusz Wierzbicki, Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences, Ciszewskiego 8,
Warsaw, 02-786, Poland, Tel +48 22 5936676, Email mateusz_wierzbicki@sggw.edu.pl

Introduction: Disorganisation of the extracellular matrix (ECM) is strongly connected to tumor progression. Even small-scale
changes can significantly influence the adhesion and proliferation of cancer cells. Therefore, the use of biocompatible nanomaterials
capable of supporting and partially replenishing degraded ECM might be essential to recover the niche after tumor resection. The
objective of this study was to evaluate the influence of graphene, graphene oxide, fullerene, and diamond nanofilms on breast cancer
and glioblastoma grade IV cell lines.

Methods: Nanomaterials were characterized using SEM and TEM techniques; zeta potential analysis was also performed. Nanofilms
of graphene, fullerene, and diamond nanoparticles were also characterized using AFM. The toxicity was tested on breast cancer MDA.
MB.231 and glioblastoma grade IV U-87 MG cell lines, using LDH assay and by counting stained dead cells in bioprinted 3D models.
The following parameters were analyzed: proliferation, adhesion to the nanofilm, and adhesion to particular ECM components covered
with diamond nanoparticles.

Results and Discussion: Our studies demonstrated that nanofilms of graphene and diamond nanoparticles are characterized by cell-
specific toxicity. Those nanomaterials were non-toxic to MDA.MB.231 cells. After applying bioprinted 3D models, diamond
nanoparticles were not toxic for both cell lines. Nanofilms made of diamond nanoparticles and graphene inhibit the proliferation of
MDA .MB.231 cells after 48 and 72 hours. Increased adhesion on nanofilm made of diamond nanoparticles was only observed for
MDA .MB.231 cells after 30 and 60 minutes from seeding the cells. However, analysis of adhesion to certain ECM components coated
with diamond nanoparticles revealed enhanced adhesion to tenascin and vitronectin for both tested cell lines.

Conclusion: Our studies show that nanofilm made of diamond nanoparticles is a non-toxic and pro-adhesive nanomaterial that might
stabilize and partially replenish the niche after breast tumor resection as it enhances the adhesion of breast cancer cells and inhibits
their proliferation.

Keywords: 3D models, breast cancer, carbon-based nanomaterials, cytotoxicity, glioblastoma

Introduction
Triple-negative breast cancer is the most aggressive malignant subtype of breast cancer." It accounts for around 15-20%
of all cases diagnosed.” It is characterized by a strong tendency to early metastasis (approximately 2-3 years after
diagnosis).” Although cancer treatment is still developing and new therapeutic strategies are being optimized, the
prognosis for patients with triple-negative breast cancer is still poor.* Over half a million deaths annually are caused
by breast cancer.” Although cancer diagnosis is also developing and new tools are being developed that enable early
diagnosis, metastases are still difficult to inhibit and manage clinically.® Another tumor considered one of the most
difficult to treat is a primary brain tumor — glioblastoma. It is difficult to manage clinically due to its proliferative and
highly invasive nature.” The median survival time of patients who suffer from this kind of tumor, regardless of treatment,
is 12.6 months.® Thus, there is an urgent need to inhibit tumor growth.

Many patients, after tumor resection, develop recurrences of the disease. It is believed that newly arisen tumors are
derived from selected tumor clones that are resistant to the applied therapy.” At this point, it should be noted that
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circulatory tumor cells that can shed from primary tumors'® and cancer stem cells that promote initiation, proliferation,
migration, and drug resistance of solid cancers may be present in pathologically changed tissue.'' However, according to
the literature, after tumor resection, the remaining cells are characterized by a few phenotypical differences, which have
been hypothesized to be a possible cause of cancer recurrence. Surgical removal of the tumor mass promotes the
secretion of inhibitory factors, which cause the activation of immunosuppressive cells to allow rapid repopulation of
small pockets of residual disease. Moreover, the infiltration of residual lymph nodes and recurrent tumors with M2
macrophages and CD4 Foxp3" regulatory T cells is observed. These factors create a complex network of immunosup-
pression in the surrounding microenvironment, which may underline cancer recurrence.” Another important factor in
cancer development is the extracellular matrix (ECM), which is the non-cellular component of tissue. Its role is not only
to provide structural support ensuring tissue integrity,'? but it is also a physiologically active structure that provides all
the essential molecules that regulate cell-to-cell communications.'> ECM is produced and arranged by resident cells; it is
a highly dynamic structure that can be remodeled in accordance with tissue needs or as a result of disease progression.'?
The first step in the metastasis process is the invasion of malignant cells. For this phenomenon to be possible, the
adhesion of cells to the ECM must be disturbed,'* which is strongly connected with the disorganization of the unique
ECM."® This indicates that ECM plays a crucial role in cancer progression. Even small-scale changes in the tissue-
specific microenvironment homeostasis can significantly influence the proliferation of cancer cells. Numerous changes in
the ECM, such as increased levels of collagens I, III, IV, and fibronectin, indicate that tumor progression is based on the
complex interactions of cancer cells and tumor microenvironment.'® Higher levels of matrix proteins may contribute to
changes in cell polarity and cell-to-cell adhesion.!” For that reason, the use of nanomaterials capable of supporting and
partially replenishing degraded ECM might be essential to restore the niche after tumor resection.

Nanomaterials such as graphene (GN), graphene oxide (GO), fullerene (C60), and diamond nanoparticles (ND) can
form nanofilms.'® ' However, the biosafety of the chosen carbon-based nanomaterials is the most pressing issue while
designing potential biological applications. According to the literature, GN in colloidal suspension may induce cell death
through caspase-mediated and caspase-independent pathways. The induction of oxidative stress is pointed out as a main
process underlying the cytotoxicity of this nanomaterial. However, Fahmi et al demonstrated that GN may be capable of
inducing irreparable DNA fragmentation produced by endogenous cellular endonucleases.”> GO in colloidal suspension
may also induce time- and dose-dependent toxicity at the concentrations higher than 100 mg/L. Wu et al displayed the
role of oxidative stress mediated by ROS in the cytotoxicity of GO. Moreover, the scientists also indicated that the arrest
in GO/G1 phase after exposure to GO may be engaged in the cell death induction.”* Another nanomaterial that was
chosen for analyses also exhibit anticancer properties. Exposure to C60 may cause oxidative stress/ERK-independent cell
cycle block in G2/M phase, thus inhibiting cancer cells proliferation. Moreover, C60 is also capable of inducing ROS-
mediated necrotic cell damage.** According to our previous studies, ND cytotoxicity is cell specific.>> The cytotoxicity
of this nanomaterial is strongly connected with the increase of ROS level and cytochrome ¢ release.”® Although, the
nanomaterials may exhibit some cytotoxicity, carbon-based nanofilms are a source of mechanochemical stimuli that may
change cells’ behavior by changing the expression level of proteins involved in the proliferation process, activating ATP
synthesis, or lowering the expression of cytoskeleton proteins. Therefore, we hypothesize that nanofilms made of GN,
GO, C60, and ND may be capable of promoting proper adhesion and reducing the proliferation rate of breast cancer cells
MDA.MB.231 and glioblastoma cells U-87 MG, which would result in a reduction in oncogenic potential and prevention
of disease recurrence.

Materials and Methods

Carbon-Based Nanomaterials

Graphene (GN) was obtained from SkySpring Nanomaterials (Houston, TX, USA). Nano-sized platelets were produced
by the exfoliation method. According to the manufacturer, the GN flakes’ surface area was 750 m?/g, and their thickness
ranged from 1 to 5 nm. Single-layer graphene oxide (GO) was obtained from US Research Nanomaterials (Houston, TX,
USA). The material was dispersed in water (2wt%). The diameter of flakes ranged from 1.5 to 5.5 um and their thickness
from 0.43 to 1.23 nm.
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Fullerene (Cg) was obtained from SES Research (Houston, TX, USA). The material was vacuum oven-dried and,
according to the manufacturer, solvent-free. Diamond nanoparticles (ND) were obtained from US Research
Nanomaterials (Houston, TX, USA). The nanomaterial was produced using the detonation technique. According to the
manufacturer, the average diameter of ND grains was 2—10 nm. GN, GO, Cg, and ND were dispersed in ultrapure water
to a final concentration of 1000 mg/L. Prior to use, water suspensions of nanomaterials were sonicated for 1 minute (500
W, 32 kHz) using a VC 505 Ultrasonic Liquid Processor with a cup horn (Sonics & Materials, Newtown, CT, USA).

Physicochemical Analysis of Carbon-Based Nanomaterials

The ultrastructure of GN, GO, Cg4y, and ND was analyzed using a JEM-1220 transmission electron microscope (TEM,
JEOL, Tokyo, Japan) at 80 KV with a Morada 11-megapixel camera (Olympus Soft Imaging Solutions, Miinster,
Germany). All nanomaterials were analyzed using atomic force microscopy (AFM) to characterize the surface of the
cell culture plate covered with nanomaterials (Nanores, Poland). Additionally, dried nanomaterials were analyzed using
a scanning electron microscope (SEM; Quanta 200, FEI, Hillsboro, USA). Additionally, the water contact angle was
measured for the tested nanofilms. For that reason 200 pL of water suspensions of GN, GO, C60 and ND were placed on
the surface of the cell culture dish (Thermo Fisher Scientific, Waltham, MA, USA) followed by drying under sterile
conditions. Subsequently, 50 pL of water was placed at the top of dried nanofilm. The drops were imaged using
a horizontal stereoscopic microscope (Delta Optical, Poland). Then the water contact angle was determined using Fiji
software.?’

A Zetasizer Nano ZS90 analyzer (Malvern, Worcestershire, UK) was used for zeta potential measurements. Zeta
potential was measured by laser Doppler electrophoresis (LDE). In addition, the Smoluchowski approximation at 25°C
was applied. First of all, chosen nanomaterials were dispersed in ultrapure water to a concentration of 5 mg/L, sonicated
at 500 W and 20 kHz for 1 minute using a Vibra-Cell™ Ultrasonic Liquid Processor (Sonics & Materials, Newton, CT,
USA), and centrifuged (5 minutes, 1000xg) in order to remove arisen clusters.

Nanofilm Preparation

To assess cell morphology, carbon nanofilm was created on the bottom of 6-well culture plates (Nunc, Thermo Fisher
Scientific, Waltham, MA, USA). In each well, there were 10 dots of GN, GO, Cgy, and ND, respectively, which were
made by applying 10 pL of an aqueous suspension of the chosen nanomaterial at 1000 mg/L, followed by drying under
sterile conditions.

For membrane integrity, proliferation assessment, and the analysis of cell adhesion, nanofilms were made in a 96-well
microplate (Nunc, Thermo Fisher Scientific) by covering the whole surface of the bottom of the well with 50 pL of
1000 mg/L suspensions. Afterward, nanofilms were fully dried under sterile conditions, obtaining the final density of
151.5 pg/em?.

Cell Lines

Two cancer cell lines were used in the study: glioblastoma U-87 MG and breast cancer MDA.MB.231. They were
obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). Both of them were characterized as
adherent. The MDA.MB.231 cell line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC) supple-
mented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and a 1% antibiotic
mix (Antibiotic-Antimycotic, Gibco) of penicillin (100 U/mL), streptomycin (100 pg/mL), and Gibco amphotericin
B (0.25 pg/mL). The U-87 MG cell line was cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC)
supplemented with 10% FBS (Gibco) and a 1% antibiotic mix (Gibco). Both cell lines were maintained at 37°C in
a humidified atmosphere containing 5% CO,.

Cells were seeded at a density of 1x10° cells/mL for membrane integrity and LDH-proliferation assays and 3x10°
cells/mL for morphological and adhesion analyses. For the cell membrane integrity, proliferation, and adhesion analyses,
cells were seeded on a 96-well microplate (Nunc, Thermo Fisher Scientific) in 100 mL of medium per well. For
morphological analysis, cells were seeded on a 6-well plate (Nunc, Thermo Fisher Scientific) in 3 mL of medium per
well.
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Membrane Integrity Assay
A lactate dehydrogenase activity assay (Thermo Fisher Scientific) was performed to evaluate cell membrane integrity.
A change in media color, compared to the control group, indicates the leakage of LDH from damaged cells.

For maximum LDH release, lysis buffer was added into the triplet of control wells. After 45 minutes, 50 pL of cell
culture media was transferred into a new plate and then mixed with 100 uL. of LDH reaction mixture. Spectrophotometer
reading was performed after 30 minutes at 490 nm (reference wavelength: 690 nm), using a microplate reader (Tecan
Group Ltd., Mannedorf, Switzerland). The membrane integrity assay was performed after 24 hours, 48 hours, and 72
hours in 3 independent experiments with 6 replicates for each group.

The results are presented as % of maximum LDH release and were calculated with the formula:

A
% of Maximum LDH :m x100%

where A is the mean absorbance of the targeted group, and MAX LDH is the mean absorbance of the lysed control
group.

Proliferation Assay
After all cells were lysed, the total LDH level was determined in the same way as in the membrane integrity assay.
Changes in the level of enzymes relative to a control group indicate changes in the number of cells.

In order to perform proliferation analysis, lysis buffer was added to every well. After 45 minutes, plates were
centrifuged (10 minutes, 200 g) to remove clusters of nanomaterials, followed by the transfer of 50 puL of cell culture
media into a new plate. The analysis was performed after 24 hours, 48 hours, and 72 hours of cell culture on nanofilms in
3 independent experiments with 6 replicates for each group.

Results are presented as % of control and were calculated with the formula:

A
% of control :E x100%

where A is the mean absorbance of the targeted group, and C is the mean absorbance of the control group.

Morphological Analysis
For imaging of cell morphology, a Leica DMi8 microscope (Leica Microsystem, Wetzlar, Germany) equipped with
a Leica MC 190 HD camera was used.

Analysis of Cell Adhesion
In order to perform adhesion analysis after 30, 60, and 120 minutes from seeding, cells were washed with phosphate-
buffered saline (PBS, Thermo Fisher Scientific), followed by the addition of the lysis buffer into every well. After 45
minutes, plates were centrifuged (10 minutes, 200 g) to remove clusters of nanomaterials, followed by the transfer of 50
uL of cell culture media into a new plate. The analysis was performed in 3 independent experiments with 6 replicates for
each group.

Results are presented as % of control and were calculated with the formula:

A
% of control =C x100%

where A is the mean absorbance of the targeted group, and C is the mean absorbance of the control group.

Analysis of Cell Adhesion to Selected Components of the Extracellular Matrix
Covered with Diamond Nanoparticles

The ECM Cell Adhesion Array (Merck KGaA, Darmstadt, Germany) was performed in order to evaluate cell adhesion
to selected components of the extracellular matrix covered with ND. The test is based on colorimetric measurement
and was performed on a 96-well plate. Each well was pre-coated with different ECM proteins (collagen I, collagen II,
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collagen IV, fibronectin, laminin, tenascin, and vitronectin). After rehydration of wells, 100 pL of ND solution in PBS
at the concentration of 100 mg/L (tested group) and PBS (control group) was added into appropriate wells and
incubated for 5 hours in order to cover the bottom of the well with ND. After removal of the liquid, 100 pL of the cell
suspension at a concentration of 1x10° cells/mL in assay buffer was added into each well and incubated for 2 hours at
37°C. The cells were washed 3 times with assay buffer, and 100 pL of cell stain solution was added, followed by 5
minutes incubation. Subsequently, cells were washed 5 times with ultrapure water, and after the plate was fully dried,
100 uL of extraction buffer was added into each well, followed by 10 minutes incubation. Samples were transferred to
a new plate, and absorbance measurement was performed at a wavelength of 540 nm in a microplate reader (Tecan
Group Ltd.).
The results were presented as the mean absorbance of the triplet of wells.

3D Analysis
In order to create a 3D model using the bioprinting technique, MDA.MB.231 and U-87 MG cells were washed in an

appropriate complete cell culture medium and centrifuged for 6 minutes, 200g. Then, 50 puL of cell suspension at the
concentration of 1x10% cells/mL was mixed with 425 uL GelMA Bioink (Cellink, Goteborg, Switzerland). Additionally,
for the tested group, 25 pL of ND hydrocolloid at the concentration of 2000 mg/L was added to a mixture, obtaining
a final concentration of 100 mg/L. For the control group, the same volume of ultrapure water (25 pL) was added. 3D
models were printed using Bio X extrusion bioprinter (Cellink) on the 8-well 90 pL-slides (ibiTreat, ibidi GmbH,
Grifelfing, Germany). Afterward, 300 uL of appropriate complete cell medium was added into each well. 3D models
were incubated for 7 days at 37°C in a humidified atmosphere containing 5% CO,. The cell culture medium was
exchanged with a fresh one on the second, fourth, fifth, and sixth day of incubation. After 7 days, cells were stained using
Image-IT™ DEAD Green™ Viability Stain (Thermo Fisher Scientific) at a concentration of 100 nM in fresh complete
cell culture medium for 45 minutes at 37°C. Subsequently, cells were washed 4 times with PBS (Thermo Fisher
Scientific) for 7, 5, 2, and 2 minutes respectively. After that, cells were fixed with a 4% solution of paraformaldehyde
(PFA) for 15 minutes at 4°C and again washed twice with PBS (Thermo Fisher Scientific) for 2 minutes, followed by
staining cell nuclei using DAPI (Thermo Fisher Scientific) at the concentration of 300 nM in PBS for 45 minutes at 37°C.
Afterward, cells were washed 4 times with PBS for 5 minutes. Then, an 88% solution of glycerol was added to each well.
Preparations prepared in this way were incubated at 4°C overnight. The number of live and dead cells was analyzed with
an FV-1000 confocal microscope (Olympus Corporation, Tokyo, Japan). Cells were imaged sequentially using a 20X
objective at excitation and emission wavelengths of 461/358 nm (DAPI) and 490/525 (Image-IT™ DEAD Green™
Viability Stain, Thermo Fisher Scientific). The analysis was performed in 4 replicates for each group. Analysis and cell
counting were performed using Fiji software.?” The cell number on each image was assessed by thresholding the channel
with stained cell nuclei, followed by watershed segmentation and particle function analysis. Additionally, the images of
3D structures were performed using, a Leica DMi8 microscope (Leica Microsystem) equipped with a Leica MC 190 HD
camera.

Statistical Analysis

Data were analyzed using mono-factorial analysis of variance: one-way ANOVA with Statgraphics® Plus 4.1 (StatPoint
Technologies, Warrenton, VA, USA). The differences between groups were tested using Tukey’s HSD multiple range
tests. Differences with p-value <0.05 were considered significant. All mean values are presented with the standard
deviation.

Results

Physicochemical Analysis
The data in Table 1 presents the zeta potential of the tested nanomaterials. All measurements were performed at
a concentration of 5 mg/L. The analysis revealed that GN, GO, and C60 were characterized by negative values of zeta
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potential. Furthermore, the highest values, —27.55 and —26.83 mV, and the highest stability were displayed by GO and
GN, respectively. C60 and ND were the least stable, maintaining only —16.75 mV and 16.55 mV, respectively.

In order to characterize the surface of dried nanofilms, SEM analysis was performed. The results are presented in
Figure 1. Nanomaterials were also analyzed using a TEM (Figure 1). GN and GO took the form of flakes, whereas C60
and ND were spherical. The shape of the nanomaterials influenced the surface of nanofilms. Nanomaterials like GN and
GO formed more uniform surfaces compared to C60 and ND after drying.

For better characterization of tested nanomaterials, GN, C60, and ND nanofilms were characterized using the AFM
technique. The results are presented in Table 2 and Figure 2. The analysis revealed that GN nanofilm had the highest
roughness, while C60 nanofilm had the lowest roughness.

Atoms located in the interfacial region or at the interface are subject to the action of a different system of forces than
the atoms located deep in the phase. On the one hand, they are attracted by atoms of its own phase and, on the other hand,
by atoms from the neighboring phase. Therefore, they are located in an asymmetric force field. The water contact angle
was measured to provide information about the character of prepared nanofilms. The images of water drops on prepared
nanofilms are presented in Figure 3. The analysis performed using Fiji software revealed that the water contact angle for
the cell culture plate was maintained at the level of 60.32°. Similar value was obtained for the surface covered with GO
which was 64.26°. Water contact angle of C60 was smaller than the one obtained for the cell culture plate and was
maintained at the level of 43.57°. The smallest values were observed on the surfaces covered with ND and GN nanofilms
with the water contact angle of 17.99° and 22.12°, respectively.

Morphological Analysis

In order to evaluate the changes in cell morphology caused by the nanomaterials, imaging 24 hours, 48 hours, and 72
hours after cell seeding on certain nanofilms was performed. Applying nanofilms, placed as dots, allowed analysis of the
cell morphology inside, outside, and on the border of the dots (Figures 4 and 5). U-87 MG and MDA.MB.231 cells
showed changes in polarization and shape, depending on location, in relation to the nanofilm dot. U-87 MG cells that
were located near the ND nanofilm dot began to shrink after 48 hours of incubation compared to the control and GN
nanofilm. Another finding was that MDA.MD.231 cells tended to accumulate on the border of GN, ND, and GO nanofilm
with the side edge adjacent to it (Figures 4 and S1). U-87 MG cells formed spheroids to a lesser extent. The cells that
were exposed to GO and C60 nanofilms looked similar to the untreated ones. However, some changes in the cells size
could be observed after 24 hours (Figures S1 and S2).

Membrane Integrity Assay

In order to evaluate the cytotoxicity of certain carbon-based nanofilms at the level of membrane integrity, an LDH assay
was performed. Interference analysis was performed to eliminate the risk of false results according to the protocol
described in the Supplementary Materials (Figure S3). The analysis revealed that all nanomaterials tested did not
influence the cell membrane integrity of MDA.MB.231 cells (Figure 6A—C). However, GN and ND nanofilms induced
enhanced leakage of LDH from U-87 MG cells after 24, 48, and 72 hours of incubation (Figure 6D-F).

Table | Zeta Potential (ZP) in
Suspension Measured by Laser
Doppler Electrophoresis (LDE); the
Results are Presented as Mean (n=4)
with Standard Division (SD)

Sample | ZP by LDE [mV] = SD

GN —26.83%3.32
GO —27.55+0.75
Ceo —16.75+4.56
ND 16.55+0.81
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Figure | SEM (A-D) and TEM (E-H) images of GN (A and E); GO (B and F); C60 (C and G); and ND (D and H).

Proliferation Assay

In order to assess the influence of certain carbon-based nanofilms on the proliferation rate, a total LDH measurement was
performed. Interference analysis was performed to eliminate the risk of false results (Figure S3). The results from the
proliferation assay are presented in Figure 7. The analysis revealed that GN and ND nanofilms decreased the proliferation
rate in MDA.MB.231 48 and 72 hours after incubation (Figure 7B and C). The greatest inhibitory effect was obtained
after 72 hours. Incubation on GN nanofilm resulted in a 20.97% decrease in the number of cells, whereas incubation on
ND nanofilm resulted in a 30.09% decrease. In the case of the U-87 MG cell line, a similar tendency was observed after
48 hours incubation on GN and ND nanofilms, which caused a 15.95% and 16.17% loss in the number of cells
(Figure 7D). However, the proliferation-inhibitory effect was not maintained with increasing incubation time and after
72 hours, the proliferation of U-87 MG cells remained at the level of the untreated control group (Figure 7E).

Analysis of Cell Adhesion

In order to assess the influence of certain carbon-based nanofilms on cell adhesion, a total LDH measurement was
performed. Interference analysis was performed to eliminate the risk of false results (Figure S3). The results from the
analysis of cell adhesion are presented in Figure 8. The analysis revealed that MDA.MB.231 cell adhesion was enhanced
on ND nanofilm compared to the control during the first 60 minutes after seeding cells (Figure 8A and B). GN and GO

Table 2 AFM Parameters of Nanofilms Made of GN, C60, and ND

AFM parameter [nm] GN Cé60 ND

Roughness average 16.5 0.3 7.0

Root mean square roughness 29.3 0.4 10.5
Maximum height of the roughness 296.3 35 148.9
Maximum roughness valley depth 125.4 1.6 382
Maximum roughness peak height 170.9 1.8 110.7
Average maximum height of the profile 173.1 2.5 140.8
Average maximum height of the roughness 142.1 1.9 70.6
Average maximum roughness valley depth 68.0 0.9 26.6
Average maximum roughness peak height 74.1 0.9 44.1

Average third-highest peak to third-lowest valley height 142.1 22 100.4
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Figure 2 Topographical images of nanofilms made of GN (A), C60 (B), and ND (C) performed using the AFM technique.

Figure 3 Water contact angle of cell culture plate, 60.32° (A); GN, 22.12° (B); GO, 64.26° (C); C60, 43.57° (D); ND, 17.99° (E).
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72h

Figure 4 Morphological characterization of MDA.MB.23| human breast adenocarcinoma, seeded on GN and ND nanofilms after 24 hours, 48 hours, and 72 hours.

nanofilms did not influence cell adhesion (Figure 8 A—C). In the case of U-87 MG cells, only GN nanofilm weakened the
cell adhesion during the first 30 minutes after cell seeding (Figure 8D).

Analysis of Cell Adhesion to Selected Components of the Extracellular Matrix

Covered with Diamond Nanoparticles

ECM Cell Adhesion Array was performed to evaluate cell adhesion to selected components of the ECM covered with
ND. The analysis revealed that ND enhances MDA.MB.231 cell adhesion to tenascin and vitronectin (Figure 9A). ND
also enhances U-87 MG cell adhesion to the following ECM components: collagen I, collagen IV, tenascin, and
vitronectin (Figure 9B).

3D Analysis

In order to reproduce multidimensional interactions between cells and between cells and ECM, bioprinted 3D models
containing cancer cells were created. The analysis of MDA.MB.231 cells showed that although there was no difference in
the number of dead cells between the control group and the treated group, the addition of ND caused the live and dead
cell layers to separate. Dead cells were located at the bottom of the bioprinted 3D model, and live cells were observed at
the upper part (Figure 10).

The same phenomenon was not observed in the case of U-87 MG cells. Live and dead cells were located throughout
the whole volume of the bioprinted 3D model. However, it was observed that in the group treated with ND, the

Nanotechnology, Science and Applications 2023:16 htps://doi.org/10.2147/NSA.S439185 49
DovePress


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

Wojcik et al Dovepress

Figure 5 Morphological characterization of the U-87 MG human glioblastoma grade IV cell line, seeded on GN and ND nanofilms after 24 hours, 48 hours, and 72 hours.

percentage of dead cells was lower than in the control group, maintaining the values of 9.27% and 13.22%, respectively
(Figure 10).

Discussion

The aim of the study was to evaluate whether carbon-based nanomaterials such as GN, GO, C60, and ND may serve as
potential components of ECM that will affect and reduce tumor oncogenic potential, particularly by reducing the
proliferation rate of cancer cells and enhancing their adhesion to the ECM. The fundamental issue in applying
nanomaterials in cancer treatment is safety. Desirable nanomaterials in cancer treatment should be characterized by
biocompatibility. For that reason, the analysis of the cell membrane integrity was performed. The analysis revealed that
all nanomaterials used in the experiment did not harm the cell membrane of MDA.MB.231 cells. However, GN and ND
nanofilms exhibited low toxicity against U-87 MG cells. Graphene takes the form of flakes, as shown in the TEM images.
Dried GN nanofilm was characterized by a rough surface, as revealed by SEM and AFM analyses. The cell morphology
images showed that U-87 MG cells were bigger than MDA.MB.231 cells and formed clusters. Together, these could have
contributed to higher LDH leakage from U-87 MG cells, indicating cell membrane damage. This finding is in line with
Akhavan and Ghaderi’s thesis.”® According to the literature, one of the proposed toxicity mechanisms of GN assumes
cell membrane damage through physical interactions with nanomaterial.>> The surface of GN enables its interactions with
cell membrane lipids,>® which may also underlie the moderate toxicity of GN nanofilm against U-87 MG cells. ND
nanofilm also caused moderate toxicity against the glioblastoma grade IV cell line. As was shown in the morphological
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Figure 6 Membrane integrity of MDA.MB.23| (A-C) and U-87 MG (D-F) cells after 24 hours, 48 hours, and 72 hours incubation period on certain carbon-based nanofilms
determined by LDH assay. Results are presented as the percentage of cytotoxicity (mean with standard deviation; n=6). Different letters above the columns indicate
statistically significant differences between groups (p<0.05).

images, some fragments of ND tended to detach and were internalized by the cells or formed clusters on their surface.
The adhesion of ND nanofilm may be influenced by the formation of the non-diamond phase, the generation of voids
during the drying process, and the differences between the thermal expansion coefficient of ND nanofilm and surround-
ing phases.’’ Our previous study showed that ND in the form of hydrocolloid disturbs the cell membrane integrity in
glioblastoma grade IV cell lines T98G and U-118 MG.*® Interestingly, both GN and ND nanofilms did not influence the
cell membrane integrity of MDA.MB.231 cells. Diamond nanofilms are thin layers of amorphous sp®-bonded carbon
bound to crystalline phases of sp>-bonded carbon. ND nanofilm characteristics are similar to those of macroscale
diamond.>* According to the literature, ND nanofilm biocompatibility depends on the atomic-bound structure and
hydrogen content. Biocompatibility also depends on the cell line.”” However, it is considered a biocompatible
nanomaterial,>* which was revealed by the analysis performed on MDA.MB.231 cells. Those results were in line with
the analysis performed on a bioprinted 3D model, where no toxicity was observed after treatment of MDA.MB.231 cells
with ND. Moreover, our previous study®> showed that the addition of the same ND nanoparticles in the form of
hydrocolloidal suspension at the concentration of 20 mg/L into the cell culture medium of non-cancer HFF-1 cells did
not cause any morphological changes after 24 hours of incubation. Moreover, ND at the concentration of 50 mg/L caused
a significant decrease in intracellular ROS and mitochondrial superoxide level, which led to a higher metabolic activity of
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Figure 7 Proliferation of MDA.MB.23| (A-C) and U-87 MG (D-F) cells after 24 hours, 48 hours, and 72 hours incubation period on certain carbon-based nanofilms
determined by LDH assay. Results are presented as the percentage of control (mean with standard deviation; n=6). Different letters above the columns indicate statistically
significant differences between groups (p<0.05).

the tested fibroblast cell-line HFF-1. Those findings indicate that currently tested ND may not be toxic to non-cancer
cells.

The desired effect of the nanomaterial was to inhibit the cell proliferation rate. The proliferation analysis revealed that
GN and ND nanofilm significantly inhibit the proliferation of MDA.MB.231 cells after 48 hours. This effect was also
maintained after 72 hours. The same tendency was observed in the case of U-87 MG cells. However, after 72 hours, there
were no significant changes observed. Studies performed on hepatocellular carcinoma cell-line C3A showed that the thin
layer of ND nanofilm decreases the level of proteins responsible for cell proliferation, which leads to a decreased
population of cancer cells in the GO/G1 phase of the cell cycle.'"® The mechanochemical signaling caused by ND
nanofilms, which disturbs the expression of specific proteins related to mitosis and proliferation, may underlie the
phenomenon of decreased proliferation of MDA.MB.231 cells.

Another feature that should characterize a nanomaterial suitable for creating a niche that will stabilize the ECM after
tumor resection is its pro-adhesive nature; hence, an analysis of adhesion was performed. The analysis revealed that ND
nanofilm enhances the adhesion of MDA.MD.231 cells during the first 30 minutes after seeding. This finding is in line
with those obtained by Guo et al.** Studies performed on Hela cells showed that ND can enhance cell adhesion, thus
inhibiting cell migration by impairing the assembly of the cellular cytoskeleton. Another possible mechanism of this
phenomenon was the disruption of the epithelial-mesenchymal transition (EMT) signaling pathway by decreasing the
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Figure 8 Cell adhesion of the MDA.MB.23| (A—C) and U-87 MG (D-F) cells after 30 minutes, 60 minutes, and 120 minutes after cell seeding on GN, GO, C60, and ND
nanofilms determined by measuring total LDH. Results are presented as the percentage of control (mean with standard deviation; n=6). Different letters above the columns
indicate statistically significant differences between groups (p<0.05).
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Figure 9 Cell adhesion of MDA.MB.23| (A) and U-87 MG (B) cells after 2 hours of incubation on certain ECM components covered with ND determined by ECM Cell
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level of transforming growth factor  (TGF-P) caused by ND.** Another study concerning the adhesion of osteoblasts to
ND coatings showed that the nanocrystalline layer of ND can promote adhesion.>> As the adhesion of cancer cells plays
a major role in cancer progression,’® we have also investigated cell adhesion to particular ECM components covered with
ND. The analysis revealed that ND treatment enhances the adhesion of both breast cancer and glioblastoma grade IV cell
lines to tenascin and vitronectin. Enhanced adhesion to collagen I and collagen IV was also noted in the case of U-87 MG
cells. According to the literature, numerous isoforms of tenascin are produced through alternative splicing of nine
fibronectin type III regions. Different splicing isoforms are characterized by specific biological functions.*” The most
common tenascins present in the microenvironment of breast cancer tumors are those containing the D and B domains,
which are connected with the invasive phenotype.*® Tenascin is also over-expressed in the ECM of the invasive
phenotype of glioblastoma.>® In general, tenascin can directly interact with various cell adhesion receptors, thereby
influencing their functions.*® The presence of this protein in ECM may inhibit focal adhesion and promote cell migration
and ang,dogenesis.41 One of the first observations concerning tenascin revealed that cells did not adhere well to the ECM
component, which in turn led to a higher proliferation rate.*> However, our studies proved that the addition of ND can
weaken the activity of tenascin, enhancing adhesion and thus inhibiting MDA.MB.231 cell proliferation. Another
important protein present in the tumor microenvironment is vitronectin. The addition of ND enhanced the adhesion of
both MDA.MB.231 and U-87 MG cells to this protein. The interaction between vitronectin and integrins can activate
signaling pathways that regulate cytoskeleton reorganization, lipid metabolism, intracellular ion transport, and gene
expression.*® Another finding was the enhanced adhesion to collagen I and IV covered with ND observed in the U-87
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MG cell line. According to the literature, collagen I has two exclusive domains: the matrix interaction domain and the
cell interaction domain.** The first one is for impairing the structural properties of collagen fibrils. It has binding sites for
proteoglycans such as dermatan sulfate or keratin sulfate, while the other is responsible for signal transduction and ECM
remodeling. This domain has binding sites for matrix metalloproteinases, integrins, discoidin domain receptors, and
matricellular proteins.*> Collagen type IV mediates the process that leads to collagen sheet formation. These domains are
the major components of the basement membrane.*> Enhanced adhesion to those components may possibly lead to the
remodeling of damaged ECM after tumor resection.

Conclusion

ND nanofilm is a nontoxic and pro-adhesive nanomaterial that might be used to stabilize and partially replenish the niche after
breast tumor resection. ND nanofilm enhances the adhesion of breast cancer cell lines during the first 60 minutes after cell
seeding. By coating ECM components with ND, enhanced adhesion to tenascin and vitronectin was observed. Moreover, the
nanofilm can decrease the proliferation rate of MDA.MB.231 cells. However, ND nanofilm caused cell membrane damage in
U-87 MG cells and did not enhance the adhesion of the glioblastoma cell line. ND nanofilm was capable of decreasing the
proliferation rate of the glioblastoma grade IV cell line, but only after 48 hours. In that case, the nanofilm caused enhanced
adhesion to tenascin, vitronectin, collagen I, and collagen IV. Although nanomaterials such as GO and C60 were biocompatible
for MDA.MB.231 and U-87 MG cell lines, they did not significantly influence the proliferation for adhesion of tested cells.
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FIGURE S2 Morphological characterization of U-87 MG glioblastoma grade 1V cells seeded on

GO and C60 nanofilms after 24 hours, 48 hours, and 72 hours.

Interference analysis

In order to avoid false results of the analysis based on the lactate dehydrogenase (LDH)
measurements for nanofilms made of graphene (GN), graphene oxide (GO), fullerene (C60), and
diamond nanoparticles (ND) used in the experiments, an interference test was performed. The
analysis revealed no significant influence of the tested nanofilms compared with the control
(Figure 3S).

In order to perform interference analysis, 50 pL of colloidal suspensions of tested
nanomaterials were placed at the bottom of a 96-well plate (Nunc, Thermo Fisher Scientific) and
dried under sterile conditions. After nanomaterials were fully dried, 100 pL of cell culture medium

- EMEM (ATCC, Manassas, VA, USA) was added to a triplicate of wells that were not covered
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32 with nanofilm (control group), the same amount of EMEM was added to the wells with nanofilms
33 and incubated for 24 hours in humanified atmosphere. Subsequently, a lactate dehydrogenase
34  activity assay (Thermo Fisher Scientific, Waltham, MA, USA) was performed. 50 pl of cell culture
35 media was transferred into a new plate, followed by mixing with 100 pl of LDH reaction mixture.
36 Spectrophotometer reading was performed after 30 minutes at 490 nm (reference wavelength:
37 690 nm) using a microplate reader (Tecan Group Ltd., Mannedorf, Switzerland). The results are

38 presented as the percentage of the control. Each group consisted of three replicates.
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39
40 FIGURE S3 LDH interference analysis. Interactions of LDH reagent and nanomaterials are
41 presented as the percentage of control from three replicates with the standard deviation. Different

42 letters above the columns indicate statistically significant differences between the groups (p <
43  0.05).
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ABSTRACT

Reports on the cytotoxicity of diamond nanoparticles (ND) are ambiguous and depend on the
physicochemical properties of the material and the tested cell lines. Thus, the aim of this
research was to evaluate the influence of thirteen types of diamond nanoparticles, differing in
production method, size, and surface functional groups, on their cytotoxicity against four tumor
cell lines (T98G, U-118 MG, MCF-7, and Hep G2) and one non-tumor cell line (HFF-1). In order to
understand the dependence of diamond nanoparticles on physicochemical properties, the fol-
lowing parameters were analyzed: viability, cell membrane damage, morphology, and the level
of intracellular general ROS and mitochondrial superoxide. The performed analyses revealed that
all diamond nanoparticles showed no toxicity to MCF-7, Hep G2, and HFF-1 cells. In contrast,
the same nanomaterials were moderately toxic for the glioblastoma T98G and U-118 MG cell
lines. In general, the effect of the production method did not influence ND toxicity. Some
changes in cell response after treatment with modified nanomaterials were observed, with the
presence of carboxyl groups having a more detrimental effect than the presence of other func-
tional groups. Although nanoparticles of different sizes caused similar toxicity, nanomaterials
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with bigger particles caused a more pronounced effect.

Introduction

Carbon nanomaterials are promising agents for bio-
medical applications. They are thought to be invalu-
able in such fields as designing drug delivery
systems (Ansari et al. 2016), antibacterial agents
(Chang et al. 2019), bioimaging (Peng et al. 2017),
or even antitumor agents (Vervald et al. 2020). They
are manufactured in different sizes, shapes, and
chemical compositions in order to meet certain
requirements of those specific usages (Ilbrahim et al.
2018). One of their representatives, diamond nano-
particles (ND), gained widespread interest as they
possess unique properties, such as biocompatibility,
low toxicity, stable fluorescence, and facile function-
alization (Qin et al. 2021). It is believed that oxida-
tive-stress-mediated DNA damage and micronucleus
formation underlie ND cytotoxicity (Adach et al.

2016). There are many factors underlying carbon
nanomaterial cytotoxicity, including size, shape,
charge complexity, chemical compositions, surface
functionalization, aggregation tendency, and pro-
duction methods (Lewinski, Colvin, and Drezek
2008).

The unique properties of ND mean that they are
increasingly investigated in the context of their
potential use in tumor treatment. Grade IV glio-
blastoma is one of the most aggressive tumors and
very often leads to a patient’s death (Brar et al.
2022). The median survival time of patients who
suffer from this kind of tumor is 12.6 months
(Carlsson, Brothers, and Wahlestedt 2014). Although
there are many therapeutic strategies available,
from chemo- and radiotherapy to surgical resection
(Carlsson, Brothers, and Wahlestedt 2014), they
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seem to be insufficient. Due to intratumor hetero-
geneity, necrosis, high miotic activity, resistance to
apoptosis, microvascular proliferation, and the abil-
ity to infiltrate adjoining tissues (Tilak et al. 2021),
the treatment remains challenging. Moreover, since
2009 there has not been any improvement in the
chemotherapeutic treatment of grade IV glioblast-
oma (Brar et al. 2022). A similar situation may be
observed in the case of breast cancer. This type of
disease consists of a heterogenous group of tumors
(Tachibana et al. 2008), with different morphologies,
molecular features, and responses to treatment
(Rakha, Tse, and Quinn 2023). Current treatment
strategies involve adjuvant chemotherapy, radio-
therapy, surgery, and immunotherapy (Jain et al.
2023). However, those strategies have their limita-
tions and remain unsuccessful for many patients, as
around 0.69 million people die each year because
of breast cancer (Sung et al. 2021). Similar statistics
are observed for hepatocellular carcinoma.
According to scientific reports, 0.7 million people
die annually because of this illness (Niu et al. 2020).
There are many therapeutic strategies available,
such as surgical resection, liver transplantation,
embolization, chemotherapy, and radiotherapy
(Sedighi et al. 2023). Yet the approach of applying
surgical intervention is the most effective one.
However, it is successful only for approximately
15% of patients (Zhou et al. 2009). For that reason,
an urgent need for novel therapeutic strategies has
emerged.

Currently, chemotherapy or its combination with
other treatments is the main approach of choice in
the treatment of tumors. However, due to the che-
moresistance acquired by tumor cells during treat-
ment, it can often be insufficiently effective. One of
the main causes of chemotherapy failure is the che-
moresistance acquired by tumor cells during treat-
ment. It is believed that the most common
mechanism of chemoresistance is drug efflux via
adenine triphosphate - binding proteins (ABC)
(Chow et al. 2011). Chemoresistance is common in
stage IV glioblastoma (Dymova, Kuligina, and
Richter 2021), breast cancer (Shivhare and Das
2023) and hepatocellular carcinoma (Marin et al.
2020). According to Chow et al. (2011) ND is able to
improve the treatment of chemotherapeutic breast
and liver tumors in mice by overcoming drug leak-
age. Moreover, ND is able to cross the blood-brain
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barrier (Moscariello et al. 2019), which is still a
major challenge for effective drug delivery to the
central nervous system. According to Zupancic and
Veranic (2022), ND currently plays an important role
in the search for the most effective carriers for vari-
ous types of drugs. Recent scientific reports also
point to the potential use of ND in targeted therapy
(Wu et al. 2023). Since ND may become a potential
drug delivery platform, its toxicity needs to be thor-
oughly investigated, taking into account the differ-
ences in physicochemical properties of different ND.
Surface  functionalization, production method,
morphology, aggregation, surface functionalization
are factors that may affect the toxicity of ND (Zhu
et al. 2012).

ND can be produced using numerous methods,
such as detonation, laser ablation, high-energy ball
milling of high pressure, high-temperature diamond
microcrystals  (HPHT), plasma-assisted chemical
vapor deposition (CVD), electron irradiation of car-
bon ‘onions,’ autoclave synthesis from supercritical
fluids, chlorination of carbides, and ultrasound cavi-
tation (Keremidarska et al. 2014). Detonation and
laser ablation are the most common techniques. In
this study, detonation-generated ND and laser-gen-
erated ND are compared.

Detonation-generated ND are synthesized during
the detonation of strong explosives with a negative
oxygen balance (Stehlik et al. 2021); the detonation
is performed in a closed volume (Baidakova et al.
2013). The resultant product, detonation sod, may
contain up to 25wt.% impurities, such as other car-
bon allotropes, metals, and oxides, and therefore
needs to be purified. The process of removing
impurities can influence the potential cytotoxicity
displayed by newly prepared detonation-generated
ND powder (Keremidarska et al. 2014). Laser-gener-
ated ND are produced by high-power hydroshocks
generated by laser light pulses. Here, the target is
placed under a layer of an optically transparent
liquid at a fixed distance. The laser beam is focused
on the liquid generating the light-hydraulic effect
(Baidakova et al. 2013).

During the production process, surface modifica-
tions may be introduced to ND. They can be func-
tionalized with hydroxyl (—OH), amino (—NH,),
carboxyl (—COOH), and other groups. The presence
of those groups changes the chemical properties of
ND and provides interactions of ND with organic
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molecules (Tu et al. 2006). Moreover, the presence
of the —OH and —COOH groups may easily change
the type of biomolecule binding from quite weak
and nonspecific non-covalent binding into stronger
and more stable covalent binding (Reina et al.
2019). Hence, it is important to investigate the influ-
ence of surface functionalization on ND cytotoxicity
and biocompatibility.

Another factor underlying the in vitro cytotoxicity
of ND is size. This parameter is also connected with
aggregation. In general, aggregates are formed
through van der Waals interactions, which are
stronger when the nanomaterial size is smaller.
Moreover, for ND smaller than 10nm in diameter,
some additional mechanisms of tight aggregation,
with the formation of crystal-like structures, may be
encountered (Tu et al. 2006). Particle size is also
related to ND reactivity (Tervonen et al. 2009), with
ND smaller than 5nm showing different properties
from those of ND larger than 100nm (Tu et al.
2006). Although ND are said to be biocompatible
carbon-based nanomaterials (Zhang et al. 2012) and
ND size was suggested to play no significant role in
their  biocompatibility  (Schrand, Hens, and
Shenderova 2009), particles smaller than 10 nm in
diameter exhibit some toxicity against certain living
systems (Barhoum et al. 2022). ND cytotoxicity is
also connected with the volume of nanoparticles
that are able to enter the cell body. It is generally
accepted that more effective internalization is
observed for smaller nanoparticles (Manzanares and
Cena 2020). However, the optimal size for an effect-
ive uptake was assessed to lie within a range of 2-
50 nm (Jiang et al. 2008).

We hypothesize that physicochemical parameters
such as size, production method, or the presence of
functional groups on the surface of ND may be cru-
cial for their cytotoxic potential against the breast
cancer MCF-7, grade IV glioblastoma T98G and U-
118 MG, and hepatoma Hep G2 tumor cell lines and
the non-tumor HFF-1 cell line of human fibroblasts.
Although many studies concerning ND cytotoxicity
have been reported in the past several decades,
such extensive screening tests are still missing. The
presented studies are the first to compare the toxic
effects of thirteen different ND produced by differ-
ent methods and with different functionalizations
on five different cell lines representing three differ-
ent tumors and non-tumor cells.

Materials and methods
Nanomaterials

The first group of ND, composed of four nano-
particles, was purchased from US Research
Nanomaterials (Houston, TX, USA). Those nanomate-
rials differ by the presence of different functional
groups. ND-nf is not functionalized at all, while ND-
NH, has amino groups on its surface, ND-COOH is
functionalized with carboxyl groups, and ND-OH is
functionalized with hydroxyl groups. All ND were
produced as a powder using the detonation tech-
nique. The average size of ND is in the range of 2-
10 nm.

The second group of ND was purchased from
SkySpring Nanomaterials (Houston, TX, USA). Those
ND differ in size. The average size of ND-B is in a
range of 10-20 nm, while that of ND-S is in a range
of 3-4nm.

The third group of ND was purchased from Ray
Techniques Ltd. (Jerusalem, Israel). Those nanomate-
rials differ in the presence of different functional
groups and production methods. RayND and
RayND-AL were produced as ND powder during
laser synthesis. The average size of RayND grains is
in the range of 4-5nm, while that of RayND-AL is
in the range of 4-4.5nm. Moreover, RayND-AL was
hydroxylated and nitrogenized. According to the
manufacturer, this nanomaterial does not contain
metallic impurities. Furthermore, the ash residue is
maintained at a level lower than 0.02 wt.%.

RT-DND, RT-DND-EN, RT-DND-A, RT-DND-L, and
RT-DND-LN were produced as ND powder using the
detonation technique. All nanomaterials were puri-
fied, obtaining an ash residue at a level lower than
0.1 wt.%. The average size of the ND particles is in
the range of 3.5-6 nm. According to the manufac-
turer, RT-DND is free of metallic and graphite
impurities. RT-DND-EN, RT-DND-A, and RT-DND-LN
are nitrogenized. All three nanomaterials are lyo-
phobic. Moreover, RT-DND-A and RT-DND-LN are
hydrophobic, while RT-DND-EN is hydrophilic. RT-
DND-LN is functionalized with hydroxyl groups. This
nanomaterial is hydrophobic and lyophobic.

All nanomaterials were dispersed in ultrapure
water to obtain a concentration of 1000 mg/L and
then sonicated for 5min, at intervals of 1min of
sonication and a 30-s break (500W, 20kHz), using
VC 505 Ultrasonic Liquid Processor with a cup horn



(Sonics & Materials, Newtown, CT, USA). Prior to
use, suspensions of ND were sonicated for 1min
(500W, 32kHz). For cell treatment ND 10x concen-
trated water suspensions were diluted in cell
medium to obtain final concentrations of 5, 20, 50,
and 100 mg/L.

Physicochemical analysis of nanomaterials

The ultrastructure analysis of ND was performed
using a JEM-1220 transmission electron microscope
(JEOL, Tokyo, Japan) at 80keV with a Morada 11-
megapixel camera (Olympus Soft Imaging Solutions,
Munster, Germany).

Raman spectra were collected using a Renishaw
inVia spectrometer with a 514-nm laser source. The
sample was measured as soon as it was prepared,
and the spectra were collected from 5 different
spots. Each spot was irradiated for 5s with a laser
power intensity of 0.5 mW.

Analysis of the zeta potential (ZP) and the hydro-
dynamic diameter was performed using a Zeta Sizer
Nano-ZS90 analyzer (Malven, Worcestershire, UK).
ZP measurements were made using laser Doppler
electrophoresis with the Smoluchowski approxima-
tion. Hydrodynamic diameter measurements were
made using dynamic light scattering (DLS) with a
scattering angle of 90°, with the refraction index for
the solvent of 1.330. For DLS, the samples were
centrifuged (5min, 4000 RPM) prior to the analysis.
All measurements were performed at 25°C. ZP and
hydrodynamic diameter of ND at a final concentra-
tion of 20mg/L were measured in ultrapure water
and in cell culture medium EMEM (ATCC) supple-
mented with 10% of ND hydrocolloids immediately
after adding nanomaterials and after 24 h of incuba-
tion at 37°C.

Cell lines

Five cell lines were used in the study: two grade IV
glioblastoma cell lines, T98G and U-118 MG; the
breast adenocarcinoma cell line MCF-7; the hepato-
cellular carcinoma cell line Hep G2; and the non-
tumor cell line HFF-1 fibroblasts. All cell lines were
characterized by the type of adherent cells and
were obtained from ATCC (American Type Culture
Collection, Manassas, VA, USA). T98G, MCF-7, and
Hep G2 were cultured in Eagle’s Minimum Essential
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Medium (EMEM, ATCC) supplemented with 10%
fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and a 1% antibiotic
mix (antibiotic-antimycotic, Gibco) of penicillin
(100U/mL), streptomycin (100 ug/mL), and Gibco
amphotericin B (0.25pg/mL). U-118 MG and HFF-1
were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, ATCC) supplemented with FBS and
1% antibiotic-antimycotic. In the case of U-118 MG,
FBS was maintained at a level of 10%, while in HFF-
1 it was 15%. All cell lines were maintained at 37 °C
in a humidified atmosphere that contained 5% CO..

Cells were seeded at a density of 1.5x 10’
cells/mL for the viability assay and 1 x 10° cells/mL
for the membrane integrity assay. For both analy-
ses, cells were seeded on a 96-well microplate
(Nunc, Thermo Fisher Scientific) in 100 uL of culture
medium per well. The membrane integrity assay
required lowering FBS to 10% for the HFF-1 cell
line. In order to perform morphological analysis,
cells were seeded at a density of 5x 10° cells/mL
on a 6-well microplate (Corning, NY, USA) in 3mL
of culture medium per well. For the investigation of
the reactive oxygen species level, cells were seeded
at a density of 1.3 x 10° cells/mL for T98G; 2 x 10°
cells/mL for U-188 MG, MCF-7, and HFF-1; and
4 % 10° cells/mL for Hep G2 on a 15 p-plate 96-well
black microplate (ibiTreat, ibidi, GmbH, Grafelfing,
Germany) in 150puL of culture medium per well.
Twenty-four hours after seeding, when the cells
were fully attached, 10% of the culture medium
was exchanged with the same volume (10puL per
well on a 96-well microplate, 300uL on a 6-well
microplate, and 15uL on an ibiTreat 96-well plate)
of ND water suspensions, obtaining final concentra-
tions of 5, 20, 50, and 100mg/L. Control groups
were treated with the solvent, in this case, ultrapure
water. The cells were incubated for a further 24h
before the tests were performed. For the determin-
ation of reactive oxygen species, the incubation
with ND lasted for 3 h.

Viability assay

A PrestoBlue HS cell viability reagent (Invitrogen,
Thermo Fisher Scientific) was used for the evalu-
ation of cell viability after ND treatment. This assay
is based on the reduction of resazurin to highly
fluorescent resorufin. The change in fluorescence
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intensity, relative to that of a control group, indi-
cates changes in the reducing power of living cells,
enabling the quantitative measurement of viability
in the treated samples. The analysis was performed
in three independent experiments with four repli-
cates for each group.

After the incubation with ND was done, 10% of
the culture medium was exchanged with the same
volume (10uL) of PrestoBlue HS reagent, followed
by 90min of incubation at 37°C. Additionally, the
reagent was added to wells containing the cell cul-
ture medium itself, in order to evaluate the back-
ground fluorescence. The plates were protected
from light. The fluorescence intensity was measured
at an excitation wavelength of 560 nm and an emis-
sion wavelength of 590nm, using a microplate
reader (Tecan Group Itd., Mannedorf, Switzerland).

The results are presented as % of the control
and were calculated from the following formula:

% of the control = 3 x 100%

where A is the mean fluorescence of the treated
group, B is the mean fluorescence of the back-
ground, and C is the mean fluorescence of the con-
trol. Moreover, in order to exclude the potential
influence of the nanomaterials used in the experi-
ments, an interference analysis was performed on
the obtained data. The results of this analysis are
presented in the Supplementary Materials.

Cell membrane integrity

A CyQUANT LDH cytotoxic assay (Thermo Fisher
Scientific) was used for the assessment of the
amount of lactate dehydrogenase (LDH) in the cell
culture medium, an elevated level of which indi-
cates plasma membrane damage. The assay is
based on the conversion of lactate to pyruvate by
LDH via NAD + reduction to NADH, which is then
used by diaphorase to reduce tetrazolium salt to a
red formazan. The amount of color product is dir-
ectly proportional to the level of LDH and can be
measured calorimetrically. The assay provides a
guantitative measurement of extracellular LDH and
hence cellular toxicity. The analysis was performed
in three independent experiments with four repli-
cates for each group. The lysis buffer was added to
the wells in triplicate to evaluate the maximum

level of LDH in the samples and incubated for
45 min at 37°C. For the evaluation of spontaneous
LDH leakage, 10% of the cell culture medium
(10uL) was exchanged with the same volume of
ultrapure water in another triplet of wells (control
group). The microplates were then centrifuged
(6 min, 200 x g) in order to remove the arisen clus-
ters of ND, followed by the transfer of 50uL of
supernatant to a new plate. Afterward, 100 puL of
LDH reaction mixture was added to all the wells
and incubated for 30 min at room temperature pro-
tected from light. After the incubation, 100puL of
stop added to each
Spectrophotometer readings were performed at a
wavelength of 490nm (reference wavelength:
690 nm) in a microplate reader (Tecan Group Itd.)

The results are presented as % cytotoxicity and
were calculated from the following formula:

solution  was well.

% cvtotoxicity — A — spontaneous LDH leakage
° Y= MAX LDH — spontaneous LDH leakage

x 100%

where A is the mean absorbance of the treated
samples, MAX LDH is the mean absorbance of the
triplet of wells in which the cells were lysed, and
spontaneous LDH leakage is the mean absorbance
of the control group samples.

In this case, the interference analysis was also
performed. The obtained data are presented in the
Supplementary Materials.

Morphological analysis

In order to perform the morphological evaluation,
viable cells were visualized without any staining.
For live imaging, a Leica DMi8 microscope (Leica
Microsystem, Wetzlar, Germany) equipped with a
Leica MC 190 HD camera was used.

Assessment of reactive oxygen species

CM-H2DCFDA (general oxidative stress indicator,
Invitrogen, Thermo Fisher Scientific) and MitoSOX
Red (mitochondrial superoxide indicator, Invitrogen,
Thermo Fisher Scientific) were used for the investi-
gation of reactive oxygen species (ROS) induction
after ND treatment. After 3h of incubation with
nanomaterials, samples were washed twice
with warm Hank’s Balanced Salt Solution (HBSS)
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with Ca’" and Mg?" ions (HBSS, Thermo Fisher
Scientific), followed by staining with CM-H2DCFDA
and MitoSOX Red diluted in HBSS at a final concen-
tration of 5uM for both dyes. Then, the cells were
incubated for 15min at 37°C. Afterward, the sam-
ples were again washed twice in warm HBSS, and
the nuclei stained with Hoechst 33342
(Invitrogen, Thermo Fisher Scientific) diluted in full
culture medium at a final concentration of 5 pug/mL.
After 20min of incubation at 37°C, the samples
were washed twice with warm HBSS and full culture
medium supplemented with 25 uM HEPES (Thermo
Scientific). The ROS level was analyzed with an FV-
1000 confocal microscope (Olympus Corporation,
Tokyo, Japan) equipped with an incubation cham-
ber that maintained a temperature of 37°C (Solent
Scientific Ltd, Portsmouth, United Kingdom). Cells
were imaged sequentially using a 20x objective at
excitation and emission wavelengths of 495/525 nm
(CM-H2DCFDA), 510/580nm (MitoSOX Red), and
350/461 nm (Hoechst 33342). The analysis was per-
formed in two independent experiments with three
replicates for each group. ROS levels were
expressed as a sum of pixel values per cell. Analysis
and cell counting were performed using Fiji soft-
ware (Schindelin et al. 2012). The cell number on
each image was assessed by thresholding the chan-
nel with stained cell nuclei, followed by watershed
segmentation and analysis of particle function.

The results are presented as % of the control
and were calculated from the following formula:

were

P
Integrated density per cell = ke 100%

where P is the sum of pixels of the treated sample
and K is the mean pixel value per cell of the control

group.

Statistical analysis

The data obtained from the cell membrane integrity
and viability assays were analyzed using multi-fac-
torial analysis of variance: two-way ANOVA with
GraphPad Prism 9 (GraphPad Software, CA, USA).
The differences between experimental and control
groups were tested using Dunnett’s multiple com-
parison test. Differences with p < 0.5 were consider
significant (*p <0.05; ** p<0.01; *** p<0.001).
The data obtained from the assessment of reactive
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oxygen species were analyzed using mono-factorial
analysis of variance: one-way ANOVA with
Statgraphics® Plus 4.1 (StatPoint Technologies,
Warrenton, VA, USA). The differences between
groups were tested using Tukey’s HSD multiple-
range test. Differences with p < 0.05 were consid-
ered significant. All means are presented with the
standard deviation.

Results
Physicochemical analysis of nanomaterials

The physicochemical properties of ND were deter-
mined by investigating the nanoparticles’ Raman
spectrum, hydrodynamic size, and zeta potential.
The morphology and particle size of the nanomate-
rials were analyzed with transmission electron
microscopy (TEM) (Figure 1). The characterization of
the nanomaterials used in the study is shown in
Table 1, along with the results of the TEM analysis
of the particle size and the hydrodynamic diameter
of the studied nanomaterials. The analysis of the
hydrodynamic diameter revealed that ND-nf of the
detonation synthesis displayed the lowest mean
hydrodynamic diameter (194.30nm) when sus-
pended in ultrapure water, while RayND-AL and
RayND of the laser synthesis were characterized by
the highest mean hydrodynamic diameter values
(329.53nm and 327.63 nm, respectively). The size
distribution by volume of nanomaterials suspended
in water is shown in Figure 2. ND-nf, ND-NH2, ND-
COOH, ND-OH, ND-B and ND-S have a similar size
distribution with peak values around 150nm. The
distribution values of the remaining nanomaterials
had peak values around 200nm (RT-DND-EN),
250nm (RayND-AL, RT-DND-A, RT-DND-L, RT-DND-
LN), 280 nm (RT-DND and RayND).

RT-DND-A displayed the smallest mean hydro-
dynamic diameter (100.92 nm) when suspended in a
cell culture medium. Moreover, ND-NH, and ND-OH
were characterized by the biggest mean hydro-
dynamic diameter values (324.17 nm and 324.00 nm,
respectively) right after their administration into the
cell culture medium. However, after 24 h of incuba-
tion, the biggest hydrodynamic diameter was
obtained by the laser-synthesized RayND and
RayND-AL (352.57 nm and 365.57 nm, respectively).
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100 nm

Figure 1. TEM imagines of the nanomaterials used in the experiments: (A) ND-nf, (B) ND-NH,, (C) ND-COOH, (D) ND-OH, (E) ND-B,
(F) ND-S, (G) RayND, (H) RayND-AL, (I) RT-DND, (J) RT-DND-EN, (K) RT-DND-A, (L) RT-DND-L, (M) RT-DND-LN. The ultrastructure ana-
lysis of ND was performed using a transmission electron microscope at 80 keV.

The data in Table 2 show the zeta potentials
(ZPs) of the studied nanomaterials in ultrapure
water suspension, in cell culture medium immedi-
ately after adding nanoparticles (0h), and in cell
culture medium after 24h of incubation. The ana-
lysis revealed that laser-synthesized RayND was the

least stable in water suspension, with a ZP of
6.68 mV. However, in the cell culture medium, the
stability increased to —11.13mV after 24h in the
full medium. The reverse trend was observed for
the second laser-synthesized ND with functional
groups on their surface (i.e. RayND-AL); their ZP



Table 1. Characterization of nanomaterials used in the experiment.
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Diameter (DLS)

Diameter (DLS)

Diameter (DLS) [nm] = SD in [nm] = SD in
Production Size assessed by  [nm] £+ SD in full medium full medium
Company Designation Name method TEM [nm] ultrapure water Oh 24h
Group | ND-nf Diamond nanoparticles  detonation 2-10 194.30 £ 4.40 281.67 +4.10 24477 +4.32
Diamond ND-NH2 Diamond nanoparticles  detonation 2-10 21227 £1.52 324.17+£9.16 237.40+3.42
nanoparticles with amino groups
produced by US  ND-COOH Diamond nanoparticles  detonation 2-10 196.57 £ 1.00 315.34+3.62 245.67 +2.08
Research with carboxyl
Nanomaterials groups
(Houston, ND-OH Diamond nanoparticles  detonation 2-10 192.43 +4.25 324.00+5.63 241.20+2.92
TX, USA) with hydroxyl
groups
Group I ND-B Diamond nanoparticles  detonation 4-14 205.33+1.70 246.37+12.29 249.33+4.11
Diamond with big particles
nanoparticles ND-S Diamond nanoparticles  detonation 2-9 199.50 +3.99 272.17 +3.48 232.33+4.20
produced by with small particles
SkySpring
Nanomaterials
(Houston,
TX, USA)
Group Il RayND Laser-synthesized laser ablation 4-13 327.63+7.40 212.30+9.89 352. 57+£5.36
Diamond diamond
nanoparticles nanoparticles
produced by Ray RayND-AL  Hydroxylated and laser ablation 4-11 329.53+0.50 292.13+3.78 365.57 +30.64
Techniques Ltd. nitrogenized
(Jerusalem, diamond
Israel) nanoparticles
RT-DND Detonation-produced detonation 4-16 249.60 +5.30 168.07 £5.70 308.80 +20.08
diamond
nanoparticles
RT-DND-EN  Hydrophilic diamond detonation 4-9 269.50 + 14.03 244.00 +23.48 231.83+12.35
nanoparticles
RT-DND-A Nitrogenized diamond  detonation 4-1 302.57 £9.41 100.94 +16.23 277.95+16.62
nanoparticles
RT-DND-L Hydroxylated diamond  detonation 4-10 261.27 +15.03 124.40£9.61 200.93+23.19
nanoparticles
RT-DND-LN  Hydrophobic diamond  detonation 4-14 272.30+15.03 311.00+7.35 28547 +£3.18

nanoparticles

DLS measurements were made on nanodiamond suspensions with a concentration of 20 mg/L.

Volume (Percent)

Size Distribution by Volume

Size (d.nm)

ND-nf
ND-OH

ND-NH2
ND-B

ND-S

ND-COOH ‘
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0.1 1 10 1000 10000

Size (d.nm)

RayND
RT-DND-A
RayND-AL

RT-DND
RT-DND-L

RT-DND-EN
RT-DND-LN

Figure 2. The size distribution by volume of nanomaterials suspended in ultrapure water (A) ND-nf, ND-NH2, ND-COOH, ND-OH,
(B) RayND, RT-DND, DT-DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN, RayND-AL.

changed in full medium from —-21.95mV to
—6.63mV, indicating a decrease in stability.
Ultrapure water suspension of ND-S was the most
stable, with a ZP of 35.28 mV. After being added to
cell culture medium, all ND were characterized by a
negative ZP. Moreover, the stability of most ND
diluted in cell culture medium decreased. After 24 h

of incubation in full medium, RT-DNDs were the
most stable.

Raman spectrum analysis (Figure 3) revealed that
all samples show the presence of the diamond
band around 1318-1324cm™'. The matching
parameters for the Raman spectra are shown in
Table 3.
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Table 2. Zeta potentials (ZPs) in ultrapure water suspension,
full medium after 0h of incubation, and full medium after
24 h of incubation were measured by laser Doppler electro-

phoresis (LDE).

Ultrapure water

Full medium Oh

Full medium 24h

Sample ZP (LDE) [mV] = SD

ND-nf 26.00 +0.47 —12.53+£245 —10.80+1.11
ND-NH, 20.88+£0.81 —8.12£0.25 —11.03+0.40
ND-COOH 26.33+0.36 —6.98 +£0.49 —1135+0.76
ND-OH 28.28 £2.34 —7.51£0.29 —10.60 =0.50
ND-B 27.00+0.96 —7.37+0.97 —10.70+£0.57
ND-S 35.28+1.88 —7.38£0.31 —9.85+1.17
RayND 6.68 +0.45 —8.55+0.87 —11.13+£0.85
RayND-AL —21.95+£0.44 —9.64+0.73 —6.63+1.37
RT-DND —10.48 £0.40 —9.48+0.51 —11.65+0.93
RT-DND-EN —28.85+0.78 —11.25£0.67 —11.63 £0.69
RT-DND-A —2398+1.11 —9.63+0.71 —11.80+1.18
RT-DND-L 25.10+£0.99 —8.73+0.82 —11.58+0.68
RT-DND-LN —2583+2.11 —8.59+1.53 —11.55+0.62

All ZP measurements were performed at an ND concentration of 20 mg/L.
The results are presented as the mean (n=4) with standard devi-
ation (SD).

Viability assay

In order to assess whether the PrestoBlue HS test
was suitable for the nanomaterials used in the
experiments, an interference assay was performed.
The analysis did not reveal any significant influence
of the tested ND compared with the control (the
results of the interference analysis are shown in the
Supplementary Materials, Figure 1S).

The PrestoBlue HS test revealed that the highest
cytotoxicity in the T98G cell line (Figure 4(A,B)) was
obtained following treatment with laser-synthesized
RayND at a concentration of 50 mg/L and RayND-AL
at a concentration of 100 mg/L, with a 26% and
24% decrease in cell viability compared with the
control group, respectively. Moreover, after RayND-
AL administration, a dose-dependent effect was
observed. Furthermore, a dose-dependent decrease
in T98G cells was also observed after treatment
with the following nanomaterials: ND-OH (5% loss
in viability at a concentration of 100 mg/L), RT-DND-
EN (18% loss at the highest tested concentration),
and RT-DND-LN (17% loss at the highest tested con-
centration). Analysis of functionalized nanomaterials
showed that ND-NH, and ND-COOH at a concentra-
tion of 50mg/L caused a 5% and 7% decrease in
cell metabolic activity, respectively. Both ND-B and
ND-S caused cytotoxicity in T98G cells, although
not in a dose-dependent manner. The highest cyto-
toxicity in that group was observed after the
administration of ND-S at a concentration of
50 mg/L, causing a 10% decrease in cell viability.

After treating the U-118 MG cell line (Figure
4(C,D)) with nanomaterials, the greatest decrease in
cell viability was obtained after the administration
of RT-DND at a concentration of 100mg/L and
RayND at a concentration of 50 mg/L, with a 38%
and 35% decrease, respectively. Moreover, after
treatment with the above-mentioned nanomaterials,
a dose-dependent effect was observed. Another
nanomaterial that induced a dose-dependent loss
in cell metabolic activity was RT-DND-EN, which
caused a 25% decrease at the highest tested con-
centration. Furthermore, RayND at a concentration
of 50mg/L influenced cells, causing a 25% loss in
metabolic activity. The analysis performed revealed
that unlike ND-nf, modified nanomaterials displayed
cytotoxicity in the U-118 MG cell lines. The highest
toxicity among the modified ND was observed after
treatment with the following nanomaterials: ND-
NH, at a concentration of 50 mg/L, causing a 21%
loss in cell viability; ND-COOH at a concentration of
5mg/L, also causing a 21% loss in cell viability; and
ND-OH at a concentration of 20mg/L, causing a
19% decrease in comparison with the control
group. However, no dose-dependent effect was
observed. After treatment with ND of different sizes,
only ND-B at concentrations of 50mg/L and
100 mg/L displayed cytotoxic potential, causing a
28% and 18% decrease in cell viability, respectively.

No nanomaterial from all the tested ones caused
cytotoxic effects in breast cancer cell line MCF-7
(Figure 4(E,F)). Interestingly, they all increased cell
metabolic activity. ND-nf and nanomaterials with
functional groups on their surface caused a dose-
dependent rise, with the highest value of 205% of
the control for ND-NH, at a concentration of
100 mg/L. After treatment with ND of different sizes,
a dose-dependent effect was also observed. ND-B
and ND-S caused a 54% and 84% increase in cell
metabolic activity at the highest concentrations,
respectively. Nanomaterials of different production
methods also caused higher metabolic activity in
comparison with the control group. The highest
increase (71%) was observed after the administra-
tion of laser-synthesized RayND.

The only nanomaterial that displayed a toxic
effect in the Hep G2 cell line (Figure 4(G,H)) was RT-
DND-LN at a concentration of 5mg/L, causing a 9%
decrease in cell metabolic activity in comparison
with the control group. ND-nf and modified
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Figure 3. Raman spectrum analysis of the following nanomaterials: (A) ND-nf, (B) ND-NH,, (C) ND-COOH, (D) ND-OH, (E) ND-B, (F)
ND-S, (G) RayND, (H) RayND-AL, (I) RT-DND, (J) RT-DND-EN, (K) RT-DND-A, (L) RT-DND-L, (M) RT-DND-LN. Raman spectra were col-
lected using a 514-nm laser source. The sample was measured as soon as it was prepared, and the spectra were collected from 5
different spots. Each spot was irradiated for 5s with a laser power intensity of 0.5mW.

nanomaterials all caused an increase in cell viability =~ 153% of the control (ND-nf), 154% of the control
in a dose-dependent manner, obtaining the follow- (ND-NH,), 154% of the control (ND-COOH), and
ing values at the highest tested concentrations:  150% of the control (ND-OH). Moreover, the same
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Table 3. Matching parameters for the Raman spectra.

Full width
Peak location at half
Sample Band [em™] maximum (FWHM)
ND-nf Diamond 1320 76
NCD band 1424 100
G band 1572 102
ND-NH, Diamond 1318 79
NCD band 1429 64
G band 1562 75
ND-COOH Diamond 1321 64
NCD band 1431 60
G band 1562 77
ND-OH Diamond 1321 70
NCD band 1431 77
G band 1552 78
ND-B Diamond 1320 71
NCD band 1420 17
G band 1572 103
ND-S Diamond 1324 62
NCD band 1424 89
G band 1548 87
RayND Diamond 1324 64
NCD band 1426 91
G band 1547 77
RayND-AL Diamond 1318 78
NCD band 1433 52
G band 1570 76
RT-DND Diamond 1323 46
NCD band 1427 151
G band 1548 62
RT-DND-EN Diamond 1318 59
NCD band 1430 52
G band 1558 55
RT-DND-A Diamond 1318 55
NCD band 1430 46
G band 1554 59
RT-DND-L Diamond 1318 83
NCD band 1431 70
G band 1550 79
RT-DND-LN Diamond 1322 63
NCD band 1433 61
G band 1557 59

tendency was observed after treating the cells with
ND-B and ND-S. Cell viability increased in a dose-
dependent manner, reaching a 52% and 39%
increase in comparison with the control group,
respectively, at the highest tested concentration.
Laser- and detonation-synthesized nanomaterials
obtained from Ray Techniques Ltd. were not toxic
in the Hep G2 cell line, causing an increase in
metabolic activity of 44% (RayND), 15% (RayND-AL),
32% (RT-DND), 10% (RT-DND-EN), 18% (RT-DND-A),
and 42% (RT-DND-L) at the highest tested
concentration.

The only nanomaterials that exhibited cytotoxic
potential in the HFF-1 cell line (Figure 4(l,J)) were
ND-B at a concentration of 50 mg/L and RayND at a
concentration of 20mg/L, causing a 13% and 11%
decrease in cell viability, respectively. However, an
increase in metabolic activity after ND treatment

was observed. Almost all tested nanomaterials
increased the viability of non-tumor cells, except
RT-DND-EN, which did not influence HFF-1 cells.
ND-nf and ND with functional groups on their sur-
face increased cell viability in a dose-dependent
manner, obtaining a rise of 25% (ND-nf), 15% (ND-
NH,), 29% (ND-COOH), and 22% (ND-OH) at a con-
centration of 100 mg/L. ND of different sizes, ND-B
and ND-S, also induced a rise in cell metabolic
activity, of 16% and 13%, respectively. RT-DND-L
and RT-DND-LN induced a dose-dependent increase
in cell metabolic activity as well, of 26% and 19%,
respectively, at the highest tested concentration.

Membrane integrity assay

In order to exclude the potential influence of used
nanomaterials on the data obtained from the cell
membrane integrity assay, an interference analysis
was performed. The analysis did not reveal any sig-
nificant influence of the tested ND compared with
the control (the results of the interference analysis
are shown in the Supplementary Materials, Figure
2S). A lactate dehydrogenase leakage measurement
(LDH test) was performed in order to evaluate
whether the tested nanomaterials damage the cell
membrane. The analysis revealed that almost every
tested nanomaterial disturbed the cell membrane
integrity of T98G cells (Figure 5(A,B)) in a dose-
dependent manner. It turned out that the highest
cytotoxic potential was displayed by laser-synthe-
sized RayND at a concentration of 100 mg/L and by
the one produced by the detonation method, RT-
DND-L, at concentrations of 50 mg/L and 100 mg/L,
obtaining cytotoxicity levels of 35%, 36%, and 35%,
respectively. ND-nf and functionalized ND damaged
the cell membrane, causing 24% (ND-nf), 23% (ND-
NH,), 26% (ND-COOH), and 27% (ND-OH) cytotox-
icity at the highest tested concentration. This group
of ND had the ability to damage the cell membrane
in a dose-dependent manner. ND of different sizes
were also capable of disturbing the cell membrane
integrity. ND-B induced a dose-dependent increase
in LDH leakage, obtaining 25% cytotoxicity at the
highest tested concentration, while ND-S was char-
acterized by 18% cytotoxicity at a concentration of
50mg/L and 17% cytotoxicity at a concentration of
100mg/L. In the case of laser-synthesized RayND-
AL, cell membrane damage was observed even at
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Figure 4. Viability of the T98G (A,B), U-118 MG (C,D), MCF-7 (E,F), Hep G2 (G,H), and HFF-1 (1,J) cells after a 24-h incubation period
with the following nanomaterials: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, as determined by the PrestoBlue HS assay. The results are presented as an average with the stand-
ard deviation indicating the percentage difference compared to the control (the control was considered 100%) Stars above the
columns indicate statistically significant differences between the groups (*p <0.05; ** p < 0.01; *** p < 0.001).
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Figure 5. Membrane integrity of the T98G (A,B), U-118 MG (C,D), MCF-7 (E,F), Hep G2 (GH), and HFF-1 (1,J) cells after a 24-h incu-
bation period with the following nanomaterials: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-
DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN, as determined by the LDH assay. Results are presented as the percentage of cytotox-
icity (mean with standard deviation). Stars above the columns indicate statistically significant differences between the groups
(*p <0.05; **p < 0.01; ***p < 0.001).



the lowest tested concentration of 5mg/L, with 6%
cytotoxicity. RayND, RT-DND, and RT-DND-L dis-
turbed the cell membrane integrity at a concentra-
tion of 20mg/L and higher in a dose-dependent
manner. RT-DND caused 28% cytotoxicity at a con-
centration of 100 mg/L.

The U-118 MG cell line (Figure 5(C,D)) was also
vulnerable to ND, as every tested nanomaterial
caused an elevated level of LDH leakage. The high-
est value was observed after treatment with RayND-
AL at a concentration of 100mg/L (21% cytotox-
icity) and RT-DND at a concentration of 50 mg/L
(24% cytotoxicity). In the first group of nanomateri-
als, ND-nf and ND-COOH caused perforations in the
cell membrane at concentrations of 50mg/L and
100 mg/L, obtaining 6% cytotoxicity for ND-nf for
both concentrations and 9% cytotoxicity for ND-
COOH, also for both concentrations. ND-NH, and
ND-OH damaged the cell membrane integrity only
at the highest tested concentration (100 mg/L), with
6% and 7% cytotoxicity, respectively. After treat-
ment with ND of different sizes, a dose-dependent
cytotoxic effect was observed only after ND-B treat-
ment, causing 8% cytotoxicity at a concentration of
100 mg/L. ND-S disturbed the cell membrane integ-
rity at concentrations of 20mg/L and 50 mg/L, with
9% cytotoxicity for both concentrations. In the
group of ND obtained from Ray Techniques,
although every tested nanomaterial influenced the
cell membrane, only RT-DND-LN was characterized
by a dose-dependent cytotoxicity, obtaining 17%
cytotoxicity at a concentration of 100 mg/L.

Only a few ND tested caused perforations in the
MCF-7 cell membrane (Figure 5(E,F)). ND-nf caused
an elevated leakage of LDH at a concentration of
50mg/L, with 8% cytotoxicity. Moreover, the
increased percentage of cytotoxicity was observed
after treatment with ND-nf and ND-OH at a concen-
tration of 50mg/L (8% cytotoxicity for both), ND-B
at a concentration of 100mg/L (15% cytotoxicity),
and RT-DND at a concentration of 100 mg/L (11%
cytotoxicity). Furthermore, some of the ND caused a
decreased level of LDH in the cell culture medium.
As a result, negative values of the percentage cyto-
toxicity were obtained. This phenomenon was
noticed after treatment with ND-COOH at a concen-
tration of 5mg/L and ND-B at a concentration of
50 mg/L, with —7% cytotoxicity for both. Moreover,
a similar outcome was observed after the
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administration of RayND at a concentration of
100 mg/L and RT-DND-EN at a concentration of
50mg/L, causing —9% and —8% cytotoxicity,
respectively.

The analysis performed did not reveal any nega-
tive effect of the tested nanomaterials on the cell
membrane integrity of Hep G2 cells (Figure 5(G,H)).

In order to assess whether ND influence the cell
membrane integrity of non-tumor cells, the same
analysis was performed on the fibroblast cell line
HFF-1 (Figure 5(G,H)). An elevated level of LDH leak-
age was observed after treatment with ND-nf at
concentrations of 5mg/L and 100 mg/L, causing 5%
and 5% cytotoxicity, respectively. Modified ND did
not damage the cell membrane integrity. ND-B
caused an elevated percentage of cytotoxicity at
every tested concentration, obtaining values in a
range of 2%-4% cytotoxicity, while ND-S caused 7%
cytotoxicity at a concentration of 5mg/L. The high-
est cytotoxicity observed was obtained after treat-
ment with laser-synthesized RayND-AL at a
concentration of 100mg/L, causing 22% cytotox-
icity. Detonation-produced ND did not display any
negative effect on the cell membrane integrity of
HFF-1 cells.

Morphological analysis

In order to evaluate the changes in cell morphology
caused by the nanomaterials, live imaging 24 h after
ND administration was performed. The analysis
revealed that all types of ND were taken up by the
cells or were adsorbed on their surface. ND agglom-
erates were visible as black spots, located mainly in
the perinuclear area (Figures 6-8).

Treatment with the tested nanomaterials caused
changes in T98G cell morphology. In each tested
group, the cells behaved in two ways: some of
them began to shrink, whereas others tended to
form long and thin cellular appendages. Only treat-
ment with ND-NH, did not cause the shortening of
cell protrusions. Moreover, nanomaterials caused
the T98G cells to form clusters to a lesser extent
(Figure 6).

The U-118 MG cells also changed their morph-
ology after ND treatment. Unlike the control group,
ND-nf, ND-NH,, ND-OH, and ND-S make cells form
clusters. Moreover, after ND treatment, the cells
began to shorten their cell protrusions, with some
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Figure 6. Morphological characterization of the T98G human glioblastoma multiforme. Cells were treated with the following
nanomaterials: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-DND-A, RT-DND-L, RT-
DND-LN, at a concentration of 20 mg/L. The incubation with nanomaterials lasted for 24 h. The control group (C) was treated with
ultrapure water. Arrows indicate changes in cell morphology.
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Figure 7. Morphological characterization of the U-118 MG human glioblastoma. Cells were treated with the following nanomateri-
als: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN, at a
concentration of 20mg/L. The incubation with nanomaterials lasted for 24 h. The control group (C) was treated with ultrapure
water. Arrows indicate changes in cell morphology.
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Figure 8. Morphological characterization of the HFF-1 human foreskin fibroblast. Cells were treated with the following nanomate-
rials: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN, at
a concentration of 20 mg/L. The incubation with nanomaterials lasted for 24 h. The control group (C) was treated with ultrapure

water.
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Figure 9. The level of intracellular ROS and mitochondrial superoxide after 3 h of incubation of the T98G and U-118 MG cell lines
with the following nanomaterials: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using CM-H2CFDA and MitoSOX Red indicators. The
results are presented as integrated density per cell (% of the control). Different letters above the columns indicate statistically sig-

nificant differences (p <0.05).

of the cells changing their shape from elongated to
round. More detached cells were observed in the
treated groups than in the control group (Figure 7).

After ND administration, no significant changes
in HFF-1 external morphology were observed
(Figure 8). The morphology of the MCF-7 and Hep
G2 cells is presented in the Supplementary
Materials (Figures 3S and 4S). In that case, no sig-
nificant changes in cell morphology were observed
either. Only after RT-DND treatment did Hep G2
cells form a bigger vacuole.

Assessment of reactive oxygen species

Staining with CM-H2DCFRA and MitoSox Red was
performed to evaluate the general oxidative stress
and mitochondrial superoxide level after treatment
with ND. The analysis revealed that almost all

nanomaterials apart from RayND, RT-DND, RT-DND-
EN, and RT-DND-L trigger enhanced ROS production
in the T98G cell line (Figure 9(A)). The highest level
of ROS was observed after treatment with laser-syn-
thesized RayND-AL and detonation-synthesized RT-
DND-LN, obtaining 427% and 482% of the control,
respectively. Nanomaterials of different sizes, ND-B
and ND-S, also caused an elevated level of ROS at a
similar level, with 264% and 223% of the control,
respectively. ND-nf and its modifications induced
oxidative stress at a similar level, obtaining the fol-
lowing values of the ROS level: 289% of the control
(ND-nf), 223% of the control (ND-NH,), 208% of the
control (ND-COOH), and 240% of the control (ND-
OH). Moreover, the highest level of mitochondrial
superoxide (248% of the control) was observed
after RT-DND-LN treatment (Figure 9(B)). The effect
of ND size on the level of mitochondrial superoxide
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was also evaluated. The analysis showed that ND-B,
unlike NS-S, triggers enhanced production of super-
oxide, reaching 149% of the control. A similar effect
was obtained after treatment with ND-nf (134% of
the control). Although ND-NH, and ND-COOH
enhanced the general oxidative stress, they did not
affect the level of mitochondrial superoxide.
However, the presence of a hydroxyl group (ND-
OH) caused an increased level of superoxide,
obtaining 157% of the control.

After treating the U-118 MG cells with ND-nf, ND-
NH,, ND-COOH, ND-OH, and ND-B, no increase in
ROS level was observed (Figure 9(C)). The highest
increase was obtained following treatment with
detonation-synthesized RT-DND-EN (483% of the
control) and RT-DND-LN (430% of the control). RT-
DND also caused an elevated level of ROS, obtain-
ing a value of 349% of the control. After introduc-
ing laser-synthesized RayND-AL into the U-118 MG
cell culture, the general oxidative
assessed to be at a level of 301% of the control. A
similar level of ROS was observed among groups
treated with the following nanomaterials: ND-S
(222% of the control), RT-DND-L (257% of the con-
trol), RayND (271% of the control), and RT-DND-A
(272% of the control). Analysis of the superoxide
level in U-118 MG cells after ND treatment revealed
that ND-COOH and ND-B did not display any signifi-
cant effect on the measured parameter (Figure
9(D)). The remaining tested nanomaterials caused
an increased level of superoxide in the cells. The
highest rise was observed after treatment with det-
onation-synthesized RT-DND-LN, with a value of
422% of the control. Moreover, adding ND-nf to the
U-188 MG cell culture increased the superoxide level
to 189%, which was comparable to the effect of
ND-OH (147% of the control). ND-NH, also affected
the measured parameter; this group was character-
ized by a superoxide level of 147% of the control.
Treatment with ND-S resulted in an elevated level
of mitochondrial superoxide (205% of the control).
Laser-synthesized RayND and RayND-AL caused
enhanced production of superoxide at a compar-
able level of 221% and 274% of the control,
respectively.

Treatment of MCF-7 cells with ND resulted in a
decreased ROS level (Figure 10(A)). The highest
decrease was obtained after applying the following
nanomaterials: ND-S, RayND, RayND-AL, RT-DND-EN,

stress was

RT-DND-A, RT-DND-L, and RT-DND-LN. The ROS
level in those groups varied from 1% of the control
(RayND-AL) to 7% of the control (ND-S and RT-
DND-A). ND of different sizes, ND-B and ND-S, trig-
ger a comparable decrease in ROS level. Moreover,
the highest level of ROS was observed after treat-
ment with ND-nf (41% of the control) and ND-NH,
(54% of the control). Analysis of the mitochondrial
superoxide level also revealed that ND display the
ability to lower the concentration of superoxide in
MCF-7 cells (Figure 10(B)). The highest decrease was
observed after ND-COOH, ND-OH, ND-B, RayND, and
RT-DND-EN were introduced to the cell culture. The
superoxide level in those groups varied from 26%
of the control (ND-B) to 42% of the control (ND-
COOH). The analysis performed also revealed that
ND-B displays a greater ability to reduce mitochon-
drial superoxide than ND-S (47% of the control).
The highest level of superoxide was observed after
treatment with ND-nf (47% of the control), RayND-
AL (49% of the control), RT-DND-A (55% of the con-
trol), RT-DND-LN (59% of the control), RT-DND-L
(60% of the control), and ND-NH, (65% of the
control).

The analysis performed on HepG2 cells revealed
that all nanomaterials apart from ND-NH, caused a
decrease in ROS level (Figure 10(C)). The lowest
level of ROS was observed after treatment with
RayND-AL (21% of the control), RT-DND-LN (23% of
the control), RT-DND-L (25% of the control), RT-
DND-EN (27% of the control), and RT-DND-A (31%
of the control). In contrast, the highest level of ROS
was obtained in the group treated with ND-nf and
ND-NH, (74% and 87% of the control, respectively).
Moreover, the analysis of the mitochondrial super-
oxide level also revealed that only ND-NH, did not
affect the superoxide level in HepG2 cells (Figure
10(D)). Other nanomaterials decreased the meas-
ured parameter. The highest decrease was observed
after treatment with the following ND: ND-B,
RayND-AL, RT-DND-EN, and RT-DND-LN. The super-
oxide level in those groups ranged from 33%
(RayND-AL) to 54% (RT-DND-LN). In contrast, nano-
materials of different sizes, ND-B and ND-S, did not
cause significant changes. Furthermore, the highest
level of mitochondrial superoxide was obtained
after treatment with ND-nf and RT-DND-A (71% of
the control for both nanomaterials).
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Figure 10. The level of intracellular ROS and mitochondrial superoxide after 3 h of incubation of the MCF-7, Hep G2, and HFF-1
cell lines with the following nanomaterials: ND-nf, ND-NH,, ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-
EN, RT-DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using CM-H2CFDA and MitoSOX Red indica-
tors. The results are presented as integrated density per cell (% of the control). Different letters above the columns indicate statis-

tically significant differences (p < 0.05).

The analysis performed on the non-tumor cell
line HFF-1 also revealed a lower level of ROS after
treatment with all tested nanomaterials (Figure
10(E)). The lowest level of ROS was observed after

treatment with the following nanomaterials: ND-B,
ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-A, RT-DND-L, and RT-DND-NL.
Nanomaterials of different sizes, ND-B and ND-S,
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caused a similar decrease in ROS level regardless of
the size, obtaining values of 29% and 26% of the
control, respectively. All nanomaterials purchased
from Ray Techniques Ltd. also caused a similar
effect regardless of the production method used.
Treatment with the laser-synthesized ND RayND
and RayND-AL caused a decrease to 31% and 32%
of the control, respectively. Detonation-produced
ND caused the ROS level to drop to 24% of the
control for RT-DND-EN, 23% of the control for RT-
DND-A, 25% of the control for RT-DND-L, and 28%
of the control for RT-DND-LN. The general oxidative
stress was maintained at the same level for ND-nf,
ND-NH,, and ND-OH and ranged from 45% of the
control (ND-OH) to 57% of the control (ND-NH,).
ND-COOH was similar to ND-nf and ND-OH with
respect to the decrease in ROS level it caused, with
a value of 40% of the control. Moreover, treatment
with all the tested nanomaterials resulted in a
decreased level of mitochondrial superoxide (Figure
10(F)). The lowest level of superoxide was obtained
following treatment with laser-synthesized RayND-
AL (16% of the control). A similar effect was caused
by the nanomaterials of different sizes, ND-B (26%
of the control) and ND-S (29% of the control), and
the detonation-synthesized nanomaterials, RT-DND
(29% of the control) and RT-DND-L (27% of the con-
trol). Furthermore, the highest mitochondrial super-
oxide level was observed after RT-DND-LN (78% of
the control), RT-DND-A (67% of the control), RT-
DND-EN (65% of the control), and ND-nf (59% of
the control). Moreover, an effect similar to that
obtained after treatment with ND-nf was triggered
by ND-NH, (39% of the control) and ND-OH (51%
of the control). ND-COOH caused mitochondrial
superoxide to drop to 35% of the control.

The images from the confocal microscope for the
T98G, U-118 MG, Hep G2 MCF-7, and HFF-1 cells are
presented in the Supplementary Materials (Figures
55-8S).

Discussion

Due to the poor pharmacokinetics and the occur-
rence of chemo-resistance, currently available thera-
peutic strategies for tumor treatment need to be
improved and optimized. As ND have far-reaching
biomedical applications, an urgent need for the
assessment of their toxicity has emerged. Presently,

there are no extensive screening studies concerning
the influence of size, chemical surface functionaliza-
tion, and production method. To assess the struc-
tural features of ND used in experiments, we have
analyzed Raman spectra. A shift toward a lower
wavenumber indicates the presence of diamond
crystallites with a diameter below 20nm (Afandi
et al. 2018; Popov et al. 2017). The appearance of a
broad band of low intensity around 1250cm™" con-
firms the presence of fine ND grains (Popov et al.
2017). The bands in the region of 1500-1800cm ™’
indicate the appearance of surface functional
groups and carbon with sp2 hybridization (Popov
et al. 2017). The presence of the characteristic G
band around 1550cm ™' indicates the appearance
of stretching vibrations of the graphite plane
(Korepanov et al. 2017). The presence of the band
around 1430cm™" is attributed to the presence of
nanocrystalline diamond or ultra-nanocrystalline
diamond (Gottlieb et al. 2016). Wide bands below
1350cm ' indicate the presence of sp3 hybridized
carbon (Popov et al. 2017). The peak around
1150cm ™' is characteristic of trans-poly-acetylene
particles (Afandi et al. 2018). Nanodiamonds func-
tionalized with hydroxyl groups are characterized
by the presence of intense bands around
1640cm ™' and 1760cm™ . The presence of a band
around

1640cm™' in non-functionalized ND samples is
related to the natural presence of water on the ND
surface (Popov et al. 2017; Mochalin et al. 2011).
When ND are excited with a laser of 355-532nm,
the D-band appears only in the background (Popov
et al. 2017).

Morphological analysis revealed that all ND
formed clusters on the surface of T98G, U-188 MG,
MCF-7, HepG2, and HFF-1 cells or were taken up by
the cells. This finding is in line with a study in
which cellular uptake of ND was proved for Hela
cells using TEM imaging and a quantitative radio-
labeling technique (Zhang et al. 2012). Moreover,
clathrin-mediated endocytosis was suggested to be
a dominant uptake mechanism for ND internaliza-
tion (Faklaris et al. 2009). The uptake of ND is cru-
cial for the initialization of nanomaterial-cell
interactions, the process that determines their cellu-
lar fate. It seems that the morphological features of
ND may influence the internalization stage of endo-
cytosis and thus the rate by which nanomaterials
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are taken up. The uptake may be linked to the con-
tact surface area and the local sharpness at the
interaction point. Although ND with sharp edges
have no difficulties in anchoring to the cell mem-
brane, they may find it hard to internalize afterward
(Zhang et al. 2017). ND cytotoxicity and biocompati-
bility depend on a range of factors, from the pro-
duction method, size, and chemical surface
functionalization to the type of biological model
tested. For that reason, viability and cell membrane
integrity assays were performed using 13 different
types of nanomaterials (ND-nf, ND-NH,, ND-COOH,
ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-
DND-EN, RT-DND-A, RT-DND-L, RT-DND-LN), 4 differ-
ent tumor cell lines (T98G, U-118 MG, MCF-7, Hep
G2), and 1 non-tumor cell line (HFF-1). Many studies
show that ND with no surface functionalization
cause limited or no cytotoxicity (Schrand et al.
2007; Strojny et al. 2018). This statement is in line
with the results obtained from viability assays. The
analysis revealed that almost all detonation-pro-
duced ND displayed no cytotoxicity against the
breast tumor cell line MCF-7, the hepatocellular car-
cinoma cell line Hep G2, and the fibroblast cell line
HFF-1. There was even an increase in cell viability
observed after DND-ND. Some studies also suggest
that ND are characterized by the ability to enhance
the process of wound healing (Pacelli et al. 2017;
Mytych, Wnuk, and Rattan 2016). However, the
study by Mytych, Wnuk, and Rattan (2016) indicates
a biphasic dose-response curve of normal diploid
human facial skin fibroblasts. The analysis per-
formed by the researchers showed that ND with an
average size of less than 10nm lost the healing
properties and caused cytotoxicity at a concentra-
tion of 50 mg/L and higher. However, our study on
the foreskin fibroblast cell line HFF-1 did not con-
firm that finding, as regardless of the production
method, size, or functional groups, the cells were
characterized by a higher than 100% viability at a
concentration of 100 mg/L. Only two ND caused a
slight decrease in viability: detonation-generated
ND-B with an average size of 10-20nm at a con-
centration of 5mg/L and laser-synthesized RayND
with an average size of 4-5nm at a concentration
of 20 mg/L. No cytotoxic effect of higher concentra-
tions may be linked with the number of nanopar-
ticles that are able to enter the cell body, which is
directly determined by their concentrations and
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exposure duration (Barhoum et al. 2022). Higher
nanomaterial concentrations may enhance their
aggregation. As the average diameter size of
agglomerated nanomaterials rises, they may not be
able to enter the cell body, which can lead to
decreased toxicity (Jeevanandam et al. 2018).
During the analysis, functionalized nanomaterials
(ND-NH,, ND-COOH, and ND-OH), in contrast to ND-
nf (size 2-10nm), displayed cytotoxicity against the
grade IV glioblastoma cell lines T98G and U-118 MG.
The same results were obtained by Ray et al. on the
SK-N-MC neuronal cells (ND size 3-6 nm) (Roy et al.
2018). In contrast, Wierzbicki et al. (2017) proved
that non-functionalized ND (size 2-7 nm) caused a
cytotoxic effect against U-118 and U87 cells at a
concentration of 100 mg/L and higher. Interestingly,
both studies indicate that higher doses of ND do
not mean a more pronounced cytotoxic effect. This
phenomenon might be linked to the sensitivity of
neuronal cells to ROS generated by nanomaterials
(Roy et al. 2018). Our study revealed that dose-
dependent cytotoxicity is caused only by ND-OH,
RayND-AL, RT-DND-EN, and RT-DNS-LN when
administrated to T98G cells and RT-DND and RT-
DND-EN when administrated to U-118 MG cells. The
highest cytotoxicity to T98G was observed after
treatment with laser-synthesized RayND and RayND-
AL (25% decrease in viability). This finding may indi-
cate that the production method may influence ND
cytotoxicity (Lewinski, Colvin, and Drezek 2008).
Moreover, the highest decrease in U-118 MG cell
viability was observed after the administration of
RT-DND at a concentration of 100mg/L (38%
decrease). This nanomaterial was not functionalized,
and the average size of particles was in a range of
3.5-6 nm. In this study, three other detonation-gen-
erated ND with no chemical surface functionaliza-
tion were used: ND-nf (size 2-10nm), ND-B (size
10-20nm), and ND-S (size 3-4nm). Our study
showed that apart from RT-DND, only ND-B trig-
gered cytotoxicity (28% decrease in viability at a
concentration of 50 mg/L). As ND-B and ND-S were
purchased from the same company and they dif-
fered only in size, it is highly likely that bigger ND
may be more toxic to U-118 MG cells. Moreover, as
the purity of the mentioned DNDs was maintained
at a different level, the study indicates that from a
cytotoxic point of view, the purification method
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may be as important as the process of production
itself.

As was shown in the TEM images (Figure 1), ND
used in the study were characterized by a crystal-
line form. It was suggested that such nanomateri-
als can easily damage the cell membrane.
Nanomaterials driven by surface and intramolecu-
lar forces adheres to a cell membrane which may
result in local deformation, lipid restructuring and
domain formation. Moreover, these processes may
lead to the formation of pores as well as the pas-
sive translocation of nanomaterial due to invagin-
ation or lipid extraction from the membrane (Chen
and Bothun 2014). For that reason, the cell mem-
brane integrity assay was performed. The results
were consistent with those obtained from the via-
bility assay. Treatment with ND did not change the
level of LDH leakage in HepG2 cells. The results of
both the membrane integrity assay and the viabil-
ity assay are in line with the findings of Paget
et al. (2014). The research team proved the non-
cytotoxicity of ND with different diameters in six
human cell lines: HepG2, Caki-1, Hek-293, HT29,
and A549 (Paget et al. 2014).

Although there was no decrease in MCF-7 cell
viability observed, the following nanomaterials
caused increased LDH leakage: ND-nf (50 mg/L), ND-
OH (50mg/L), ND-B (100 mg/L), and RT-DND-EN
(100mg/L), which may indicate cell membrane
damage. All mentioned nanomaterials were pro-
duced using the detonation technique. Laser-syn-
thesized ND did not affect the cell membrane
integrity. ND-S, unlike ND-B, did not cause increased
LDH leakage, although it is said that ND cytotoxicity
depends on ND size, with smaller nanomaterials
producing a stronger effect (Dworak et al. 2014).
However, it was also suggested that smaller nano-
particles are able to penetrate the smallest pores,
such as those present in the nuclear membrane
(Turcheniuk and Mochalin 2017). For that reason,
ND-S may not affect the cell membrane integrity.

Most of the nanomaterials tested did not influ-
ence the cell membrane integrity of HFF-1 cells.
However, the following ND caused enhanced LDH
leakage: ND-nf (5 and 100mg/L), ND-B (all concen-
trations tested), ND-S (5mg/L), and RayND-AL
(100 mg/L). Interestingly, laser-synthesized RayND,
which caused decreased viability of HFF-1 cells, did
not damage the cell membrane. This phenomenon

may be linked to the complex mechanism of ND
cytotoxicity (Schrand et al. 2007). Nanomaterials
might be effectively uptaken by cells without dam-
aging the cell membrane and still trigger DNA dam-
age and micronuclei formation (Adach et al. 2016).
As well as they may induce oxidative stress and the
formation of mitochondrial superoxide. Changes in
zeta potential and hydrodynamic diameter may
indicate that ND are capable of adsorbing serum
proteins on their surface. The protein corona might
influence the cytotoxicity of the tested nanomateri-
als (Khanal et al. 2020). Although ND characterized
by a positive zeta potential (such as RayND) may
decrease cell viability, ND with a negative zeta
potential (such as RayND-AL) may exhibit stronger
cellular influences (Namdar and Nafisi 2018) due to
the greater ability to adsorb proteins on their sur-
face (Horie et al. 2012).

Interestingly, all nanomaterials tested affected
T98G and U-118 MG cell membrane integrity, caus-
ing enhanced LDH leakage. Moreover, treatment
with ND also had an impact on the metabolic activ-
ity of the cells. This may indicate a higher sensitivity
of glioblastoma cell lines to ND treatment. The
results obtained during the experiment are in line
with those obtained by Hinzmann et al. (2014),
showing a small decrease in glioma U87 cell viabil-
ity after treatment with detonation-synthesized ND.
The most pronounced cytotoxic effect on T98G cells
was observed after treatment with laser-synthesized
RayND at a concentration of 100mg/L (35% cyto-
toxicity) and with ND produced using the deton-
ation technique, RT-DND-LN, at a concentration of
50 and 100mg/L (35% and 36% cytotoxicity,
respectively). Furthermore, the highest cytotoxicity
in U-118 MG cells was observed after introducing
laser-synthesized RayND-AL at a concentration of
100 mg/L (21% cytotoxicity) and detonation RT-DND
at a concentration of 50mg/L (24% cytotoxicity)
into the cell culture. This finding may indicate that
the production method did not influence ND cyto-
toxicity. The study by Vaitkuviene et al. (2015) per-
formed on neuronal cells showed no cytotoxic
potential of ND with an average diameter of 35 nm.
All nanomaterials used in this study had a diameter
smaller than 35nm and influenced cell membrane
integrity. This phenomenon may indicate that in
the case of cytotoxicity in glioblastoma cells, the
size of ND can play a crucial role. However, after



treatment of T98G cells with ND-B and ND-S at the
highest tested concentration (100 mg/L), ND-B (size
10-20nm) caused 25% cytotoxicity, and ND-S (size
3-4nm) only 17% cytotoxicity, while in U-118 MG
cells, similar values were obtained for both nanoma-
terials. After treatment with ND-B at a concentration
of 100mg/L, cytotoxicity was assessed to be at a
level of 8%. Treatment with ND-S at a concentration
of 20 and 50 mg/L caused 9% cytotoxicity for both
concentrations.

Analysis of the levels of reactive oxygen species
and mitochondrial superoxide revealed that all ND
tested have the ability to lower both parameters in
the human breast adenocarcinoma MCF-7, human
hepatocellular carcinoma Hep G2, and human fore-
skin fibroblast HFF-1 cell lines. Moreover, all men-
tioned cell lines displayed higher viability after
treatment with ND. According to Chen et al. (2017),
this phenomenon may be linked to the fact that
ND exhibit multi-enzyme mimetic activity of oxi-
dase, catalase, and peroxidase, which strongly
depends on pH value. Different pH values in the
tumor cell environment, such as extracellular fluids
(pH~ 6.5), endosomes (pH- 5-6), or lysosomes (pH-
4-5) (Li et al. 2014), may trigger the enzyme-like
antioxidant activity. Because direct interaction of
nanoparticles with cell membrane can led to oxida-
tive-stress-mediated damage (Jiang et al. 2008), the
anti-oxidative activity of ND may have a positive
effect on cell survival. It seems that only the pres-
ence of a— NH, group on the surface of ND did not
enhance the ROS level in the Hep G2 cell line.
Similarly, no significant changes in mitochondrial
superoxide level in Hep G2 cells were observed
after treatment with ND-NH, and ND-nf. In contrast,
laser-synthesized RayND-AL and detonation-synthe-
sized RT-DND-EN, RT-DND-A, RT-DND-L, and RT-
DND-LN led to a greater decrease in ROS. Notably,
apart from RayND-AL, RT-DND-EN, RT-DND-A, RT-
DND-I, and RT-DND-LN, ND-B, too, led to a reduc-
tion in mitochondrial superoxide level, which is one
of the most prominent sources of ROS (Indo et al.
2015). However, no significant changes in cell meta-
bolic activity were observed after treatment with
both ND-S and ND-B.

According to recent reports, ND (diameter 3-
4nm, purity >95%) did not influence the level of
ROS in MCF-7 cells (Daniluk et al. 2019). However,
our study revealed that MCF-7 cells exhibited a
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lower level of ROS after ND treatment. Although all
nanomaterials significantly decreased the measured
parameter, it is worth pointing out that the highest
level of ROS was observed after treatment with ND-
NH,, as in the case of Hep G2 cells, which may indi-
cate that ND functionalized with — NH, groups have
the weakest antioxidant properties. Although there
were no significant differences in reducing the gen-
eral ROS level between ND-B and ND-S, ND-B dis-
played a greater ability to reduce the formation of
mitochondrial superoxide. No cytotoxicity and
reduced oxidative stress after treatment with car-
boxylated ND were also found for yeast (Kalug¢ and
Thomas 2022). Interestingly, non-tumor HFF-1 cells
also displayed a higher viability and a lower level of
ROS after ND treatment.

As in previously discussed research models, ND-
NH, exhibited the weakest antioxidant activity, but
only when it comes to the general ROS level. In the
case of mitochondrial superoxide, the weakest
antioxidant properties were displayed by ND, RT-
DND-EN, RT-DND-A, and RT-DND-LN. Moreover, the
greatest antioxidant activity (reduction in general
oxidative stress) was exhibited by ND-B, ND-S, Ray-
ND, RayND-AL, RT-DND, RT-DND-A, RT-DND-EN, RT-
DND-L, and RT-DND-LN. This activity in cells seems
to be beneficial, as ROS are involved in aging proc-
esses (Indo et al. 2015). ROS play a dual role in
non-tumor cells; they act as second messengers,
but when their level is imbalanced, they may lead
to cell death, causing damage to DNA, proteins,
and lipids (Liu et al. 2020). Overall, it seems that
regardless of size, production method, and surface
chemistry, ND are biocompatible with HFF-1 cells.
They may also display beneficial properties by
reducing the general oxidative stress level and the
level of mitochondrial superoxide, thus enhancing
cell viability. According to recent reports, ROS gen-
eration in glioblastoma is involved in drug resist-
ance. Moreover, as ROS affect the cell cycle, they
also play a role in tumor progression. However,
enhanced ROS production leads to the induction of
apoptosis or autophagy (Olivier et al. 2021). The
treatment of grade IV glioblastoma U-118 MG and
T98G cells with ND caused a higher level of ROS
and mitochondrial superoxide. Those two cell lines
were vulnerable to ND treatment, which was pro-
ven by all analyses performed. RT-DND and RT-
DND-EN enhanced the production of mitochondrial
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superoxide. Moreover, after introducing ND-nf, ND-
NH,, ND-COOH, and ND-B into the U-118 MG cell
culture, no significant increase in the general ROS
level was observed. However, ND-nf and ND-NH,
increased the level of mitochondrial superoxide.
Interestingly, in U-118 MG cells, the ND-induced
ROS production depended on particle size, as the
smaller ND-S particles caused both a higher level of
general ROS and a higher level of mitochondrial
superoxide. ND treatment also caused an enhanced
level of ROS in Hela cells (Mytych et al. 2014),
endothelial cells (Solarska et al. 2012), and lympho-
cytes (Dworak et al. 2014). It was also suggested
that the induction of ROS generation by ND may
be cell specific (Horie et al. 2012), which would con-
firm our findings. Furthermore, in the U-118 MG cell
line, unlike in the T98G cell line, the level of general
oxidative stress also depended on the production
method. Our analysis revealed that the nanomateri-
als produced with the detonation technique, RT-
DND-EN and RT-DND-LN, exhibited the greatest
induction of ROS production. Moreover, treatment
with RT-DND-L also caused the highest level of
mitochondrial superoxide (422% of the control).

Conclusion

Our study showed the dualistic nature of ND and
confirmed that the biocompatibility and toxicity of
those nanomaterials are cell-specific. The analyses
performed revealed that the human breast adeno-
carcinoma MCF-7 cell line, the human hepatocellu-
lar carcinoma Hep G2 cell line, and the human
foreskin fibroblast HFF-1 cell line responded simi-
larly to ND treatment. The above-mentioned experi-
mental models exhibited higher metabolic activity
and decreased production of general ROS and mito-
chondrial superoxide. The only differences were
observed after conducting the analysis of cell mem-
brane integrity. Some ND displayed the ability to
impair the cell membrane, but this phenomenon
did not influence the viability of the tested cells,
which dose-dependent
Furthermore, two glioblastoma cell lines, T98G and
U-118 MG, also responded similarly to ND treat-
ment. In that case, mild cytotoxicity was observed.
Both cell lines displayed decreased viability, a
higher level of LDH leakage (which indicates cell
membrane damage), and an increased level of

rose in a manner.

general ROS and mitochondrial superoxide. It seems
that ND cytotoxicity might be connected with gen-
eral oxidative stress. The highest toxicity in T98G
and U-118 MG cells was obtained following treat-
ment with nanomaterials purchased from Ray
Techniques Ltd. In general, the production method
did not influence ND toxicity. Surface modifications
with carboxyl groups caused a more pronounced
toxic effect than other modifications. Applying
nanomaterials of different sizes produced similar
results, but ND-B seemed to have a more detrimen-
tal effect. However, ND-S induced greater produc-
tion of ROS and mitochondrial superoxide on
U-118 MG cells.

Acknowledgment

The manuscript is part of the PhD thesis of Barbara Wojcik.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This research was funded by the National Science Center,
Poland, project number [2020/37/B/NZ7/03532].

ORCID

Barbara Wéjcik
Katarzyna Zawadzka
7460

Stawomir Jaworski http://orcid.org/0000-0002-4619-941X
Marta Kutwin http://orcid.org/0000-0001-7059-7875
Malwina Sosnowska http://orcid.org/0000-0002-1882-0846
Agnieszka Ostrowska http://orcid.org/0000-0001-8781-
6106

Marta Grodzik
Artur Matolepszy
Marta Mazurkiewicz-Pawlicka
2520-7476
Mateusz Wierzbicki

http://orcid.org/0000-0002-0968-0204
http://orcid.org/0000-0003-0112-

http://orcid.org/0000-0001-5359-1885
http://orcid.org/0000-0001-5073-4975
http://orcid.org/0000-0002-

http://orcid.org/0000-0003-3623-8929

Data availability statement

The datasets analyzed during the current study are available
from the corresponding author on reasonable request.



References

Adach, K., M. Fijalkowski, G. Gajek, J. Skolimowski, R. Kontek,
and A. Blaszczyk. 2016. “Studies on the Cytotoxicity of
Diamond Nanoparticles against Human Cancer Cells and
Lymphocytes.” Chemico-Biological Interactions 254: 156-
166. doi:10.1016/J.CBI.2016.06.004.

Afandi, A., A. Howkins, I. W. Boyd, and R. B. Jackman. 2018.
“Nanodiamonds for Device Applications: An Investigation
of the Properties of Boron-Doped Detonation
Nanodiamonds.” Scientific Reports 8 (1): 17-19. doi:10.
1038/541598-018-21670-w.

Ansari, S. A., R. Satar, M. A. Jafri, M. Rasool, W. Ahmad, and
S. Kashif Zaidi. 2016. “Role of Nanodiamonds in Drug
Delivery and Stem Cell Therapy.” lIranian Journal of
Biotechnology 14 (3): 130-141. d0i:10.15171/ijb.1320.

Baidakova, M. V. Y. A. Kukushkina, A. A. Sitnikova, M. A.
Yagovkina, D. A. Kirilenko, V. V. Sokolov, M. S. Shestakov,
et al. 2013. “Structure of Nanodiamonds Prepared by
Laser Synthesis.” Physics of the Solid State 55 (8): 1747-
1753. doi:10.1134/51063783413080027.

Barhoum, A., M. L. Garcia-Betancourt, J. Jeevanandam, E. A.
Hussien, S. A. Mekkawy, M. Mostafa, M. M. Omran, et al.
2022. “Review on Natural, Incidental, Bioinspired, and
Engineered Nanomaterials: History, Definitions,
Classifications, Synthesis, Properties, Market, Toxicities,
Risks, and Regulations.” Nanomaterials 12 (2): 177. doi:10.
3390/nano12020177.

Brar, H. K, J. Jose, Z. Wu, and M. Sharma. 2022. “Tyrosine
Kinase Inhibitors for Glioblastoma Multiforme : Challenges
and Opportunities for Drug Delivery.” Pharmaceutics 15
(1): 59. doi:10.3390/pharmaceutics15010059.

Carlsson, S. K, S. P. Brothers, and C. Wahlestedt. 2014.
“Emerging Treatment Strategies for Glioblastoma
Multiforme.” EMBO Molecular Medicine 6 (11): 1359-1370.
doi:10.15252/emmm.201302627.

Chang, B.-M. L. Pan, H.-H. Lin, and H.-C. Chang. 2019.
“Nanodiamond-Supported Silver Nanoparticles as Potent
and Safe Antibacterial Agents.” Scientific Reports 9 (1):
13164. doi:10.1038/s41598-019-49675-z.

Chen, K. L., and G. D. Bothun. 2014. “Nanoparticles Meet Cell
Membranes: Probing Nonspecific Interactions Using Model
Membranes.” Environmental Science & Technology 48 (2):
873-880. doi:10.1021/es403864v.

Chen, T. M., X. M. Tian, L. Huang, J. Xiao, and G. W. Yang.
2017. “Nanodiamonds as pH-Switchable Oxidation and
Reduction Catalysts with Enzyme-like Activities for
Immunoassay and Antioxidant Applications.” Nanoscale 9
(40): 15673-15684. doi:10.1039/c7nr05629;.

Chow, E. K, X.-Q. Zhang, M. Chen, R. Lam, E. Robinson, H.
Huang, D. Schaffer, et al. 2011. “Nanodiamond
Therapeutic  Delivery  Agents Mediate  Enhanced
Chemoresistant Tumor Treatment.” Science Translational
Medicine 3 (73) doi:10.1126/scitranslmed.3001713.

Daniluk, K., M. Kutwin, M. Grodzik, M. Wierzbicki, B. Strojny,
J. Szczepaniak, J. Balaban, et al. 2019. “Use of Selected
Carbon Nanoparticles as Melittin Carriers for MCF-7 and

NANOTOXICOLOGY 335

MDA-MB-231 Human Breast Cancer Cells.” Materials 13 (1):
90. doi:10.3390/ma13010090.

Dworak, N., M. Wnuk, J. Zebrowski, G. Bartosz, and A. Lewinska.
2014. “Genotoxic and Mutagenic Activity of Diamond
Nanoparticles in Human Peripheral Lymphocytes in Vitro.”
Carbon 68: 763-776. doi:10.1016/j.carbon.2013.11.067.

Dymova, M. A, E. V. Kuligina, and V. A. Richter. 2021.
“Molecular  Mechanisms of Drug Resistance in
Glioblastoma.” International Journal of Molecular Sciences
22 (12): 6385. doi:10.3390/ijms22126385.

Faklaris, O., V. Joshi, T. Irinopoulou, P. Tauc, M. Sennour, H.
Girard, C. Gesset, et al. 2009. “Photoluminescent Diamond
Nanoparticles for Cell Labeling: Study of the Uptake
Mechanism in Mammalian Cells.” ACS Nano 3 (12): 3955-
3962. doi:10.1021/nn901014j.

Gottlieb, S., N. Wohrl, S. Schulz, and V. Buck. 2016.
“Simultaneous Synthesis of Nanodiamonds and Graphene
via Plasma Enhanced Chemical Vapor Deposition (MW PE-
CVD) on Copper.” SpringerPlus 5 (1): 568. doi:10.1186/
s40064-016-2201-x.

Hinzmann, M., S. Jaworski, M. Kutwin, J. Jagielto, R. Kozinski,
M. Wierzbicki, M. Grodzik, et al. 2014. “Nanoparticles
Containing Allotropes of Carbon Have Genotoxic Effects
on Glioblastoma Multiforme Cells.” International Journal of
Nanomedicine 9 (1): 2409-2417. doi:10.2147/1JN.562497.

Horie, M., L. K. Komaba, H. Kato, A. Nakamura, K. Yamamoto,
S. Endoh, K. Fujita, et al. 2012. “Evaluation of Cellular
Influences Induced by Stable Nanodiamond Dispersion;
the Cellular Influences of Nanodiamond Are Small.”
Diamond and Related Materials 24: 15-24. doi:10.1016/j.
diamond.2012.01.037.

Ibrahim, M., Y. Xue, M. Ostermann, A. Sauter, D. Steinmueller-
Nethl, S. Schweeberg, A. Krueger, et al. 2018. “In Vitro
Cytotoxicity Assessment of Nanodiamond Particles and Their
Osteogenic Potential.” Journal of Biomedical Materials
Research Part A 106 (6): 1697-1707. doi:10.1002/jbm.a.36369.

Indo, H. P, H.-C. Yen, |. Nakanishi, K.-l. Matsumoto, M.
Tamura, Y. Nagano, H. Matsui, et al. 2015. “A
Mitochondrial Superoxide Theory for Oxidative Stress
Diseases and Aging.” Journal of Clinical Biochemistry and
Nutrition 56 (1): 1-7. doi:10.3164/jcbn.14-42.

Jain, M., A. Mishra, V. Yadav, H. Shyam, S. Kumar, S. K.
Mishra, and P. Ramakant. 2023. “Long-Term Yogic
Intervention Decreases Serum Interleukins IL-10 and IL-18
and Improves Cancer-Related Fatigue and Functional
Scale during Radiotherapy/Chemotherapy in Breast Cancer
Patients: A Randomized Control Study.” Supportive Care in
Cancer 31 (1): 1-8. doi:10.1007/s00520-022-07487-4.

Jeevanandam, J,, A. Barhoum, Y. S. Chan, A. Dufresne, and M. K.
Danquah. 2018. “Review on Nanoparticles and Nanostructured
Materials: History, Sources, Toxicity and Regulations.” Beilstein
Journal of Nanotechnology 9 (1): 1050-1074. doi:10.3762/
bjnano.9.98.

Jiang, W., B. Y. S. Kim, J. T. Rutka, and W. C. W. Chan. 2008.
“Nanoparticle-Mediated  Cellular Response is Size-
Dependent.” Nature Nanotechnology 3 (3): 145-150. doi:
10.1038/nnano.2008.30.


https://doi.org/10.1016/J.CBI.2016.06.004
https://doi.org/10.1038/s41598-018-21670-w
https://doi.org/10.1038/s41598-018-21670-w
https://doi.org/10.15171/ijb.1320
https://doi.org/10.1134/S1063783413080027
https://doi.org/10.3390/nano12020177
https://doi.org/10.3390/nano12020177
https://doi.org/10.3390/pharmaceutics15010059
https://doi.org/10.15252/emmm.201302627
https://doi.org/10.1038/s41598-019-49675-z
https://doi.org/10.1021/es403864v
https://doi.org/10.1039/c7nr05629j
https://doi.org/10.1126/scitranslmed.3001713
https://doi.org/10.3390/ma13010090
https://doi.org/10.1016/j.carbon.2013.11.067
https://doi.org/10.3390/ijms22126385
https://doi.org/10.1021/nn901014j
https://doi.org/10.1186/s40064-016-2201-x
https://doi.org/10.1186/s40064-016-2201-x
https://doi.org/10.2147/IJN.S62497
https://doi.org/10.1016/j.diamond.2012.01.037
https://doi.org/10.1016/j.diamond.2012.01.037
https://doi.org/10.1002/jbm.a.36369
https://doi.org/10.3164/jcbn.14-42
https://doi.org/10.1007/s00520-022-07487-4
https://doi.org/10.3762/bjnano.9.98
https://doi.org/10.3762/bjnano.9.98
https://doi.org/10.1038/nnano.2008.30

336 (&) B. WOJCIK ET AL

Kalug, N, and P. B. Thomas. 2022. “A Carboxylated
Nanodiamond Reduces Oxidative Stress and Shows No
Sign of Toxicity in Yeast.” Fullerenes Nanotubes and
Carbon Nanostructures 30 (4): 487-494. doi:10.1080/
1536383X.2021.1960509.

Keremidarska, M., A. Ganeva, D. Mitev, T. Hikov, R. Presker, L.
Pramatarova, and N. Krasteva. 2014. “Comparative Study
of Cytotoxicity of Detonation Nanodiamond Particles with
an Osteosarcoma Cell Line and Primary Mesenchymal
Stem Cells.” Biotechnology, Biotechnological Equipment 28
(4): 733-739. doi:10.1080/13102818.2014.947704.

Khanal, D., Q. Lei, G. Pinget, D. A. Cheong, A. Gautam, R. Yusoff,
B. Su, et al. 2020. “The Protein Corona Determines the
Cytotoxicity of Nanodiamonds: Implications of Corona
Formation and Its Remodelling on Nanodiamond Applications
in Biomedical Imaging and Drug Delivery.” Nanoscale
Advances 2 (10): 4798-4812. doi:10.1039/d0na00231c.

Korepanov, V. I, H-O Hamaguchi, E. Osawa, V. Ermolenkov,
I. K. Lednev, B. J. M. Etzold, O. Levinson, et al. 2017.
“Carbon Structure in Nanodiamonds Elucidated from
Raman Spectroscopy.” Carbon 121: 322-329. doi:10.1016/j.
carbon.2017.06.012.

Lewinski, N., V. Colvin, and R. Drezek. 2008. “Cytotoxicity of
Nanopartides.” Small 4 (1): 26-49. doi:10.1002/smll.
200700595.

Li, Y., Y. Tong, R. Cao, Z. Tian, B. Yang, and P. Yang. 2014.
“In Vivo Enhancement of Anticancer Therapy Using Bare
or  Chemotherapeutic  Drug-Bearing = Nanodiamond
Particles.” International Journal of Nanomedicine 9 (1):
1065-1082. doi:10.2147/1JN.S54864.

Liu, Y., H. Liu, L. Wang, Y. Wang, C. Zhang, C. Wang, Y. Yan,
et al. 2020. “Amplification of Oxidative Stress: Via
Intracellular ROS Production and Antioxidant
Consumption by Two Natural Drug-Encapsulated
Nanoagents for Efficient Anticancer Therapy.” Nanoscale
Advances 2 (9): 3872-3881. doi:10.1039/d0na00301h.

Manzanares, D. and V. Cena. 2020. “Endocytosis: The
Nanoparticle and Submicron Nanocompounds Gateway
into the Cell.” Pharmaceutics 12 (4): 371. doi:10.3390/
pharmaceutics12040371.

Marin, J. J. G, R. I. R. Macias, M. J. Monte, M. R. Romero, M.
Asensio, A. Sanchez-Martin, C. Cives-Losada, et al. 2020.
“Molecular Bases of Drug Resistance in Hepatocellular
Carcinoma.” Cancers 12 (6): 1663. do0i:10.3390/
cancers12061663.

Mochalin, V. N., O. Shenderova, D. Ho, and Y. Gogotsi. 2011.
“The Properties and Applications of Nanodiamonds.”
Nature Nanotechnology 7 (1): 11-23. doi:10.1038/nnano.
2011.209.

Moscariello, P, M. Raabe, W. Liu, S. Bernhardt, H. Qi, U.
Kaiser, Y. Wu, T. Weil, H. J. Luhmann, and J. Hedrich. 2019.
“Unraveling In Vivo Brain Transport of Protein-Coated
Fluorescent Nanodiamonds.” Small 15: 1902992. doi:10.
1002/smll.201902992.

Mytych, J., A. Lewinska, A. Bielak-Zmijewska, W. Grabowska, J.
Zebrowski, and M. Wnuk. 2014. “Nanodiamond-Mediated
Impairment of Nucleolar Activity is Accompanied by

Oxidative Stress and DNMT2 Upregulation in Human
Cervical Carcinoma Cells.” Chemico-Biological Interactions
220: 51-63. d0i:10.1016/j.cbi.2014.06.004.

Mytych, J.,, M. Wnuk, and S. I. S. Rattan. 2016. “Low Doses of
Nanodiamonds and Silica Nanoparticles Have Bene fi Cial
Hormetic Effects in Normal Human Skin Fibroblasts in
Culture.” Chemosphere 148: 307-315. doi:10.1016/j.chemo-
sphere.2016.01.045.

Namdar, R., and S. Nafisi. 2018. “Nanodiamond Applications
in Skin Preparations.” Drug Discovery Today 23 (5): 1152-
1158. doi:10.1016/j.drudis.2018.04.006.

Niu, C., L. Wang, W. Ye, S. Guo, X. Bao, Y. Wang, Z. Xia, et al.
2020. “CCAT2 Contributes to Hepatocellular Carcinoma
Progression via Inhibiting miR-145 Maturation to Induce
MDM2 Expression.” Journal of Cellular Physiology 235 (9):
6307-6320. doi:10.1002/jcp.29630.

Olivier, C,, L. Oliver, L. Lalier, and F. M. Vallette. 2021. “Drug
Resistance in Glioblastoma: The Two Faces of Oxidative
Stress.” Frontiers in Molecular Biosciences 7: 1-16. doi:10.
3389/fmolb.2020.620677.

Pacelli, S, F. Acosta, A. R. Chakravarti, S. G. Samanta, J.
Whitlow, S. Modaresi, R. P. H. Ahmed, et al. 2017.
“Nanodiamond-Based Injectable Hydrogel for Sustained
Growth Factor Release: Preparation, Characterization and
in Vitro Analysis.” Acta Biomaterialia 58: 479-491. doi:10.
1016/J.ACTBIO.2017.05.026.

Paget, V. J. A. Sergent, R. Grall, S. Altmeyer-Morel, H. A.
Girard, T. Petit, C. Gesset, et al. 2014. “Carboxylated
Nanodiamonds Are Neither Cytotoxic nor Genotoxic on
Liver, Kidney, Intestine and Lung Human Cell Lines.”
Nanotoxicology 8 (Suppl 1): 46-56. doi:10.3109/17435390.
2013.855828.

Peng, Z, X. Han, S. Li, A. O. Al-Youbi, A. S. Bashammakh,
M. S. El-Shahawi, and R. M. Leblanc. 2017. “Carbon Dots:
Biomacromolecule Interaction, Bioimaging and
Nanomedicine.” Coordination Chemistry Reviews Elsevier
343: 256-277. doi:10.1016/j.ccr.2017.06.001.

Popov, M. V. Churkin, A. Kirichenko, V. Denisov, D.
Ovsyannikov, B. Kulnitskiy, |. Perezhogin, et al. 2017.
“Raman Spectra and Bulk Modulus of Nanodiamond in a
Size Interval of 2-5nm.” Nanoscale Research Letters 12 (1):
4-9. doi:10.1186/s11671-017-2333-0.

Qin, J.-X,, X.-G. Yang, C-F. Lv, Y.-Z. Li, K-K. Liu, J.-H. Zang, X.
Yang, et al. 2021. “Nanodiamonds: Synthesis, Properties,
and Applications in Nanomedicine.” Materials & Design
210: 110091. doi:10.1016/j.matdes.2021.110091.

Rakha, E. A, G. M. Tse, and C. M. Quinn. 2023. “An Update
on the Patological Classification of Breast Cancer.”
Histopathology 82 (1): 5-16. doi:10.1111/his.14786.

Reina, G, L. Zhao, A. Bianco, and N. Komatsu. 2019. “Chemical
Functionalization of Nanodiamonds: Opportunities and
Challenges Ahead.” Angewandte Chemie 131 (50): 18084—
18095. doi:10.1002/ange.201905997.

Roy, U., V. Drozd, A. Durygin, J. Rodriguez, P. Barber, V. Atluri,
X. Liu, et al. 2018. “Characterization of Nanodiamond-Based
anti-HIV Drug Delivery to the Brain.” Scientific Reports 8 (1):
1603. doi:10.1038/541598-017-16703-9.


https://doi.org/10.1080/1536383X.2021.1960509
https://doi.org/10.1080/1536383X.2021.1960509
https://doi.org/10.1080/13102818.2014.947704
https://doi.org/10.1039/d0na00231c
https://doi.org/10.1016/j.carbon.2017.06.012
https://doi.org/10.1016/j.carbon.2017.06.012
https://doi.org/10.1002/smll.200700595
https://doi.org/10.1002/smll.200700595
https://doi.org/10.2147/IJN.S54864
https://doi.org/10.1039/d0na00301h
https://doi.org/10.3390/pharmaceutics12040371
https://doi.org/10.3390/pharmaceutics12040371
https://doi.org/10.3390/cancers12061663
https://doi.org/10.3390/cancers12061663
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1002/smll.201902992
https://doi.org/10.1002/smll.201902992
https://doi.org/10.1016/j.cbi.2014.06.004
https://doi.org/10.1016/j.chemosphere.2016.01.045
https://doi.org/10.1016/j.chemosphere.2016.01.045
https://doi.org/10.1016/j.drudis.2018.04.006
https://doi.org/10.1002/jcp.29630
https://doi.org/10.3389/fmolb.2020.620677
https://doi.org/10.3389/fmolb.2020.620677
https://doi.org/10.1016/J.ACTBIO.2017.05.026
https://doi.org/10.1016/J.ACTBIO.2017.05.026
https://doi.org/10.3109/17435390.2013.855828
https://doi.org/10.3109/17435390.2013.855828
https://doi.org/10.1016/j.ccr.2017.06.001
https://doi.org/10.1186/s11671-017-2333-0
https://doi.org/10.1016/j.matdes.2021.110091
https://doi.org/10.1111/his.14786
https://doi.org/10.1002/ange.201905997
https://doi.org/10.1038/s41598-017-16703-9

Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig, M.
Longair, T. Pietzsch, S. Preibisch, et al. 2012. “Fiji: An Open
Platform for Biological Image Analysis.” Nature Methods 9
(7): 676—682. doi:10.1038/nmeth.2019.Fiji.

Schrand, A. M., S. A. C. Hens, and O. A. Shenderova. 2009.
“Nanodiamond Particles: Properties and Perspectives for

Bioapplications.” Critical Reviews in Solid State and
Materials ~ Sciences 34 (1-2): 18-74. doi:10.1080/
10408430902831987.

Schrand, A. M., H. Huang, C. Carlson, J. J. Schlager, E. Omacr
Sawa, S. M. Hussain, L. Dai, et al. 2007. “Are Diamond
Nanoparticles Cytotoxic?” The Journal of Physical Chemistry
B 111 (1): 2-7. doi:10.1021/jp066387v.

Sedighi, M., Z. Mahmoudi, S. Abbaszadeh, M. R. Eskandari, M.
Saeinasab, and F. Sefat. 2023. “Nanomedicines for
Hepatocellular Carcinoma Therapy: Challenges and Clinical
Applications.” Materials Today Communications Elsevier 34:
105242. doi:10.1016/j.mtcomm.2022.105242.

Shivhare, S., and A. Das. 2023. “Cell Density Modulates
Chemoresistance in Breast Cancer Cells through
Differential Expression of ABC Transporters.” Molecular
Biology Reports 50 (1): 215-225. doi:10.1007/s11033-022-
08028-2.

Solarska, K., A. Gajewska, W. Kaczorowski, G. Bartosz, and K.
Mitura. 2012. “Effect of Nanodiamond Powders on the
Viability and Production of Reactive Oxygen and Nitrogen
Species by Human Endothelial Cells.” Diamond and
Related Materials 21: 107-113. doi:10.1016/j.diamond.2011.
10.020.

Stehlik, S., J. Henych, P. Stenclova, R. Kral, P. Zemenova, J.
Pangrac, O. Vanek, et al. 2021. “Size and Nitrogen
Inhomogeneity in Detonation and Laser Synthesized
Primary Nanodiamond Particles Revealed via Salt-Assisted
Deaggregation.” Carbon 171: 230-239. doi:10.1016/j.car-
bon.2020.09.026.

Strojny, B., E. Sawosz, M. Grodzik, S. Jaworski, J. Szczepaniak,
M. Sosnowska, M. Wierzbicki, et al. 2018. “Nanostructures
of Diamond, Graphene Oxide and Graphite Inhibit
CYP1A2, CYP2D6 and CYP3A4 Enzymes and Downregulate
Their Genes in Liver Cells.” International Journal of
Nanomedicine 13: 8561-8575. doi:10.2147/1JN.5188997.

Sung, H. J. Ferlay, R L. Siegel, M. Laversanne, |I.
Soerjomataram, A. Jemal, F. Bray, et al. 2021. “Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries.”
CA: a Cancer Journal for Clinicians 71 (3): 209-249. doi:10.
3322/caac.21660.

Tachibana, K, D, Yamasaki, K, Ishimoto, and T, Doi. 2008.
“The Role of PPARs in Cancer.” PPAR Research 2008: 1-15.
doi:10.1155/2008/102737.

Tervonen, T, I. Linkov, J. R. Figueira, J. Steevens, M.
Chappell, and M. Merad. 2009. “Risk-Based Classification
System of Nanomaterials.” Journal of Nanoparticle
Research 11 (4): 757-766. doi:10.1007/s11051-008-9546-1.

NANOTOXICOLOGY 337

Tilak, M., J. Holborn, L. A. New, J. Lalonde, and N. Jones.
2021. “Receptor Tyrosine Kinase Signaling and Targeting
in Glioblastoma Multiforme.” International Journal of
Molecular Sciences 22 (4): 1831. doi:10.3390/ijms22041831.

Tu, J.-S., E. Perevedentseva, P.-H. Chung, and C.-L. Cheng.
2006. “Size-Dependent Surface CO Stretching Frequency
Investigations on Nanodiamond Particles.” The Journal of
Chemical Physics 125 (17): 174713. doi:10.1063/1.2370880.

Turcheniuk, K., and V. N. Mochalin. 2017. “Biomedical
Applications of Nanodiamond (Review).” Nanotechnology
28 (25): 252001. doi:10.1088/1361-6528/aabae4.

Vaitkuviene, A., V. Ratautaite, A. Ramanaviciene, K. Sanen, R.
Paesen, M. Ameloot, V. Petrakova, et al. 2015. “Impact of
Diamond Nanoparticles on Neural Cells.” Molecular and
Cellular Probes 29 (1): 25-30. d0i:10.1016/j.mcp.2014.10.005.

Vervald, A. M. S. A. Burikov, A. M. Scherbakov, O. S.
Kudryavtsev, N. A. Kalyagina, I. I. Vlasov, E. A. Ekimov,
et al. 2020. “Boron-Doped Nanodiamonds as Anticancer
Agents: En Route to Hyperthermia/Thermoablation
Therapy.” ACS Biomaterials Science & Engineering 6 (8):
4446-4453. doi:10.1021/acsbiomaterials.0c00505.

Wierzbicki, M., S. Jaworski, M. Kutwin, M. Grodzik, B. Strojny,
N. Kurantowicz, K. Zdunek, et al. 2017. “Diamond,
Graphite, and Graphene Oxide Nanoparticles Decrease
Migration and Invasiveness in Glioblastoma Cell Lines by
Impairing Extracellular Adhesion.” International Journal of
Nanomedicine 12: 7241-7254. doi:10.2147/1JN.S146193.

Wu, J,, X. Du, D. Zhang, J. Cui, X. Zhang, X. Duan, J. F. Trant,
et al. 2023. “A Nanodiamond Chemotherapeutic Folate
Receptor-Targeting Prodrug with Triggerable Drug
Release.” International Journal of Pharmaceutics 630:
122432. doi:10.1016/j.ijpharm.2022.122432.

Zhang, B, X. Feng, H. Yin, Z. Ge, Y. Wang, Z. Chu, H.
Raabova, et al. 2017. “Anchored but Not Internalized:
Shape Dependent Endocytosis of Nanodiamond.” Scientific
Reports 7 (1): 1-9. doi:10.1038/srep46462.

Zhang, X, W. Hu, J. Li, L. Tao, and Y. Wei. 2012. “A
Comparative Study of Cellular Uptake and Cytotoxicity of
Multi-Walled Carbon Nanotubes, Graphene Oxide, and
Nanodiamond.” Toxicology Research 1 (1): 62-68. doi:10.
1039/c2tx20006f.

Zhou, Q. X. Sun, L. Zeng, J. Liu, and Z. Zhang. 2009. “A
Randomized Multicenter Phase Il Clinical Trial of
Mitoxantrone-Loaded Nanoparticles in the Treatment of 108
Patients with Unresected Hepatocellular Carcinoma.”
Nanomedicine 5 (4): 419-423. doi:10.1016/j.nan0.2009.01.009.

Zhu, Y., J. Li, W. Li, Y. Zhang, X. Yang, N. Chen, Y. Sun, et al.
2012. “The Biocompatibility of Nanodiamonds and Their
Application in Drug Delivery Systems.” Theranostics 2 (3):
302-312. doi:10.7150/thno.3627.

Zupanci¢, D, and P. Verani¢, 2022. “Nanodiamonds as
Possible Tools for Improved Management of Bladder
Cancer and Bacterial Cystitis,” International Journal of
Molecular Sciences, 23 (15): 8183. doi:10.3390/ijms23158183.


https://doi.org/10.1038/nmeth.2019.Fiji
https://doi.org/10.1080/10408430902831987
https://doi.org/10.1080/10408430902831987
https://doi.org/10.1021/jp066387v
https://doi.org/10.1016/j.mtcomm.2022.105242
https://doi.org/10.1007/s11033-022-08028-2
https://doi.org/10.1007/s11033-022-08028-2
https://doi.org/10.1016/j.diamond.2011.10.020
https://doi.org/10.1016/j.diamond.2011.10.020
https://doi.org/10.1016/j.carbon.2020.09.026
https://doi.org/10.1016/j.carbon.2020.09.026
https://doi.org/10.2147/IJN.S188997
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1155/2008/102737
https://doi.org/10.1007/s11051-008-9546-1
https://doi.org/10.3390/ijms22041831
https://doi.org/10.1063/1.2370880
https://doi.org/10.1088/1361-6528/aa6ae4
https://doi.org/10.1016/j.mcp.2014.10.005
https://doi.org/10.1021/acsbiomaterials.0c00505
https://doi.org/10.2147/IJN.S146193
https://doi.org/10.1016/j.ijpharm.2022.122432
https://doi.org/10.1038/srep46462
https://doi.org/10.1039/c2tx20006f
https://doi.org/10.1039/c2tx20006f
https://doi.org/10.1016/j.nano.2009.01.009
https://doi.org/10.7150/thno.3627
https://doi.org/10.3390/ijms23158183

Supplementary materials
Dependence of diamond nanoparticle cytotoxicity on physicochemical parameters:
comparative studies of glioblastoma, breast cancer, and hepatocellular carcinoma
cell lines

Barbara Wojcik?, Katarzyna Zawadzka?, Stawomir Jaworski?, Marta Kutwin?, Malwina
Sosnowska?, Agnieszka Ostrowska®, Marta Grodzik?, Artur Malolepszy®, Marta

Mazurkiewicz-Pawlicka®?, Mateusz Wierzbicki®*

@ Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life
Sciences, Ciszewskiego 8, 02-786 Warsaw, Poland; barbara_wojcikl@sggw.edu.pl
(B.W.); katarzyna_zawadzka@sggw.edu.pl (K.Z.); slawomir_jaworski@sggw.edu.pl
(S.J.), marta_prasek@sggw.edu.pl (M.K.); malwina_sosnowska@sggw.edu.pl (M.S.);
agnieszka_ostrowska@sggw.edu.pl  (A.O.); marta_grodzik@sggw.edu.pl (M.G);
mateusz_wierzbicki@sggw.edu.pl (M.W.)

b Faculty of Chemical and Process Engineering, Warsaw University of Technology, 00-
654 Warsaw, Poland; Artur.Malolepszy@pw.edu.pl (A.M.); marta.pawlicka@pw.edu.pl
(M.M.P.)

* Correspondence: mateusz_wierzbicki@sggw.edu.pl

Interference analysis

In order to avoid false results of the analysis of the cell viability and membrane
integrity assays for the nanomaterials used in the experiments, an interference test was
performed. The analysis did not reveal any significant influence of the tested ND
compared with the control.

Firstly, 90 uL of the complete growth medium EMEM (ATCC, American Type
Culture Collection, Manassas, VA, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 1% antibiotic-

antimycotic mix (Gibco) was added to the 96-well microplate (Nunc, Thermo Fisher



Scientific). Subsequentially, 10 uLL of a 10x concentrated nanomaterial suspension was
added in order to obtain the final concentration of 100 mg/l. Instead of ND suspensions,
ultrapure water (10 pl) was added to the control group. Afterward, the samples were
incubated in a humidified atmosphere containing 5% CO2 at 37 °C for 24 h.

The PrestoBlue HS and LDH interference analyses (Thermo Fisher Scientific)
were carried out in the same way as the cytotoxicity assays but without the presence of
the cells. For the viability assay interference (Fig. 1S), 10 pl of complete growth medium
was exchanged with the same volume of PrestoBlue HS reagent, followed by 90 min of
incubation at 37 °C. The samples were protected from light. After that, the fluorescence
intensity was measured at an excitation wavelength of 560 nm and an emission
wavelength of 590 nm, using a microplate reader (Tecan Group ltd., Mannedorf,

Switzerland).
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Figure 1S. PrestoBlue HS interference analysis. Interactions of PrestoBlue HS reagent
and nanomaterials are presented as the mean fluorescence from three replicates with the
standard deviation. Different letters above the columns indicate statistically significant

differences between the groups (p < 0.05).



For the LDH (Thermo Fisher Scientific) interference analysis (Fig. 2S), the
prepared microplates were incubated for 24 h. After that time, they were centrifuged for
6 min, 200 x g, followed by the transfer of 50 ul of supernatant into a fresh microplate.
Next, 100 ul of the reaction mixture was added to each well. The samples were then
incubated for 30 min at room temperature, protected from light. Spectrophotometer
readings were performed at a wavelength of 490 nm (reference wavelength: 690 nm) in a

microplate reader (Tecan Group Itd.)
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Figure 2S. LDH interference analysis. Interactions of LDH reagent and
nanomaterials are presented as the mean absorbance from three replicates with the
standard deviation. Different letters above the columns indicate statistically

significant differences between the groups (p < 0.05).

Morphological analysis



Figure 3S. Morphological characterization of the MCF-7 human breast adenocarcinoma.

Cells were treated with the following nanomaterials: ND, ND-NH2, ND-COOH, ND-
OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-DND-A, RT-
DND-L, RT-DND-LN, at a concentration of 20 mg/L. The incubation with

nanomaterials lasted for 24 h. The control group (C) was treated with ultrapure water.



Figure 4S. Morphological characterization of the Hep G2 human hepatocellular

carcinoma. Cells were treated with the following nanomaterials: ND, ND-NH2,
ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-
EN, RT-DND-A, RT-DND-L, RT-DND-LN, at a concentration of 20 mg/L. The



incubation with nanomaterials lasted for 24 h. The control group (C) was treated

with ultrapure water.

Assessment of reactive oxygen species
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Figure 5S. The level of intracellular ROS and mitochondrial superoxide after 3 h of

ND-B
T-aNG-LY

ND-S
NI-ONG-LY

incubation of the T98G cell line with the following nanomaterials: ND, ND-NH2, ND-
COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using

CM-H2CFDA and MitoSOX Red indicators.
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Figure 6S. The level of intracellular ROS and mitochondrial superoxide after 3 h of

ND-OH
V-ONQ-1Y
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incubation of the U-118 MG cell line with the following nanomaterials: ND, ND-NH2,
ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using

CM-H2CFDA and MitoSOX Red indicators.



ROS Superoxide Merged Nuclei

Merged

ROS Superoxide

Control
aNfey

Nuclei

nf

ND-
v-aNAey

ND-NH2
aNa-1y

ND-COOH
N3-GNQ-LY

ND-OH
V-ONQ-1Y

Figure 7S. The level of intracellular ROS and mitochondrial superoxide after 3 h of

ND-B
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incubation of the MCF-7 cell line with the following nanomaterials: ND, ND-NH2, ND-
COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using

CM-H2CFDA and MitoSOX Red indicators.
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Figure 8S. The level of intracellular ROS and mitochondrial superoxide after 3 h of
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incubation of the Hep G2 cell line with the following nanomaterials: ND, ND-NH2,
ND-COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using

CM-H2CFDA and MitoSOX Red indicators.
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Figure 9S. The level of intracellular ROS and mitochondrial superoxide after 3 h of

ND-B
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NT-ONG-LY

incubation of the HFF-1 cell line with the following nanomaterials: ND, ND-NH2, ND-
COOH, ND-OH, ND-B, ND-S, RayND, RayND-AL, RT-DND, RT-DND-EN, RT-
DND-A, RT-DND-L, RT-DND-LN, at a concentration of 50 mg/L, as determined using

CM-H2CFDA and MitoSOX Red indicators.
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