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Whiosek

z dnia 21.12.2020
o przeprowadzenie postepowania w sprawie nadania stopnia doktora habilitowanego w dziedzinie
nauk $cistych i przyrodniczych w dyscyplinie! nauki biologiczne.
Osiagniecie naukowe stanowi cykl pieciu, powigzanych tematycznie oryginalnych prac naukowych pod
tytutem: ,Modulacja wybranych elementéw mikrosrodowiska komérkowego przez nanostruktury
odmian alotropowych wegla, ze szczegdlnym uwzglednieniem efektu antynowotworowego.”
Whioskuje — na podstawie art. 221 ust. 10 ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym
i nauce (Dz. U. z 2018 r. poz. 1668 ze zm.) — aby komisja habilitacyjna podejmowata uchwatg w sprawie
nadania stopnia doktora habilitowanego w gtosowaniu tajnym/jawnym*?

Zostatem poinformowany, ze:

Administratorem w odniesieniu do danych osobowych pozyskanych w ramach postepowania w sprawie nadania
stopnia doktora habilitowanego jest Przewodniczqcy Rady Doskonatosci Naukowej z siedzibq w Warszawie (pl.
Defilad 1, XXIV pietro, 00-901 Warszawa).

Kontakt za posrednictwem e-mail: kancelaria@rdn.gov.pl, tel. 22 656 60 98 lub w siedzibie organu. Dane
osobowe bedq przetwarzane w oparciu o przestanke wskazanq w art. 6 ust. 1 lit. c) Rozporzqdzenia UE
2016/679 z dnia z dnia 27 kwietnia 2016 r. w zwiqzku z art. 220 - 221 oraz art. 232 — 240 ustawy z dnia 20 lipca
2018 roku - Prawo o szkolnictwie wyzszym i nauce, w celu przeprowadzenie postepowania o nadanie stopnia
doktora habilitowanego oraz realizacji praw i obowiqzkéw oraz srodkow odwotawczych przewidzianych w tym
postepowaniu.

Szczegdtowa informacja na temat przetwarzania danych osobowych w postepowaniu dostepna jest na stronie

www.rdn.qov.pl/klauzula-informacyjna-rodo.htm! A )
i
....... (o (M)l M....

(podpis wnioskodawcy)

! Klasyfikacja dziedzin i dyscyplin wg. rozporzadzenia Ministra Nauki i Szkolnictwa Wyzszego z dnia 20
wrzeénia 2018 r. w sprawie dziedzin nauki i dyscyplin naukowych oraz dyscyplin w zakresie sztuki (Dz.
U.z 2018, poz. 1818).

2 * Niepotrzebne skreslic.
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1. Imiei nazwisko

Mateusz Wierzbicki

Nr ORCID: 0000-0003-3623-8929

2. Posiadane dyplomy, stopnie naukowe lub artystyczne - z podaniem podmiotu

nadajacego stopien, roku ich uzyskania oraz tytutu rozprawy doktorskiej

2010-2014

2008 - 2010

2005 - 2008

doktor nauk rolniczych

Studia doktoranckie zakoriczone obrong pracy doktorskiej na Wydziale Nauk o
Zwierzetach SGGW.

Rozprawa doktorska "Nanoczastki alotropowych form wegla jako czynniki
modulujagce mechanizmy rozwoju naczyn krwionosnych" realizowana pod
kierunkiem prof. dr hab. Ewy Sawosz Chwalibdg oraz dr hab. Marty Grodzik, prof.
SGGW (promotor pomocniczy) w Katedrze Zywienia i Biotechnologii Zwierzat

Wydziatu Nauk o Zwierzetach.

Studia magisterskie na Wydziale Rolnictwa i Biologii, SGGW, kierunek biologia,
specjalizacja: biologia mikroorganizmdéw. Temat pracy magisterskiej: Supresja
wrazliwosci na niskie pH mutanta Icb1-100 z defektywng palmitoilotransferaza
serynowa. Praca wykonana pod kierunkiem dr hab. Joanny Kaminskiej w zakfadzie
Genetyki Instytutu Biologii i Biofizyki Polskiej Akademii Nauk. Data obrony pracy
magisterskiej: 26 lipca 2010 r.

Studia licencjackie na Wydziale Rolnictwa i Biologii, SGGW, kierunek biologia.
Temat pracy licencjackiej: Rola tlenku azotu w odpowiedzi roslin na stres niedoboru
tlenu. Praca wykonana pod kierunkiem prof. dr hab. Agnieszki Gniazdowskiej-

Piekarskiej. Data obrony pracy licencjackiej: 02 sierpnia 2008 r.

3. Informacja o dotychczasowym zatrudnieniu w jednostkach naukowych lub

artystycznych.

01-10-2019 — obecnie Adiunkt — Katedra Nanobiotechnologii (wczesniej Samodzielny Zaktad

Nanobiotechnologii i Ekologii Doswiadczalnej), Instytut Biologii,

SGGW
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01.10.2014 — 01-10-2019  Adiunkt — Katedra Zywienia i Biotechnologii Zwierzat, Wydziat Nauk o
Zwierzetach, SGGW

01.10.2013 - 30.09.2014  Asystent — Katedra Zywienia i Gospodarki Paszowej, Wydziat Nauk o
Zwierzetach, SGGW

4. Omowienie osiggniec, o ktérych mowa w art. 219 ust. 1 pkt. 2 Ustawy.

4.1 Tytut osiagniecia
Osiggniecie naukowe stanowi cykl pieciu, powigzanych tematycznie oryginalnych prac naukowych
opublikowanych w czasopismach znajdujacych sie w bazie Journal Citation Reports o tgcznym IF
19,575 i punktacji MNiSW: 355 pkt. (115 pkt. wedtug listy MNiSW z 2017 r. i 240 pkt. wedtug listy
MNiSW z 2019 r.) pod tytutem:
»Modulacja wybranych elementéw mikrosrodowiska komérkowego przez nanostruktury odmian

alotropowych wegla, ze szczegbélnym uwzglednieniem efektu antynowotworowego.”

4.2 Wykaz prac stanowiacych osiggniecie naukowe

Czasopismo, rok Punkty
Lp. Autorzy publikacji, tytut publikacji IF
wydania, tom, strona MNiSW

P1 Zakrzewska KE, Samluk A, Wierzbicki PloS One 2015, 10, 3,057 40 pkt.

M, Jaworski S, Kutwin M, Sawosz E, e0122579 wg listy
Chwalibog A, Pijanowska DG, Pluta KD. czasopism z
Analysis of the cytotoxicity of carbon- 2017

based nanoparticles, diamond and
graphite, in human glioblastoma and

hepatoma cell lines

Méj wktad w powstanie tej pracy polegat na tworzeniu koncepcji badan, przeprowadzeniu

badan toksycznosci in vitro, wspotudziale w opracowaniu wynikéw i analizie statystyczne;.

Méj udziat w publikacji szacuje na 15%

P2 Wierzbicki M, Jaworski S, Kutwin M, International Journal | 4,370 35 pkt.

Grodzik M, Strojny B, Kurantowicz N, of Nanomedicine wg listy
Zdunek K, Chodun R, Chwalibog A, 2017, 12, 7241 czasopism z
Sawosz E. 2017

Diamond, graphite, and graphene
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oxide nanoparticles decrease
migration and invasiveness in
glioblastoma cell lines by impairing

extracellular adhesion

Méj wkiad w powstanie tej pracy polegat na opracowaniu koncepcji przeprowadzanych
badan, opracowaniu metodyki, przeprowadzeniu doswiadczen in vitro, przeprowadzeniu
analiz Western blot i obrazowania fluorescencyjnego, wspétudziale w opracowaniu

wynikéw i wykonaniu analizy statystycznej, przygotowaniu tekstu do druku.

Méj udziat w publikacji szacuje na 80%

P3 Wierzbicki M, Sawosz E, Strojny B, Scientific Reports 4,011 40 pkt.
Jaworski S, Grodzik M, Chwalibog A. 2018, 8, 14733 wg listy
NF-kB-related decrease of glioma czasopism z
angiogenic potential by graphite 2017
nanoparticles and graphene oxide
nanoplatelets
Méj wktad w powstanie tej pracy dotyczyt opracowania koncepcji przeprowadzonych badan,
opracowania metodyki, przeprowadzenia doswiadczen, analizy aktywnosci szlakow
komdrkowych, analizy aktywnosci angiogennej, opracowania wynikéw i wykonaniu analizy
statystycznej, przygotowania tekstu do druku, korespondowania z redakcjg czasopisma.
Méj udziat w publikacji szacuje na 85%

P4 Wierzbicki M, Jaworski S, Sawosz E, Nanoscale Research | 3,581 100 pkt.

Jung A, Gielerak G, Jaremek H, Letters, 2019, 14, 1- wg listy
tojkowski W, Wozniak B, Stobinski L, 11 czasopism z
Matolepszy A, Chwalibog A. 2019

Graphene Oxide in a Composite with
Silver Nanoparticles Reduces the
Fibroblast and Endothelial Cell
Cytotoxicity of an Antibacterial

Nanoplatform

Méj wkitad w powstanie tej pracy dotyczyt tworzenia dotyczyt opracowania koncepcji
przeprowadzonych badan, opracowania metodyki badan, badania odpowiedzi zapalnej z

wykorzystaniem membran antygenowych, udzialu w przeprowadzeniu doswiadczen
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dotyczacych toksycznosci nanomateriatdéw in vitro, badania wptywu nanomateriatéw na
btone kosméwkowo-omoczniowg zarodka kury, analizie i opracowaniu wynikéw, wykonaniu
analizy statystycznej, przygotowania tekstu do druku, korespondowania z redakcja

czasopisma.

Méj udziat w publikacji szacuje na 65%

P5 Wierzbicki M, Hotowy A, Kutwin M, International Journal | 4,556 140 pkt.

Jaworski S, Bataban J, Sosnowska M, of Molecular wg listy
Wojcik B, Wedziriska A, Chwalibog A, Sciences 2020, 21, czasopism z
Sawosz E. Graphene Oxide Scaffold 4173. 2019

Stimulates Differentiation and
Proangiogenic Activities of Myogenic

Progenitor Cells

Méj wktad w powstanie tej pracy dotyczyt tworzenia koncepcji przeprowadzonych badan,
opracowania metodyki, obrazowania time-lapse, analizy aktywnosci angiogennej, analizy
opracowania wynikéw i wykonania analizy statystycznej, przygotowania tekstu do druku,

korespondowaniu z redakcjg czasopisma.

Méj udziat w publikacji szacuje na 80%

Oswiadczenia wspotautorow zawierajgce procentowy udziat oraz opis wktadu w powstanie prac

znajduje sie w Zataczniku 6.

4.3 Omoéwienie celu naukowego i osiggnietych wynikéw prac stanowiacych osiggniecie naukowe
4.3.1 Uzasadnienie badan

Choroby nowotworowe stanowig jeden z najpowazniejszych problemoéw zdrowotnych wspoétczesnego
spoteczenstwa. Glejak IV stopnia jest najczestszym nowotworem centralnego uktadu nerwowego
(Ohgaki et al., 2004). Charakteryzuje sie wysoka ztosliwoscia, inwazyjnym fenotypem oraz brakiem
efektywnej terapii. Obiecujacg i intensywnie rozwijang metodg jest zastosowanie nanomateriatéw
weglowych w nisko toksycznej i wysoko specyficznej terapii antynowotworowej (Wu et al., 2015). W
rozwoju strategii antynowotworowych terapie celowane oraz specyficzne systemy dostarczania lekéw
sg postrzegane jako szansa na zmniejszenie toksycznosci oraz zwiekszenie efektywnosci leczenia
(Charlton and Spicer, 2016). Ws$réd strategii antynowotworowych intensywnie badane jest
zastosowanie nanomateriatéw, ktére mogg stuzy¢ do modyfikacji fizjologii komorek poprzez regulacje

komdrkowych szlakéw sygnatowych i odpowiedzi na srodowisko zewngtrzkomdrkowe.
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4.3.2 Wprowadzenie i cel naukowy

Nanomaterialy sg to materiaty posiadajgce przynajmniej w jednej ptaszczyznie rozmiar
mniejszy niz 100 nm. Materiaty o takim rozmiarze posiadajg zwiekszong powierzchnie w przeliczeniu
na mase, zwiekszong gestos¢ elektronowa oraz reaktywnos¢ powierzchniowych atomoéw. Drugim,
poza rozmiarem, czynnikiem decydujagcym o ich wiasciwosciach fizykochemicznych jest materiat, z
ktorego zostaty wytworzone. Wsréd nanomateriatéw, ktére mogg zdobyé zastosowanie w naukach
biologicznych wyrdzniajgcy sie grupa sg nanomateriaty posiadajace strukture zbudowang z atoméw
wegla, a w szczegélnosci nanoczastki diamentu, grafitu oraz tlenek grafenu. Wymienione
nanomateriaty weglowe charakteryzujg sie wysokg biozgodnoscig materiatu, jednak podobnie jak inne
nanomateriaty zachowujg wysoka reaktywnos¢. Ponadto nie obserwuje sie rozpuszczania i tworzenia
reaktywnych zwigzkéw chemicznych, jak to sie dzieje miedzy innymi w przypadku nanomateriatéw
zbudowanych z atoméw metali. W zwigzku z tym oddziatywanie nanomateriatéw weglowych na
komdrki i tkanki odbywa sie na zasadzie bezposrednie] interakcji z btong komdrkowa, interakcji z
receptorami powierzchniowymi oraz biatkami wewnatrzkomoérkowymi po wczesniejszej endocytozie.
Dodatkowo szczegélnie utlenione nanomateriaty weglowe, do ktdérych nalezg nanoczastki diamentu,
grafitu oraz tlenek grafenu posiadajg na powierzchni grupy funkcyjne zawierajace tlen (takie jak grupy
hydroksylowe, epoksydowe, karbonylowe czy karboksylowe) mogg funkcjonowaé jako reduktory i
wptywa¢ na réwnowage oksydoredukcyjng. Wynika to z bliskiej obecnosci grup funkcyjnych
zawierajacych tlen, co prowadzi do wytworzenia zdelokalizowanych orbitali  (Holt, 2010).

Nanomateriaty weglowe rdznig sie od siebie nie tylko stopniem utlenienia, ale takze
morfologiag oraz odmiang alotropowga. Nanoczastki diamentu charakteryzujg sie unikalng wsréd
nanomateriatéw weglowych hybrydyzacje sp® i najczesciej posiadajg morfologie sferyczna. Podobnie
jak w przypadku nanoczastek grafitu ich srednica wynosi okoto kilku nanometréw, w zwigzku z tym
tatwo wchodzg w interakcje z strukturami biologicznymi. Nanoczgstki grafitu oraz tlenek grafenu
charakteryzujg sie, tak jak wiekszo$¢ nanomateriatéw weglowych, hybrydyzacja sp®. Tlenek grafenu w
zaleznosci od materiatu wyjsciowego, z ktérego zostanie wytworzony, posiada morfologie duzych
(kilka pum) lub matych (kilka nm) ptatkéw, ztozonych z pojedynczych warstw grafitowych.
Wykorzystanie tych trzech materiatéw weglowych pozwala na zrozumienie odziatywania materiatu na
komdrke w zaleznosci od struktury fizykochemicznej i morfologii.

Mikrosrodowisko komérkowe jest to lokalne $rodowisko otaczajace komodrke, zawierajgce
sygnaty fizyczne i chemiczne, ktére mogg wptywac na fizjologie komoérki (Gattazzo et al., 2014;
Bogdanowicz and Liu 2017). Do elementéw ksztattujgcych mikrosrodowisko komaérkowe zalicza sie
miedzy innymi cytokiny i inne czynniki regulujace aktywnosé komérkowych szlakéw sygnatowych,

macierz zewnatrzkomoérkowg, pH, tlen, reaktywne formy tlenu, reaktywne formy azotu.
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Mikrosrodowisko nowotworowe jest jednym z krytycznych elementéw wptywajacych na przebieg
choroby nowotworowej. Przyczyng niejednorodnosci, chemoopornosci i przezutowania guzéw
nowotworowych sg nie tylko zmiany genetyczne w komdrkach nowotworowych, ale takze
wytwarzanie przez komérki guza nowotworowego specyficznego mikrosrodowiska nowotworowego
(Senthebane et al, 2017). Mikrosrodowisko guzéw nowotworowych charakteryzuje sie:
utrzymywaniem niskiego pH (poprzez aktywnos¢ izoformy A dehydrogenazy mleczanowej, ktdra
zamienia akumulujacy sie kwas pirogronowy w kwas mlekowy), cykliczng hipoksjg i zaburzonym
srodowiskiem redoks, w ktdrym istotng role odgrywaja reaktywne formy tlenu i reaktywne formy azotu
(Wu and Dai, 2017). Dwa gtéwne zrédta reaktywnych form tlenu w komérkach nowotworowych to
mitochondria i rodzina oksydaz NADPH (Holmstrom and Finkel, 2014). Jednym z najwazniejszych
efektoréw zmian w poziomie reaktywnych form tlenu w srodowisku zewnatrzkomdrkowych jest
komdrkowy szlak sygnalizacyjny zalezny od jadrowego czynnika transkrypcyjnego NF-kB. W warunkach
czynnikéw prozapalnych oraz reaktywnych form tlenu biatka z rodziny czynnik transkrypcyjnych NF-kB
reguluja ekspresje gendw, odpowiedzialnych za proliferacje, apoptoze,
komunikacje miedzykomdrkowa i synteze cytokin. W przypadku nowotwordw aktywnos¢ szlaku
sygnalizacyjnego zaleznego od jadrowego czynnika transkrypcyjnego NF-kB, jego mutacjei
wspoétdziatanie z efektami mutacji w innych kluczowych genach (miedzy innymi p53) jest jedna z
przyczyn agresywnego przebiegu choroby nowotworowej (Hoesel and Schmid, 2013).
Mikrosrodowisko guza nowotworowego odpowiedzialne jest za regulacje szlakow
sygnatowych prowadzacych do intensywnej syntezy czynnikdw proangiogennych i prozapalnych
(Dudley, 2012). W warunkach fizjologicznych procesy angiogenezy sg zahamowane poprzez
utrzymujacy sie rownowage czynnikow nasilajgcych (proangiogennych) i hamujacych angiogenze
(antyangiogennych). Proces angiogenezy uczestniczy miedzy innymi w procesie embriogenezy,
regeneracji zranien, ztaman oraz naczyn sluzéwki macicy i w czasie przebudowy tkanek. Natomiast
niekontrolowana angiogeneza towarzyszy niektérym stanom chorobowym takim jak przewlekte
zapalenia oraz jest jednym z najwazniejszych procesdw podczas progresji guzow nowotworowych
(Ferrara et al., 2003). Synteza proangiogennych i prozapalnych cytokin przez komoérki nowotworowe
doprowadza do silnego unaczynienia guzdw nowotworowych. Glejaki rozwijajg rozbudowang sieé
naczyn krwionosnych charakteryzujacy sie patologiami takimi jak hiperproliferacja naczyn oraz
krwotoki spowodowane rozpadem wewngatrznowotworowej bariery krew-mdzg. Wytworzone
naczynia krwionosne sg nieszczelne przez ostabienie potgczern miedzykomdrkowych zaleznych od VE-
kadhedryny, nieréwnomiernie rozmieszczone oraz posiadajg cykliczny przeptyw krwi (Gilbertson and
Rich, 2007). Prowadzi to do zmniejszenia skutecznosci dostarczania lekdw do nowotworéw ale takze
skutkuje cykliczng hipoksja, ktéra zwieksza ztosliwos¢ nowotworu. Hipoksja prowadzi do aktywacji

czynnika HIF-1a, ktéry aktywuje gendw docelowych pozwalajgce na przetrwanie w warunkach
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niedoboru tlenu, miedzy innymi aktywuje szlak przemian glikolitycznych, angiogeneze oraz migracje
komoérek (Muz et al., 2015; Jaakkola et al., 2001). Proces cyklicznej hipoksji wynikajacy z wystepowania
dysfunkcyjnej sieci naczyn krwionosnych pozwala na wydtuzenie i nasilenie odpowiedzi na niedobdr
tlenu. Jedng ze strategii walki z nowotworami charakteryzujgcymi sie intensywng angiogenezg jest
regulacja nowotworowej sieci naczyn krwionosnych. Obecnie tworzone terapie antyangiogenne w
walce z nowotworami polegajg na: normalizacji sieci naczyn krwionosnych nowotworu w celu
zmniejszenia hipoksji, zwiekszeniu perfuzji, ktéra umozliwia skuteczne podawanie lekéw
antynowotworowych lub zahamowaniu rozwoju naczyn krwionosnych przez dziatanie duzymi
dawkami lekédw antyangiogennych z jednoczesnym hamowaniem odpowiedzi komdrek
nowotworowych na zwiekszenie hipoksji (De Falco, 2014; El Alaoui-Lasmaili and Faivre, 2018).
Minusem tej strategii jest koniecznos¢ skutecznego zahamowania odpowiedzi komdrek
nowotworowych na hipoksje, bez ktérej istnieje duza szansa na nasilanie wzrostu komdrek
nowotworowych (Uldry et al., 2017).

Nanomateriaty mogg wptywaé¢ na odpowiedz komdrek na mikrosrodowisko oraz prowadzi¢ do
zmian  niektédrych  parametréw  mikrosrodowiska, takich  jak  wilasciwosci  macierzy
zewnatrzkomorkowej, dostepnosé tlenu, pH, reaktywne formy tlenu czy stezenie cytokin. Powszechnie
wiadomo, ze zmiany w mikrosrodowisku i macierzy zewnatrzkomérkowej otaczajgcej komoérki moga
silnie wptywa¢ na transdukcje sygnatu w komdrkach. Interakcja macierzy zewnatrzkomdrkowej z
nanoczastkami moze przebiega¢ poprzez bezposrednig interakcje nanoczastek z widknami,
oddziatywania hydrodynamiczne, oraz w przypadku czastek natadowanych oddziatywania
elektrostatyczne z natadowanymi sktadnikami macierzy zewngtrzkomérkowej (Stylianopoulos et al.,
2010). Interakcje macierzy zewngtrzkomérkowej z nanomateriatami zalezg od cech morfologicznych
macierzy miedzykomorkowej oraz od charakterystyki fizykochemicznej nanomateriatéw i moga byc¢
szkodliwe lub korzystne. Modyfikacje macierzy zewnatrzkomdrkowe] przez nanomateriaty moga
zosta¢ zastosowane w inzynierii tkankowej, stymulacji odpowiedzi immunologicznej lub regulacji
angiogenezy i waskulogenezy (Engin et al., 2017; Kalluri, 2003).

Wykazano, ze rézne nanomateriaty weglowe, miedzy innymi fulereny, nanorurki weglowe oraz
grafen wywotujg stres oksydacyjny oraz zmieniajg rownowage oksydoredukcyjne (Bonner, 2007;
Jaworski et al., 2019; Vallyathan V and Shi X, 1997). Rozmiar nanostruktur zwigzany jest z defektami
strukturalnymi i zmienionymi wtasciwosciami elektronowymi na powierzchni czagstek, tworzac grupy
reaktywne grupy powierzchniowe, ktére oddziatywajg z czgsteczkowym tlenem tworzac reaktywne
formy tlenu poprzez reakcje Fentona (Oberdorster et al.,, 2005). Ponadto nanomateriaty moga
wchodzi¢ w bezposrednie interakcje z biatkami np. oksydazg NADPH, syntazatlenku azotu i
mitochondriami doprowadzajgc do zmian w syntezie reaktywnych form tlenu i azotu. Nanomateriaty

po uzyskaniu dostep do mitochondridow lub ich bezposredniej okolicy moga stymulowac
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synteze reaktywnych form tlenu poprzez uposledzenie taricuchu transportu elektronéw, uszkodzenie
strukturalne, aktywacje uktadéw enzymatycznych i depolaryzacje btony mitochondrialnej (Cao, 2018;
Xia et al., 2006)

Istotng witasciwoscia nanomateriatdw weglowych ze wzgledu na zdolno$¢ odziatywania na
mikrosrodowisko komérkowe jest mozliwosé regulacji komérkowych szlakéw sygnatowych. Oprécz
oddziatywania na szlaki sygnatowe poprzez generowanie reaktywnych form tlenu nanomateriaty mogg
regulowac szlak sygnatowe takze niezaleznie od stresu oksydacyjnego. Regulacja moze odbywa¢ sie
poprzez regulowanie stanu zapalnego, sygnalizacje wapniowa, stres retikulum endoplazmatycznego,
mechanizmy pobierania nanomateriatéw, oraz poprzez bezposrednie odziatywanie z biatkami w
szczegolnosci znajdujgcymi sie na btonach komédrkowych (Hussain et al., 2014). Wigzanie biatek z
nanomateriatami moze uposledzac funkcje biatek poprzez zmiane ich struktury. Ponadto zmiany w
strukturze biatka mogg prowadzi¢ do odstoniecia regiondw aminokwaséw, ktére normalnie nie s3
dostepne dla epitopdw. Te nowo odstoniete regiony mogg oddziatywac z innymi makroczasteczkami,
takimi jak receptory na powierzchni komérki, a tym samym wptywaé na pobieranie nanomateriatéw,
biodystrybucje, aktywacje receptoréow i sygnalizacje (Deng et al.,, 2011). Efektem odziatywania
nanomateriatéw moze byé wiec zmiana aktywnosci réznych szlakéw sygnatowych takich jak szlak
AKT/mTOR, szlakow aktywowanych przez EGFR, VEGF czy w $ciezkach zaleznych od reaktywnych form
tlenu aktywnosc¢ szlakéw MAPK oraz NF-kB (Deng et al., 2011; Peuschel et al., 2012; Sen et al., 2002).

Na podstawie przegladu literatury oraz badan wstepnych realizowatem doswiadczenia, ktérych
celem bylo okreslenie wptywu nanomateriatdéw wybranych odmian alotropowych wegla
(nanoczastki diamentu, nanoczastki grafitu, tlenek grafenu) na stan srodowiska
zewnatrzkomorkowego oraz zwigzang z nim fizjologie komoérek. Dodatkowym celem pracy byta
ocena mechanizméw dziatania wybranych nanomateriatéow oraz zweryfikowanie mozliwosci
wykorzystania nanomateriatéw odmian alotropowych wegla w terapiach antynowotworowych i
innych zastosowaniach biomedycznych.

Cele szczegdtowe badan:

1. Ocena toksycznosci oraz interakcji biologicznych wybranych nanomateriatéw weglowych w
badaniach in vitro z wykorzystaniem komoérek prawidtowych (HUVEC — komorki srodbtonka z
zyty pepowinowej; ludzkie fibroblasty; komérki pierwotne zarodka kury) oraz nowotworowych
(C3A — rak watrobokomadrkowy; U87, U118 — glejak IV stopnia) oraz btony kosmdéwkowo-
omoczniowej zarodka kury

2. Ocena wptywu modyfikacji $rodowiska wzrostu komdrek przez nanoczastki weglowe na
morfologie oraz fizjologie komdrek z uwzglednieniem adhezji komdérkowej oraz migracji w
badaniach in vitroz wykorzystaniem glejaka IV stopnia linii U87 i U118 oraz komorek

progenitorowych zarodka kury.
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3. Ocena wptywu nanomateriatdw na synteze czynnikébw proangiogennych oraz
efektywnos¢ promowania nowych naczyn krwionosnych przez komorki glejaka IV stopnia linii
U87 i U118 oraz komdrki progenitorowe zarodka kury.

4. Ocena mechanizmu dziatania nanomateriatdw weglowych na regulacje wybranych
komdrkowych szlakéw sygnatowych komdrek glejaka IV stopnia linii U87 i U118 oraz komérek

progenitorowych zarodka kury.

4.3.3 Materiaty i metody
Nanomateriaty

W badaniach wykorzystano nastepujgce nanomateriaty: nanoczastki diamentu (ND), nanoczastki
grafitu (NG), nanoptatki tlenku grafenu (nGO) ptatki tlenku grafenu (GO). ND i NG zostaty kupione w
firmie Skyspring Nanomaterials (Houston, Stany Zjednoczone). nGO zostaty wytworzone w Instytucie
Technologii Materiatow Elektronicznych zmodyfikowang metodg Hummersa z wykorzystaniem NG. GO
zostato wytworzone przez Wydziat Inzynierii Chemicznej i Procesowej Politechniki Warszawskiej lub
zakupione w firmie Nanopoz (Pozn, Polska). Wszystkie nanomateriaty miaty forme proszku, z ktérego
przygotowano hydrokoloid w demineralizowanej wodzie o przewodnosci 18,3 MQ x cm (mierzonej w
temperaturze 25 °C).

Podstawowe wtasciwosci fizykochemiczne zamieszczono w tabeli 1.

Tabela 1. Poréwnanie wtasciwosci fizycznych nanomateriatéw weglowych zastosowanych w

badaniach.
. . Nanoczgstki Nanopfatki tlenku Tlenek grafenu
Nanoczgstki grafitu .
diamentu grafenu (nGO) (GO)
(NG)
(ND)
sferyczna sferyczna
Morfologia y y nanoptatek ptatek
nanoczastka nanoczgstka
Wielkos¢ 2-10 nm 2-10 nm 250 nm =2 pum 2-8 nm
Konfiguracja
sHrtd sp? sp’ sp? sp?
atomoéw
Potencjat
40,6 mV 21,1 mV 19,4 -31.1
Zeta
Czystosc >99% >99% >99% >99%
zmodyfikowna zmodyfikowana
Metoda . .
N detonacja detonacja metoda metoda
produkgc;ji
Hummersa Hummersa
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Modele badawcze

Linie komérkowe in vitro

Badania przeprowadzona na liniach komérek prawidtowych (HUVEC — komarki srddbtonka z zyty
pepowinowej; ludzkie fibroblasty; komorki pierwotne zarodka kury) oraz nowotworowych (C3A — rak
watrobokomorkowy; U87, U118 — glejak IV stopnia). Komérki hodowano w zalecanych ptynach
hodowlanych, wzbogaconych surowicg bydlecg (Thermo Fisher Scientific, USA), 1% penicylny i
streptomycyny (Thermo Fisher Scientific) oraz jezeli byto to wymagane dodatkowymi suplementami.
Hodowle prowadzono w inkubatorze INCOMED153 (Mammert GmbH & Co, Niemcy) w temperaturze

37°C w powietrzu wzbogaconym 5% COs.

Btona kosméwkowo-omoczniowa zarodka kury

Btona kosmoéwkowo omoczniowa zarodka kury byta stosowana do oceny toksycznosci oraz
angiogenezy po traktowaniu nanomateriatami. Zaptodnione jaja kur ROS 308 dezynfekowano 0,05%
roztworem nadmanganianu potasu a nastepnie traktowano swiattem UVC przez 2 min. Nastepnie jaja
byty inkubowane w warunkach standardowych (temperatura 37,0 °C, wilgotno$¢ 60%, obrét raz na
godzine). W 8 dniu rozwoju embrionalnego, wykonywano mate otwory w skorupce nad komorg
powietrzng i umieszczano badane nanomateriaty na btonie kosméwkowo-omoczniowej zarodka kury.
Nastepnie zarodki inkubowano przez nastepne 48 godzin, po czym analizowano unaczynienie btony
kosméwkowo-omoczniowej miejgcej kontakt z nanomateriatami wykonujac zdjecia za pomoca

mikroskopu stereoskopowego (SZX10, Olympus Corporation).

Metody analityczne

e Analiza potencjatu Zeta nanomateriatéw okreslono przy uzyciu Zetasizer Nano-Z590 (Malvern,
Worcestershire, Wielka Brytania).

o Wielkos$¢ oraz ksztatt nanoczastek oraz endocytoza nanoczastek okreslono poprzez wizualizacje
z zastosowaniem transmisyjnego mikroskopu elektronowego (JOEL Ltd., Tokio, Japonia),
skaningowego mikroskopu elektronowego (FEI, Hillsbro, USA) lub mikroskopu sit atomowych
(Asylum MFP-3D Bio AFM, Oxford Instruments, USA).

e Analize spektrum Ramana nanomateriatéw przeprowadzono przy uzyciu spektrometru Renishaw
inVia (Wotton-under-Edge, Wielka Brytania).

e Analiza toksycznosci okreslono przy uzyciu testéw MTT (Thermo Fisher Scientific, Waltham, USA),
XTT( Thermo Fisher Scientific), LDH (Thermo Fisher Scientific), BrdU (Roche Diagnostics GmbH,
Germany), PrestoBlue (Thermo Fisher Scientific). Dodatkowo wykonono test adhezji, analize

catkowitego poziomu reaktywnych form tlenu CellROX (Thermo Fisher Scientific), synteze
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mitochondrialnych ponadtlenkéw MitoSOX (Thermo Fisher Scientific), aktywnosci syntazy tlenku
azotu (Sigma-Aldrich). Wyniki analiz odczytywano przy uzyciu spektrometru ptytkowego Infinite
M200; Tecan Group AG, Mannedorf, Germay).

Analize morfologii i rozwoju naczyn krwionosnych btony kosmdéwkowo omoczniowej
przeprowadzono z uzyciem mikroskopu stereoskopowego stereoskopowego SZX10 i (Olympus
Corporation Tokio, Japonia).

Analize modelu angiogenezy komérek $rédbtonka naczyin pobranych z pepowiny (HUVEC)
wykonano przy analizy zdje¢ mikroskopowych programem Imagel) i makrem Angiogeneis
Analyser.

Analize fluorescencji sond przeprowadzono z uzyciem mikroskopu konfokalnego FV-1000
(Olympus Corporation).

Analiza syntezy biatek przeprowadzono z zastosowaniem metody Western blot uzuwajac
systemu Mini Protean Gel; (Bio-Rad Laboratories, Munich, Germany), macierzy przeciwciat
(Abcam, Cambridge, United Kingdom), metody ELISA. Aktywnos$ci wigzania sie podjednostek
szlaku Nf-kB z promotorami DNA oznaczono z uzyciem testéw NF-kB p65 and p50 Transcription
Factor Assay Kit (Abcam). Wynik testu odczytywano przy uzyciu spektrometru ptytkowego
Infinite M200 (Tecan Group AG).

Analiza ekspresji mMRNA wykonano z uzyciem systemu LightCycler 480 real-time PCR system
(Roche Applied Science, Penzberg, Germany).

Analiza statystyczna wykonana przy uzyciu programéw GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA) oraz Statgraphics Centurion XVI (StatPoint Technologies, Warrenton, VA,
USA).

4.3.4 Przedstawianie gtownych wynikéw pracy

Ocena toksycznosci wybranych nanomateriatéow weglowych

Ocena toksycznosci nanomateriatéw pozwala na ocene ich przydatnosci w badaniach

biomedycznych oraz pozwala na prawidtowg interpretacje interakcji nanomateriatéw z komaérkami.

Testy toksycznosci i analiza interakcji nanomateriatéw z komdérkami przeprowadzono w pracach P1-

P7. W najwczesniej opublikowanej pracy wchodzacej w sktad osiggniecia (P1) porownano dziatanie

cytotoksyczne dwdch nanoczastek weglowych, diamentu (ND) i grafitu (NG), na linie komérkowe

glejaka IV stopnia U87 i raka watrobowokomaérkowego C3A. W pracy stwierdzono, ze ND nie wykazujg

toksycznosci mierzonej testem MTT, BrdU oraz przyzyciowym analizatorem xCELLigence RTCA SP cell

analyzer (ACEA Biosciences, Inc., San Diego, CA, USA) w stosunku do badanych linii komdérkowych.

Nanoczgstki grafitu natomiast wykazywaty dziatanie toksyczne w stosunku do linii U87, ale nie C3A.
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Badania nad toksycznoscia3 ND i NG oraz dodatkowo nanoptatkami tlenku grafenu (nGO)
kontynuowano w pracach P2 oraz P3 gdzie potwierdzono wykorzystujgc testy LDH oraz XTT, ze

nanoczastki diamentu nie wykazuja dziatania toksycznego przy stezeniach do 50 mg/l. Przy wyzszych

stezeniach (100 oraz 20 mg/l) zaobserwowano zmniejszenie zywotnosci o okoto 30%.

Ryc.1 Ultrastruktura komérek glejaka U87 i U118 po traktowaniu nanoczastkami diamentu (ND),
grafitu (NG) oraz nanoptatkami tlenku grafenu (nGO). Skala 1 um. Skroty: AP, autofagosom; EV,
pecherzyk endocytarny; Mi, mitochondrium; MVB, ciato wielopecherzykowe; N, jadro; PMF, fatd btony

komdrkowej. Zrédto: praca P2.
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W badaniach stwierdzono réwniez, ze inna linia komdrkowa glejaka IV stopnia — U118 wykazuje nizszg
wrazliwo$é na NG i ND. Dodatkowo zbadano toksycznos¢ nanoptatkéw tlenku grafenu (nGO) na linie
U87 oraz U118. Wykazano obnizenie zywotnosci komdrek linii U87 i U118 o odpowiednio 25% i 15%,
oraz zwiekszeniu wspotczynnika perforacji bton o okoto 60 % i 10% przy stezeniu 50 mg/l. W przypadku
zadnych z analizowanych nanomateriatdéw nie zaobserwowano istotnych zmian w morfologii komérek.
W celu sprawdzenia czy nanoczgstki pobierane sg przez komérki wykonano analize preparatéw w
transmisyjnym mikroskopie elektronowym (Ryc 1.). Komorki glejaka linii U87 oraz U118 inkubowane
byty z ND, NG oraz nGO o stezeniu 20 mg/| przez 24 godziny. Wykazano, ze ND s3 najintensywniej
pobierane przez komoérki glejaka zaréwno w przypadku linii U87 jak i U118. Ponadto ND, NG oraz nGO
lokalizowane by przede wszystkim w pecherzykach endocytarnych oraz w cytoplazmie.

W nastepnych badaniach analizowano wptyw pokrycia powierzchni wzrostu komorek
nanomateriatami na fibroblasty, komorki srodbtonka z sznura pepowinowego (HUVEC) (praca P4) oraz
mezenchymalne komorki zarodka kury wyizolowane z koriczyny tylnej (PMC), serca (PHC), mdzgu
(PNC), oka (PEC) i naczyn krwionosnych z btony kosméwkowo-omoczniowej (PVC) (praca P5). W pracy
P4 wykazano mozliwos¢ zastosowania tlenku grafenu (GO) w celu zmniejszenia toksycznosci
nanoczgstek srebra powlekajgcych folie poliuretanowe. Cytotoksycznosé analizowano poprzez analize
zywotnosci testem PrestoBlue (Thermo Fisher Scientific) i morfologii ludzkich fibroblastéw, HUVEC i
btony kosméwkowo-omoczniowej zarodka kurzego. Folia pokryta GO nie wykazywata toksycznosci,
natomiast pokryta nanoczgstkami srebra prowadzita do zmniejszenia zywotnosci fibroblastéw o 50% i
HUVEC o 25% oraz prowadzita do zaburzen w rozwoju btony kosméwkowo-omoczniowej zarodka kury.
Pokrycie folii kompozytem nanoczastek srebra i GO pozwolita na ograniczenie cytotoksycznosé dzieki
zwiekszaniu stabilnosci nanoczastek srebra w folii. W pracy P5 zbadano dodatkowo wptyw
toksycznosci powierzchni wzrostu pokrytego GO na komdrki mezenychymalne zarodka kury
wyizolowane z réznych tkanek w celu poréwnania interakcji komoérek z GO. Analiza zywotnosci
komdrek na podtozu pokrytym GO wykonana testem PrestoBlue wykazata, ze GO zwiekszyt zywotnosc
PMC i PEC, ale zmniejszyt zywotnos¢ PVC i nie wptyng na zywotnos¢ PNC i PHC. W celu oceny
preferencji komérek do zasiedlania powierzchni pokrytej GO, wykonano na powierzchni dotka ptytki
sze$ciodotkowej dziesie¢ obszaréw pokrytych GO o srednicy 3 mm kazda. PMC, w przeciwienstwie do
innych obserwowanych komarek, lokalizowaty sie preferencyjnie na wyspach GO. Komérki PHC, PNC,
PEC i PVC nie unikaty powierzchni GO, jednak nie zaobserwowano preferencji lokalizowania sie na GO.

W badaniach wykazano, ze badane nanomaterialy weglowe rdinig sie miedzy soba
toksycznoscig. Badane nanomateriaty nie wykazywaty toksycznosci lub wykazywaty jg jedynie przy
stosowaniu wyzszych stezen. Zaobserwowano istotne réznice we wrazliwosci na nanomateriaty u

réznych linii komérkowych lub komdrek izolowanych z réznych tkanek organizmu. Badania pozwolity
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na wybranie stezed nanomateriatéw, ktére nie doprowadzajg do znacznej toksycznosci do dalszych

badan oraz potwierdzajg potrzebe doktadnego kontrolowania wrazliwosci komérek na nanomateriaty.

Ocena wptywu modyfikacji Srodowiska wzrostu komoérek przez nanomateriaty weglowe na migracje
komérek.

Proces migracji komodrek jest jedng z podstawowych aktywnosci fizjologicznych komérek.
Szczegdlne znaczenie ma w przypadku komdrek nowotworowych, poniewaz odpowiada za przebieg
choroby oraz przerzutowanie. W przypadku komdrek nienowotworowych proces migracji komérek
jest zaangazowany miedzy innymi w procesach rozwoju embrionalnego, odpornosci, regeneracji oraz
angiogenezy. Migracje komdrek analizowano w pracach P2 oraz P5. W pracy P2 badany byt wptyw ND,
NG oraz nGO na proces migracji, adhezji oraz inwazyjnosci dwdch linii komdrkowych glejaka IV stopnia,
U87 i U118. Glejak cechuje sie inwazyjnym charakterem wzrostu co stanowi jeden z podstawowych
probleméw dotyczgcych leczenia tego nowotworu. Aby zbadaé, czy nanoczastki mogg ostabiac
zdolnos¢ komodrek glejaka do przylegania do macierzy zewnatrzkomérkowej i migracji,
przeprowadzony zostat test adhezji, dwuwymiarowy test migracji i tréjwymiarowy test inwazji. Test
adhezji przeprowadzono w czterech punktach czasowych (15, 30, 60 i 120 minut). Traktowanie ND, NG
lub NGO zmniejszyto adhezje obu linii komdrkowych glejaka - U87 miat istotnie statystycznie
zmniejszong adhezje zaczynajagc w 30 minucie testu, natomiast U118 juz w 15 minucie testu.
Dwuwymiarowy test migracji dostarcza informacji o zdolnosci komodrek nowotworowych do
poruszania sie w obszarze wolnym od komdrek. Traktowanie komdrek ND, NG lub nGO o stezeniu 50
mg/l zmniejszyto dwuwymiarowg migracje komorek glejaka U87 i U118 okoto dwukrotnie. Najsilniejsze
hamowanie obserwowano po zastosowaniu ND. Tréjwymiarowy test inwazji zastosowano do oceny,
czy komodrki nowotworowe mogg przechodzi¢ przez pory pokryte kolagenem do pozywki zawierajacej
chemoatraktant. W obu liniach komérkowych zdolnosci inwazyjne byly znacznie zmniejszone po
traktowaniu ND, NG lub nGO w stezeniu 50 mg/l. Najsilniejsze hamowanie obserwowano po
traktowaniu nGO i NG. Nie stwierdzono istotnych réznic miedzy inwazyjnoscia linii komdrkowych
glejaka wielopostaciowego U87 i U118.

W celu zbadania przyczyn redukcji migracji komérek sprawdzono, czy nanomateriaty
przytaczajy sie do btony komérkowej oraz czy sg pobierane przez komoérki. Zdjecia wykonane
skaningowym mikroskopem elektronowym wykazaty, ze nanoczastki byly obecne na powierzchni
komdrek. W celu ustalenia, czy badane nanoczastki zostaty pobrane przez komérki glejaka,
przeprowadzono dalsze badania mikroskopowe z wykorzystaniem transmisyjnego mikroskopu
elektronowego. Badanie ultrastruktury komérek glejaka po inkubacji z ND, NG i nGO o stezeniu 20mg/|
przez 24 godziny byty wykazaty, ze nanomateriaty byty zlokalizowane wewnatrz komérek, wewnatrz

wakuoli oraz w cytoplazmie. ND byty skuteczniej pobierane przez komdrki, podczas gdy nGO silnie
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oddziatywat z powierzchnig komodrki. Analiza cytoszkieletu aktynowego wykazata, ze traktowanie
nanoczastkami doprowadzito do przebudowy aktyny w komdrkach, zmniejszajgc ilos¢ widkien
stresowych w cytoplazmie (Ryc.2) Ponadto komorki traktowane nanoczastkami i wykazywaty
intensywne tworzenie F-aktyny w korze komodrkowej, co sugeruje potrzebe stabilizacji adhezji
komdrek. Nanoczgstki ND, NG i NGO zmniejszajg adhezje komdrek do macierzy zewngtrzkomdrkowej
wykazujacy podobny efekt do macierzy zewnatrzkomdrkowej o matej sztywnosci mechaniczne;.
Traktowanie nanoczastkami nie zmieniato poziomu syntezy winkuliny, N-kadheryny i pan-kadheryny w
biatkach. Sugeruje to, ze nanoczgstki zmieniajg migracje komédrek, utrudniajgc potgczenie miedzy
komdrkami a macierzg zewnatrzkomérkowa.

us7
| “““““““I}‘\
IQG “““““““‘I“

U118

uUs7
““““““““‘\ TQD ““““““““‘|
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Ryc. 2 Zdjecia cytoszkieletu aktynowego komérek U87 i U118 wykonane mikroskopem konforkalnym.

U118

Komodrki hodowano na macierzy zewnatrzkomdérkowej przez 24 godziny a nastepnie traktowano
nanoczgstkami diamentu, grafitu lub tlenku grafenu o stezeniu 20 pg / ml przez 24 godziny. F-aktyne
wybarwiono falloidyng skoniugowang z Atto 633. Skréty: C — Kontrola; NG — nanoczastki grafitu, ND —

nanoczastki diamentu, nGO — nanoptatki tlenku grafenu. Zrédto: praca P2.

W pracy P5 analizowano wptyw GO na proces regeneracji miesni. Fizjologiczny proces
regeneracji miesni jest dosé ograniczony ze wzgledu na matg ilos¢ komédrek satelitarnych, a takze brak
mozliwosci regeneracji i odbudowy tkanki niszowej. Celem pracy byto zbadanie czy powierzchnia z GO
jest w stanie stymulowac proliferacje miogennych komérek progenitorowych oraz funkcje
endokrynologiczne komdrek rdéznicujacych, a tym samym ich aktywny udziat w budowie tkanki
miesniowej. Powierzchnia z GO byto fatwo skolonizowane przez miogenne komérki progenitorowe, a
komdrki wypreparowane z serca, mozgu, oka i naczyn krwionosnych nie omijaty GO. Podtoze silnie

indukowato szlaki sygnatowe miogennych komodrek progenitorowych. W celu oceny preferencji
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powierzchni PMC, przeanalizowano szybko$¢ migracji komérek na kontrolnym polistyrenie i
polistyrenie pokrytym GO. Analize migracji rozpoczeto, gdy komérki dotarty do krawedzi obszaru
pokrytego GO. Komodrki w grupie kontrolnej migrowaty na powierzchni polistyrenu podczas 18-
godzinnego okresu obrazowania poklatkowego prawie dwa razy wolniej niz komorki, ktére migrowaty
na GO.

W pracach wykazano, ze w zalezno$ci od materiatu i sposobu ekspozycji nanomateriaty
réznig wptywem na migracje komérek. Wyniki sugerujg, ze GO przytwierdzone do podtoza moga
pozytywnie oddziatywac na migracje komdérek nienowotworowych. Podczas gdy w przypadku préby
zablokowania procesu migracji mozliwa jest blokowanie adhezji komdérek nowotworowych przez

nanoczastki ND, NG oraz nGO.

Ocena wptywu nanomateriatéw weglowych na synteze czynnikéw proangiogennych oraz
efektywnos¢ wzrostu naczyn krwionosnych

Synteza czynnikéw proangiogennych jest podstawowym sposobem wptywu komoérek na
regulacje procesu rozwoju naczyn krwionosnych, zaréwno w procesach fizjologicznych takich jak
procesy regeneracji praz patologicznych jak w przypadku choréb nowotworowych. W pracach P3 oraz
P5 zbadano wptyw nanomateriatéw weglowych na synteze czynnikéw proangiogennych oraz
efektywnos¢ rozwoju nowych naczyn krwionosnych. W pracy P3 zastosowano model tworzenia tub
przez komoérek srédbtonka zyty pepowinowej (HUVEC) na macierzy zewnatrzkomérkowej w obecnosci
czynnikdéw wzrostu. Wykonano wspéthodowle komérek glejaka linii U87 i U118 z komdérkami HUVEC.
Traktowanie komoérek linii U87 nanoczgstkami NG lub nGO doprowadzito do zmniejszenia sie tub w
modelu angiogenezy HUVEC. Tego efektu nie zaobserwowano po traktowaniu komérek linii U118,
ktére réznig sie od linii U887 mutacjg w genie kodujgcym biatko p53. Liczbe potaczen i catkowitg dtugosc
tub HUVEC analizowano za pomocg oprogramowania Imagel i makra Angiogenesis Analyzer. Aby
zrozumiec zjawisko zmniejszonej aktywnosci angiogennej linii komdrkowej glejaka U87 po traktowaniu
NG i NGO, przeanalizowano synteze 20 cytokin waznych w procesie angiogenezy. W przypadku
komdrek linii U87 nanoczastki nie wptywaty na poziomy najsilniejszych czynnikéw proangiogennych
(tj. VEGF-A i bFGF), ale zmniejszaty synteze interleukiny 6 i 8, GROa (CXCL1) i biatka chemotaktycznego
monocytow 1 (MCP-1). Interleukiny 6 oraz 8 oprdcz dziatania prozapalnego aktywujg réwniez proces
angiogenezy, natomiast GROa, i MCP-1 wzmagaja ten proces. Linia komdrkowa U118 po traktowaniu
NG i nGO wykazata tylko niewielki wzrost syntezy IL-8.

W pracy P5 zbadano wptyw skafoldu z tlenku grafenu (GO) na synteze czynnika wzrostu
Srédbtonka naczyn (VEGF) przez miogennych komérki progenitorowe zarodka kury (PMC) w celu

zbadania mozliwosci stymulacji proceséw regeneracyjnych miesni poprzecznie prazkowanych. Analiza
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wykazata, ze ekspresja gen kodujacy biatko VEGF-A wzrosta po zastosowaniu powierzchni wzrostu z

GO.

c NG nGO

U87 / HUVEC

U118 /HUVEC

Ryc 3. Zdjecia modelu angiogenezy — tworzenia tub przez komérki srédbtonka pobranych z pepowiny
(HUVEC). NG i nGO zmniejszajq angiogenne wtasciwosci komérek glejaka U87, ale nie U118. Skroty: N
— Kontrola negatywna bez wspéthodowli z komdrkami glejaka; C — Kontrola; NG — nanoczastki grafitu,

nGO — nanoptatki tlenku grafenu. Zrédto: praca P3.

W celu analizy wydzielania przez komérki biatka VEGF-A oceniono stezenie biatka VEGF-A w ptynie
hodowlanym. Stezenie VEGF-A w pozywce hodowlanej inkubowanej na powierzchni GO wzrosto w
poréwnaniu z kontrolg. Aby potwierdzi¢ uwalnianie VEGF-A, oceniano wptyw miogennych komorki
progenitorowe na angiogeneze wykorzystujgc dwa modele badawcze. Pierwszym modelem byta
analiza formowania sie tub przez komérki HUVEC po suplementowaniu ptynu hodowlanego ptynem z
hodowli PMC oraz PMC na GO. Dodatkowo swiezy ptyn, niepochodzacy z hodowli komérek PMC
zastosowano jako kontrole negatywng. Liczba potgczen powstatych po ekspozycji na grupe
eksperymentalng pochodzacg z hodowli na GO byfa statystycznie wyzsza niz w grupie kontrolne;j i
negatywnej. Dodatkowo sprawdzono witasciwosci proangiogenne pozywki przy uzyciu implantu
zawierajgcego naczynia krwionosne pobranego z btony kosméwkowo-omoczniowej zarodka kury. Po
3 dniach inkubacji implant inkubowany w obecnosci pozywki z PMC hodowanego na GO
wykazywat zmiany morfologiczne sugerujace silng migracje komérek.

Badania wykazaty, ze w zaleznosci od sposobu zastosowania nanomateriatow, typu
nanomateriatéw i rodzajow komdrek mozliwa jest zmiana syntezy czynnikdw proangiogennych,

prowadzgcych do zmian w szybkosci wzrostu naczyn krwionosnych.

Ocena mechanizmu dziatania nanomateriatow weglowych na regulacje wybranych komérkowych

szlakéw sygnatowych
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Ryc. 4. (A) Analiza Western blot N-

A us7 U118
C_ -Ni 'N‘f_ fi’ :.'N'D‘! NG "‘-39 N kadheryny, pan-kadheryny,
—— -!g“ Pan-cadherin winkuliny, p-EGFR i EGFR. Jako
, - B e Vinculin kontrole tadowania uzyto GAPDH.
-_- [ - . - ~ % pEGFR (B) Analiza Western blot frakcji
PR e o e e e el EGFR biatek jadrowych i
s s s . 5P OH cytoplazmatycznych stosowanych
B us7 U118

do oznaczania poziomu biatka B-
C ND NG nGO o} ND NG nGO

Cytoplasmic '—“ —-— B-catenin kateniny. PCNA i pB-tubuline

zastosowano jako kontrole

Nuclear H H H i
———— ————— PCNA tadowania odpowiednio dla frakgji
C jadrowej i cytoplazmatycznej. (C)
~125| 3125 ) - _
2 — < - Analiza ELISA fosforylacji AKT i
- 100 b - g 100 1
9% s ° s & SE 5 . b mTOR w poréwnaniu z kontrola.
225 25w N
5% . . Sg Skréty: C - kontrola; ND -
8 25 @ 25 -
=S, A" A" A" AC £ /W , . B nanoczastki  diamentu; NG,
C ND NG nGO C ND NG nGO

nanoczastki grafitu; nGO,

nanoptatki tlenku grafenu.

Zrédto: praca P2.

W celu zrozumienia mechanizméw zmian w fizjologii oraz morfologii komdrek
przeprowadzono analize regulacji wybranych komdrkowych szlakéw sygnalnych. Analize
mechanizmoéw dziatania wybranych nanomateriatéw weglowych przeprowadzono w pracach P2, P3,
P5.

Aby oznaczy¢ konsekwencje zmniejszenia zdolnosci adhezji komaérek glejaka linii U87 i U118
przez traktowanie ND, NG i nGO zbadano aktywnos¢ szlaku sygnatowego EGFR / AKT / mTOR i B-
kateniny (P2). Szlak analizowano przez ocene pozioméw fosforylacji biatka EGFR, AKT i mTOR.
Traktowanie ND, NG, a zwtaszcza nGO obnizyto poziom p-EGFR (pTyr1173), podczas gdy nie zmienito
catkowitego poziomu biatka EGFR. Nanoczastki zmniejszyly rdwniez aktywacje biatek podrzednych
EGFR w szlaku sygnatowym AKT i mTOR. Adhezja komdrek z macierzg zewngtrzkomdrkowa prowadzi
do niezaleznej od ligandéw aktywacji EGFR. Integriny indukujg fosforylacje receptora EGF na resztach
tyrozyny 845, 1068, 1086 i 1173, ale nie na reszcie 1148, gtéwnym miejscu fosforylacji w odpowiedzi
do EGF. Traktowanie komoérek glejaka ND, NG i nGO obnizyto poziom p-EGFR (pTyrl173)
prawdopodobnie przez zmniejszenie adhezji komdrek glejaka. Sygnalizacje B-kateniny analizowano

poprzez ocene poziomu B-kateniny we frakcjach jadrowych i cytoplazmatycznych. NG i nGO
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doprowadzity do spadku poziomu B-kateniny we frakcji jadrowej. ND wptywat na aktywnos¢ B-kateniny
jedynie w przypadku linii komérkowej U87. B-katenina jest istotna w procesie adhezji zaleznej od
kadheryn a jednoczesnie jest aktywatorem kanonicznego szlaku Wnt. Zmniejszenie poziomu
jadrowego B-kateniny bez zmian w poziomie biatka kadheryny sugeruje, ze traktowanie nanoczastkami
prowadzi do stabilizacji puli B-kateniny zwigzanej z kadheryna. Powinowactwo miedzy kadheryng i B-
katening jest zwiekszone w przypadku hamowanie receptordw kinaz tyrozynowych, w tym EGFR. NG i
nGO, ktére zahamowaty fosforylacje EGFR w wiekszym stopniu niz ND, doprowadzity réwniez do
spadku poziomu jgdrowego B-kateniny.

Analiza wptywu NG i nGO na komorki glejaka byta doktadniej badana w pracy P3. W celu
wykazania przyczyn zmian w syntezie czynnikdw proangiogennych i w konsekwencji zmniejszenia
aktywnosci angiogennnej komdrek glejaka linii U87 i U118 po traktowaniu NG i nGO zbadano
aktywnos¢ szlaku NF-kB. Szlak NF-kB jest czestym regulatorem interleukin 6 i 8, GROa i MCP-1, ktérych
synteza ulegta zmianie po traktowaniu nanoczgstkami. Oceniano aktywnos¢ podjednostek p50 i p65
NF-kB. Aktywnos¢ podjednostki p65 po potraktowaniu nanoczgstkami komorek U87 byta znacznie
zmniejszona. Ponadto wzrosta rowniez aktywnos¢ podjednostki p50 (ktdra po utworzeniu homodimer
hamuje szlak NF-kB). Nanoczgsteczki nie wptywaty na podjednostke p65 w komdrkach U118, ale
zmniejszaty aktywnos¢ wigzania podjednostki p50. Aby zrozumieé przyczyne obnizonej sygnalizacji NF-
kB w komorkach glejaka U87 traktowanych NG i nGO zbadano wewnatrzkomérkowy poziom
reaktywnych form tlenu (RFT) i tlenku azotu. Traktowanie komorek glejaka U87 NG i nGO zmniejszyto
catkowity RFT i w wiekszym stopniu, mitochondrialny poziom ponadtlenkéw a takze zmniejszyt sie
poziom tlenku azotu (ryc. 5D). Podobne wyniki uzyskano dla linii komérkowej U118, pokazujgc tym
samym, ze rdznice w dziataniu NG i nGO na potencjat angiogenny nie byly zwigzane z poziomem RFT
lub tlenku azotu, ale z aktywnoscig szlaku sygnatowego NF-kB, ktérego aktywnos¢ byta zalezna od
mutacji w genie kodujgcym p53 (linia U118) lub braku tej mutacji (linia U87).

W pracy P5 aby wyjasni¢ mechanizm zmian w fizjologii miogennych komérek progenitorowych
PMC z podtozem z GO oceniono poziomy ekspresji mRNA kluczowych gendéw odpowiedzialnych za
réznicowanie i proliferacje. Podtoze z GO wptyneto na zwiekszenie ekspresji MyoD1, ktory jest genem
odpowiedzialnym za rdznicowanie miogennych komérek progenitorowych. Ponadto hodowla
komdrek PMC na GO spowodowata zmniejszenie ekspresji antygenu jadrowego komodrek
proliferujgcych (PCNA), zaangazowanego w proces proliferacji komérek oraz wzrost syntezy VEGF
odpowiedzialnego za stymulacje angiogenezy. Réznicowanie mioblastéw zwigzane jest zazwyczaj ze
zmniejszong ekspresjg PCNA oraz aktywnoscig proangiogenna. Uzyskane wyniki wykazujg, ze GO ma

dziatanie wzmagajgce réznicowanie komorek PMC.
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W pracach wykazano, mozliwos¢ regulacji aktywnosci wybranych szlakéw sygnatowych przez
nanomateriaty weglowe. Po raz pierwszy wykazano zalezno$¢ miedzy dziataniem nanomateriatéw

weglowych a mutacjami w genie p53, ktdre wptywajg na reaktywnos¢ szlaku sygnatowego NF-kB.

4.3.5 Podsumowanie
Na podstawie uzyskanych wynikdw mozna stwierdzi¢, ze:

1. Nanomateriaty weglowe charakteryzujg sie rézng toksycznoscig zalezng od struktury, budowy
fizykochemicznej oraz komdrek z ktérymi wchodzg w interakcje. W badaniach wykazano, ze w
przypadku badanz wykorzystaniem linii glejaka U87 i U118 oraz raka
watrobowokomdrkowego C3A najnizszg toksycznoscig charakteryzujg sie ND. NG szczegdlnie
w wyzszych stezeniach wykazuje istotna toksycznos¢. nGO w badaniach z wykorzystaniem linii
glejaka U87 i U118 wykazuje nizszg toksycznos$é niz NG lecz wyzszg niz ND.

2. GO moze by¢ wykorzystywany do zmniejszenia toksycznosci nanomateriatéw o wiekszej
toksycznosci, jak nanoczastki srebra, co najprawdopodobniej jest zwigzane ze zwiekszeniem
stabilnosci oraz zmniejszeniem ruchliwosci nanoczastek. Podtoze z GO posiada wptyw zalezny
od typu komoérki. W przypadku komorek izolowanych z zarodka kury GO zwiekszyt zywotnosc
PMC i PEC, ale zmniejszyt zywotnos¢ PVC i nie wptyneta na zywotnos¢ PNC i PHC

3. ND, NG, nGO s3 pobierane przez komorki glejaka linii U87 oraz U118 i odktadane s3 przede
wszystkim w pecherzykach endocytarnych oraz cytoplazmie.

4. ND, NG oraz nGO ograniczajg adhezje komérkowa komodrek glejaka linii U87 i U118,
zmniejszajagc  rowniez migracje komdrek. Modyfikacja macierzy zewngtrzkomdrkowej
nanoczastkami prowadzi do obnizenia inwazyjnosci komérek glejaka linii U87 i U118.
Natomiast GO przytwierdzone do podifoza zwieksza szybko$s¢ migracji komorek
nienowotworowych - PMC.

5. Interakcja komdérek glejaka z nanoczgstkami NG lub nGO moze doprowadzi¢ do zmniejszenia
ich potencjatu angiogennego. Traktowanie komorek linii U87 lecz nie U118 NG lub nGO
doprowadzito do zmniejszenia potencjatu angiogennego komdérkek. Podtoze pokryte GO
posiada wtasciwosci wzmagajace rdznicowanie, witasciwosci antyproliferacyjne oraz
proangiogenne w stosunku do komérek PMC.

6. ND, NG oraz nGO mogga bez bezposredniego dziatania toksycznego wptywaé na aktywnos¢
szlakéw EGFR / AKT / mTOR, Wnt, szlak NF-kB w komérkach glejaka. Wptyw NG oraz nGO na
komorki glejaka jest zalezny od mutacji w genie kodujgcym biatko p53, ktéra wptywa na
reaktywnosc szlaku sygnatowego NF-kB.

7. Badane nanomateriaty weglowe oddziatywajg na komorki poprzez bezposrednia interakcje z

btong komérkowg, zmiane mozliwosci wigzania sie receptorédw z macierzg
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zewnatrzkomorkowa, interakcje z organellami, zmiane srodowiska oksydoredukcyjnego oraz
regulacje aktywnosci szlakéw sygnatowych i syntezy cytokin wydzielanych do $rodowiska

zewnatrzkomorkowego.
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Lp. Rodzaj publikacji Liczba prac Punkty MNiSW* | Sumaryczny IF*
1 Publikacje naukowe z listy A | 50 2755 147,135
MNiSW
2 Publikacje naukowe z listy B | 8 45 -
MNiSW
racznie 58 2800 147,135

*Punkty MNiSW oraz Sumaryczny IF liczony zgodnie z datg publikacji

Tabela 3. Poréwnanie dorobku publikacyjnego przed i po uzyskaniu stopnia doktora

naukowe z listy

A MNiSW

Lp. Dorobek publikacyjny przed Dorobek publikacyjny po uzyskaniu
Rodzaj uzyskaniem stopnia doktora stopnia doktora
publikacji Liczba | Punkty Sumaryczny | Liczba | Punkty Sumaryczny
prac MNiSW* | IF* prac MNiSW* IF*
1 | Publikacje 16 485 39,495 34 2270 107,64

2 | Publikacje 3 14 - 5 31
naukowe z listy

B MNiSW

tacznie 19 499 39,495 39 2301

107,64

*Punkty MNiSW oraz Sumaryczny IF liczony zgodnie z datg publikacji

Informacje naukometryczne wg Web of Science (stan na dzier 27.11.2020)

Liczba cytowan: 875
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Liczba cytowan bez autocytowan: 724
Indeks H: 17
6. Informacja o wykazywaniu sie istotng aktywnoscig naukowa albo artystyczna
realizowang w wiecej niz jednej uczelni, instytucji naukowej lub instytucji kultury,

w szczegoblnosci zagranicznej.

W okresie przed uzyskaniem stopnia doktora moim pierwszym doswiadczeniem w zakresie
aktywnosci naukowej byta realizacja pracy licencjackiej na kierunku biologia na Wydziale Rolnictwa i
Biologii, SGGW. Praca pod kierunkiem prof. dr hab. Agnieszki Gniazdowskiej-Piekarskiej dotyczyta roli
tlenku azotu w odpowiedzi roslin na stres niedoboru tlenu. Nastepnie w ramach pracy magisterskiej
realizowatem badania z zakresu genetyki z wykorzystaniem modelu Saccharomyces cerevisiae. Praca
realizowana po pod kierunkiem dr hab. Joanny Kaminskiej w zaktadzie Genetyki Instytutu Biologii i
Biofizyki Polskiej Akademii Nauk dotyczyta supresji wrazliwosci na niskie pH mutanta /cb1-100 z
defektywna palmitoilotransferaza serynowa. Wraz z poczatkiem realizacji studiéw doktoranckich
rozpoczatem wspétprace z prof. dr hab. Ewg Sawosz Chwalibdg, ktéra trwa nadal. W ramach pracy
doktorskiej realizowanej pod kierunkiem prof. dr hab. Ewy Sawosz Chwalibég oraz dr hab. Marty
Grodzik, prof. SGGW (promotor pomocniczy) w Katedrze Zywienia i Biotechnologii Zwierzat, Wydziatu
Nauk o Zwierzetach, SGGW badatem wptyw nanoczastek weglowych na proces rozwoju
naczyn krwionosnych. Wyniki badad pozwalaty stwierdzi¢, ze nanoczastki diamentu, nanoczastki
grafitu oraz nanorurki hamujg rozwdj nowych naczyid krwionosnych. W badaniach wykazano, ze
nanoczastki diamentu zmniejszajg unaczynienie serca zarodka kury i obnizajg synteze biatka bFGF.
Wyniki badan pozwalajg sadzi¢, ze nanoczgstki wegla, a szczegdlnie nanoczastki diamentu mogg
stanowic skuteczny czynnik antyangiogenny nie powodujgcy znacznej toksycznosci.

Badania realizowane w ramach pracy doktorskiej opublikowane zostaty w nastepujgcych
publikacjach:

e Wierzbicki M, Sawosz E, Grodzik M, Kutwin M, Jaworski S, Chwalibog A. Comparison of anti-
angiogenic properties of pristine carbon nanoparticles. Nanoscale Research Letters 2013 8:195.

e Wierzbicki M, Sawosz E, Grodzik M. Caveolin-1 localization in chicken embryo chorioallantoic
membrane treated with diamond and graphite nanoparticles. Annals of Warsaw University of
Life Sciences — SGGW 2012 51:133-138.

e Wierzbicki M, Sawosz E, Grodzik M, Hotowy A, Kutwin M, Jaworski S, Sawosz F, Chwalibog A.
Carbon nanoparticles downregulate expression of basic fibroblast growth factor in the heart

during embryogenesis. International Journal of Nanomedicine 2013 8:3427-35.
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Oproécz gtéwnego zadania badawczego w okresie studiow doktoranckich wspétpracowatem z
prof. dr hab. Ewg Sawosz Chwalibdg i dr hab. Martg Grodzik, prof. SGGW w badaniach dotyczacych
wptywu wybranych nanomateriatéw na glejaka IV stopnia badanego na modelach in vitro oraz na
modelu in ovo guza hodowanego na powierzchni btony kosmoéwkowo-omoczniowej. Cze$¢ badan
dotyczacych analizy morfologicznej byta realizowana w ramach wspétpracy z Zaktadem Histologii i
Embriologii, Wydziat Medycyny Weterynaryjnej, SGGW z prof. dr hab. Pawtem Sysg, dr hab. Maciejem
Szmidtem oraz dr Kajg Urbanska. Dodatkowo w okresie studidw doktoranckich wspoétpracowatem z
prof. dr hab. Ewg Sawosz Chwalibég oraz prof. dr hab. André Chwalibogiem z Uniwersytetu w
Kopenhadze w badaniach dotyczacych mozliwosci optymalizowania wzrostu i rozwoju miesni
piersiowych u zarodka kury wykorzystujgc nanoczastki ztota. Zatozeniem badan byt fakt, ze
wzbogacenie organizmu zarodka w siarczan heparanu lub tauryne, ktére decyduja o aktywacji
kluczowych w rozwoju miesni czynnikdw transkrypcyjnych w potaczeniu z ich aktywnym transporterem
przez nanoczastki ztota moze wptywaé na zwiekszenie ekspresji czynnikdw promujgcych wzrost, co
moze zwiekszy¢ liczbe komdrek miesniowych przed wykluciem.

W ramach wspétpracy opublikowane zostaty nastepujgce publikacje:

e Grodzik M, Sawosz E, Wierzbicki M, Orlowski P, Hotowy A, Niemiec T, Szmidt M, Mitura K,
Chwalibog A. Nanoparticles of carbon allotropes inhibit glioblastoma multiforme angiogenesis
in ovo. International Journal of Nanomedicine 2011 6:3041-3048.

e Zielinska M, Sawosz E, Grodzik M, Wierzbicki M, Gromadka M, Hotowy A, Sawosz F, Lozicki A,
Chwalibog A. Effect of heparan sulfate and gold nanoparticles on muscle development during
embryogenesis. International Journal of Nanomedicine 2011 6:3163-72

e Szmidt M, Urbanska K, Grodzik M, Ortowski P, Sawosz E, Wierzbicki M, Sysa P. Morphology of
human glioblastoma model cultured in ovo. Bulletin of the Veterinary Institute in Pulawy 2012
56(2):261-266.

e Zielinska M, Sawosz E, Grodzik M, Balcerak M, Wierzbicki M, Skomial J, Sawosz F, Chwalibog A.
Effect of taurine and gold nanoparticles on the morphological and molecular characteristics of
muscle development during chicken embryogenesis. Archives of Animal Nutrition 2012 66(1):1-
13.

e Grodzik M, Sawosz F, Sawosz E, Hotowy A, Wierzbicki M, Kutwin M, Jaworski S, Chwalibog A.
Nano-nutrition of chicken embryos. The effect of in ovo administration of diamond
nanoparticles and I-glutamine on molecular responses in chicken embryo pectoral muscles.

International Journal of Molecular Sciences 2013 14(11):23033—-23044.
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e Jaworski S, Sawosz E, Grodzik M, Winnicka A, Kutwin M, Wierzbicki M, Chwalibog A. In vitro
evaluation of the effects of graphene platelets on glioblastoma multiforme cells. International
Journal of Nanomedicine 2013 8:413-420.

e Jaworski S, Sawosz E, Grodzik M, Kutwin M, Wierzbicki M, Wtodyga K, Jasik A, Reichert M,
Chwalibog A. Comparison of tumour morphology and structure from U87 and U118 glioma cells
cultured on chicken embryo chorioallantoic membrane. Bulletin of the Veterinary Institute in

Pulawy 2013 57:593-598.

W okresie po uzyskaniu stopnia doktora wspétpracowatem z naukowcami z nastepujgcych

jednostek naukowych:

Uniwersytet w Kopenhadze - prof. dr hab. André Chwalibog, prof. Dan Arne Klaerke.

Badania we wspotpracy z Uniwersytetem w Kopenhadze realizowane byty zaréwno w Katedrze
Biotechnologii i Zywienia Zwierzat, SGGW pod kierownictwem prof. Ewy Sawosz Chwalibdg jak i w
Uniwersytecie w Kopenhadze w ramach trzymiesiecznego wyjazdu stazowego. Badania dotyczyty
okreslenie toksycznosci i interakcji wybranych nanomateriatéw. W ramach badan we wspdtpracy z
Uniwersytetem w Kopenhadze badane byty rézne reakcje biologiczne na interakcje z nanoczastkami.
Zasadniczg wiasciwoscia, ktéra umozliwia szerokie zastosowanie nanoczgstek w biomedycynie jest,
oproécz ich matego rozmiaru, mozliwos$¢ dofaczenia do nich réznych substancji, w celu zastosowania
jako nosnika. Nanomateriaty istotnie réznig sie miedzy sobg biozgodnoscig, dlatego kazdy materiat i
kazda funkcjonalizacja nanomateriatu wymaga zbadania interakcji z docelowymi komdrkami lub
modelami biologicznymi. Badania prowadzone we wspétpracy z Uniwersytetem w Kopenhadze
obejmowaty analize ekspresji wybranych gendw komérek po inkubacji z réznymi nanomateriatami,
miedzy innymi nanoczastki srebra, miedzi, ztota, nanomateriaty weglowe. Badania odejmowaty
analize toksycznosci nanomateriatéw - zywotnosci, proliferacji, analize markeréw smierci komorki.
Wykazano dawkozalezny toksyczny efekt nanoczgstek wegla oraz metali w stosunku do wybranych linii
komdrkowych. W ramach wyjazdu stazowego do Uniwersytetu w Kopenhadze oznaczona zostata takze
zmiana potencjatu elektrycznego btony komdrkowej pod wptywem nanoczgstek diamentu, grafitu,
grafenu, nanorurek weglowych, nanoczgstek miedzi, srebra oraz Zzelaza. Badania zostaty
przeprowadzone na modelu oocytdw Xenopus laevis. Ponadto zmierzona zostata aktywnos¢ kanatow
potasowych hERG K+, Slick. Kanaty te odgrywajg zasadniczg role w regulacji potencjatu btonowego
komdrek. Dodatkowo kanaty Slick, ktére wystepujg miedzy innymi w zdrowych i zmienionych
nowotworowo komodrkach uktadu nerwowego, regulujg objetos¢ komodrki zmienianej w trakcie
proliferacji, migracji, transporcie jonéw i wody. Kanaty hERG natomiast uczestniczg w procesie

repolaryzacji kardiomiocytdw komorowych. Ich blokada prowadzi do wydtuzenia czasu trwania
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potencjatu czynnosciowego, co objawia sie w EKG wydtuzeniem odstepu Q, przez co pozwalajg

stwierdzi¢ czy badana nanoczgstka w organizmie nie bedzie doprowadza¢ do niebezpiecznych zmian

w dziataniu serca. Doswiadczenia wykazaty, ze nanoczastki weglowe nie wptywajg na aktywnos¢

kanatéw hERG, natomiast moga zmienia¢ aktywnos¢ kanatéw Slick. W ramach wspédtpracy

opublikowane zostaty nastepujgce publikacje:

Bataban J, Wierzbicki M, Zielinska-Gérska M, Szczepaniak J, Sosnowska M, Daniluk K, Cysewski D,
Koczon P, Chwalibog A, Sawosz E. Effects of Graphene Oxide Nanofilm and Chicken Embryo Muscle
Extract on Muscle Progenitor Cell Differentiation and Contraction. Molecules 2020 25(8):1-21.
Daniluk K, Kutwin M, Grodzik M, Wierzbicki M, Strojny B, Szczepaniak J, Bataban J, Sosnowska M,
Chwalibog A, Sawosz E, Jaworski S. Use of selected carbon nanoparticles as melittin carriers for
MCF-7 and MDA-MB-231 human breast cancer cells. Materials 2020 13(1):1-20.

Zielinska-Gdrska M, Hotowy A, Wierzbicki M, Bataban J, Sosnowska M, Jaworski S, Strojny B,
Chwalibog A, Sawosz E. Graphene oxide nanofilm and the addition of I-glutamine can promote
development of embryonic muscle cells. Journal of Nanobiotechnology 2020 18:1-17.

Grodzik M, Szczepaniak J, Strojny B, Hotowy A, Wierzbicki M, Jaworski S, Kutwin M, Soltan E,
Mandat T, Lewicka A, Chwalibog A. Diamond nanoparticles downregulate expression of CycD and
CycE in glioma cells. Molecules 2019 24(8):1-16.

Kutwin M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Grodzik M, Sosnowska M, Trzaskowski M,
Chwalibog A. Nanocomplexes of graphene oxide and platinum nanoparticles against colorectal
cancer Colo205, HT-29, HTC-116, SW480, liver cancer HepG2, human breast cancer MCF-7, and
adenocarcinoma LNCaP and human cervical Hela B cell lines. Materials 2019 12(6):1-17.
Sekretarska J, Szczepaniak J, Sosnowska M, Grodzik M, Kutwin M, Wierzbicki M, Jaworski S,
Bataban J, Daniluk K, Sawosz E, Chwalibog A, Strojny B. Influence of selected carbon nanostructures
on the CYP2C9 enzyme of the P450 cytochrome. Materials 2019 12(24):1-14.

Sosnowska M, Kutwin M, Jaworski S, Strojny B, Wierzbicki M, Szczepaniak J, tojkowski M,
Swieszkowski W, Bataban J, Chwalibog A, Sawosz E. Mechano-signalling, induced by fullerene C60
nanofilms, arrests the cell cycle in the G2/M phase and decreases proliferation of liver cancer cells.
International Journal of Nanomedicine 2019 14:6197-6215,

Szmidt M, Stankiewicz A, Urbanska K, Jaworski S, Kutwin M, Wierzbicki M, Grodzik M, Burzynska
B, Géra M, Chwalibog A, Sawosz E. Graphene oxide down-regulates genes of the oxidative
phosphorylation complexes in a glioblastoma. BMC Molecular Biology 2019 20(1)1-9.
Szczepaniak J, Strojny B, Sawosz E, Jaworski S, Jagiello J, Winkowska M, Szmidt M, Wierzbicki M,
Sosnowska M, Balaban J, Winnicka A, Lipinska L, Witkowska-Pitaszewicz O, Grodzik M. Effects of
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Reduced Graphene Oxides on Apoptosis and Cell Cycle of Glioblastoma Multiforme. International
Journal of Molecular Sciences 2018 19(12):3939-3939.

Hotowy A, Sawosz E, Grodzik M, Wierzbicki M, Kutwin M, Jaworski S, Chwalibog A. Development
and optimization of myocardial tissue culture in ovo. Engineering of Biomaterials / Inzynieria
Biomateriatéw 2017 143:54.

Kutwin M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Grodzik M, Chwalibog A. Assessment of
the proliferation status of glioblastoma cell and tumour tissue after nanoplatinum treatment. PLoS
ONE 2017 12(5):1-14.

Kutwin M, Sawosz E, Jaworski S, Hinzmann M, Wierzbicki M, Hotowy A, Grodzik M, Winnicka A,
Chwalibog A. Investigation of platinum nanoparticle properties against U87 glioblastoma
multiforme. Archives of Medical Science 2017 6:1322-1334.

Sawosz E, Hotowy A, Bakowicz-Mitura K, Grodzik M, Wierzbicki M, Kutwin M, Jaworski S,
Chwalibog A. Carbon allotropes for muscle regeneration. Engineering of Biomaterials / Inzynieria
Biomateriatow 2017 143:49.

Strojny B, Grodzik M, Sawosz E, Winnicka A, Kurantowicz N, Jaworski S, Kutwin M, Urbanska K,
Hotowy A, Wierzbicki M, Chwalibog A. Diamond nanoparticles modify curcumin activity: in vitro
studies on cancer and normal cells and in ovo studies on chicken embryo model. PLoS ONE 2016
11(10):1-18.

Beck I, Hotowy A, Sawosz E, Grodzik M, Wierzbicki M, Kutwin M, Jaworski S, Chwalibog A. Effect of
silver nanoparticles and hydroxyproline, administered in ovo, on the development of blood vessels
and cartilage collagen structure in chicken embryos. Archives of Animal Nutrition 2015 69(1):57-
68.

Grodzik M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Hotowy A, Urbarnska K, Kutwin M,
Wtodyga K, Kurantowicz N. Badania genetyczne i personalizacja terapii w leczeniu glejakdw.

Przeglad Hodowlany, Polskie Towarzystwo Zootechniczne 2015 6:14-16.

Wojskowy Instytut Medyczny - prof. dr hab. Hanna Jung-Hauska oraz prof. dr hab. Grzegorza

Gielerak.

Realizacja badan we wspodtpracy z prof. dr hab. Hanna Jung-Hauska oraz prof. dr hab.

Grzegorzem Gielerakiem dotyczyta wytworzenia antybakteryjnego opatrunku zawierajgcego

nanoczastki srebra oraz tlenek grafenu. Badania miaty na celu opracowanie opatrunku, dzieki ktéremu

mozliwe bytoby ograniczenie stosowania antybiotykdéw oraz skutecznosc dziatania antybakteryjnego

takze na bakterie antybiotykooporne. Bakterie po niewfasciwej ekspozycji na antybiotyki moga

stosunkowo szybko wytworzy¢ rdéine mechanizmy opornosci na podane substancje. Celem
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prowadzonych badan byta charakterystyka interakcji i wyjasnienie mechanizmu toksycznego dziatania

nanomateriatéw na komoérki bakterii. Badania przeprowadzono na nastepujgcych gatunkach bakterii:

Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, Salmonella enterica, Listeria

monocytogenes, Pseudomonas aeruginosa, Streptococcus mutans, Bacillus subtilis. Wykazano, ze

badane nanomateriaty moga by¢é wykorzystane w eksperymentalnych opatrunkach i wykazujg
toksycznos¢ w stosunku do komarek bakteryjnych poprzez niszczenie mechanicznie btony i/lub Sciany
komdrkowej. W ramach wspodtpracy opublikowane zostaty nastepujace publikacje:

e  Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, tojkowski W, Wozniak B,
Stobinski L, Matolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver Nanoparticles
Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial Nanoplatform.
Nanoscale Research Letters 2019 14:1-11.

e JaworskiS, Wierzbicki M, Sawosz E, Jung A, Gielerak G, Biernat J, Jaremek H, tojkowski W, Wozniak
B, Wojnarowicz J, Stobinski L, Matolepszy A, Mazurkiewicz-Pawlicka M, tojkowski M, Kurantowicz
N, Chwalibog A. Graphene oxide-based nanocomposites decorated with silver nanoparticles as an

antibacterial agent. Nanoscale Research Letters 2018 13(1):1-17.

Instytut Technologii Materiatéw Elektronicznych - dr hab. Ludwika Lipiriska i dr Joanna Jagietto.

Wspdtpraca z dr hab. Ludwika Lipifska obejmowaty badania dotyczace nanoptatkédw tlenku
grafenu. Wczesniejsze badania dotyczgce nanoczastek diamentu i nanoczastek grafitu wykazaty
potrzebe zbadania nanomateriatu o zblizonej wielkosci, lecz innej budowie fizykochemicznej niz
nanoczastki diamantu. Zespdt dr hab. Ludwiki Lipidskiej z Instytutu Technologii Materiatow
Elektronicznych wytworzyt materiat z wczesniej badanych nanoczastek grafitu - nanoptatki tlenku
grafenu. Nanoptatki grafenu z racji wielkosci materiatu wyjsciowego posiadaty rozmiar okoto 5 nm, lecz
nie miaty morfologii sferycznej i posiadaty forme kilku warstwowych ptatkédw. Nanopfatki tlenku
grafenu zostaty doktadnie scharakteryzowane pod wzgledem wtasciwosci fizykochemicznych. Badania
in vitro interakcji nanaoptatkéw grafenu wykazaty interesujgce zaleznosci, wykazujac nizszg
toksycznos¢ niz materiatu wyjsciowego, nanoczastek grafitu. Nanoptatki tlenku grafenu wykazywaty
rowniez zblizone wfasciwosci biologiczne do nanoczastek diamentu. W ramach wspédtpracy
opublikowane zostaty nastepujgce publikacje:

e Szczepaniak J, Strojny B, Sawosz E, Jaworski S, Jagiello J, Winkowska M, Szmidt M, Wierzbicki M,
Sosnowska M, Balaban J, Winnicka A, Lipinska L, Witkowska-Pitaszewicz O, Grodzik M. Effects of
Reduced Graphene Oxides on Apoptosis and Cell Cycle of Glioblastoma Multiforme. International

Journal of Molecular Sciences 2018 19(12):3939-3939.
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e Jaworski S, Hinzmann M, Sawosz E, Grodzik M, Kutwin M, Wierzbicki M, Strojny B, Vadalasetty K,
Lipinska L, Chwalibog A. Interaction of different forms of graphene with chicken embryo red blood
cells. Environmental Science and Pollution Research 2017 24(27):21671-21679.

e Szmidt M, Sawosz E, Urbanska K, Jaworski S, Kutwin M, Hotowy A, Wierzbicki M, Grodzik M,
Lipinska L, Chwalibog A. Toxicity of different forms of graphene in a chicken embryo model.
Environmental Science and Pollution Research 2016 23(19):19940-19948.

e Jaworski S, Sawosz E, Kutwin M, Wierzbicki M, Hinzmann M, Grodzik M, Winnicka A, Lipinska L,
Wtodyga K, Chwalibog A. In vitro and in vivo effects of graphene oxide and reduced graphene oxide
on glioblastoma. International Journal of Nanomedicine 2015 10:1585-1596.

e Kurantowicz N, Sawosz E, Jaworski S, Kutwin M, Strojny B, Wierzbicki M, Szeliga J, Hotowy A,
Lipinska L, Kozifski R, Jagietto J, Chwalibog A. Interaction of graphene family materials with Listeria
monocytogenes and Salmonella enterica. Nanoscale Research Letters 2015 10(1).

e Sawosz E, Jaworski S, Kutwin M, Vadalasetty K, Grodzik M, Wierzbicki M, Kurantowicz N, Strojny B,
Hotowy A, Lipinska L, Jagietto J, Chwalibog A. Graphene functionalized with arginine decreases the
development of glioblastoma multiforme tumor in a gene-dependent manner. International
Journal of Molecular Sciences 2015 16(10):25214-25233.

e Strojny B, Kurantowicz N, Sawosz E, Grodzik M, Jaworski S, Kutwin M, Wierzbicki M, Hotowy A,
Lipinska L, Chwalibog A. Long term influence of carbon nanoparticles on health and liver status in
rats. PLoS ONE 2015 10(12).

e Hinzmann M, Jaworski S, Kutwin M, Jagietto J, Koziiski R, Wierzbicki M, Grodzik M, Lipifska L,
Sawosz E, Chwalibog A. Nanoparticles containing allotropes of carbon have genotoxic effects on
glioblastoma multiforme cells. International Journal of Nanomedicine 2014 9:2409-2417.

e Sawosz E, Jaworski S, Kutwin M, Hotowy A, Wierzbicki M, Grodzik M, Kurantowicz N, Strojny B,
Lipinska L, Chwalibog A. Toxicity of pristine graphene in experiments in a chicken embryo model.

International Journal of Nanomedicine 2014 9:3913-3922.

Politechnika Warszawska, Zaktad Inzynierii Powierzchni oraz Laboratorium Grafenowe — prof. dr hab.

inz. Krzysztof Zdunek, prof. dr hab. inz. Leszek Stobinski, dr Rafat Chodun, dr Artur Matolepszy.

Koniecznos¢ dobrej charakterystyki badanych nanomateriatéw oraz poszukiwanie materiatéw
grafenowych do badan bylo gtdwna przyczyng zainicjowania wspdtpracy z Zaktadem Inzynierii
Powierzchni Politechniki Warszawskiej pod kierownictwem prof. dr hab. inz. Krzysztofa Zdunka oraz
Laboratorium Grafenowym Politechniki Warszawskiej pod kierownictwem prof. dr hab. inz. Leszka
StobiAskiego. prof. dr hab. inz. Krzysztofa Zdunka oraz dr Rafat Chodun wykonali

analize fizykochemiczng nanomateriatéw weglowych z wykorzystaniem spektroskopii Ramana,
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natomiast prof. dr hab. inz. Leszek StobifAski oraz dr Artur Matolepszy wyprodukowali i
scharakteryzowali tlenek grafenu wykorzystany w czesci badan biozgodnosci. W ramach wspdtpracy

opublikowane zostaty nastepujgce prace:

e Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, tojkowski W, Wozniak B,
Stobinski L, Matolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver Nanoparticles
Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial Nanoplatform.
Nanoscale Research Letters 2019 14: 1-11.

e Jaworski S, Wierzbicki M, Sawosz E, Jung A, Gielerak G, Biernat J, Jaremek H, tojkowski W, WozZniak
B, Wojnarowicz J, Stobinski L, Matolepszy A, Mazurkiewicz-Pawlicka M, tojkowski M, Kurantowicz
N, Chwalibog A. Graphene oxide-based nanocomposites decorated with silver nanoparticles as an
antibacterial agent. Nanoscale Research Letters 2018 13(1):1-17.

e  Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K, Chodun R,
Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles decrease migration
and invasiveness in glioblastoma cell lines by impairing extracellular adhesion. International

Journal of Nanomedicine 2017 12:7241-7254.

Instytut Biocybernetyki i Inzynierii Biomedycznej im. Macieja Natecza PAN — prof. dr hab. Dorota

Pijanowska, dr Karolina Zakrzewska, dr Anna Samluk, dr Krzysztof Pluta.

Wspbtpraca z prof. dr hab. Dorotg Pijanowska dr Karoling Zakrzewskg, dr Anng Samluk oraz dr
Krzysztofem Plutg dotyczyta mozliwosci rozszerzenia badan nad toksycznoscig nanoczastek diamentu
oraz grafitu w stosunku do linii komérkowych glejaka oraz raka watrobokomérkowego. Badania
zespotu z Instytut Biocybernetyki i Inzynierii Biomedycznej im. Macieja Natecza PAN pozwolity na
zastosowanie w badaniach komérek transformowanych zielonym biatkiem fluorescencyjnym (GFP),
przyzyciowej analizy toksycznosci przy uzyciu biosensora komdrkowego oraz analize wydzielania
albuminy przez komoérki raka watrobokomdrkowego C3A. W ramach wspoétpracy opublikowano prace:

e Zakrzewska K, Samluk A, Wierzbicki M, Jaworski S, Kutwin M, Sawosz E, Chwalibog A,

Pijanowska D, Pluta K. Analysis of the cytotoxicity of carbon-based nanoparticles, diamond and

graphite, in human glioblastoma and hepatoma cell lines. PLoS ONE 2015 10(3).

Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie, Instytut Nauk o Zwierzetach — dr hab. Marcin

Gotebiewski, prof. SGGW

Wspodtpraca z dr hab. Marcinem Gotebiewskim dotyczyta problematyki profilaktyki zapalenia
gruczotu mlekowego u kréw mlecznych z wykorzystaniem kompleksu nanoczastek srebra i miedzi.

Badania kompleksu nanoczgstek srebra i miedzi dotyczyty wptywu nanomateriatéw na komorki
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nabtonkowe gruczotu mlekowego, wptywu nanomateriatéw na wybrane bakterie wywotujgce
zapalenia gruczotu mlekowego oraz badania wptywu na parametry zdrowotne krowy, jakosé¢ mleka. W
ramach wspétpracy realizowatem wszystkie badania dotyczgce analizy cytotoksycznosci
nanomateriatéw w stosunku do komédrek zwierzecy. W badaniach wykazano mozliwos¢ zastosowania
kompleksu nanoczastek srebra i miedzi w celu nietoksycznej prewencji mastitis i stanéw subklinicznych

mastitis. W ramach wspdtpracy opublikowano nastepujace publikacje oraz patenty:

o Kalinska A, Wojcik A, Sldsarz J, Kruzidska B, Michalczuk M, Jaworski S, Wierzbicki M,
Gotebiewski M. Occurrence and aetiology of staphylococcal mastitis — A review. Animal
Science Papers and Reports 2018 36:263-273.

o Kalinska A, Jaworski S, Wierzbicki M, Gotebiewski M. Silver and copper nanoparticles - an
alternative in future mastitis treatment and prevention?. International Journal of Molecular
Sciences 2019 20(7):1-13.

e Patent UPRP P.415237. Urzadzenie do higieny wymienia i strzykow zwierzat. Gotebiewski M,
Wojcik A, Wierzbicki M. 31.08.2018r.

e Patent UPRP P.415181 Urzadzenie do kapieli wymienia i strzykdw zwierzat. Gotebiewski M,
Wojcik A, Wierzbicki M. 31.08.2018r.

e Patent UPRP P.415178. Sciereczka jednorazowego uzytku do higieny przedudojowej gruczotu
mlekowego zwierzat. Gotebiewski M, Wéjcik A, Wierzbicki M. 30.11.2018 r.

e Patent UPRP P-415244. Zastosowanie preparatu do higieny wymienia i strzykéw zwierzat.
Gotebiewski M, Wdjcik A, Wierzbicki M. 30.11.2018 r.

e Patent UPRP P-415243. Zastosowanie preparatu do higieny wymienia i strzykdow zwierzat.
Gotebiewski M, Wdjcik A, Wierzbicki M. 30.11.2018 .

e Patent UPRP P-415238. Zastosowanie preparatu do higieny wymienia i strzykéw zwierzat.
Gotebiewski M, Wdjcik A, Wierzbicki M. 30.11.2018 .

e Patent UPRP P-415241. Zastosowanie preparatu do higieny wymienia i strzykéw zwierzat.
Gotebiewski M, Wdjcik A, Wierzbicki M. 30.11.2018 .

e Patent UPRP P-415242. Preparat do zastosowania w profilaktyce i leczeniu zakazen gruczotu

mlekowego u zwierzat. Gotebiewski M, Wdjcik A, Wierzbicki M. 30.11.2018 r.

Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie, Instytut Nauk o Zwierzetach — prof. Jan

Niemiec, dr Monika tukasiewicz

Badania we wspotpracy z zespotem prof. Jana Niemca oraz dr Moniki tukasiewicz dotyczyty
zastosowania nanomateriatéw do zwiekszenia efektywnosci wzrostu zarodkéw kury, zwiekszenia

przyrostu masy miesniowej oraz zmniejszenia suplementacji miedzi w paszach kur. Gtéwnym celem
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badan z badan w ktérych wykorzystano nanoczastki miedzi i cynku byto zmniejszenie negatywnego

wptywu produkcji drobiu na srodowisko naturalne, przy jednoczesnym zachowaniu wysokiej jakosci

produkcji. W ramach wspotpracy opublikowano nastepujgce prace:

e tukasiewicz M, tozicki A, Casey N, Chwalibog A, Niemiec J, Matuszewski A, Sosnowska M,
Wierzbicki M, Zielinska-Gdrska M, Bataban J, Sawosz E. Effect of zinc nanoparticles on embryo and
chicken growth , and the content of zinc in tissues and faeces. South African Journal of Animal
Science 2020 50(1):109-119.

e Mroczek-Sosnowska N, Sawosz E, Vadalasetty K, tukasiewicz M, Niemiec J, Wierzbicki M, Kutwin
M, Jaworski S, Chwalibog A. Nanoparticles of copper stimulate angiogenesis at systemic and
molecular level. International Journal of Molecular Sciences 2015 16(3):4838-4849.

e Scott A, Vadalasetty K, tukasiewicz M, Jaworski S, Wierzbicki M, Chwalibog A, Sawosz E. Effect of
different levels of copper nanoparticles and copper sulphate on performance, metabolism and
blood biochemical profiles in broiler chicken. Journal of Animal Physiology and Animal Nutrition

2018 102(1):e364-e373.

7. Informacja o osiggnieciach dydaktycznych, organizacyjnych oraz popularyzujacych

nauke lub sztuke.

7.1 Osiagniecia dydaktyczne
7.1.1 Opracowanie monografii dydaktycznych
o Wspdtautorstwo monografii dydaktycznej pt. ,,Wybrane zagadnienia z podstaw mikrobiologii
i fizjologii bakterii. Rekonstrukcja fenomenograficzna” pod redakcjg dr hab. Stawomira
Jaworskiego oraz dr Barbary Strojnej-Cieslak. Wydawnictwo SGGW, 2020. ISBN 978-83-7583-
921-0.

7.1.2 Opracowanie oraz realizacja zaje¢ dydaktycznych
Od czasu zatrudnienia na stanowisku naukowo-dydaktycznym w 2013 roku zrealizowatem ponad dwa
tysigce godzin dydaktycznych prowadzac zajecia na czterech kierunkach studiow:

Zajecia realizowane na kierunku Bioinzynieria zwierzat, Wydziat Hodowli, Bioinzynierii i Ochrony

Zwierzat
e Cytofizjologia — éwiczenia i wykfady, koordynator przedmiotu
e Analiza bioobrazowania — ¢wiczenia komputerowe, koordynator przedmiotu
e Podstawy techniki w biologii - éwiczenia i wykfady, koordynator przedmiotu

e Inzynieria Nanobiotechnologiczna — wykfady, koordynator przedmiotu
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e Fizjologia Procaryota - wyktady

Zajecia realizowane na kierunku Hodowla i Ochrona Zwierzat Towarzyszgcych i Dzikich, Wydziat

Hodowli, Bioinzynierii i Ochrony Zwierzat

e Zywienie zwierzat drapieznych - éwiczenia i wykfady, koordynator przedmiotu
e Podstawy mikrobiologii - ¢wiczenia i wykfady
e Analiza Instrumentalna -éwiczenia

Zajecia realizowane na kierunku Zootechnika, Wydziat Hodowli, Bioinzynierii i Ochrony Zwierzat

e Mikrobiologia — ¢wiczenia i wyktady
e Analiza Instrumentalna -¢wiczenia

Zajecia realizowane na kierunku Biologia, Wydziat Rolnictwa i Biologii

e Nanobiotechnologia — ¢wiczenia, koordynator przedmiotu

7.1.3 Opieka naukowa nad doktorantami
e Promotor pomocniczy pracy doktorskiej Natalii Kurantowicz pt. ,Biozgodnos¢ grafenu w
badaniach na wybranych modelach biologicznych”, ktérej promotorem byta prof. dr hab. Ewa

Sawosz Chwalibdg, Wydziat Nauk o Zwierzetach, SGGW. Data obrony: 13-03-2018

7.1.4 Opieka naukowa nad studentami
Promotor 11 prac inzynierskich i recenzent 12 prac inzynierskich i magisterskich na kierunkach
Bioinzynieria Zwierzat, Biotechnologia oraz Biologia.

Prace inzynierskie:

e Aneta Jezierska : Wptyw nanoptatkéw grafenu naturalnego na hodowle sferoidalng komérek
glejaka IV stopnia linii U87, 2020.

e Serafin Wiktoria: Ocena wrazliwosci komdrek srédbtonka na grafen i nanoczastki diamentu w
zaleznosci od obecnosci ptodowej surowicy bydlecej, 2020.

e Zawadzka Katarzyna: Ocena wptywu nanoczastek diamentu na proliferacje i migracje z
angiosfery komoérek srédbtonka, 2020.

e Machnacki Karol: Analiza wptywu nanoczastek diamentu na biosynteze kaweoliny-1 w
komdrkach glejaka IV stopnia linii U87, 2018.

e Machuta Marcin: Fulereny i nanoczastki tlenku grafenu jako nosniki 2-deoksy-D-glukozy w
badaniu cytotoksycznosci glejaka IV stopnia linii U87, 2018.

e Olszewska Magdalena: Ocena wptywu nanoczastek grafitu i diamentu na linie komdrkowa

HUVEC z wykorzystaniem modelu angiogenezy, 2018.
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Owczarek Patrycja: Analiza antyangiogennych witasciwosci tlenku grafenu i fulerenu z
wykorzystaniem modelu in vitro komérek srédbtonka, 2018.

Sekretarska Justyna: Ocena antyoksydacyjnych wfasciwosci nanoptatkéw tlenku grafenu i
nanoczastek grafitu oraz ich wptyw na wewngtrzkomdrkowe wydzielanie anionorodnika
ponadtlenkowego w komdrkach glejaka linii U87 i U118, 2018.

Wedziska Aleksandra: Kokultura zdrowych oraz nowotworowych komérek nabtonkowych
sutka jako model do badan toksycznosci nanoczastek srebra, 2018.

Jankowski Dawid: Hodowle sferoidalne komdrek glejaka linii U87 jako model oznaczenia
toksycznosci jednos$ciennych nanorurek weglowych, 2017.

Stadryniak Monika: Wptyw nanoczastek diamentu, grafitu i tlenek grafenu na wybrane rodzaje
transportu przez btony komérkowe glejaka wielopostaciowego linii U-87, 2016.

Szlachcic Aleksandra: Wplyw nanoczastek i mikroczastek fosforu czerwonego i jednosciennych

nanorurek weglowych na kultury sferoidéw glejaka wielopostaciowego linii U87, 2016.

7.1.5 Inne aktywnosci dydaktyczne:

Cztonek zespotu ds. zmian w programie kierunku Biologia studiéw Il stopnia 2019 r.

Udziat w szkoleniu z zastosowania Jednolitego Systemu Antyplagiatowego 16.01.19

Opiekun roku kierunku Bioinzynieria zwierzat studentdw rozpoczynajgcych studia inzynierskie
w 2014 r. i studia magisterskie w roku 2017 r.

Opiekun Miedzywydziatowego Kota Naukowego Nanobiotechnologii w 2015 r.

Udziat w szkoleniu ,Obstuga systemu Monitorowania Losdw Zawodowych Absolwentéw”
organizowanym w ramach projektu ,Podnoszenie jakosci zarzadzania zasobami SGGW”

Warszawa 18.06.2014 r.

7.2 Osiggniecia organizacyjne

7.2.1 Cztonkostwo w Radach i Komisjach

Cztonek Rady Dyscypliny Nauk Biologicznych; 2019, 2020

Cztonek Rady Programowej Wydziatu Rolnictwa i Biologii; 2019, 2020

Cztonek zespotu ds. zmian w programie kierunku Biologia studidw Il stopnia Wydziatu
Rolnictwa i Biologii; 2019, 2020

Cztonek zespotu roboczego ds. dydaktyki Wydziatu Rolnictwa i Biologii; 2020

Cztonek komisji ds. dydaktyki Wydziatu Nauk o Zwierzetach 2017-2019

7.2.2 Udziat w komitetach organizacyjnych miedzynarodowych i krajowych konferencji naukowych
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e Organizacja VIl Konferencji Mtodych Badaczy pt. , Fizjologia i biochemia w zywieniu zwierzat”
organizowanej przez Instytut Fizjologii i Zywienia Zwierzat im. Jana Kielanowskiego PAN w
Jabtonnie oraz Wydziat Nauk o Zwierzatach SGGW w terminie 19-20.09.2011

e Organizacja konferencji Young Researchers Symposium 2014, Facing Environmental
Challenges 18-22 Sierpien 2014, RPA.

e Organizacja | Konferencji Mtodych Naukowcdéw Biotechnologia w produkcji zwierzecej; 2014;
SGGW w Warszawie.

e Organizacja Miedzynarodowej Konferencji Naukowej XLIV Scientific Session Nutrition of
livestock, companion and wild animals, Warsaw University of Life Sciences, Warsaw, 16/17
June 2015

e Organizacja konferencji International Conference on Nanotechnology in Medicine
(NanoMed) 2016, Warszawa

e Organizacja Il Konferencji Mtodych Naukowcdéw. 2017; SGGW w Warszawie.

7.3 Osiagniecia popularyzujace nauke
7.3.1 Popularyzacja i promocja nauki w prasie, Internecie, radio i TV:

Publikacje popularnonaukowe

e Sawosz E, Jaworski S, Kutwin M, Grodzik M, Wierzbicki M, Hotowy A, Chwalibog A. 2014.
Magia Grafenu. Agricola — pismo SGGW. 88: 35- 39.

e Sawosz E, Jaworski S, Kutwin M, Grodzik M, Wierzbicki M, Hotowy A, Chwalibog A. 2014.
Magiczny grafen? Forum Akademickie. 11:23-27

e Sawosz E, Grodzik M, Wierzbicki M, Kutwin M, Jaworski S. 2013. Nanoczastki przysztosci.
Rzeczpospolita — dodatek Nauka, Biotechnologia, Medycyna. Nr 255 str.5

e  Wspdtpraca przy powstaniu artykutu ,Polscy naukowcy komdrki nowotworowe usmiercaja

grafenem”. PAP — Zdrowie 6.12.2013

nne

e Film w zrealizowany przez SGGW TV dotyczgcy biologicznych zastosowan grafenu 30.07.2014
https://www.youtube.com/watch?v=JrimzAr6KIA&list=UUTSbkODrdfnoVwdMXnSs2rQ

e Program popularnonaukowy ,Jak to dziata”, odcinek nowoczesne materiaty. Nr odcinka 58.
15.03.14

e Popularnonaukowe audycje radiowe w radio Kampus i TokFM dotyczgce zastosowan i

oddziatywan biologicznych grafenu. 14.01.2014 i 20.03.2014
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Program o zastosowaniach biologicznych grafenu i jego perspektyw emitowany w TVN24,
TVN Warszawa 19.12.2013 r.

Popularnonaukowy opis projektu Preludium na stronie internetowej Narodowego Centrum
Nauki opublikowany w zaktadce ,Przyktadowe wnioski” 2012 r.
https://www.ncn.gov.pl/finansowanie-nauki/przyklady-projektow/wierzbicki

Tworzenie i redakcja strony internetowej Zaktadu Nanbiotechnologii Nanobioteam 2015-

2019r.

Nagrody i Wyréznienia
2020 r. Zespotowa Nagroda Il st Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w
Warszawie za osiggniecia naukowe
2019 r. Zespotowa Nagroda Il st Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w
Warszawie za osiggniecia naukowe
2018 r. Zespotowa Nagroda Il st Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w
Warszawie za osiggniecia naukowe
2017 r. Ill miejsce w konkursie na najbardziej innowacyjny patent " Zawiesina wodna
nanoptatkéw tlenku grafenu dekorowanych nanoczastkami metalicznej platyny, jej
zastosowanie i sposob jej wytwarzania ", Eureka! DCP, Dziennik Gazeta Prawna.
2017 r. - Zespotowa Nagroda Il st Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w
Warszawie za osiggniecia naukowe
2016 r. - Zespotowa Nagroda Il st Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w
Warszawie za osiggniecia naukowe
2015 r. - Stypendium Ministra Nauki i Szkolnictwa Wyzszego dla Wybitnych Mtodych
Naukowcow
2014 r. - Zespotowa Nagroda Ill st Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w
Warszawie za osiggniecia naukowe

2013 r. - Dyplom uznania Rektora Szkoty Gtéwnej Gospodarstwa Wiejskiego w Warszawie za

osiggniecia naukowe

\ o
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. Informacja o osiggnieciach naukowych, o ktérych mowa w art. 219 ust. 1. Pkt 2 ustawy

Osiggniecie naukowe stanowi cykl pieciu, powigzanych tematycznie oryginalnych prac naukowych

opublikowanych w czasopismach znajdujacych sie w bazie Journal Citation Reports o tgcznym IF

19,575 i punktacji MNiSW: 355 pkt. (115 pkt. wedtug listy MNiSW z 2017 r. i 240 pkt. wedtug listy

MNiSW z 2019 r.) pod tytutem:

»Modulacja wybranych elementéw mikrosrodowiska komérkowego przez nanostruktury odmian

alotropowych wegla ze szczegdlnym uwzglednieniem dziatania antynowotworowego.”

Wykaz prac stanowigcych osiggniecie naukowe:

P1

P2

P3

Zakrzewska KE, Samluk A, Wierzbicki M, Jaworski S, Kutwin M, Sawosz E, Chwalibog A,
Pijanowska DG, Pluta KD. Analysis of the cytotoxicity of carbon-based nanoparticles,
diamond and graphite, in human glioblastoma and hepatoma cell lines. PloS One 2015, 10,
e0122579, 40 punktéw , IF(3,057), liczba cytowan: 1.
Mdj wktad w powstanie tej pracy polegat na tworzeniu koncepcji badan,
przeprowadzeniu badan toksycznosci in vitro, wspdtudziale w opracowaniu
wynikow i analizie statystycznej.
MGéj udziat w publikacji szacuje na 15%
Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K,
Chodun R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles
decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular
adhesion. International Journal of Nanomedicine 2017, 12, 7241. 35 punktow, 1F(4,370),
liczba cytowan: 17.
Mdj wktad w powstanie tej pracy polegat na opracowaniu koncepcji
przeprowadzanych  badan, opracowaniu metodyki, przeprowadzeniu
doswiadczen in vitro, przeprowadzeniu analiz Western blot i obrazowania
fluorescencyjnego, wspotudziale w opracowaniu wynikéw i wykonaniu analizy
statystycznej, przygotowaniu tekstu do druku.

MGdj udziat w publikacji szacuje na 80%

Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF-kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide
nanoplatelets. Scientific Reports 2018, 8, 14733. 40 punktow, IF(4.011), liczba cytowan:
9.



Zatacznik 4

Modj wktad w powstanie tej pracy dotyczyt opracowania koncepcji
przeprowadzonych badan, opracowania metodyki, przeprowadzenia
doswiadczen, analizy aktywnosci szlakéw komdrkowych, analizy aktywnosci
angiogennej, opracowania wynikow i wykonaniu analizy statystycznej,
przygotowania tekstu do druku, korespondowania z redakcjg czasopisma.

MGdj udziat w publikacji szacuje na 85%

P4  Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, tojkowski W, WozZniak

B, Stobinski L, Matolepszy A, Chwalibog A.

Graphene Oxide in a Composite with Silver Nanoparticles Reduces the Fibroblast and

Endothelial Cell Cytotoxicity of an Antibacterial Nanoplatform. Nanoscale Research

Letters, 2019, 14, 1-11. 100 punktéw. IF(3,581), liczba cytowan: 3.
Mdj wktad w powstanie tej pracy dotyczyt tworzenia dotyczyt opracowania
koncepcji przeprowadzonych badarn, opracowania metodyki badar, badania
odpowiedzi zapalnej z wykorzystaniem membran antygenowych, udziatu w
przeprowadzeniu doswiadczen dotyczqcych toksycznosci nanomateriatow in
vitro, badania wptywu nanomateriatéw na bfone kosméwkowo-omoczniowgq
zarodka kury, analizie i opracowaniu wynikdw, wykonaniu analizy
statystycznej, przygotowania tekstu do druku, korespondowania z redakcjq
czasopisma.

MGdj udziat w publikacji szacuje na 65%

P5 Wierzbicki M, Hotowy A, Kutwin M, Jaworski S, Bataban J, Sosnowska M, Wdjcik B,
Wedziriska A, Chwalibog A, Sawosz E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of
Molecular Sciences 2020, 21, 4173. 140 punktéw. IF(4.556), liczba cytowan: 1.

M6j wktad w powstanie tej pracy dotyczyt tworzenia koncepcji
przeprowadzonych badan, opracowania metodyki, obrazowania time-lapse,
analizy aktywnosci angiogennej, analizy opracowania wynikéw i wykonania
analizy statystycznej, przygotowania tekstu do druku, korespondowaniu z
redakcjg czasopisma.

MGdj udziat w publikacji szacuje na 80%

Oswiadczenia wspoéfautorow zawierajgce procentowy udziat oraz opis wktadu w powstanie prac

znajduje sie w Zataczniku 6.



Zatacznik 4

Il. Informacja o aktywnosci naukowej
11.1 Wykaz opublikowanych monografii naukowych

Brak

11.2 Wykaz opublikowanych rozdziatéw w monografiach naukowych.

Przed uzyskaniem stopnia doktora

1. Rozdziat w monografii: M. Wierzbicki, A. Wierzbicka. Nietoperze W: E. Sawosz, |. Kosieradzka,
Zywienie zwierzat dzikich. Ssaki. Wydawnictwo SGGW, Warszawa 2012, str. 287-300.
MG6j udziat w pracy dotyczyt napisania tekstu, czesciowo zebraniu materiatow

Zrédtowych, konsultacji z redaktorami monogradfii.

Po uzyskaniu stopnia doktora
Brak

11.3 Informacja o cztonkostwie w redakcjach naukowych monografii.

Brak
1.4 Wykaz opublikowanych artykutéw w czasopismach naukowych (z zaznaczeniem pozycji
niewymienionych w pkt I).

Pozycje wymienione w pkt | zostaty zaznaczone poprzez pogrubienie.

Przed uzyskaniem stopnia doktora

1. Hinzmann M, Jaworski S, Kutwin M, Jagietto J, Kozinski R, Wierzbicki M, Grodzik M, Lipiriska
L, Sawosz E, Chwalibog A. Nanoparticles containing allotropes of carbon have genotoxic
effects on glioblastoma multiforme cells. International Journal of Nanomedicine 9, 2014,
ss. 2409-2417, DOI:10.2147/1JN.S62497, 35 punktow, IF(4,383), liczba cytowan: 38.

Moj wktad w powstanie pracy polegat na udziale w badaniach in vitro dotyczgcych
Zywotnosci komdrek.

2. Osinska E, Godlewski M, Wierzbicki M, Motyl T. Bone marrow-origin stem/progenitor cells in
the mammary gland of heifers. Polish Journal of Veterinary Sciences 17, 1, 2014, ss. 161-163,
DO0I:10.2478/pjvs-2014-0021, 20 punktow, IF(0,604) liczba cytowan: 0.

Moj wktad w powstanie pracy polegat na wykonania zdje¢ z wykorzystaniem
mikroskopu konfokalnego

3. Sawosz E, Jaworski S, Kutwin M, Grodzik M, Wierzbicki M, Hotowy A, Chwalibog A. Magia
grafenu. Agricola, 88, 2014, ss. 35-39.
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Mdj wktad w powstanie pracy polegat na udziale w pisaniu artykutu.
Sawosz E, Grodzik M, Wierzbicki M, Hotowy A, Kutwin M, Jaworski S, Strojny B, Kurantowicz
N. Nanoczgstki - molekuty sygnalne i transportowe w badaniach biologicznych. Przeglad
Hodowlany, 3, 2014, ss. 41-43, 6 punktow.
Mdj wktad w powstanie pracy polegat na udziale w pisaniu artykutu.
Sawosz E, Jaworski S, Kutwin M, Hotowy A, Wierzbicki M, Grodzik M, Kurantowicz N, Strojny
B, Lipinska L, Chwalibog A. Toxicity of pristine graphene in experiments in a chicken embryo
model. International Journal of Nanomedicine 9, 2014, ss. 3913-3922,
DOI:10.2147/1JN.S65633, 35 punktéw, IF(4,383), liczba cytowari: 40.
Mdoj wktad w powstanie pracy polegat na udziale w podawaniu nanomateriatéw do
zarodkdw kury i przeprowadzeniu badar morfologicznych
Wierzbicki M. Modele zwierzece w badaniach medycznych, biologicznych i zootechnicznych.
Przeglad Hodowlany, Polskie Towarzystwo Zootechniczne, 6, 2014, ss. 26-28, 6 punktow.
Modj wktad w powstanie pracy polegat na zebraniu materiatdw Zrédfowych, napisaniu
publikacji i kontakcie z wydawnictwem.
Grodzik M, Sawosz F, Sawosz E, Hotowy A, Wierzbicki M, Kutwin M, Jaworski S, Chwalibog
A. Nano-nutrition of chicken embryos. The effect of in ovo administration of diamond
nanoparticles and I-glutamine on molecular responses in chicken embryo pectoral muscles.
International Journal of Molecular Sciences 14, 11, 2013, ss.23033-23044, 30
punktéw, IF(2,339), liczba cytowan: 24.
Moj wktad w powstanie pracy polegat na przygotowaniu zawiesin nanoczgstek i
udziale w iniekcji nanomateriatéw do zarodkow kury.
Jaworski S, Sawosz E, Grodzik M, Kutwin M, Wierzbicki M, Wiodyga K, Jasik A, Reichert
M, Chwalibog A. Comparison of tumour morphology and structure from U87 and U118 glioma
cells cultured on chicken embryo chorioallantoic membrane. Bulletin of the Veterinary
Institute in Pulawy 57, 2013, ss. 593-598, DOI:10.2478/bvip-2013-0101, 20 punktow, IF(0,365),
liczba cytowan: 5.
MGdj udziat w powstanie publikacji polegat na udziale w hodowaniu guzéw glejaka na
btonie kosméwkowo omoczniowej zarodka kury.
Jaworski S, Sawosz E, Grodzik M, Winnicka A, Kutwin M, Wierzbicki M, Chwalibog A. In vitro
evaluation of the effects of graphene platelets on glioblastoma multiforme cells. International
Journal of Nanomedicine 8, 2013, ss. 413-420, 35 punktéw, IF(4,195), liczba cytowan: 88.
Mdj wktad w powstanie pracy polegat na udziale w przeprowadzeniu badar perforacji

bton komdrkowych z wykorzystaniem testu LDH.
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Kutwin M, Sawosz E, Jaworski S, Grodzik M, Ostaszewska T, Kamaszewski M, Wierzbicki
M, Chwalibog A. Influence of nanoparticles of platinum on chicken embryo development and
brain morphology. Nanoscale Research Letters, 8, 251, 2013, 35 punktéw, IF(2,481), liczba
cytowan: 32.

Mdj wktad w powstanie pracy polegat na przeprowadzeniu analizy statystyczne;.
Wierzbicki M, Sawosz E, Grodzik M, Hotowy A, Kutwin M, Jaworski S, Sawosz F, Chwalibog
A. Carbon nanoparticles downregulate expression of basic fibroblast growth factor in the heart
during embryogenesis. International Journal of Nanomedicine 8, 2013, ss. 3427-3435, 35
punktéw, IF(4,195), liczba cytowan: 33.

Moj wktad w powstanie pracy polegat na przeprowadzeniu badarn in vitro,

przygotowaniu zawiesin nanomateriatdw, analizy badan, przeprowadzeniu analizy

statystycznej, przygotowaniu artykutu. Publikacja stanowita czes¢ mojej pracy
doktorskiej.
Wierzbicki M, Sawosz E, Grodzik M, Kutwin M, Jaworski S, Chwalibog A. Comparison of anti-
angiogenic properties of pristine carbon nanoparticles. Nanoscale Research Letters, 8, 195,
2013, 35 punktéw, IF(2,481), liczba cytowan: 42.
Moj wktad w powstanie pracy polegat na przeprowadzeniu badar in ovo,
przeprowadzeniu analizy angiogenezy, przygotowaniu roztworow nanomateriatow,
przeprowadzeniu analizy statystycznej, analizy wynikéw badan, przygotowaniu
artykutu. Publikacja stanowita czes¢ mojej pracy doktorskiej.
Grodzik M, Sawosz E, Wierzbicki M, Hotowy A, Kutwin M, Jaworski S, Chwalibog A. VEGF-
dependent mechanism of anti-angiogenic action of diamond nanoparticles in glioblastoma
multiforme tumor. Technical Proceedings of the 2012 NSTI Nanotechnology Conference and
Expo, NSTI-Nanotech 2012, 2012, ss. 218-221, 5 punktéw, liczba cytowan: 2.

Mdj wktad w powstanie pracy polegat na udziale w wykonaniu badan dziatania

antyangiogennego nanoczgstek diamentu.

Szmidt M, Urbanska K, Grodzik M, Ortowski P, Sawosz E, Wierzbicki M, Sysa P. Morphology of
human glioblastoma model cultured in ovo. Bulletin of the Veterinary Institute in Pulawy 56,
2, 2012, ss. 261-266, 20 punktéw, IF(0,377), liczba cytowan: 6.

Moj wktad w powstanie pracy polegat na udziale w hodowli guzéw glejaka na bfonie

kosmdéwkowo omoczniowej zarodka kury.

Wierzbicki M, Sawosz E, Grodzik M. Caveolin-1 localization in chicken embryo chorioallantoic
membrane treated with diamond and graphite nanoparticles. Annals of Warsaw University of

Life Sciences- SGGW Animal Science, 51, 2012, ss. 133-138, 2 punkty.
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Moj wktad w powstanie pracy polegat na przeprowadzeniu analizy lokalizacji

kaweoliny-1 w komdrkach btony kosmdwkowo omoczniowej zarodka kury z

wykorzystaniem mikroskopu konfokalnego, przygotowaniu roztworéw

nanomateriatow, przeprowadzeniu analizy statystycznej, analizy wynikéw badan,
przygotowaniu artykutu i kontakcie z redakcjq czasopisma. Publikacja stanowita czes¢
mojej pracy doktorskiej.
Zielinska M, Sawosz E, Grodzik M, Balcerak M, Wierzbicki M, Skomiat J, Sawosz F, Chwalibog
A. Effect of taurine and gold nanoparticles on the morphological and molecular characteristics
of muscle development during chicken embryogenesis. Archives of Animal Nutrition 66, 1,
2012, ss. 1-13, 30 punktéw, IF(1,095), liczba cytowan: 15.

Mdj wktad w powstanie pracy polegat na przeprowadzeniu analizy statystyczne;.
Grodzik M, Sawosz E, Wierzbicki M, Orlowski P, Hotowy A, Niemiec T,Szmidt M, Mitura
K, Chwalibog A. Nanoparticles of carbon allotropes inhibit glioblastoma multiforme
angiogenesis in ovo. International Journal of Nanomedicine 6, 2011, ss.3041-3048, 40
punktéw, IF(3,13), liczba cytowan: 42.

Moj wktad w powstanie pracy polegat na udziale w hodowli guzéw glejaka na bfonie

kosmdwkowo omoczniowej zarodka kury oraz opracowaniu wynikow.

Zielinska M, Sawosz E, Grodzik M, Wierzbicki M, Gromadka M, Hotowy A, Sawosz F, tozicki
A, Chwalibog A. Effect of heparan sulfate and gold nanoparticles on muscle development
during embryogenesis. International Journal of Nanomedicine 6, 2011, ss. 3163-3172, 40
punktéw, IF(3,13), liczba cytowan: 15.

Mdj wktad w powstanie pracy polegat na udziale w doswiadczeniach in ovo oraz

opracowaniu wynikow.

Gniazdowska A, Krasuska U, Czajkowska K, Wierzbicki M, Bogatek R.Tlenek azotu i
hemoglobiny roslinne. Postepy Biologii Komodrki, Fundacja Biologii Komérki i Biologii
Molekularnej, 2, 2009, ss. 233-250, 15 punktéw, IF(0,077), liczba cytowan: 2.

Mdj wktad w powstanie pracy polegat na zebraniu materiatéw Zrodfowych.

Po uzyskaniu stopnia doktora

1.

Bataban J, Wierzbicki M, Zielinska M, Szczepaniak J, Sosnowska M, Daniluk K, Cysewski
D, Koczon P, Chwalibog A, Sawosz E. Effects of Graphene Oxide Nanofilm and Chicken Embryo
Muscle Extract on Muscle Progenitor Cell Differentiation and Contraction. Molecules 25, 8,

2020, ss. 1-21, DOI:10.3390/molecules25081991, 100 punktdw, IF(3,06), liczba cytowan: 2.
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Moj wktad w powstanie pracy polegat na udziale w opracowywaniu metodyki,
pozyskania odczynnikdéw, wykorzystywanej w badaniach, obstudze oprogramowania
stuzgcego do pozyskania oraz analizy danych.
Daniluk K, Kutwin M, Grodzik M, Wierzbicki M, Strojny B, Szczepaniak J, Bataban J, Sosnowska
M, Chwalibog A, Sawosz E, Jaworski S. Use of selected carbon nanoparticles as melittin carriers
for MCF-7 and MDA-MB-231 human breast cancer cells. Materials, MDPIAG 13, 1, 2020, ss. 1-
20, DOI:10.3390/ma13010090, 140 punktéw, IF(2,972), liczba cytowan: 0.
Moj wktad w powstanie pracy polegat na udziale w obstudze oprogramowania
stuzgcego do pozyskania oraz analizy danych oraz walidacji pozyskanych danych.
tukasiewicz M, tozicki A, Casey N, Chwalibog A, Niemiec J, Matuszewski A, Sosnowska
M, Wierzbicki M, Zielinska M, Bataban J, Sawosz E. Effect of zinc nanoparticles on embryo and
chicken growth, and the content of zinc in tissues and faeces. South African Journal of Animal
Science 50, 1, 2020, ss. 109-119, DOI:10.4314/sajas.v50i1.12, 70 punktow, IF(0,653), liczba
cytowan: 1.
Mdj wktad w powstanie pracy polegat na przygotowaniu zawiesin nanoczgstek oraz
udziale w analizie fizykochemicznej nanoczgstek.
Wierzbicki M, Hotowy A, Kutwin M, Jaworski S, Bataban J, Sosnowska M, Wdjcik
B, Wedzinska A, Chwalibog A, Sawosz E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of
Molecular Sciences 21, 11, 2020, ss.1-16, DOI:10.3390/ijms21114173, 140
punktdw, IF(4,183), liczba cytowan: 1.
Mdj wktad w powstanie tej pracy dotyczyt tworzenia koncepcji przeprowadzonych
badan, opracowania metodyki, obrazowania time-lapse, analizy aktywnosci
angiogennej, analizy opracowania wynikdw | wykonania analizy statystycznej,
przygotowania tekstu do druku, korespondowaniu z redakcjq czasopisma.
MGd6j udziat w publikacji szacuje na 80% (praca wchodzgca w sktad osiggniecia
naukowego).
Zielinska M, Hotowy A, Wierzbicki M, Bataban J, Sosnowska M, Jaworski S, Strojny
B, Chwalibog A, Sawosz E. Graphene oxide nanofilm and the addition of I-glutamine can
promote development of embryonic muscle cells. Journal of Nanobiotechnology 18, 2020,
ss. 1-17, DOI:10.1186/s12951-020-00636-z, 140 punktdw, IF(5,345), liczba cytowan: 1.
Mdj wktad w powstanie prac polegt na udziale w tworzeniu metodyki pokrywania
powierzchni nanofilmem grafenowym oraz udziale w badaniach in vitro.
Grodzik M, Szczepaniak J, Strojny B, Hotowy A, Wierzbicki M, Jaworski S, Kutwin M, Soltan

E, Mandat T, Lewicka A, Chwalibog A. Diamond nanoparticles downregulate expression of
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CycD and CycE in glioma cells. Molecules 24, 8, 2019, ss.1-16,
DO0I:10.3390/molecules24081549, 100 punktdw, IF(3,06), liczba cytowan: 2.
Mdj wktad w powstanie pracy polegat na udziale w badaniach dotyczgcych analizy
morfologii komdrek traktowanych nanoczgstkami diamentu.
Jaworski S, Strojny B, Sawosz E, Wierzbicki M, Grodzik M, Kutwin M, Daniluk K, Chwalibog
A. Degradation of mitochondria and oxidative stress as the main mechanism of toxicity of
pristine graphene on U87 glioblastoma cells and tumors and HS-5 cells. International Journal
of Molecular Sciences 20, 3, 2019, ss.1-17, DOI:10.3390/ijms20030650, 140
punktow, IF(4,183), liczba cytowan: 13
Moj wktad w powstanie pracy polegat na udziale w przeprowadzaniu testow
toksycznosci komorek linii U-87 oraz HS-5.
Kalinska A, Jaworski S, Wierzbicki M, Gotebiewski M. Silver and copper nanoparticles - an
alternative in future mastitis treatment and prevention?. International Journal of Molecular
Sciences 20, 7, 2019, ss. 1-13, DOI:10.3390/ijms20071672, 140 punktow, IF(4,183), liczba
cytowan: 7.
Mdéj wktad w powstanie pracy polegat na przygotowaniu nanomateriatdw i wykonaniu
czesci oznaczen fizykochemicznych nanoczgstek, hodowli komdrek HMEC oraz BME-
UV1 oraz wykonaniu testow toksycznosci.
Kutwin M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Grodzik M, Sosnowska
M, Trzaskowski M, Chwalibog A. Nanocomplexes of graphene oxide and platinum
nanoparticles against colorectal cancer Colo205, HT-29, HTC-116, SW480, liver cancer HepG2,
human breast cancer MCF-7, and adenocarcinoma LNCaP and human cervical Hela B cell lines.
Materials, MDPIAG 12, 6, 2019, ss. 1-17, DOI:10.3390/ma12060909, 140 punktdw, IF(2,972),
liczba cytowan: 3.
Mdoj wktad w powstanie pracy polegat na udziale w dostosowaniu metodyki badania
wptywu nanomateriatdw na linie komdrkowe.
Sekretarska J, Szczepaniak J, Sosnowska M, Grodzik M, Kutwin M, Wierzbicki M, Jaworski
S, Bataban J, Daniluk K, Sawosz E, Chwalibog A, Strojny B. Influence of selected carbon
nanostructures on the CYP2C9 enzyme of the P450 cytochrome. Materials, MDPIAG 12, 24,
2019, ss. 1-14, DOI:10.3390/ma12244149, 140 punktow, IF(2,972), liczba cytowan: 1.
Mdj wktad w powstanie pracy polegat na udziale w dostosowaniu metodyki badania
wptywu nanomateriatow na linie komdrkowe oraz pomocy w zapewnieniu
odczynnikdéw niezbednych do przeprowadzenia badan.
Sosnowska M, Kutwin M, Jaworski S, Strojny B, Wierzbicki M, Szczepaniak J, tojkowski

M, Swieszkowski W, Bataban J, Chwalibog A, Sawosz E. Mechano-signalling, induced by
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fullerene C60 nanofilms, arrests the cell cycle in the G2/M phase and decreases proliferation
of liver cancer cells. International Journal of Nanomedicine 14, 2019, ss.6197-6215,
DOI:10.2147/1JN.S206934, 140 punktdw, IF(4,471), liczba cytowan: 4.

MGdj udziat w powstanie pracy polegat na analizie uzyskanych danych oraz pomocy w

przygotowaniu publikacji do druku.

Szmidt M, Stankiewicz A, Urbanska K, Jaworski S, Kutwin M, Wierzbicki M, Grodzik
M, Burzyniska B, Géra M, Chwalibog A, Sawosz E. Graphene oxide down-regulates genes of the
oxidative phosphorylation complexes in a glioblastoma. BMC Molecular Biology 20, 1, 2019,
ss. 1-9, DOI:10.1186/s12867-018-0119-2, 70 punktdw, IF(2,568). liczba cytowan: 5.

MGdj udziat w powstanie pracy polegat na udziale w analizie uzyskanych danych.
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, tojkowski W, Wozniak
B, Stobinski L, Matolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial
Nanoplatform. Nanoscale Research Letters 14, 2019, ss. 1-11, DOI:10.1186/s11671-019-
3166-9, 100 punktow, IF(3,159), liczba cytowan: 3.

Mdoj wktad w powstanie tej pracy dotyczyt tworzenia dotyczyt opracowania koncepcji

przeprowadzonych badan, opracowania metodyki badan, badania odpowiedzi

zapalnej z wykorzystaniem membran antygenowych, udziatu w przeprowadzeniu
doswiadczern dotyczgcych toksycznosci nanomateriatéw in vitro, badania wptywu

nanomateriatow na bfone kosmowkowo-omoczniowqg zarodka kury, analizie i

opracowaniu wynikdw, wykonaniu analizy statystycznej, przygotowania tekstu do

druku, korespondowania z redakcjq czasopisma.

MGd6j udziat w publikacji szacuje na 65% (praca wchodzgca w sktad osiggniecia

naukowego).

Grodzik M, Szczepaniak J, Strojny B, Jaworski S, Wierzbicki M, Jagiello J, Soltan E, Mandat
T. Graphenoid plates in glioma therapy. TechConnect Briefs 2018 - Advanced Materials 3,
2018, ss. 125-128, 5 punktéw.
Modj wktad w powstanie tej pracy dotyczyt udziatu w zbieraniu materiatow Zrédfowych
i analizy formalnej tekstu.
Jaworski S, Wierzbicki M, Sawosz E, Jung A, Gielerak G, Biernat J, Jaremek H, tojkowski
W, Wozniak B, Wojnarowicz J, Stobinski L, Matolepszy A, Mazurkiewicz-Pawlicka M, tojkowski
M, Kurantowicz N, Chwalibog A. Graphene oxide-based nanocomposites decorated with silver
nanoparticles as an antibacterial agent. Nanoscale Research Letters 13, 1, 2018, ss. 1-17,

DOI:10.1186/s11671-018-2533-2, 35 punktdw, IF(3,159), liczba cytowan: 42.
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Moj wktad w powstanie tej pracy dotyczyt udziale w badaniach stref zahamowania
wzrostu mikroorganizmdw oraz badania produkcji reaktywnych form tlenu.

16. Kalinska A, Wéjcik A, Sldésarz  J, Kruzinska B, Michalczuk M, Jaworski S, Wierzbicki
M, Gotebiewski M. Occurrence and aetiology of staphylococcal mastitis — A review. Animal
Science Papers and Reports 36, 2018, ss. 263-273, 25 punktéw, IF(0,697), liczba cytowan: 1.

Modj wktad w powstanie tej pracy dotyczyt udziatu w zbieraniu materiatow Zrodtowych
i analizy formalnej tekstu.

17. Scott A, Vadalasetty K, tukasiewicz M, Jaworski S, Wierzbicki M, Chwalibog A, Sawosz E. Effect
of different levels of copper nanoparticles and copper sulphate on performance, metabolism
and blood biochemical profiles in broiler chicken. Journal of Animal Physiology and Animal
Nutrition 102, 1, 2018, e364-e373, DOI:10.1111/jpn.12754, 30 punktéw, IF(1,703), liczba
cytowan: 14.

Mdj wktad w powstanie pracy polegat na przygotowaniu zawiesin nanoczgstek oraz
udziale w analizie fizykochemicznej nanoczgstek

18. Strojny B, Sawosz E, Grodzik M, Jaworski S, Szczepaniak J, Sosnowska M, Wierzbicki M, Kutwin
M, Orlinska S, Chwalibog A. 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, 2018, ss.8561-8575, DOI:10.2147/1JN.5188997, 35
punktéw, IF(4,471), liczba cytowan: 3.

Mdj wktad w powstanie pracy polegat na udziale w dostosowaniu metodyki badania
wptywu nanomateriatdw na linie komdrkowe.

19. Szczepaniak J, Strojny B, Sawosz E, Jaworski S, Jagiello J, Winkowska M, Szmidt M, Wierzbicki
M, Sosnowska M, Balaban J, Winnicka A, Lipinska L, Witkowska-Pitaszewicz O, Grodzik
M. Effects of Reduced Graphene Oxides on Apoptosis and Cell Cycle of Glioblastoma
Multiforme. International Journal of Molecular Sciences 19, 12, 2018, ss. 3939-3939, 30
punktow, IF(4,183), liczba cytowan: 7.

Mdj wktad w powstanie pracy polegat na udziale w walidacji uzyskanych danych oraz
wizualizacji danych.

20. Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF-kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide
nanoplatelets. Scientific Reports, Nature Publishing Group 8, 2018, ss.1-9,
DOI:10.1038/s41598-018-33179-3, 40 punktow, IF(4,011), liczba cytowarn: 9.

Moj wktad w powstanie tej pracy dotyczyt opracowania koncepcji przeprowadzonych
badan, opracowania metodyki, przeprowadzenia doswiadczen, analizy aktywnosci

szlakéw komdrkowych, analizy aktywnosci angiogennej, opracowania wynikow i

12



21.

22.

23.

24,

25.

Zatacznik 4

wykonaniu analizy statystycznej, przygotowania tekstu do druku, korespondowania z
redakcjq czasopisma.
MG6j udziat w publikacji szacuje na 85% (praca wchodzgca w sktad osiggniecia
naukowego).
Hotowy A, Sawosz E, Grodzik M, Wierzbicki M, Kutwin M, Jaworski S, Chwalibog
A. Development and optimization of myocardial tissue culture in ovo. Engineering of
Biomaterials / Inzynieria Biomateriatéw, 143, 2017, ss. 54, 7 punktow.
Moj wktad w powstanie tej pracy dotyczyt udziatu w zbieraniu materiatow Zrodtowych
i analizy formalnej tekstu.
Jaworski S, Biniecka P, Bugajska Z, Daniluk K, Dyjak S, Strojny B, Kutwin M, Wierzbicki
M, Grodzik M, Chwalibog A. Analysis of the cytotoxicity of hierarchical nanoporous graphenic
carbon against human glioblastoma grade IV cells. International Journal of Nanomedicine 12,
2017, ss. 3839-3849, DOI:10.2147/1JN.S135932, 35 punktdw, IF(4,37), liczba cytowan: 2.
Mdj wktad w powstanie pracy polegat na udziale w badaniach dotyczgcych analizy
morfologii komdrek traktowanych nanomateriatami
Jaworski S, Hinzmann M, Sawosz E, Grodzik M, Kutwin M, Wierzbicki M, Strojny B, Vadalasetty
K, Lipinska L, Chwalibog A. Interaction of different forms of graphene with chicken embryo red
blood cells. Environmental Science and Pollution Research 24, 27, 2017, 21671-21679,
DO0I:10.1007/s11356-017-9788-5, 30 punktow, IF(2,8), liczba cytowan: 7.
Moj wktad w powstanie pracy polegat na przygotowaniu zawiesin nanomateriatéw
oraz przeprowadzeniu czesci analiz fizykochemicznych.
Kutwin M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Grodzik M, Chwalibog A. Assessment
of the proliferation status of glioblastoma cell and tumour tissue after nanoplatinum
treatment. PLoS ONE 12, 5, 2017, ss.1-14, DOI:10.1371/journal.pone.0178277, 40
punktéw, IF(2,766), liczba cytowan: 11.
Moj wktad w powstanie pracy polegat na udziale w hodowli guzéw glejaka na bfonie
kosmdéwkowo omoczniowej zarodka kury.
Kutwin M, Sawosz E, Jaworski S, Hinzmann M, Wierzbicki M, Hotowy A, Grodzik M, Winnicka
A, Chwalibog A. Investigation of platinum nanoparticle properties against U87 glioblastoma
multiforme. Archives of Medical Science, 6, 2017, 1322-1334, DOI:10.5114/aoms.2016.58925,
30 punktéw, IF(2,344), liczba cytowan: 12.
Mdj wktad w powstanie pracy polegat na udziale w badaniach in vitro dotyczqcych

Zywotnosci komdrek.
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26.

27.

28.

29.

30.

31.

Zatacznik 4

Sawosz E, Hotowy A, Bakowicz-Mitura K, Grodzik M, Wierzbicki M, Kutwin M, Jaworski
S, Chwalibog A. Carbon allotropes for muscle regeneration. Engineering of Biomaterials /
Inzynieria Biomateriatéw, 143, 2017, ss. 49, 7 punktow.

Mdéj wktad w powstanie pracy polegat na udziale w tworzeniu skafolddw grafenowych.
Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K, Chodun
R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles decrease
migration and invasiveness in glioblastoma cell lines by impairing extracellular adhesion.
International Journal of Nanomedicine 12, 2017, ss. 7241-7254, DOI:10.2147/1JN.S146193,
35 punktow, IF(4,37), liczba cytowan: 17.

Modj wktad w powstanie tej pracy polegat na opracowaniu koncepcji przeprowadzanych

badan, opracowaniu  metodyki, przeprowadzeniu doswiadczeri in  vitro,

przeprowadzeniu analiz Western blot i obrazowania fluorescencyjnego, wspdtudziale

w opracowaniu wynikow i wykonaniu analizy statystycznej, przygotowaniu tekstu do

druku.

MGdj udziat w publikacji szacuje na 80%. (praca wchodzgca w sktad osiggniecia

naukowego).

Sawosz E, Grodzik M, Wierzbicki M, Hotowy A, Kutwin M, Jaworski S, Kurantowicz N, Strojny
B. Dylematy nanobiotechnologii. Przeglagd Hodowlany, 5, 2016, ss. 3-5, 6 punktow.

Moj wktad w powstanie tej pracy dotyczyt udziatu w zbieraniu materiatow Zrodtowych

i opracowywania czesci tekstu.

Strojny B, Grodzik M, Sawosz E, Winnicka A, Kurantowicz N, Jaworski S, Kutwin M, Urbarska
K, Hotowy A, Wierzbicki M, Chwalibog A. Diamond nanoparticles modify curcumin activity: in
vitro studies on cancer and normal cells and in ovo studies on chicken embryo model. PLoS
ONE 11, 10, 2016, ss. 1-18, DOI:10.1371/journal.pone.0164637, 40 punktdw, IF(2,806), liczba
cytowan: 17.

Moj wktad w powstanie tej pracy polegat na przeprowadzeniu analizy statystycznej.
Szmidt M, Sawosz E, Urbanska K, Jaworski S, Kutwin M, Hotowy A, Wierzbicki M, Grodzik
M, Lipinska L, Chwalibog A. Toxicity of different forms of graphene in a chicken embryo model.
Environmental Science and Pollution Research 23, 19, 2016, ss.19940-19948,
DO0I:10.1007/s11356-016-7178-z, 30 punktdw, IF(2,741), liczba cytowan: 12.

Mdj wktad w powstanie tej pracy polegat na udziale w przeprowadzeniu badarn in ovo.
Beck |, Hotowy A, Sawosz E, Grodzik M, Wierzbicki M, Kutwin M, Jaworski S, Chwalibog
A. Effect of silver nanoparticles and hydroxyproline, administered in ovo, on the development

of blood vessels and cartilage collagen structure in chicken embryos. Archives of Animal
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33.

34,

35.

36.

Zatacznik 4

Nutrition 69, 1, 2015, ss. 57-68, DOI:10.1080/1745039X.2014.992179, 30 punktdw, IF(1,319),
liczba cytowan: 17.

Moj wktad w powstanie tej pracy polegat na udziale w przeprowadzeniu badarn in ovo.
Grodzik M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Hotowy A, Urbanska K, Kutwin
M, Wtodyga K, Kurantowicz N.Badania genetyczne i personalizacja terapii w leczeniu
glejakéw. Przeglad Hodowlany, 6, 2015, ss. 14-16, 6 punktow.

Modj wktad w powstanie tej pracy dotyczyt udziatu w zbieraniu materiatow Zrodtowych

i udziale w przygotowaniu tekstu do druku.

Jaworski S, Sawosz E, Kutwin M, Wierzbicki M, Hinzmann M, Grodzik M, Winnicka A, Lipiriska
L, Wtodyga K, Chwalibog A.In vitro and in vivo effects of graphene oxide and reduced
graphene oxide on glioblastoma. International Journal of Nanomedicine 10, 2015, ss. 1585-
1596, DOI:10.2147/1IN.S77591, 35 punktdw, IF(4,32), liczba cytowan: 62

MGdj udziat polegat na przygotowaniu zawiesin nanomateriatow oraz przygotowaniu

figur.

Kurantowicz N, Strojny B, Sawosz E, Jaworski S, Kutwin M, Grodzik M, Wierzbicki M, Lipiriska
L, Bakowicz-Mitura K, Chwalibog A. Biodistribution of a high dose of diamond, graphite, and
graphene oxide nanoparticles after multiple intraperitoneal injections in rats. Nanoscale
Research Letters 10, 1, 2015, DOI:10.1186/s11671-015-1107-9, 35 punktéw, IF(2,584), liczba
cytowan: 47.

Mdj wktad w powstanie pracy polegat na przygotowaniu zawiesin nanomateriatow

oraz przeprowadzeniu czesci analiz wizualizacji nanomateriatow w transmisyjnym

mikroskopie elektronowym.
Kurantowicz N, Sawosz E, Jaworski S, Kutwin M, Strojny B, Wierzbicki M, Szeliga J, Hotowy
A, Lipinska L, Kozinski R, Jagietto J, Chwalibog A. Interaction of graphene family materials with
Listeria monocytogenes and Salmonella enterica. Nanoscale Research Letters 10, 1, 2015,
DO0I:10.1186/s11671-015-0749-y, 35 punktow, IF(2,584), liczba cytowan: 51.

Mdj wktad w powstanie pracy polegat na przygotowaniu zawiesin nanomateriatow

oraz przeprowadzeniu analiz potencjatu zeta nanomateriatow.
Mroczek-Sosnowska N, Sawosz E, Vadalasetty K, tukasiewicz M, Niemiec J, Wierzbicki
M, Kutwin M, Jaworski S, Chwalibog A. Nanoparticles of copper stimulate angiogenesis at
systemic and molecular level. International Journal of Molecular Sciences 16, 3, 2015, ss. 4838-
4849, DOI:10.3390/ijms16034838, 30 punktow, IF(3,257), liczba cytowan: 39.

Mdj wktad w powstanie pracy polegat na przeprowadzeniu badan angiogenezy z

wykorzystaniem modelu bfony kosmdéwkowo-omoczniowej zarodka kury.
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37.

38.

39.

Brak

Brak

Zatacznik 4

Sawosz E, Jaworski S, Kutwin M, Vadalasetty K, Grodzik M, Wierzbicki M, Kurantowicz
N, Strojny B, Hotowy A, Lipinska L, Jagietto J, Chwalibog A. Graphene functionalized with
arginine decreases the development of glioblastoma multiforme tumor in a gene-dependent
manner. International Journal of Molecular Sciences 16, 10, 2015, ss.25214-25233,
DO0I:10.3390/ijms161025214, 30 punktdw, IF(3,257), liczba cytowan: 21.

Mdoj wktad w powstanie pracy polegat na wykonaniu czesci hodowli komdrkowych i

badarn toksycznosci.
Strojny B, Kurantowicz N, Sawosz E, Grodzik M, Jaworski S, Kutwin M, Wierzbicki M, Hotowy
A, Lipinska L, Chwalibog A. Long term influence of carbon nanoparticles on health and liver
status in rats. PLoS ONE 10, 12, 2015, DOI:10.1371/journal.pone.0144821, 40
punktéw, IF(3,057), liczba cytowan: 23.

Mdj wktad w powstanie pracy polegat na udziale w badaniach in vivo.
Zakrzewska K, Samluk A, Wierzbicki M, Jaworski S, Kutwin M, Sawosz E, Chwalibog
A, Pijanowska D, Pluta K. Analysis of the cytotoxicity of carbon-based nanoparticles,
diamond and graphite, in human glioblastoma and hepatoma cell lines. PLoS ONE 10, 3,
2015, DOI:10.1371/journal.pone.0122579, 40 punktéw, IF(3,057), liczba cytowan: 34.

Moj wktad w powstanie tej pracy polegat na tworzeniu koncepcji badan,

przeprowadzeniu badan toksycznosci in vitro, wspétudziale w opracowaniu wynikdw i

analizie statystycznej.

MGdj udziat w publikacji szacuje na 15%. (praca wchodzgca w sktad osiggniecia

naukowego).

1.5 Wykaz osiggniec projektowych, konstrukcyjnych, technologicznych

11.6 Wykaz publicznych realizacji dziet artystycznych

11.7. Informacja o wystgpieniach na krajowych lub miedzynarodowych konferencjach naukowych lub
artystycznych, z wyszczegdélnieniem przedstawionych wyktadéw na zaproszenie i wyktadéw
plenarnych.

Przed uzyskaniem stopnia doktora

1.

Wierzbicki M, Sawosz E, Jaworski S, Kutwin M, Kurantowicz N, Strojny B. Carbon Nanoparticles
Affects Migration of Glioblastoma Cell Lines. Young Researchers Symposium 2014, Facing

Environmental Challenges 18-22 Sierpier 2014, RPA. Prezentacja ustna w jezyku angielskim.
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Wierzbicki M. Modele biologiczne w badaniach medycznych, biologicznych i zootechnicznych.
XVIII Warsztaty Zootechniczne 19.11.2014, Warszawa. Prezentacja ustna w jezyku polskim.
Wierzbicki M, Grodzik M, Jaworski S, Kutwin M, Sawosz E. Nanoczastki wegla zwiekszajg
ekspresje kaweoliny-1 komoérek glejaka wielopostaciowego. | Konferencja Mtodych
Naukowcow Warszawa, 24-25.04.2014 Prezentacja ustna w jezyku polskim.

Wierzbicki M, Sawosz E, Grodzik M, Prasek M, Jaworski S, Chwalibog A. Carbon nanoparticles
effect on chicken embryo chorioallantoic membrane caveolae. IX International Conference of
Young Researchers “Physiology and Biochemistry in Animal Nutrition” 16-19.09.2012 w

Szczecinie. Prezentacja ustna w jezyku angielskim.

Po uzyskaniu stopnia doktora

1.

Wierzbicki M. Nanobiotechnology in Anticancer Therapy. “10th International Forum on
Innovative Technologies for Medicine” — ITMED. 2016, Warszawa. Prezentacja ustna w jezyku
angielskim.

Wierzbicki M, Sawosz E, Jaworski S, Kutwin M, Grodzik M, Strojny B, Lipiriska L, Chwalibdg A.
2016. Graphite nanoparticles and graphene oxide decrease angiogenic potential of
glioblastoma cell line U-87 but not U-118. NANOMED Conference, WULS, Warsaw, 7-9
November 2016. Prezentacja ustna w jezyku angielskim

Wierzbicki M. Antyangiogenne wtasciwosci nanoczastek wegla. Sympozjum ,Nanotechnologia
w biologii i medycynie” 22.11.2017 r Instytut Biochemii i Biofizyki PAN. Prezentacja ustna w
jezyku angielskim

Wierzbicki M, Bataban J, Jaworski S,Grodzik M, Strojny B, Sawosz E. "Proangiogenna macierz
zewnatrzkomoérkowa modyfikowana nanoczastkami srebra i tlenkiem grafenu" Ill seminarium
imienia Prof. Aleksandry Sokotowskiej "Grafen" wtasciwosci i zastosowanie" 06-09.12.2018r.
Zakopane. Prezentacja ustna w jezyku polskim.

M. Wierzbicki, E. Sawosz, J. Bataban, M. Sosnowska, J. Szczepaniak, M. Gotebiewski "Carbon
nanoparticles regulates glioma cells extracellular adhesion. 1st Termis-Eu Workshop. 22-23
March 2018. Warsaw. Konferencja miedzynarodowa. Poster w jezyku angielski.

M. Wierzbicki, E. Sawosz, B. Strojny, S. Jaworski, M. Grodzik, M. Kutwin, A. Chwalibog.
Graphene Oxide Nanoplatelets Decrease Glioma Induced Angiogenesis. 1st CA17140

Conference COST15-17.10.2019. Ryga. Prezentacja ustna w jezyku angielskim.

11.8. Informacja o udziale w komitetach organizacyjnych i naukowych konferencji krajowych lub

miedzynarodowych, z podaniem petnionej funkcji.

Przed uzyskaniem stopnia doktora
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Organizacja | Konferencji Mtodych Naukowcéw Biotechnologia w produkcji zwierzecej. 2014.
SGGW w Warszawie.
Organizacja konferencji naukowej Young Researchers Symposium 2014, Facing

Environmental Challenges 18-22 Sierpien 2014, RPA.

Po uzyskaniu stopnia doktora

1.

Organizacja Miedzynarodowej Konferencji Naukowej XLIV Scientific Session Nutrition of
livestock, companion and wild animals, Warsaw University of Life Sciences, Warsaw, 16-17,
2015

Organizacja Miedzynarodowego Sympozjum NanoMED-2016 zorganizowanego w ramach
wspotpracy pomiedzy ,The Nanosmat Society”, Stowarzyszeniem Innowacyjna Polska
Wschodnia” oraz Katedrg Zywienia i Biotechnologii Zwierzat WNoZ w Warszawie. SGGW,
Warszawa, 7-9 listopad 2016

11.9. Informacja o uczestnictwie w pracach zespotéw badawczych realizujgcych projekty finansowane

w drodze konkurséw krajowych lub zagranicznych, z podziatem na projekty zrealizowane i bedace w

toku realizacji, oraz z uwzglednieniem informacji o petnionej funkcji w ramach prac zespotéw.

1.

Projekt NCN Opus 2020/37/B/NZ7/03532: ,Zalezne od mikrosrodowiska zaburzenie
nowotworowych naczyd wiosowatych przez nanoczastki diamentu w leczeniu silnie
unaczynionych nowotwordéw” 2021-2024 r.

Kierownik

Projekt MNiSW na utrzymanie SPUB 8707/E-385/SPUB/2017/1: ,Mikroskop konfokalny
FV1000 z komorg do przyzyciowej obserwacji komorek oraz dynamiki interakcji komoérek z
nanoczgstkami” 2017-2018 r.

Kierownik

Projekt NCN Preludium 2011/03/N/NZ9/04290: ,,Nanoczastki diamentu i grafitu jako czynniki
przeciwnowotworowe — charakterystyka antyzywieniowego mechanizmu dziatania na
modelach in vitro oraz in ovo”. 2011-2015r.

Kierownik

Projekt NCBiR, SZPITALE-JEDNOIMIENNE/23/2020, Grafeno-metaliczny aerosol (MetaGrafen)
jako dtugoterminowy i nietoksyczny $rodek przeciwko koronawirusowi SARS-CoV-.2 Zrédto
finansowania: Narodowe Centrum Badan i Rozwoju. 2020-2021 r.

Wykonawca
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Projekt NCBiR LIDER LIDER/0070/L-7/2015: “Development of the innovative system for the
prevention and treatment of sub-clinical mastitis in dairy cows based on synergism of silver
and copper nanoparticles”. 2017-2019 r.

Wykonawca.

Projekt NCBiR Gutfeed - innowacyjne zywienie w zréwnowazonej produkcji drobiarskiej
Biostrateg 1/267659/7NCBR/2015 koordynator SGGW: prof. dr hab. Ewa Sawosz Chwalibdg
2015-2018r.

Wykonawca

Projekt (MNS-DIAG) POIG 01.03.01-00 014/08: Micro- and nano-systems in chemistry and
biomedical diagnosis. Zrédto finansowania: Program Innowacyjna Gospodarka. 2007-2013.
Wykonawca.

Projekt NCN Opus 2011/03/B/NZ9/03387: Grafen i nanokompleksy grafitu jako modulatory
odzywiania komérki i ekspresji biatka p53 w badaniach na modelu glejaka wielopostaciowego
in vitro i in ovo. Program: Opus. Zrédto finansowania: Narodowe Centrum Nauki. 2012-2015.

Wykonawca.

11.L10 Cztonkostwo w miedzynarodowych lub krajowych organizacjach i towarzystwach naukowych

wraz z informacjg o petnionych funkcjach.

Brak

I.11. Informacja o odbytych stazach w instytucjach naukowych lub artystycznych, w tym

zagranicznych, z podaniem miejsca, terminu, czasu trwania stazu i jego charakteru.

1.

Staz naukowy w Danii, University of Copenhagen, 01.06.2015-01.09.2015. Opiekunowie: prof.
André Chwalibog i prof. Dan Klzerke Projekt: Wptywu nanoczastek diamentu, grafitu, grafenu,

platyny, srebra oraz ztota na kanaty potasowe badane na modelu Xenopus laevis.

11.12.Cztonkostwo w komitetach redakcyjnych i radach naukowych czasopism wraz

z informacja o petnionych funkcjach

1.

Cztonek komitetu redakcyjnego czasopisma MDPI ,International Journal of Molecular
Sciences” IF= 4.556 (“Topic Editor”) 2020 r.

Redaktor wydania specjalnego czasopisma MDPI ,International Journal of Molecular Sciences”
pod tytutem " Antitumor Properties of Nanoparticles" IF= 4.556. (“Guest Editor”) 2020-2021r.
Redaktor wydania specjalnego czasopisma MDPI ,Materials” pod tytutem "The Effect of
Graphene on Cancer" IF=2.467, (“Guest Editor”) 2019-2021 r.
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11.13. Informacja o recenzowanych pracach naukowych lub artystycznych, w szczegélnosci
publikowanych w czasopismach miedzynarodowych.
1. 2020r.—1recenzja artykutu w czasopismie International Journal of Nanomedicine, Dovepress
(IF=5.115)
2. 2019r. -1 recenzja w czasopismie Materials, MDPI (IF=2.467)

Il.14.Informacja o uczestnictwie w programach europejskich lub innych programach
miedzynarodowych.

Brak

I1.15.Informacja o udziale w zespotach badawczych, realizujgcych projekty inne niz
okres$lone w pkt. I1.9.
1. Projekt z konkursu ,,Systemu Wsparcia Finansowego dla Naukowcow i Zespotéw Badawczych,
SGGW” 75000,0 zt, 2020 r. Kierownik projektu.
2. Projekt z konkursu ,,Systemu Wsparcia Finansowego dla Naukowcoéw i Zespotdéw Badawczych,
SGGW ,,105000,0 zt, 2019 r. Kierownik projektu.
3. Kierownik projektu wewnetrznego SGGW: "Proangiogenna modyfikacja macierzy
zewnatrzkomorkowej do celéw biodruku naczyn krwionosnych" 2018 r. Kierownik projektu
4. Kierownik projektu wewnetrznego SGGW: "Mechanizm antyangiogennego dziatania
nanoczastek diamentu. badania na modelu komérek srédbtonka naczyd HUVEC". 2017 r.
Kierownik projektu
5. Kierownik projektu wewnetrznego SGGW: "Endocytoza nanoczastek weglowych jako czynnik
hamujacy potencjat angiogenny - badania na modelu in vitro". 2016 r. Kierownik projektu
6. Kierownik projektu wewnetrznego SGGW: "Nanoczgstki fosforu jako przetacznik molekularny.
badania na modelu angiogenezy komoérek srodbtonka naczyn (HUVEC)". 2015 r. Kierownik

projektu

11.16. Informacja o uczestnictwie w zespotach oceniajacych wnioski o finansowanie badan,

whnioski o przyznanie nagréd naukowych, wnioski w innych konkursach majgcych charakter naukowy
lub dydaktyczny.

Brak
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Informacja o wspoétpracy z otoczeniem spotecznym i gospodarczym

lll.1. Wykaz dorobku technologicznego.

Brak

lll.2. Informacja o wspoétpracy z sektorem gospodarczym.

1.

2020r. — wspotpraca ze szpitalem MSWIA dotyczaca badania toksycznosci nanoczastek na
nowotwory trzustki oraz realizacja projektu Projekt NCBiR, SZPITALE-
JEDNOIMIENNE/23/2020, Grafeno-metaliczny aerosol (MetaGrafen) jako dtugoterminowy i
nietoksyczny srodek przeciwko koronawirusowi SARS-CoV-2. 2020-2021
2012-2020 r. — Wspotpraca z firmami Nano-Tech Polska" sp. z 0.0. sp. k. oraz Nano-Koloid Sp.
z 0.0. w zakresie badan biozgodnosci nanoczastek produkowanych przez firmy.
2018 - 2019 r. — Wspotpraca z Wojskowym Instytutem Medycznym oraz firmg Braster S.A. w
ramach badan dotyczacych opracowania aktywnych opatrunkéw zawierajgcych nanoczastki
2015 — 2018 r. Wspotpraca z firmg Wytwodrnia Pasz PIAST PASZE Sp. z 0.0. w ramach projektu
NCBiR Gutfeed - innowacyjne zywienie w zrownowazonej produkcji drobiarskiej Biostrateg
1/267659/7NCBR/2015 2015-2018 r
2013 -2014 r. Wspdtpraca z firmami jako Wydziatowy koordynator ds. wspdtpracy z
przedsiebiorcami w ramach projektu ,Podnoszenie jakosci zarzadzania zasobami SGGW”
finansowanego z Europejskiego Funduszu Spotecznego w ramach Programu Operacyjnego
Kapitat Ludzki 2007-2013, priorytet IV Szkolnictwo wyzsze i nauka, dziatanie 4.1: Wzmocnienie
i rozwéj potencjatu dydaktycznego uczelni oraz zwiekszenie liczby absolwentéw kierunkéw o
kluczowym znaczeniu dla gospodarki opartej na wiedzy, poddziatanie 4.1.1 Wzmocnienie
potencjatu dydaktycznego uczelni. Przygotowanie katalogu kluczowych pracodawcéw dla
kierunkéw studidéw Zootechnika, Hodowla i Ochrona Zwierzat Towarzyszacych i Dzikich,
Bioinzynieria Zwierzat w ramach projektu ,Podnoszenie jakosci zarzgdzania zasobami SGGW”
Warszawa 2014 r. Koordynacja podpisania formalnego porozumienia o wspétpracy Wydziatu
Nauk o Zwierzetach SGGW oraz firm i instytucji:

e KAWA.SKA.Sp.zo.o.

e ,Gallus” Zwigzek Hodowcéw Drobiu Rasowego w Polsce

e Miejski Ogrdd Zoologiczny w Ptocku

e Towarzystwo Przyrodnicze ,Bocian”

e Instytut Parazytologii im. Witolda Stefarskiego PAN w Warszawie

e Miejski Ogrdd Zoologiczny w Warszawie
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lll.3. Uzyskane prawa wtasnosci przemystowej, w tym uzyskane patenty, krajowe lub

miedzynarodowe.

Przed uzyskaniem stopnia doktora

Brak

Po uzyskaniu stopnia doktora

Patenty
1.

Patent US 10,471,095 B2. Suspension of graphene oxide nanoflakes in water, its use and a method
of preparation thereof. Ewa Sawosz Chwalibég, Marta Kutwin, Stawomir Jaworski, Mateusz
Wierzbicki, Marta Grodzik, Anna Hotowy, Ludwika Lipiriska, Joanna Jagietto 12.11.2019

Mdj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji oraz przygotowaniu dokumentacji.

Patent UPRP P 407166 Ewa Sawosz, Marta Kutwin, Stawomir Jaworski, Mateusz Wierzbicki, Marta
Grodzik, Anna Hotowy, Ludwika Lipinska, Joanna Jagietto. Zawiesina wodna nanoptatkéw tlenku
grafenu dekorowanych nanoczgstkami metalicznej platyny, jej zastosowanie i sposob jej
wytwarzania, 5.09.2017.

Moj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji oraz przygotowaniu dokumentacji.

Patent UPRP P.415237. Urzadzenie do higieny wymienia i strzykéw zwierzat. Gotebiewski M,
Wojcik A, Wierzbicki M. 31.08.2018r.
Moj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji.

Patent UPRP P.415181 Urzadzenie do kapieli wymienia i strzykdw zwierzat. Gotebiewski M, Wajcik
A, Wierzbicki M. 31.08.2018r.
Moj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji.

Patent UPRP P.415178. Sciereczka jednorazowego uzytku do higieny przedudojowej gruczotu
mlekowego zwierzat. Gotebiewski M, Wéjcik A, Wierzbicki M. 30.11.2018 r.
Moj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji.
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10.

Patent UPRP P-415244. Zastosowanie preparatu do higieny
Gotebiewski M, Wojcik A, Wierzbicki M. 30.11.2018 r.
Mdj wktad w powstanie tego patentu polegat na

pozwalajgcych za opracowanie koncepcji.

Patent UPRP P-415243. Zastosowanie preparatu do higieny
Gotebiewski M, Wojcik A, Wierzbicki M. 30.11.2018 r.
Mdj wktad w powstanie tego patentu polegat na

pozwalajgcych za opracowanie koncepcji.

Patent UPRP P-415238. Zastosowanie preparatu do higieny
Gotebiewski M, Wojcik A, Wierzbicki M. 30.11.2018 r.
Mdj wktad w powstanie tego patentu polegat na

pozwalajgcych za opracowanie koncepcji.

Patent UPRP P-415241. Zastosowanie preparatu do higieny
Gotebiewski M, Wajcik A, Wierzbicki M. 30.11.2018 r.
Mdj wktad w powstanie tego patentu polegat na

pozwalajgcych za opracowanie koncepcji.
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wymienia i strzykow zwierzat.

przeprowadzeniu czesci badan

wymienia i strzykéw zwierzat.

przeprowadzeniu czesci badan

wymienia i strzykéw zwierzat.

przeprowadzeniu czesci badan

wymienia i strzykow zwierzat.

przeprowadzeniu czesci badan

Patent UPRP P-415242. Preparat do zastosowania w profilaktyce i leczeniu zakazen gruczotu

mlekowego u zwierzat. Gotebiewski M, Wajcik A, Wierzbicki M. 30.11.2018r.

Mdj wktad w powstanie tego patentu polegat na

pozwalajgcych za opracowanie koncepcji.

Zgtoszenia patentowe

1.

przeprowadzeniu czesci badan

Zgtoszenie patentowe UPRP P.430970. Medium do hodowli komérek miesniowych oraz

zastosowanie ekstraktu z zarodka kury. Ewa Sawosz Chwalibdg, Jasmina Bataban, Anna hotowy,

Malwina Sosnowska, Marta Grodzik, Jarostaw Szczepaniak, Mateusz Wierzbicki, Marta Kutwin,

Stawomir Jaworski, Andrzej Chwalibdg, Barbara Strojny-Cieslak, Marlena Zielinska. 27.08.2019.

Mdj wktad w powstanie tego patentu polegat na

przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji oraz przygotowaniu dokumentacji.

Zgtoszenie patentowe UPRP P. 426145. Dodatek mineralny do paszy, sposéb wytworzenia dodatku

do paszy oraz zastosowanie. . Twércy: Monika tukasiewicz, Ewa Sawosz-Chwalibdg, Jan Niemiec,
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Andrzej Chwalibdg, Andrzej tozicki, Arkadiusz Matuszewski, Mateusz Wierzbicki, Stawomir
Jaworski, Damian Jézefiak, Jan Jankowski, Ewa Koczywas. 29.06.2018
Moj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan

pozwalajgcych za opracowanie koncepcji

3. Zgtoszenie patentowe UPRP P. 423414 Sposéb wielostronnej oceny biozgodnosci materiatéw. Ewa
Sawosz, Marta Kutwin, Stawomir Jaworski, Mateusz Wierzbicki, Marta Grodzik, Anna Hotowy,
Barbara Strojny, Natalia Kurantowicz, Bogumita Urbanowska, Malwina Sosnowska. 10.11.17.

M0dj wktad w powstanie tego patentu polegat na przeprowadzeniu czesci badan pozwalajgcych za

opracowanie koncepcji

lll.4. Informacja o wdrozonych technologiach.

Brak

lll.5. Informacja o wykonanych ekspertyzach lub innych opracowaniach wykonanych
na zamoéwienie instytucji publicznych lub przedsiebiorcéw.

Brak

lll.6. Informacja o udziale w zespotach eksperckich lub konkursowych.

Brak

lll.7. Informacja o projektach artystycznych realizowanych ze srodowiskami
pozaartystycznymi.

Brak

IV. INFORMACJE NAUKOMETRYCZNE
IV.1. Informacja o punktacji Impact Factor

Sumaryczny IF: 147,135

IV.2. Informacja o liczbie cytowan publikacji wnioskodawcy, z oddzielnym uwzglednieniem
autocytowan.

Liczba cytowan — 875

Liczba cytowan bez autocytowan — 724

Stan na dzien 27.11.2020 wedtug Web of Science
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IV.3. Informacja o posiadanym indeksie Hirscha.

17 (stan na dziert 27.11.2020) wedtug Web of Science

IV.4. Informacja o liczbie punktéw MNiSW
Sumaryczna liczba punktéw MNiSW: 2800

25

Zatacznik 4

/\'{jé&ﬁz L/.'U'»/Z;A



26

Zatgcznik 4



Zatacznik 5

PUBLIKACJE WCHODZACE W SKtAD OSIAGNIECIA

dr Mateusz Wierzbicki

Katedra Nanobiotechnologii

Instytut Biologii

Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

Warszawa, 2020



Zatgcznik 5



@ PLOS | one

CrossMark

dlick for updates

G OPEN ACCESS

Citation: Zakrzewska KE, Samluk A, Wierzbicki M,
Jaworski S, Kutwin M, Sawosz E, et al. (2015)
Analysis of the Cytotoxicity of Carbon-Based
Nanoparticles, Diamond and Graphite, in Human
Glioblastoma and Hepatoma Cell Lines. PLoS ONE
10(3): €0122579. doi:10.1371/journal.pone.0122579

Academic Editor: Gianfranco Pintus, University of
Sassari, ITALY

Received: August 28, 2014
Accepted: February 17, 2015
Published: March 27, 2015

Copyright: © 2015 Zakrzewska et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: Funding provided by National Science
Centre Poland NCN 2011/03/N/NZ9/04290, http:/
www.ncn.gov.pl MW; European Regional
Development Found within the POIG Programme:
MNS-DIAG “Micro- and Nano- Systems for Chemistry
and Biomedical Diagnostics” (POIG.01.03.01-00-014/
08-02), www.projekty.poig.gov.pl DGP. The funders
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Analysis of the Cytotoxicity of Carbon-Based
Nanoparticles, Diamond and Graphite, in
Human Glioblastoma and Hepatoma

Cell Lines

Karolina Ewa Zakrzewska'®, Anna Samluk'®, Mateusz WierzbickiZ, Stawomir Jaworski>,
Marta Kutwin?, Ewa Sawosz?, André Chwalibog®, Dorota Genowefa Pijanowska’,
Krzysztof Dariusz Pluta’ *

1 Department of Hybrid Microbiosystem Engineering, Nalecz Institute of Biocybernetics and Biomedical
Engineering PAS, Warsaw, Poland, 2 Division of Nanobiotechnology, Faculty of Animal Science, Warsaw
University of Life Sciences, Warsaw, Poland, 3 Department of Veterinary Clinical and Animal Sciences,
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark

@ These authors contributed equally to this work.
* kpluta@ibib.waw.pl

Abstract

Nanoparticles have attracted a great deal of attention as carriers for drug delivery to cancer
cells. However, reports on their potential cytotoxicity raise questions of their safety and this
matter needs attentive consideration. In this paper, for the first time, the cytotoxic effects of
two carbon based nanoparticles, diamond and graphite, on glioblastoma and hepatoma
cells were compared. First, we confirmed previous results that diamond nanoparticles are
practically nontoxic. Second, graphite nanoparticles exhibited a negative impact on glio-
blastoma, but not on hepatoma cells. The studied carbon nanoparticles could be a potential-
ly useful tool for therapeutics delivery to the brain tissue with minimal side effects on the
hepatocytes. Furthermore, we showed the influence of the nanoparticles on the stable, fluo-
rescently labeled tumor cell lines and concluded that the labeled cells are suitable for drug
cytotoxicity tests.

Introduction

The characteristic features of nanoparticles (NPs), namely their small size (at least one dimen-
sion that measures 100 nanometers or less), high surface area per mass unit and dominating
surface properties, provide potential for their application in biomedicine. Carbon NPs are most
often used in applications such as drug delivery, bioengineering, biosensors or bioimaging [1].
Despite the similar composition of various carbon NPs, they have distinct physical and biologi-
cal properties depending on their structure [2]. Diamond NPs (nanodiamond, ND) are charac-
terized by low toxicity and high biocompatibility to a variety of cell types. ND produces low
level of reactive oxygen species (ROS), does not stimulate macrophages to produce
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inflammatory cytokines and does not affect the morphology of cells at concentrations ranging
from 1 to 100 pg/mL [3]. In contrast, the biological activity of graphite NPs (nanographite,
NG) is poorly understood. There are only a few published reports on this subject, suggesting
that NG is capable of inducing apoptosis and cell death or inflammatory responses in rats [4],
or could inhibit angiogenesis [5]. Despite the similarity, in terms of having a crystalline form
and nanoscale size, ND and NG have different C-atoms hybridization (sp> and sp>, respective-
ly) and, thus, exhibit distinct physical and electrochemical properties. This could explain their
differential effects exerted on human cells.

According to the World Health Organization cancers are among the leading causes of death
throughout the world, and liver cancer is the second most frequent cause of cancer-related
death [6]. Hepatocellular carcinoma (HCC) is a primary malignancy of the liver. HCC cells
produce proteins at high levels and, thus, they are characterized by high oxygen and glucose
consumption [7]. Prognosis for this type of cancer is very poor, because the survival rate of pa-
tients with HCC has not been improved significantly in the last two decades [8,9]. The only ef-
fective treatment for HCC is surgery (partial resection or transplantation), but only a small
percentage of patients are candidates for this procedure, owing to complications associated
with the tumor metastasis. Conventional therapy based on chemo- and radiotherapy is toxic to
hepatocytes [10]. Glioblastoma multiforme (GBM) is the most common and most aggressive
malignant brain tumor. GBM cells are characterized by low mitochondrial respiration, in-
creased glycolysis for ATP generation and hypoxia preference [11]. They are resistant to the
traditional therapy and, additionally, the blood-brain barrier limits the penetration of drugs to
the tumor site. New strategies developed for cancer treatment are based on substances causing
programmed cell death. However, targeted chemotherapeutic agents also have an impact on
healthy cells [12,13]. Owing to the problems caused by the blood-brain barrier and to the diffi-
cult access to glioblastoma growing along the vasculature and nerves, studies are focusing on
targeted therapy, which should not be toxic to the other cells, especially hepatocytes. One of
the most promising methods is the use of NPs as carriers for anti-tumor agents.

The aim of this study was to evaluate the potential toxicity of ND and NG in glioblastoma
(U87) and hepatoma (C3A) cells. Fluorescent labeling has been widely used in many biological
applications, such as in the detection of cellular components (e.g. mitochondria), visualization
of protein-protein interactions or in vivo cell tracking. Therefore, for the purpose of these ex-
periments, EGFP (enhanced green fluorescent protein)-expressing U87 and C3A cells generat-
ed according to a method described elsewhere [14], were used. The experiments with the stable
fluorescent cell lines (U87-EGFP and C3A-EGFP) were performed in order to compare the
performance of the nontransduced and transduced cells as preliminary studies for future in
vivo experiments. EGFP-labeling could potentially be toxic to human cells [15], but our data
did not confirm this hypothesis because of the following results: unchanged albumin produc-
tion and viability of the C3A-EGFP cells [16].

Materials and Methods
Ethics statement

The Ministry of Environment of the Republic of Poland has granted our Laboratory the ap-
proval for research on human cell lines modified by lentiviral vectors for use in closed systems
(Decision No. 30/2011).

Nanoparticles

Carbon-based NPs, ND (explosion synthesized; specific surface area: ~282 m?*/g; purity: >95%)
and NG (explosion synthesized; specific surface area: 540-650 m?/g; purity: >93%), were
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Fig 1. Transmission electron microscopy images of nanoparticles. Images of (A) diamond (ND) and (B) graphite (NG) nanoparticles. Scale bar: 100 nm.

doi:10.1371/journal.pone.0122579.9001

obtained from Sky Spring Nanomaterials Inc. (Huston, USA). ND and NG powders were dis-
persed in ultrapure water by sonication to prepare 1.0 mg/mL solutions. Afterwards, the solu-
tions were diluted to different concentrations with cell culture medium immediately prior to cell
exposure. The dispersion, shape and size of the NPs were examined using a transmission elec-
tron microscope (TEM, JEM-2000EX) at an accelerating voltage of 80 kV (JEOL, Tokyo, Japan).
Representative TEM images of ND and NG, taken in aqueous solutions at a concentration of 1.0
mg/mL, are presented in Fig 1. As can be seen, NG, but not ND, formed tightly aggregated clus-
ters. The typical diameter of both ND and NG spherical particles ranged from 2-6 nm. The zeta
potentials and polydispersity index (PDI) of NPs were measured in colloidal solutions at con-
centration of 50 ug/mL by the laser dynamic scattering-electrophoretic method, using a Zetasi-
zer Nano ZS, model ZEN3500 (Malvern Instruments, UK). Each sample was measured
following stabilization for 120 s at 25°C. The zeta potential measurements were conducted using
the Smoluchowski approximation. Observed zeta potentials for ND and NG were —35.6 mV
and 31.4 mV, respectively. PDI values for ND and NG were 0.29 and 0.41, respectively.

Cell cultures

Human glioblastoma U87 (ATCC No. HTB-14) and hepatoma C3A (ATCC No. CRL-10741)
cell lines, as well as their fluorescently labeled derivatives, were cultured under standard condi-
tions at 37°C in a humidified atmosphere of 5% CO,/95% air in an AutoFlow NU-4750E
Water Jacket CO, Incubator (NuAire, Plymouth, MN, USA). U87 cells were cultured in low
glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), whereas C3A cells were grown in high glucose DMEM supplemented with 10%
FBS and 1% nonessential amino acids.

In order to generate labeled cell lines, both U87 and C3A cells were transduced with lentiviral
vectors that enabled the stable expression of the EGFP fluorescent marker. A full description of
this genetic modification has been published elsewhere [14]. The resulting fluorescent cell lines
(transduced cells): U87-EGFP and C3A-EGFP, displayed strong and uniform fluorescence emis-
sions in a high percentage of cells, that is 90-95% as judged by flow cytometry (fluorescence-ac-
tivated cell sorting, FACS) using a FACSCanto II instrument (BD, Warsaw, Poland).

Cell morphology

U87 and U87-EGFP cells were plated in 96-well microplates (1x10* cells per well) and incubat-
ed for 18 h. C3A and C3A-EGFP cells were plated in 96-well microplates (3x10* cells per well)
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and incubated for 24 h. The numbers of cells that allowed optimum growth over the entire in-
cubation period were determined for every cell line in the pilot experiments. All cells were sub-
sequently incubated with ND and NG at concentrations of 20, 50 and 100 pg/mL. Cells
cultured in medium without the addition of any NPs were used as a control. Images showing
the cell morphology were captured using an inverted fluorescence microscope (Olympus IX71)
and analyzed with CellP software (Olympus, Warsaw, Poland) 2 and 24 h after exposure.

Cell viability

Cell viability (Icy) was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide reagent (MTT test). U87, U87-EGFP, C3A and C3A-EGEFP cells were plated in
96-well microplates (1x10* per well for glioblastoma cells and 3x10* for hepatoma cells) and
incubated for 18 or 24 h, respectively. Next, both types of cells were incubated for 2 or 24 h
with ND and NG at concentrations of 20, 50 and 100 pg/mL. After removing the medium, the
cells were incubated with 50 pL of the MTT solution at 37°C for 3 h. Next, the optical density
(OD) of each well was recorded at 570 nm with a microplate reader (Synergy HT) and analyzed
using KC-4 software (BioTek, Winooski, VT, USA). The I¢y values were expressed as ratios of
the relative optical density for the tested samples (OD;.—ODj,,i) to relative optical density
for the control sample (OD 1701 —“ODpianr), both relative values were calculated versus the opti-
cal density for blank, Equation (1):

Icv = (OD - ODhlank)/(ODcontrul - ODblank) (1)

where OD,., is the optical density of cells exposed to ND or NG, OD.,.,,.,1 is the optical density
of the control sample and OD,,, is the optical density of the wells without glioblastoma or
hepatoma cells.

test

Cytotoxicity

The cells status, expressed as Cell Index (CI) corresponding to cell number, the morphology
and their adherence, was monitored using a real-time xCELLigence RTCA SP cell analyzer
(ACEA Biosciences, Inc., San Diego, CA, USA) based on an electronic cell sensor, which mea-
sures changes in the electrical properties of cell—growth surface interactions. U87, U87-EGEFP,
C3A and C3A-EGFP cells were plated in an RTCA SP 96-well microplate (1x10* U87 cells per
well and 3x10* C3A cells per well) and left at room temperature for 30 min to allow cell attach-
ment. Then, the plates were transferred into the RTCA SP instrument and incubated for 5
(U87 and U87-EGFP) or 18 h (C3A and C3A-EGFP). The cell numbers that allowed optimum
growth over the entire incubation period were determined for every cell line in the pilot experi-
ments. Next, both types of cells were incubated in culture medium containing ND and NG at
concentrations of 20, 50 and 100 pg/mL. Cells cultured in a medium without the addition of
ND and NG were used as a control. The background CI measured in the medium containing
only NPs was at level 0. The CI was monitored for 2 h with a sampling time of 1 min. RTCA
software (ACEA) was used for data acquisition and analysis.

Cell proliferation

Cell proliferation was evaluated using a Cell Proliferation ELISA BrdU kit (Roche Diagnostics
GmbH, Germany). U87, U87-EGFP, C3A and C3A-EGFP cells were plated in a 96-well micro-
plate (5x10° U87 cells per well and 3x10* C3A cells per well) and incubated for 24 h. Then, the
medijum was removed and the cells were incubated with ND and NG at concentrations of 20,
50 and 100 pug/mL. A BrdU reagent was added to each well and incubated for a further 4 h. Fur-
ther steps were performed according to the Roche Diagnostics protocol. The absorbance was
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@ PLOS | one

Cytotoxicity of Carbon-Based Nanoparticles

measured at 450 nm using a microplate reader (Infinite M200, Tecan, Durham, NC, USA).

Cell proliferation (Icp) was expressed as a ratio of relative optical density for tested samples
(ODes—ODpj1) to relative optical density for the control sample (ODy;1ro1~ODpjank)» both
relative values were calculated versus the optical density for the blank, Equation (2):

Iy = (OD - ODblank)/(OD ODbIank) (2)

test control

Albumin production

The concentration of human serum albumin secreted by the C3A and C3A-EGFP cells was
measured using a sandwich enzyme-linked immunosorbent assay (ELISA) with a quantitation
kit (Bethyl Laboratories, Inc., Montgomery, TX, USA) and a microplate reader (Synergy HT,
BioTek). C3A and C3A-EGFP cells were plated in 96-well plates (3x10* cells per well) and in-
cubated for 24 h. Then, the cells were further incubated for 24 h with ND and NG at concentra-
tions of 20, 50 and 100 pg/mL. Cells cultured in a medium without the addition of ND and NG
were used as a control. The amount of albumin was expressed in nanograms per 1x10* C3A
and C3A-EGFP cells.

Statistical analysis

Data were analyzed using one-way or two-way analysis of variance (ANOVA) with Stat-
graphics Plus 4.1 (StatPoint Technologies, Warrenton, VA, USA). A P-value that was lower
than 0.05 was considered to be statistically significant. The differences between the groups
were analyzed using Duncan’s multiple range test. The results are presented as the mean values
with the standard errors for each variable.

Results
Analysis of cell morphology

The morphology of the tumor cell lines was analyzed using an inverted fluorescence micro-
scope 2 and 24 h after exposure to ND and NG. Regardless of the incubation time, we did not
observe any differences in cell morphology compared to the nontreated cells. The NPs ap-
peared on the bright field microphotographs as black dots, aggregated inside the cells or on the
cells surface (Fig 2).

Comparison of cell viability

The viability of the tested tumor cell lines was evaluated using the MTT assay. The glioblasto-
ma cells treated for 2 h with NG at all concentrations showed significantly lowered metabolic
activity, by 28.3 £ 5.9% for U87 and 19.3 + 6.4% for U87-EGFP when compared to the control
(Fig 3A). A significantly decreased cell viability, by 32.5 + 9.1% for U87 and 34.4 + 7.8% for
U87-EGFP, was also noticeable after 24 h of exposure to the NG-containing medium (Fig 3C).

For the hepatoma cell line, we did not observe any significant differences in metabolic activ-
ity after either 2 or 24 h of exposure, despite the small decrease by 4.7 £+ 1.5% in C3A-EGFP
after 2 h exposure to NG at a concentration of 20 pg/mL (Fig 3B; Fig 3D). Analysis of the effect
of different ND concentrations on the studied tumor cell lines, U87 and C3A, did not show any
negative impact on the cell viability after exposure for 2 or 24 h (Fig 3).

To exclude a possible negative impact of fluorescent protein expression on the metabolic ac-
tivity in the transduced cells, one-way ANOVA using Duncan’s test, was performed for the
control groups (nontreated cells) at two time points (2 and 24 h). We did not observe any
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Fig 2. Glioblastoma and hepatoma cells morphology. U87, U87-EGFP, C3A and C3A-EGFP cells
morphology after 2 h exposure to medium containing nanoparticles at the highest concentration: graphite
100 pg/mL (NG 100) and diamond 100 pg/mL (ND 100), nontreated cells were used as a control (Control).
Analysis of the cells morphology was performed using an inverted fluorescence microscope. Images of the
labeled cells, U87-EGFP and C3A-EGFP, were captured using a green fluorescence filter. Scale bar:

200 um.

doi:10.1371/journal.pone.0122579.9002
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Fig 3. MTT test analysis. U87, U87-EGFP, C3A and C3A-EGFP cells metabolic analysis was performed after 2 and 24 h of exposure to the culture medium
containing nanoparticles at different concentrations: diamond 20 pg/mL (ND 20), 50 pg/mL (ND 50) and 100 pg/mL (ND 100), and graphite 20 pg/mL (NG
20), 50 pg/mL (NG 50) and 100 pug/mL (NG 100); nontreated cells were used as a control (Control). Metabolic activity of cells, expressed as /¢y, after 2 h of
exposure to the culture medium with the above-mentioned different concentrations of diamond and graphite nanoparticles: U87 and U87-EGFP (A), and C3A
and C3A-EGFP (B); and after 24 h of exposure to the culture medium with above-mentioned different concentrations of diamond and graphite nanoparticles:
U87 and U87-EGFP (C), and C3A and C3A-EGFP (D). Data analysis was carried out by two-way ANOVA and the differences between the groups were
tested by Duncan’s test. Data were averaged from three replicates (n = 3); P < 0.05. No significant interaction (nanoparticles with transduction)

was observed.

doi:10.1371/journal.pone.0122579.9003

statistically significant differences between the genetically modified and unlabeled cells (P>0.994
for glioblastoma cells and P>0.985 for hepatoma cells). To determine the potential impact of
fluorescent protein production on the cells, a series of experiments was performed. In general, no
significant alterations in cell morphology or physiology were observed (compare Figs 2-6).

Cytotoxicity

Cytotoxicity of the graphite nanoparticles. Among the four groups of cells tested, only
unlabeled U87 showed a significant CI decrease (by 22.3%) after 2 h of exposure to a medium
containing NG at a concentration of 100 ug/mL (Fig 4A; dark blue line). Interestingly, when
the hepatoma cells were incubated in the culture medium with the highest concentration of
NG we observed a CI increase for both C3A and C3A-EGFP cells after 1 h (8 and 12%, respec-
tively) and 2 h of exposure (24 and 28%, respectively) with respect to the CI values measured
before the addition of NG (Fig 4A; Fig 4B; dark red and dark green lines, respectively).

Cytotoxicity of the diamond nanoparticles. Data from our experiments showed that ND
had a broader spectrum of activity, yet it had lower cytotoxicity in the U87 cells compared to
NG. After 1 h of exposure, we observed a statistically significant, approximate 10% decrease in
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Fig 4. Glioblastoma and hepatoma cells status (Cl). U87, U87-EGFP, C3A and C3A-EGFP CI monitored by a real-time cell analyzer (RTCA) after 1 and 2
h of exposure to the culture medium containing graphite and diamond nanoparticles at different concentrations: diamond 20 ug/mL (ND 20), 50 pg/mL (ND
50) and 100 pug/mL (ND 100), and graphite 20 pg/mL (NG 20), 50 ug/mL (NG 50) and 100 pg/mL (NG 100); nontreated cells were used as a control (NT). (A)
U87 (blue lines) and C3A cells (red lines) treated with graphite (NG) after 1 h (vertical blue marker line) and 2 h (vertical red marker line) and control (vertical
green marker line); (B) U87-EGFP cells (violet lines) and C3A-EGFP cells (green lines) treated with graphite after 1 h (vertical blue marker line) and 2 h
(vertical red marker line) and control (vertical green marker line); (C) U87 (blue lines) and C3A cells (red lines) treated with diamond (ND) after 1 h (vertical
blue marker line) and 2 h (vertical red marker line) and control (vertical green marker line); (D) U87-EGFP cells (violet lines) and C3A-EGFP cells (green
lines) treated with diamond (ND) after 1 h (vertical blue marker line) and 2 h (vertical red marker line) and control (vertical green marker line). Data analysis
was carried out by two-way ANOVA and the differences between the groups were tested by Duncan’s test. Data were averaged from three replicates (n = 3);
P< 0.05. No significant interaction (nanoparticles with transduction) was observed.

doi:10.1371/journal.pone.0122579.9g004

CI for U87 at 50 pg/mL and 100 pg/mL, and a 7.3% decrease at the highest concentration for
U87-EGFP cells (Fig 4C; Fig 4D; blue/dark blue and dark violet lines, respectively). When the
same cells were treated with medium containing ND for 2 h, a cytotoxic effect was only ob-
served in nontransduced U87 cells (Fig 4C; blue and dark blue lines).

1 BrdU incorporation y BrdU incorporation
cP
2,0 2,0 ¢
c c c
15 15 b I
® =Us7 ” @ a =C3A
g = U87-EGFP g [ I I C3A-EGFP
2 1.0 R b g 1.0 . l
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® ®
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A Control ND20 ND50 ND100 NG20 NG50 NG100 B Control ND20 ND50 ND100 NG20 NG50 NG 100

Fig 5. BrdU incorporation test. U87, U87-EGFP, C3A and C3A-EGFP cells proliferation (expressed as Icp) analysis was performed 24 h after treatment
with the culture medium containing nanoparticles at different concentrations: diamond 20 ug/mL (ND 20), 50 pg/mL (ND 50) and 100 pug/mL (ND 100), and
graphite 20 pg/mL (NG 20), 50 pg/mL (NG 50) and 100 pg/mL (NG 100); nontreated cells were used as a control (Control). (A) U87 and U87-EGFP cells and
(B) C3A and C3A-EGFP cells after 24 h of exposure to the medium with different concentrations of diamond and graphite nanoparticles. Data analysis was
carried out by two-way ANOVA and the differences between the groups were tested by Duncan’s test. Data were averaged from three replicates (n = 3);

P< 0.05. We observed significant interactions (nanoparticles with transduction) in glioblastoma cells (P = 0.0001).

doi:10.1371/journal.pone.0122579.9g005
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Fig 6. Human serum albumin concentration in culture medium. Albumin secreted by the C3A and C3A-EGFP cells treated for 24 h with the culture
medium containing nanoparticles at different concentrations measured by ELISA test: diamond 20 pg/mL (ND 20), 50 pg/mL (ND 50) and 100 pg/mL (ND
100), and graphite 20 pg/mL (NG 20), 50 pg/mL (NG 50) and 100 pg/mL (NG 100). Albumin secretion by cells after 24 h exposure to the medium with different
concentrations of diamond and graphite nanoparticles: (A) C3A cells and (B) C3A-EGFP cells. Nontreated cells were used as a control (Control). Data were
analyzed using a two-way ANOVA with the Duncan’s test. Data were averaged from three replicates (n = 3); P < 0.05. No significant interaction
(nanoparticles with transduction) was observed.

doi:10.1371/journal.pone.0122579.9006

The impact of ND on the CI of the hepatoma cells was similar to that observed for NG. The
Cl increased for C3A and C3A-EGFP after 1 h of exposure to all culture medium containing
ND at different concentrations (Fig 4C; Fig 4D; all red and all green lines, respectively). More-
over, when C3A and C3A-EGFP cells were treated with ND for 2 h, a significant growth in the
CI was observed at all concentrations. On the other hand, the largest increase, by about 24%
for C3A and 32% for C3A-EGFP, was noticed at the highest concentration of ND (Fig 4C; Fig
4D; dark red and dark green lines, respectively).

Cell proliferation

The proliferative potential of the studied tumor cell lines was evaluated using the BrdU incor-
poration test. Glioblastoma cells, both unlabeled and EGFP-positive, treated for 24 h with the
culture medium containing NG at concentrations 50 and 100 ug/mL showed significantly re-
tarded cell proliferation, expressed as Ip, when compared to the control, by about 38% on av-
erage (Fig 5A). For the hepatoma cell lines, we observed a significant increase in Icp after 24 h
of exposure to ND at a concentration of 50 pg/mL and to medium containing NG at all concen-
trations, when compared to the control, by about 31% on average (Fig 5B). Based on a one-way
ANOVA with the Duncan’s test, no statistically significant differences between transduced and
nontransduced cells, of both U87 and C3A, were observed.

Comparison of human serum albumin secretion

To test the liver cell function specifically, the amounts of albumin secreted by C3A and
C3A-EGEFP cells treated for 24 h with the culture medium containing ND or NG at different
concentrations (20, 50 and 100 ug/mL) were determined by the ELISA test. Data showed that,
when compared to the control (nontreated cells), the presence of NPs in culture medium sig-
nificantly lowered the synthesis of the protein in both types of the human hepatoma cells

(n =3; P<0.05) (Fig 6A; Fig 6B). The cells treated with ND secreted, on average, about 34 and
17% less albumin for C3A and C3A-EGFP, respectively. In the case in which hepatoma cells
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were exposed to NG, albumin secretion was lower by the same values in C3A and C3A-EGFP
cells when compared to the control.

Discussion

In this study, for the first time, the potential toxicity of ND and NG in nontransduced and
EGFP-expressing glioblastoma and hepatoma cells was evaluated. Earlier reports have shown a
constant improvement in the biosafety of the nanoparticles [17,18]. It has also been demon-
strated that ND is practically nontoxic to many type of cells, such as human cervical cancer cell
line (HeLa), mouse pre-adipocyte (3T3-L1) and osteoprogenitor cell line (489-2) [19], as well
as human red blood cells [20] and neuroblastoma cells [3]. Thus, ND could potentially be the
part of a drug-delivery system. Herein, we confirmed these observations. In contrast, despite
the similar composition of NG and ND, NG is in fact toxic to glioblastoma cells at concentra-
tions ranging from 20 to 100 ug/mL. Interestingly, neither ND nor NG affected the morpholo-
gy or viability of hepatoma cells. It is an interesting result in terms of using C3A cells as a
model of human liver cells in this study. The drug delivery vehicles must be characterized by
high biocompatibility and low risk of liver tissue damage. Hepatocytes in the liver, owing to
their biotransformation properties, should not be exposed to any toxic xenobiotics. Moreover,
we did not observe any significant differences between the performance of both nontransduced
and EGFP-expressing U87 and C3A cell lines. Our results support the idea that stable fluores-
cent cell lines can be employed in cytotoxicity tests as well as their

nontransduced counterparts.

We did not observe any significant differences in morphology of U87 or C3A cells after 2
and 24 h of culturing in a medium with NG and ND. The NPs formed aggregates inside or out-
side the cells, but did not affect their structure. The mechanism of NPs internalization by cells
is not completely understood. The main features affecting this process are as follow: NPs size,
charge, shape and type of both NPs and cells [21-24]. From the present measurements, it is not
possible to conclude whether the NPs entered the cells or were agglomerated on the cell surface.
It has been suggested that NPs do not enter the cells [25], however, it was also demonstrated
that NPs could be absorbed into the cells either through endocytosis [26,27] or phagocytosis
[28,29]. The exemplary mechanism described by Wang et al. in 2011 [30] was based on endo-
cytosis. The authors observed graphene oxide (GO) particles inside human fibroblasts (HDF),
mainly located in the cytoplasm, lysosomes, mitochondrion and endoplasm. The amounts of
GO inside the fibroblasts gradually increased during the culture period. The authors have sug-
gested following mechanism: GO attachment to the surface of the cells — signal transduction
to the nucleus — down-regulation of adhesive proteins’ synthesis — detachment, floating, and
shrinking of the cells — GO enter into the cytoplasm (endocytosis) — disturbances in cell en-
ergy metabolism, gene transcription and translation — cell death. In turn, Panessa-Warren
etal. [31] showed that direct contact between carbon NPs and plasma membrane led to its
focal dissolution, allowing small nanoparticles to enter the cytosol and, ultimately, the nucleus.
The NPs entered the colon and lung cells on the mechanism independent of the phagocytosis
and freely traveled within cytoplasm.

Some authors have reported that carbon NPs could cause the fluorescence quenching, how-
ever, in our case, this effect was not so clear. Wang et al. [32] showed that graphene micro-
sheets derived from chemically reduced graphitic oxide (rGO) could effectively decrease the
fluorescence intensity in the process that was linearly dependent on the concentration of rGO.
Singh et al. [33] compared carbon nanotubes and their capabilities as quencher agents for dif-
ferent fluorophores. Their results showed that the quenching efficiency depends on both the
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type of NPs and the fluorophores used, and can reach almost 100%. We could not confirm
these observations for ND or NG.

The MTT cell viability test demonstrated that NG, at concentrations from 20 to 100 pg/mL,
decreased the viability of glioblastoma cells, both nontransduced and EGFP-positive, but did
not affect labeled and unlabeled hepatoma cells. There is currently little empirical evidence on
cytotoxicity of graphite nanoparticles. Graphite toxicity was not confirmed in rodent lungs after
inhalation [34,35], but in vitro experiments with some forms of graphite NPs demonstrated dif-
ferential effects or lack of toxicity depending on various factors: NPs preparation process, size,
type of cells, etc. [25,28,30,36,37]. We can speculate that in our experiments observed cytotoxic
effect of NG, when compared to ND, may result from the presence of highly reactive dangling
carbon bonds on its surface. Interestingly, also here this effect is cell-dependent. To confirm this
hypothesis a more detailed chemical and physical analysis of these NPs must be performed. Es-
pecially, when biological activity of nanomaterials from different studies is compared, deepened
characterization of NPs chemical composition, purity, size distribution, shape and aggregation,
surface reactivity, etc. is required. Additionally, since the effects of NPs exposure depend on the
target cell type, the understanding of differences between cell membrane structure, function and
physiology must be taken into consideration in the assessment of NPs safety.

ND and NG used in our experiments have different zeta potentials. This can suggest that
NG, in opposite to ND, is positively charged. Tatur et al. [38] have recently shown that gold
NPs functionalized with cationic head groups, in contrast to the NPs functionalized with an-
ionic head groups, penetrated into the hydrophobic moiety of the lipid bilayers and caused
membrane disruption at an increased concentration. However, we do not know the real surface
charge of our NPs in culture medium. Another factor that may contribute to the NG cytotoxic-
ity in glioblastoma cells is an aggregation of the NPs. NG has higher PDI value than ND and its
tendency to aggregate was confirmed by the TEM images.

However, results from experiments that employed graphene to study cytotoxicity are current-
ly available. To some extent, the chemical properties of graphene are similar to those of graphite,
owing to the fact that, in both cases, C-atoms are sp> hybridized. Jaworski et al. [39] published
their work on the influence of graphene platelets on the morphology, mortality, viability, mem-
brane integrity and type of cell death. Our studies on graphite partially confirmed their results in
the case of the MTT test and morphology observations of glioblastoma cells treated with gra-
phene. Both graphene and NG decrease the viability of glioblastoma cells and form agglomerates
on the cells surface or inside the cells. On the other hand, the metabolic activity level was not
lowered in hepatoma cells after incubation with NG. Lammel et al. [40] tested the cytotoxicity of
graphene oxide and carboxyl graphene NPs on hepatoma cells (HepG2). They observed cytotox-
ic effects such as plasma membrane damage, cell proliferation inhibition and cell death. Never-
theless, the total protein measurement remained unchanged. Another group worked on HepG2
and graphitic nanomaterials (graphene oxide and single-walled carbon nanotubes—SWCNTs),
and concluded that graphene had only a moderate effect on the cellular functions when com-
pared to SWCNTs and did not induce apoptosis based on the protein profile [41].

Using ND at concentrations from 20 to 100 pg/mL did not have any negative effect on glio-
blastoma and hepatoma cells, both nontransduced and EGFP-positive. The cytotoxicity of ND
at different concentrations and in different cell types has been discussed in many published ar-
ticles. Studies of short-term exposure to medium containing ND did not show any significant
influence on neuroblastoma, macrophage, keratinocyte [3,42], or hepatoma [43] cells. Some
authors suggest that ND after internalization persists nonreactive inside the cell, i.e., in the cy-
toplasm, and does not harm mitochondria and other organelles [3].

Analysis of the MTT results also revealed an interesting contrast in behavior between non-
transduced and EGFP-positive cells. After 2 h of incubation with ND and NG, U87 cells
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behaved significantly differently to U87-EGEFP cells. We observed a small (about 15%), yet
significant (P<0.05), increase in U87-EGFP cell viability after 2 h of ND exposure at all con-
centrations. The effect had gone after 24 h. No significant interaction between transduced

and nontranduced U87 and C3A cells was observed. We are not able to explain this EGFP-
protective phenomenon and we only can hypothesize about some possible interactions between
EGFP folding and the NPs. De et al. [44] demonstrated protein refolding through electrostatic
interactions after the addition of gold NPs.

The CI represents the status of the cells based on changes in their electrical properties. We an-
alyzed the results obtained for cells cultured for 1 and 2 h after the addition of NPs. The CI in
glioblastoma cells decreased after 2 h of incubation with 100 pg/mL NG and after 1 and 2 h of in-
cubation with 50 and 100 ug/mL ND. We did not observe a CI decrease in U87-EGFP cells, ex-
cept for after 1 h incubation with 50 and 100 ug/mL ND. These results confirm the data obtained
from the MTT test, whereby U87-EGEFP cells were more viable than nontransduced cells. The
opposite situation was observed in hepatoma cells, when the CI increased after incubation with
the highest concentration of NG and ND in nontransduced as well as in EGFP-positive cells.

The BrdU incorporation test quantitatively measures a cells proliferative potential. The im-
pact of the NPs on glioblastoma and hepatoma cells was different, but consistent with MTT
and RTCA tests results. Notably, the presence of both ND and NG increased the number of
hepatoma cells in S-phase. Glioblastoma cells reacted differently to NPs, and with NG at con-
centrations of 50 and 100 pg/mL, the number of proliferating cells was lowered. Duan et al.
[45] performed a series of experiments on human endothelial cells and silica NPs, and found a
significant decrease in the S-phase population after NPs treatment. On the other hand, in their
previous report, they showed that silica NPs damaged HepG2 cells through ROS production,
but the level of cells in S-phase was higher than in the control groups [46].

Based on data from the MTT test, the CI values and the BrdU incorporation test, we can
conclude that NG reduced the viability, adherence and proliferation of U87 cells, but did not
affect the hepatoma cells. The only observed negative effect of ND was the adherence reduction
in glioblastoma cells. Instead, this type of carbon nanomaterial increased viability, adherence
and proliferation of hepatoma cells, which supports our hypothesis that ND fits the require-
ments for the nontoxic drug carriers.

Albumin, the typical protein synthesized by hepatocytes, serves as a popular indicator of
changes in hepatoma cell physiology. A reduction in albumin production in C3A cells under
stress conditions, i.e., in the presence of the NG and ND at concentrations ranging from 20 to
100 pg/mL, was more prominent in nontransduced cells than in EGFP-positive cells (ELISA
test). Bakowicz-Mitura et al. [47] published their study about the influence of diamond powder
on human gene expression. The authors found that, despite high biocompatibility and low cy-
totoxicity, ND had a high molecular activity and could change the expression of genes respon-
sible for cancer. Wierzbicki et al. [5] confirmed that ND and NG can control gene expression.
The authors measured mRNA levels of basic Fibroblast Growth Factor (bFGH) and Vascular
Endothelial Growth Factor (VEGF) in heart samples following NPs exposure. The levels of
bFGH decreased, whereas the levels of VEGF were unchanged. Yuan et al. [48] published an ar-
ticle about the influence of the ZnO NPs on HepG2 cells. This type of NPs caused, in addition
to mitochondrial dysfunction, changes in apoptosis-related proteins expression, e.g.: p-Akt,
FOXO4, p-ERK, and p-JNK.

Conclusions

In this study, we confirmed the toxicity of NG to glioblastoma (U87) cells and showed some
positive impact of ND and NG on hepatoma (C3A) cells. However, we observed impaired
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albumin secretion by C3A cells in the presence of both ND and NG. We did not observe any
notable differences between the morphology, viability and physiology of nontransduced and
EGFP-expressing cells. Moreover, in some experiments, cells expressing the fluorescent marker
had an advantage over their nonlabeled counterparts. We observed higher values of CI in
EGFP-expressing glioblastoma cells than in nontransduced cells after NG and ND treatment.
Additionally, the albumin level after NG and ND treatment in EGFP-expressing hepatoma
cells was higher with respect to nontransduced cells.

Analysis of the results of potential cytotoxicity of the carbon-based NPs in U87 and C3A
cells demonstrated their differential interactions and advantages, depending on the cell type.
However, more research on physicochemical characteristics of these NPs is needed before firm
conclusions can be drawn.
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Abstract: The highly invasive nature of glioblastoma is one of the most significant problems
regarding the treatment of this tumor. Diamond nanoparticles (ND), graphite nanoparticles (NG),
and graphene oxide nanoplatelets (nGO) have been explored for their biomedical applications,
especially for drug delivery. The objective of this research was to assess changes in the adhesion,
migration, and invasiveness of two glioblastoma cell lines, U87 and U118, after ND, NG, and
nGO treatment. All treatments affected the cell surface structure, adhesion-dependent EGFR/
AKT/mTOR, and B-catenin signaling pathways, decreasing the migration and invasiveness of
both glioblastoma cell lines. The examined nanoparticles did not show strong toxicity but effec-
tively deregulated cell migration. ND was effectively taken up by cells, whereas nGO and NG
strongly interacted with the cell surface. These results indicate that nanoparticles could be used
in biomedical applications as a low toxicity active compound for glioblastoma treatment.
Keywords: diamond, graphene oxide, graphite, nanoparticles, glioblastoma, migration,
invasiveness

Introduction

Glioblastoma is one of the most common malignant tumors of the central nervous
system with an average life expectancy of only 6 months to 2 years.! This prognosis
results from high tumor malignancy, an invasive phenotype, and the absence of an
effective therapy. The ability of glioblastoma cells to undergo migration and invasion
allows them to infiltrate brain tissue, while rarely undergoing extracranial metastasis.
Glioblastoma infiltrates surrounding brain tissue and therefore cannot be fully removed
by surgical resection.

Cell motility is a process based on the dynamic properties of the actin cytoskeleton.
Glioblastoma cells have a complex actin cytoskeleton-related cell surface morphology
with abundant membrane folds, microvilli, and filopodia, which play a role in its
invasive phenotype.’ Cell migration begins with polymerization of actin filaments and
extending lamellipodia and filopodia protrusions of the cell membrane.* Protrusions are
stabilized by focal adhesions and actin cytoskeleton in the form of stress fibers. Adhe-
sion of tumor cells to extracellular matrix and extracellular sensing plays an important
role in cell motility.>¢ Migration of tumor cells is regulated by various signaling path-
ways, including the EGFR/AKT/mTOR and -catenin signaling pathways.” Activation
of those signaling pathways is also important in promoting tumor development,
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metastasis, and resistance to cancer therapies.®® Glioblastoma
tumors commonly have mutations in PTEN, which are the
most common genetic changes found in human cancers. !
PTEN inhibits the AKT signaling pathway, thus glioblastoma
cells that have mutations in PTEN show constant activation
of EGFR/AKT/mTOR signaling pathway."!

Carbon nanoparticles have been explored for biomedical
applications and are considered a possible choice as a low
toxicity tumor therapy or drug delivery strategy. Diamond
nanoparticles (ND), graphite nanoparticles (NG), and gra-
phene oxide nanoplatelets (nGO) are carbon allotropes that,
although similar in size, have different physical properties.
ND has carbon atoms in sp* hybridization, whereas NG
and nGO have carbon atoms in the sp? hexagonal pattern.
However, nGO has a unique thickness to surface area ratio,
which distinguishes this material from both ND and NG.
Carbon nanoparticles can bind to the plasma membrane,
where they can interfere with surface proteins, including
receptors, and become endocytosed.'*'¢ This suggests that
carbon nanoparticles, although not directly toxic, can influ-
ence cell activity. Despite low toxicity, ND have been shown
to inhibit the growth of new blood vessels, hence reducing
the development of glioblastoma tumors,'*!"!¥ suggesting
reduction of cell migration.

In the present study, we hypothesized that ND, NG, and
nGO can change abilities of glioblastoma cells to adhere to
extracellular matrix, decreasing migration and invasiveness.
We investigated endocytosis of nanoparticles, cell ultrastruc-
ture, adhesion-dependent EGFR/AKT/mTOR, and B-catenin
signaling of two glioblastoma cell lines, U87 and U118.

Materials and methods

Nanomaterials
ND and NG were purchased from SkySpring Nanomaterials
(Houston, TX, USA). nGO were obtained from the Institute
of Electronic Materials Technology through a modified
Hummers method from NG as previously described.! The
nanopowders were dispersed in ultrapure water to prepare a
1.0 mg/mL solution. Immediately prior to exposure to cells,
hydrocolloids of nanoparticles were sonicated for 30 min
and diluted to different concentrations with supplemented
Dulbecco’s Modified Eagle’s culture Medium (DMEM,
Thermo Fisher Scientific, Waltham, MA, USA).
Transmission electron microscopy (TEM) images of
nanoparticles were acquired with a JEM-1220 microscope
(JEOL, Tokyo, Japan) at 80 kV, with a Morada 11 megapixel
camera (Olympus Soft Imaging Solutions, Miinster,
Germany) (Figure S1). Samples were prepared by placing

droplets of hydrocolloids onto formvar-coated copper grids
(Agar Scientific Ltd, Stansted, UK) and air dried before
observations.

Zeta potential measurements were carried out with
Nano-ZS90 Zetasizer (Malvern Instruments, Malvern, UK)
at 25°C, using the Smoluchowski approximation. Each
sample was measured after 120 s of stabilization at 25°C
(20 replicates). Hydrodynamic diameter of nanoparticles in
water was measured with dynamic light scattering (DLS)
using a Nano-ZS90 Zetasizer (Malvern).

Nanoparticles were examined by vibrational spectros-
copy. Raman scattering was studied at 2.33 eV (532 nm
visible [VIS] laser) for the NG and nGO powders. The ND
powder was analyzed at 4.66 eV (266 nm ultraviolet [UV]
laser) due to the strong fluorescence of ND in the VIS spec-
trum. An argon laser was used as the source of the VIS laser,
whereas a Crylas FQCW266-50 diode pumped continuous
wave solid-state laser (Berlin, Germany) was used as the
source of UV. The scattered light was dispersed by a Jasco
NRS 5100 (Easton, PA, USA) spectrometer working in back-
scattering mode. During the measurements, the laser beams
were focused onto 10 pm spots. Nanoparticles were placed
on a silicon substrate. For NG and nGO, spectral resolutions
were fixed at 8.4 cm™ and 3.5 mW laser power. In the case of
ND, the spectral resolution was fixed at 20 cm™ and 5 mW
laser power. Figure S2 shows the registered Raman spectra
of ND, and Figure S3 presents the comparison of the NG
and nGO Raman spectra.

U87 and U1 I8 glioblastoma cell lines
Human glioblastoma U87 and U118 cell lines were obtained
from the American Type Culture Collection (Manassas,
USA) and maintained in DMEM (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific) and 1% penicillin/streptomycin (Thermo
Fisher Scientific) at 37°C in a humidified atmosphere of 5%
C0O,/95% air in an NuAire DH AutoFlow CO, Air-Jacketed
Incubator (Plymouth, MA, USA).

Cell morphology

Scanning electron microscopy (SEM) observations of the
U87 or U118 glioblastoma cells were done using a Quanta
200 microscope (FEI, Hillsboro, OR, USA). U87 or U118
glioblastoma cells were seeded in 35 mm diameter Petri
dishes (1x10° cells per well). After 24 h, ND, NG, or nGO
were introduced to the cells at a concentration of 20 pg/mL.
Preparation of the cells for SEM observation was done after
24 h of exposure to nanoparticles in accordance with the
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protocol of Heckman et al.?® Cells were fixed with 2.5%
glutaraldehyde in phosphate-buffered saline (PBS) 7.2 pH,
contrasted with 1% osmium tetroxide (Sigma-Aldrich
Co., St Louis, MO, USA) and 1% carbohydrazide (Sigma-
Aldrich). Subsequently, cells were dehydrated in increasing
concentrations of hexylene glycol (Sigma-Aldrich). Drying
was performed using a Polaron CPD 7501 critical point dryer
(Quorum Technologies, Laughton, UK).

TEM analysis

Glioblastoma cell ultrastructure was assessed by TEM using
a JEM-1220 microscope (JEOL) at 80 kV, with a Morada
11 megapixel camera (Olympus Soft Imaging Solutions).
U87 or U118 glioblastoma cells were seeded in 75 cm? cell
culture flasks (BD Biosciences, San Jose, CA, USA). After
24 h, ND, NG, or nGO were introduced to cells at a concen-
tration of 20 wg/mL. After 24 h of incubation, the cells were
trypsinized, washed with PBS (Sigma-Aldrich), centrifuged
for 5 min at 1,200 rpm, and fixed in a 2.5% solution of glutar-
aldehyde in PBS 7.2 pH (Sigma-Aldrich). Pellets were
contrasted in 1% osmium tetroxide (Sigma-Aldrich) and
dehydrated in increasing concentrations of ethanol (Sigma-
Aldrich). Subsequently, pellets were impregnated with epoxy
embedding resin (Epoxy Embedding Kit, Sigma-Aldrich).
The next day, samples were embedded in the same resin and
hardened for 24 h at 36°C and incubated at 60°C for another
24 h. The blocks were cut into ultrathin sections (50—80 nm)
using an ultramicrotome (LKB Ultratome III, Croydon, UK)
and transferred onto copper grids, 200 meshes (Agar Scientific
Ltd). Subsequently, the sections were contrasted using uranyl
acetate (Sigma-Aldrich) and lead citrate (Sigma-Aldrich).

Cell viability using the XTT assay

Cell viability was evaluated using an XTT-based cell prolif-
eration assay kit (Sigma-Aldrich). U87 and U118 cells were
plated in 96-well plates (5x10° cells per well) and incubated
for 24 h. Then, new medium containing ND, NG, or nGO
was introduced to the cells at concentrations of 5, 20, 50,
100, and 200 pg/mL. XTT solution was added to each well
and incubated for an additional 3 h at 37°C. The absorbance
of each well was recorded at 450 nm using a Tecan Infinite
200 microplate reader (Tecan, Durham, USA). Cell viability
after nanoparticle treatment was expressed as the percentage
compared to the absorbance of control samples.

Migration assay

The migration of U87 and U118 cells was assessed using
the cell exclusion zone assay. Cells were cultured in six-well
plates with a rectangular silicone attachment (Sarstedt,

Niimbrecht, Germany) (1x10° cells per well). After cells
reached confluence, new medium containing ND, NG, or
nGO at a concentration of 50 pg/mL was introduced to the
cells. After 1 h of incubation, the silicone attachment was
removed, and cells initiated migration. Images were taken
immediately after silicone attachment removal (0 h time
point) and after 48 h. Cell migration was analyzed after
48 h with an inverted microscope (Olympus Soft Imaging
Solutions). The area of migration was calculated using ImageJ
1.48.%! All experiments were repeated at least three times.

Invasion assay

The invasiveness of U87 and U118 cells was determined by
counting the number of cells that invaded through collagen-
coated (Sigma-Aldrich) Transwell inserts (BD Biosciences).
Cells were trypsinized, washed twice, and suspended in
serum-free medium. 5x10* cells were seeded in the Transwell
inserts. After cells adhered to the Transwell insert, medium
containing ND, NG, or nGO at a concentration of 50 pg/mL
was introduced to the cells. Medium with 10% FBS (Thermo
Fisher Scientific) was added to the lower chamber as a
chemoattractant. Cells that passed through the filters into
the lower part of Transwell inserts were fixed with 4%
paraformaldehyde (Sigma-Aldrich). Cell nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI; Thermo Fisher
Scientific) and counted in 10 fields of view under 100x
magnification with an inverted confocal microscope FV-1000
(Olympus Soft Imaging Solutions). The experiments were
repeated at least three times.

Adhesion assay

The adhesion of U87 and U118 cells in time points was
determined using fluorescent microplate test. 96-well plates
were coated with Geltrex Matrix (Thermo Fisher Scientific).
Each well was coated with 100 uL Geltrex Matrix diluted to
a final concentration of 1 mg/mL in DMEM without FBS.
Plates were incubated for 1 h in 37°C, and Geltrex Matrix
solution was aspirated and plates were air-dried. U87 and
U118 cells were labeled using fluorescent kit — CytoPainter
Cell Tracking Staining Kit — Green Fluorescence (Abcam).
Before addition to wells, cells were treated with ND, NG,
or nGO at a final concentration of 20 pg/mL in DMEM
with 10% FBS for 30 min. After incubation 1.5x10* cells
were added per well and after 15, 30, 60, and 120 min wells
were gently washed three times with PBS. The intensity of
fluorescence was read at excitation/emission =490/520 nm
on a Tecan Infinite 200 microplate reader. Experiments were
repeated two times.
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Sample preparation for protein analysis
ND, NG, or nGO were introduced to cells at a concentration
of 20 ng/mL and incubated for 24 h. Cells not treated with
nanoparticles were used as the control. Cells were washed
twice with PBS and harvested by centrifugation (200x g for
6 min at 4°C). Whole-cell protein extracts were prepared
by suspending cells in ice-cold radioimmunoprecipitation
assay (RIPA) buffer with protease and phosphatase inhibitors
(Sigma-Aldrich). The cells were incubated for 40 min on ice
with vortexing at 10 min intervals followed by centrifugation
for 30 min at 14,000x g at 4°C and collection of supernatant.
Cytoplasmic and nuclear fractions were obtained by sus-
pending cells in hypotonic buffer (20 mM Tris-HCI, pH 7.4;
10 mM NaCl; 3 mM MgCl,), followed by addition of Igepal
CA-630 (Sigma-Aldrich) to a final concentration of 0.5%
with protease and phosphatase inhibitors (Sigma-Aldrich)
and vortexing for 10 s. Supernatant of homogenate (cytoplas-
mic fraction) was collected after centrifugation for 10 min at
3,000 rpm at 4°C. Pellet (nuclear fraction) was resuspended
in ice-cold RIPA buffer with protease and phosphatase
inhibitors, incubated 30 min on ice with vortexing at 10 min
intervals. Supernatant of homogenate (nuclear fraction) was
collected after centrifugation for 30 min at 14,000x g at 4°C.
Protein concentration was determined by the Bicinchoninic
Acid Kit (Sigma-Aldrich).

Enzyme-linked immunosorbent assay
(ELISA) analysis

Levels of mTOR (pSer2448) and AKT (pS473) phosphoryla-
tion were assayed by ELISA using ab176657 and ab168538
kits (Abcam, Cambridge, UK). The results were normalized
to the total protein content determined by the Bicinchoninic
Acid Kit (Sigma-Aldrich). Protein concentrations were
measured in accordance with the manufacturer’s instruc-
tions using lysates containing 100 pg/mL of total protein.
A standard curve was made for each assay using serial dilu-
tions of the control lysates. All experiments were repeated
twice, using cell extracts from three separate experiments.

Western blot analysis

An equal volume of samples was denatured with sample
buffer containing beta-mercaptoethanol (Bio-Rad) and 5 min
boiling. Proteins were resolved under reductive conditions
with sodium dodecyl sulfate polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes using the
Trans-Blot Turbo Transfer System (Bio-Rad). Membranes
were blocked with 5% non-fat milk (Bio-Rad) in PBS for
60 min. Membranes were then incubated with primary

antibodies in PBS with 5% non-fat milk or for detection of
phosphorylated proteins with 1% BSA (Sigma-Aldrich) at
4°C overnight.

The following primary antibodies were used: vinculin
monoclonal antibody, Thermo Fisher Scientific, 700062;
N-cadherin monoclonal antibody, Thermo Fisher Scientific,
MA1-159; pan-cadherin polyclonal antibody, Thermo
Fisher Scientific, 71-7100; beta catenin polyclonal antibody,
Thermo Fisher Scientific, PA5-19469; EGFR polyclonal anti-
body, Thermo Fisher Scientific, PA1-1110; phospho-EGFR
monoclonal antibody pTyr1173, Thermo Fisher Scientific,
MAS-15158; glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) monoclonal antibody, Thermo Fisher Scientific,
MAS5-15738; B-tubulin monoclonal antibody, Santa Cruz
Biotechnology Inc., Dallas, TX, USA, Sc-5274. Proliferating
cell nuclear antigen (PCNA) monoclonal antibody, Thermo
Fisher Scientific, 13-3900. The secondary antibody (goat
anti-mouse WesternDot 625 or goat anti-rabbit WesternDot
625) diluted 1:500 was incubated with the membrane in
PBS with 5% non-fat dry milk for 1 h at room tempera-
ture. GAPDH was used as a loading control for whole-cell
lysate, whereas B-tubulin and PCNA were used as a loading
control for cytoplasmic and nuclear fractions, respectively.
Membranes were visualized using a GelDoc imaging system
(Bio-Rad). Quantification and background correction were
carried out using ImageJ 1.48.%!

Cytoskeleton analysis

Cells were grown on glass bottom 35 mm? dishes coated with
Geltrex Matrix (Thermo Fisher Scientific). Each dish was
coated with 500 uL Geltrex Matrix diluted to a final concen-
tration of 1 mg/mL in DMEM without FBS. Plates were incu-
bated for 1 hin 37°C and Geltrex Matrix solution was aspirated
and dishes were air-dried (Nest Scientific, Rahway, NJ, USA).
After 24 h of incubation, cells were treated with ND, NG, or
nGO nanoparticles at the concentration of 20 pg/mL for the
next 24 h. Subsequently, cells were washed twice with PBS
and fixed with 4% paraformaldehyde (Sigma-Aldrich). Actin
cytoskeleton was stained with phalloidin conjugated with Atto
633 (Sigma-Aldrich). Imaging was performed using Olympus
FV1000 confocal microscope (Olympus Soft Imaging Solu-
tions) equipped with 60x oil immersion objective.

Statistical analysis

Data were analyzed using multifactorial analysis of variance
with Statgraphics Centurion XVI (StatPoint Technologies,
Warrenton, VA, USA). Differences between groups were tested
with the Tukey’s honest significant difference post hoc test.
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Results are shown as mean with standard deviation. Differences
at P<<0.05 were considered significant. Adhesion test data were
analyzed using GraphPad Prism 5 (GraphPad Software Inc.,
La Jolla, CA, USA) with two-way analysis of variance and
Bonferroni post hoc test comparing to the control at different
time points. Results are shown as mean with standard deviation.
Differences at P<<0.05 were considered significant.

Results and discussion
Physicochemical characterization and

toxicity of nanoparticles

TEM images (Figure S1) and Raman spectra of ND, NG, and
nGO (Figures S2 and S3) are presented in the supplement.
The registered Raman spectra were characteristic for these
kinds of carbon materials.?> The spectra of NG and nGO
consisted of two bands: a D band located at ~1,350 cm™' and
a G band at ~1,580 cm™. The G band appears due to the C—C
sp? vibrations,?® while the D peak always indicates defects
present in the carbon lattice.”** The very high intensity of
the D/G band ratio of the presented spectra indicates that
these were ultra-fine powders.?® The ND Raman spectrum
consists of G and D bands as well as the so-called T band
that is characteristic of sp* binding around 1,100 cm™ and a
vibration characteristic for diamond around 1,330 cm™.%"-%
TEM analyses were used to evaluate morphology of nanopar-
ticles (Table 1). Additionally, DLS analysis was performed to
determine the average hydrodynamic diameter of nanopar-
ticles. The zeta potential was analyzed to characterize surface
charges and the stability of the suspensions (Table 1).

To evaluate ND, NG, and nGO toxicity in U87 and U118
glioblastoma cells, the viability of the cells was examined
using the XTT assay (Figure 1). ND, NG, and nGO were
added to cell cultures at concentrations of 10, 20, 50, 100,
and 200 pg/mL. The reduction in cell viability was dose-
dependent and was strongest after NG treatment, followed by

Table | Physicochemical properties of diamond nanoparticles,
graphite nanoparticles and graphene oxide nanoplatelets

Nanoparticle Zeta Size of Average

potential nanoparticle hydrodynamic

(mV) (TEM, nm) diameter (DLS, nm)
Diamond 21.1 2-7 109.4
nanoparticle
Graphite 40.6 3-10 204.3
nanoparticle
Graphene oxide 19.4 2-8 126.2

nanoplatelets

Abbreviations: TEM, transmission electron microscope; DLS, dynamic light
scattering.
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Figure |1 U87 and U |8 glioblastoma cell viability.

Notes: Cell viability was determined using the XTT assay. Cells were exposed
to diamond nanoparticles (ND), graphite nanoparticles (NG), and graphene oxide
(nGO) at concentrations of 10, 20, 50, 100, and 200 pg/mL for 24 h. Values are
expressed as mean * standard deviation (n=4, each experiment in duplicate).
Statistical significance between control (C) and the treated cells is indicated by an
asterisk (multifactor analysis of variance [ANOVA]; P<<0.05). There was statistical
significance between U87 and U |8 viability (P=0.0000) and the interaction between
cell line and the type of nanoparticle (P=0.0000).

nGO and ND treatment. NG at a concentration of 200 pg/mL
reduced the viability of the U87 cell line by 42% and that of
the U188 cell line by 23%.

The results of viability assays were in accordance with
the results from different studies, showing that the in vitro
toxicity of graphene oxide is low.?*3° Graphene oxide,
especially at low concentrations, does not show obvious
cytotoxic effects on the human-derived cell lines A549 and
SH-SY5Y.3*2 However, graphene oxide reduces glioblas-
toma cell viability and proliferation with increasing doses.?
The toxicity of graphene oxide on mesenchymal stem cells
depends on the size of the nanoparticles. nGO with a size
of 11 nm induces a stronger reduction in proliferation and
reactive oxygen species formation than larger particles.?
Similarly, ND and NG show low toxicity on glioblastoma
and hepatocellular carcinoma cells.** Moreover, ND has been
suggested to be biocompatible with neuroblastoma cells and
macrophages.*> However, neuroblastoma cells lose their
neurite extensions after incubation with ND at a concentra-
tion of 100 pg/mL, and macrophages show morphological
changes at this dose.'

Nanoparticle association with the plasma
membrane and uptake

SEM images showed that nanoparticles were present on
the surface of the body of cells and protrusions (Figure 2).
ND, NG, and nGO agglomerated on the plasma membrane
surface. High magnification SEM images demonstrated that
the glioblastoma surface after treatment with NG and to a
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U118

Figure 2 Scanning electron microscopy of U87 and U1 |8 glioblastoma cells.

Notes: Electron microscopic images were taken after treatment with nanoparticles at 20 pg/mL for 24 h. Arrows on the scanning electron microscope images indicate
agglomerates of nanoparticles, and arrowheads indicate cell surface irregularities. Scanning electron microscope images of U87 and U118 cells without treatment (C) and
after treatment with diamond nanoparticles (ND), graphite nanoparticles (NG), and graphene oxide (nGO).

greater extent nGO showed irregularities, visible as less
electron-dense spots, suggesting direct interactions of nGO
with plasma membranes.

To determine whether the examined nanoparticles entered
glioblastoma cells, further microscopic studies were per-
formed. Nanoparticle uptake and cellular localization were
assessed using TEM (Figure 3). U87 and U118 cells were
treated with nanoparticles at a concentration of 20 pg/mL
and incubated for 24 h. The examination of glioblastoma
cell ultrastructure revealed that ND, NG, and nGO were
located inside cells. However, the amount of ND and NG
inside cells was approximately three times greater than that
of nGO. Nanoparticles were localized inside vacuoles and in

the cytoplasm. nGO more often than ND and NG were found
to damage vacuoles and reach the cytoplasm.

The investigation of endocytosis and the morphology
of glioblastoma cells suggests different behavior of the
examined carbon nanoparticles, especially for ND and nGO.
ND were effectively taken up by the cells, whereas nGO
strongly interacted with the cell surface. Interestingly, NG
showed features of both ND and nGO, which may be related
to the sp? atom hybridization similar to nGO and the spherical
structure similar to ND. Many vacuoles were loaded with
nanoparticles, especially after treatment with ND and NG,
suggesting that endocytosis of these nanoparticles is prefer-
ential and profound.
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U118

Figure 3 Ultrastructure of U87 and U1 |8 glioblastoma cells.

NG nGO

Notes: Electron microscopic images were taken after treatment with nanoparticles at 20 pg/mL for 24 h.Transmission electron microscope images of U87 and Ul I8 cells
without treatment (C) and after treatment with diamond nanoparticles (ND), graphite nanoparticles (NG), and graphene oxide (nGO).Arrows indicate nanoparticles. Scale

bar | um.

Abbreviations: AP, autophagosome; EV, endocytic vesicle; Mi, mitochondrion; MVB, multivesicular body; N, nucleus; PMF, plasma membrane fold.

Nanoparticles decrease adhesion and
migration of glioblastoma cells

To examine whether nanoparticles, after attachment to the
cell membrane and endocytosis, can mitigate the ability
of glioblastoma cells to adhere to extracellular matrix and
migrate, we performed an adhesion test, two-dimensional
migration assay, and a three-dimensional invasion assay.

Adhesion test was performed in four time points (15, 30,
60, and 120 min). Treatment with ND, NG, or nGO decreased
adhesion of both glioma cell lines. U87 had decreased adhe-
sion starting from 30 min time point (Figure 4E), whereas
U118 starting from 15-time point (Figure 4F).

Two-dimensional migration assay provides information
about the abilities of cancer cells to move within a cell-free
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Figure 4 U87 and U |8 glioblastoma cell motility and adhesion.

Notes: Migration of glioblastoma cells was determined using the cell exclusion zone assay. Cells were treated with nanoparticles at 50 pg/mL. (A) U87 and U1 18 glioblastoma
cells before treatment (0 h time point) and after 48 h not treated with nanoparticles and treated with diamond nanoparticles, graphite nanoparticles, and graphene oxide
nanoparticles. (B) The invasiveness of U87 and U1 18 cells was determined by staining the nuclei of cells that had invaded through collagen-coated Transwell inserts with
DAPI. Nuclei were counted using a confocal microscope after treatment with nanoparticles at 50 pg/mL. (C) Graph shows the percentage of the zone covered by cells.
Values are expressed as mean = standard deviation (n=3, each experiment in triplicate). Statistical significance is indicated with different superscripts (multifactor ANOVA;
P<<0.05). There was a significant difference between U87 and U I8 migration (P=0.0000). No interactions between cell line and the type of nanoparticle were observed
(P=0.0623). (D) Graph shows the percentage of cell invasion compared to control. Values are expressed as mean + standard deviation (n=3, each experiment in triplicate).
Statistical significance is indicated with different superscripts (multifactor ANOVA; P<<0.05). There was no statistical significance between U87 and U1 18 invasion (P=0.3034);
however, an interaction between cell line and the type of nanoparticle was observed (P=0.0003). (E, F) Adhesion of fluorescent-labeled U87 and U1 18 cells after treatment
with nanoparticles at 20 ug/mL. 96-well plates were coated with extracellular matrix. After 15, 30, 60, and 120 min wells were gently washed three times and intensity of
fluorescence was read at microplate reader. Values are expressed as mean + standard deviation (n=3, each experiment in triplicate). Statistical significance between control
and experimental groups is indicated with superscripts (multifactor ANOVA, *P<0.05; **P<0.001).

Abbreviations: ANOVA, analysis of variance; C, control; DAPI, 4,6-diamidino-2-phenylindole; ND, diamond nanoparticles; NG, graphite nanoparticles; nGO, graphene
oxide nanoparticles.

area and is done without scratching off cells, which can  approximately twofold (Figure 4). The strongest inhibition
influence the results due to the release of growth factors  was observed after treatment with ND. U87 cells showed a
from damaged cells.*® Treatment with ND, NG, or nGO at  stronger ability to migrate than U188. Although both U87
a concentration of 50 pg/mL reduced the two-dimensional ~— and U118 cell lines are able to migrate and are tumorigenic
migration of both U87 and U118 glioblastoma cells by  in animal models, U87 is approximately eight times more
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invasive than U118 cells.’” Moreover, U87 cells can form
approximately twofold larger tumors than U118 cells after
the same duration of tumor development in immunodeficient
mice.* Similar observations were made when U87 and U118
cells were inoculated into the chorioallantoic membrane of
chicken embryos.*

The three-dimensional invasion assay was used to evaluate
whether tumor cells can pass through collagen-coated pores
into medium containing a chemoattractant. In both cell lines,
the invasion abilities were significantly reduced after treatment
with ND, NG, or nGO at a concentration of 50 ug/mL (Figure
4). The strongest inhibition was observed after treatment with
nGO and NG, whereas ND reduced invasion to a lesser extent.
There were no significant differences between the invasive-
ness of the U87 and U118 glioblastoma cell lines. However,
we observed an interaction between the type of cell and the
type of nanoparticle. In both models, nanoparticles reduced
the migration capabilities of glioblastoma cells.

The invasion model is more similar to in vivo conditions
than the two-dimensional migration model because cells
need to interact with the extracellular matrix and respond to
a chemoattractant and thus require different cell signaling
pathways.*’ Cells migrating in the two-dimensional models
often display only sparse filopodia, whereas in the three-
dimensional invasion model or in vivo, cells extensively use
filopodia to probe the extracellular matrix and migrate.*'*2
Both cell lines exhibited mutations in PTEN, whereas U118
also revealed p53 mutation. Glioblastoma cell lines with
mutations in PTEN and both PTEN and p53 show increased
membrane folding, however, cell lines containing both muta-
tions have largest surface areas.’ U118 after treatment with
NG showed approximately twofold higher reduction of cell
invasion than U87 cells. There was no difference between
cell lines after treatment with nGO, which could be related
to a lower level of endocytosis.

To better understand interaction of cells with extracellular
matrix cytoskeleton was analyzed. Images of actin cytoskeleton
(Figure 5A) show that treatment with nanoparticles led to
actin remodeling in cells, decreasing amount of stress fibers in
cytoplasm. Moreover, cells treated with nanoparticles showed
intensive F-actin formation in cell cortex, suggesting need of
stabilization of cell adhesion. Cortical actin stabilizes integrin
and cadherin adhesions and regulates intercellular tension.***
Stress fibers in cytoplasm stabilize cell and generate traction
force during migration and are ended with focal adhesion
complexes.® ND, NG, and nGO nanoparticles decreased
adhesion of cells to extracellular matrix showing similar
effect to extracellular matrix with low mechanical rigidity.

Glioblastoma cells with low mechanical rigidity surface alter
cell motility and cytoskeletal architecture.*

Nanoparticles decrease adhesion-
dependent signaling pathways

To determine if changes in migration are associated with
protein expression of adhesion molecules, levels of vinculin
and cadherin proteins were examined (Figure 5B). Treatment
with nanoparticles did not alter protein levels of vinculin,
N-cadherin, and pan-cadherin. This suggests that nanopar-
ticles change cell migration by impeding connection between
cells and extracellular matrix.

EGFR/AKT/mTOR signaling pathway was analyzed by
assessment of phosphorylation levels of EGFR, AKT, and
mTOR protein. Treatment with ND, NG, and especially with
nGO decreased level of phospho-EGFR (pTyrl1173), whereas
did not alter total level of EGFR protein (Figure 5B). The
nanoparticles also decreased the activation of two down-
stream targets of EGFR, AKT, and mTOR (Figure 5D).
Cell adhesion with extracellular matrix leads to ligand-
independent activation of EGFR.*#" Integrins induce phos-
phorylation of EGF receptor on tyrosine residues 845, 1068,
1086, and 1173, but not on residue 1148, a major site of
phosphorylation in response to EGF.*® Treatment with ND,
NG, and nGO decreased level of phosphor-EGFR (pTyr1173)
probably by decreasing glioblastoma cells’ adhesion.

[B-Catenin signaling was analyzed by assessment of level
of B-catenin in nuclear and cytoplasmic fractions using
Western blot method (Figure 5C). NG and nGO nanopar-
ticles caused decrease in B-catenin level in nuclear fraction.
ND affected B-catenin activity only after treatment of U87
cell line. B-Catenin is important protein in cadherin-based
adhesions and is also an essential coactivator of canonical
Wnt-mediated gene expression. Canonical Wnt signaling and
cadherin-mediated cell adhesion depend on the same pool
of B-catenin.® Decrease in nuclear level of B-catenin without
changes in cadherin protein level suggests that treatment with
nanoparticles leads to stabilization of B-catenin pool connected
with cadherin junctions. The affinity between cadherin
and B-catenin at junctions is increased by inhibition of
receptor tyrosine kinases including EGFR.***2 NG and nGO
that inhibit EGFR phosphorylation to higher extent than ND
caused also a decrease in nuclear level of B-catenin.

Downstream of EGFR, AKT, and mTOR plays important
roles in many cellular processes, including proliferation,
apoptosis, cell cycle progression, cell motility, and autophagy.
The pathway is constantly activated in glioblastoma and
other tumors, including breast cancer, gastric cancer, and
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Figure 5 EGFR/AKT/mTOR and [B-catenin signaling in glioblastoma cells after treated with nanoparticles.

Notes: (A) Confocal microscope images of U87 and U1 18 cells actin cytoskeleton. Cells were grown on extracellular matrix for 24 h and treated with diamond nanoparticles,
graphite nanoparticles, or graphene oxide nanoparticles at a concentration of 20 pg/mL and incubated for 24 h. F-Actin was stained with phalloidin conjugated with Atto 633.
(B) Western blot analysis of N-cadherin, pan-cadherin, vinculin, p-EGFR, and EGFR. GAPDH was used as a loading control. (C) Western blot analysis of nuclear and
cytoplasmic protein fractions used for determination of 3-catenin protein level. PCNA and B-tubulin were used as loading controls for nuclear and cytoplasmic fractions,
respectively. (D) ELISA analysis of AKT and mTOR phosphorylation in comparison to control. Treatment with nanoparticles significantly reduced phospho-AKT (P<<0.0000)
and mTOR (P<<0.0000). Phospho-AKT level was cell line dependent (P<<0.0000) and was affected by interaction of cell line and nanoparticles (P<<0.001). Phospho-mTOR
level was also cell line dependent (P<<0.0023) and was affected by interaction of cell line and nanoparticles (P<<0.0000). Values are expressed as mean + standard deviation
(n=5, each experiment in duplicate). Statistical significance is indicated with different superscripts (multifactor ANOVA; P<<0.05).

Abbreviations: ANOVA, analysis of variance; C, control; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ND, diamond

nanoparticles; NG, graphite nanoparticles; nGO, graphene oxide nanoparticles.

hepatocellular carcinoma.*® PI3K activates AKT by phospho-
rylation, which changes its localization to the nucleus where
it activates mTOR and downstream targets. mTOR functions
as two distinct complexes, mMTORC1 and mTORC2. The
suppression of mTORCI leads to stimulation of mTORC2,
which positively regulates cell survival and proliferation at
different signaling levels, mainly by the activation of AKT.**
Apart from inhibition of EGFR phosphorylation, a decrease
in the activation of mTOR could be caused by profound
endocytosis of nanoparticles. Reports have shown that
mTORCI activation can be decreased during the failure of
lysosome reformation.’**” Lysosome reformation occurs in

endolysosomes or autolysosomes after processing a substrate.
Inefficient digestion of substrates can lead to the accumulation of
endolysosomes in the cytosol,”8 thereby decreasing lysosome
reformation and mTORCT1 activation. Thus, intensive endocy-
tosis of nanoparticles, which are indigestible by cells, can lead
to a decrease in mMTORCI activation and nutrient starvation.

Additionally, endocytosis of nanoparticles could lead to the
internalization of large areas of the plasma membrane, thus
decreasing the availability of receptor tyrosine kinases that, after
binding with their ligands, activate the AKT/mTOR signaling
pathway.* Macropinocytosis is a possible way of entering into
the cell for nanoparticles with size <10 nm, thereby delivering
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nanoparticles to early endosomes, late endosomes, and subse-
quently to lysosomes.®® However, agglomerates of ND, NG,
and nGO could be effectively internalized by endocytosis.®!¢?
Ligand-unmodified polymeric nanoparticles have been shown
to enter U87 cells by mainly clathrin-dependent endocytosis
and macropinocytosis.®® Ligand-unmodified iron oxide nano-
particles and silica-coated iron oxide nanoparticles also enter
HeLa cells (human cervical cancer) by endocytosis, but mainly
in a caveolin-dependent way.* This suggests that nanoparticle
uptake is conducted by endocytosis, which depends on the size
and surface characteristics of the nanoparticles.®> Non-spherical
nanoparticles have a higher area of interaction with the plasma
membrane. nGO examined in this study probably strongly
interacted with the plasma membrane, leading to changes in
cell surface morphology and caused strongest decreases in
EGFR phosphorylation. Further investigations are required to
explore the biological mechanisms of the interaction between
the EGFR/AKT/mTOR signaling pathway and endocytosis
triggered by ND, NG, and nGO nanoparticles.

We have demonstrated that ND, NG, and nGO nanopar-
ticles caused decrease in U87 and U118 adhesion that led to
decrease in migration and invasiveness of the glioblastoma
cell lines U87 and U118 affecting activity of EGFR/AKT/
mTOR and B-catenin signaling pathways. These results
indicate that the examined nanoparticles could be used as
a low toxicity glioblastoma therapy, especially as an active
compound for drug delivery.
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Figure S| Transmission electron microscopic images of nanoparticles.
Note: Images of diamond nanoparticles (A), graphite nanoparticles (B), and graphene oxide (C).
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Gliomas develop an expanded vessel network and a microenvironment characterized by an altered
redox environment, which produces high levels of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) that fuel its growth and malignancy. ROS and RNS can influence tumor cell malignancy

© via the redox-regulated transcription factor NF-B, whose activation is further regulated by the

mutation status of p53. The objective of this study was to assess the influence of graphite nanoparticles
(NG) and graphene oxide nanoplatelets (nGO) on the angiogenic potential of glioma cell lines with
different p53 statuses. Nanoparticle treatment of glioma cells decreased the angiogenesis of human
umbilical vein endothelial cells (HUVEC) cocultured with U87 (p53 wild type) and was not effective for
U118 (p53 mutant) cells. Nanoparticle activity was related to the decreased level of intracellular ROS
and RNS, which downregulated NF-kB signaling depending on the p53 status of the cell line. Activation
of NF-«B signaling affected downstream protein levels of interleukin 6, interleukin 8, growth-regulated
oncogene o, and monocyte chemotactic protein 1. These results indicate that the activity of NG and
nGO can be regulated by the mutation status of glioma cells and therefore give new insights into the
use of nanoparticles in personalized biomedical applications regarding glioma angiogenesis and its
microenvironment.

Gliomas, which are some of the most common malignant tumors of the central nervous system, develop a
microenvironment that is characterized by an altered redox state and an abundance of proangiogenic and proin-
flammatory factors’. Gliomas develop an expanded vessels network and angiogenesis pathologies including vas-
cular hyperproliferation and hemorrhage caused by the breakdown of the intratumoral blood-brain barrier®.
Proangiogenic signals in tumors are fueled by cycling hypoxia, ROS, RNS, acidosis, and inflammation'*. Tumor
cells, including gliomas, maintain an altered redox environment with high production of ROS and RNS that
causes tumorigenic cell signaling®. One main source of ROS in tumor cells is the NADPH oxidase family, which

. are plasma membrane-bound enzymes that produce superoxide through single-electron reduction®. Nitric oxide

is produced by nitric oxide synthase (NOS), which forms the second most common RNS, peroxynitrite, after
reacting with superoxide®. ROS and RNS influence tumor cell malignancy in different ways, but one of the most
important is regulation of NF-kB transcription factor activation. NF-xkB regulates numerous genes, including

. those involved in the development of the tumor microenvironment and the synthesis of proangiogenic and
: proinflammatory cytokines’. NF-kB activation is also regulated by the mutation status of the tumor suppressor,
© p53% p53 is one of the most frequently mutated genes due to its potent antitumor activities. Mutations in p53
. lead to the inhibition of its principal activity, tumor suppression. Moreover, tumors with p53 mutations often

show gain-of-function phenotypes that usually enhance their malignancy, including enhanced invasiveness and
decreased sensitivity to proapoptotic signals®. Gain-of-function phenotypes originate from the increased half-life
of p53, which influences signaling pathways in tumor cells and increases genomic instability'.
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’Department of Veterinary and Animal Sciences, University of Copenhagen, Groennegaardsvej 3, 1870,
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Figure 1. Nanoparticle morphology. Transmission electron microscopy images of (A) graphite nanoparticles
and (B) graphene oxide nanoplatelets.

Carbon nanoparticles exert a redox-modulating property that originates from their unique structure and the
localization of functional groups on their surface. The occurrence of numerous oxygen-containing functional
groups on carbon nanoparticles, such as the close proximity of carboxyl and hydroxyl groups, enables them to
act as reducing agents'!. Graphene oxide and other graphene-based materials are effective scavengers of hydroxyl
radicals and superoxide and can have properties of a weak H-donor antioxidant'2. Graphite nanoparticles (NG)
have a similar structure to graphene, thus their antioxidant properties should not differ greatly. Due to the inten-
sive endocytosis of NG and graphene oxide nanoplatelets (nGO) by glioma cells, it is hypothesized that nGO and
NG will decrease intracellular ROS". Moreover, it is assumed that this will decrease NF-kB-dependent proangio-
genic cytokines in a p53 wild-type glioma cell line (U87) but not in a p53 mutant cell line (U118).

Results

NG and nGO change the angiogenic potential of U87 but not U118 glioma cell lines.  The physic-
ochemical properties of NG and nGO were initially confirmed by investigating the nanoparticles using transmis-
sion electron microscopy (TEM) and analyzing their zeta potential. The Raman spectra of analyzed nanoparticles
were recently published'®. TEM images were used to confirm the nanoparticle morphology (Fig. 1); NG were
spherical nanoparticles of approximately 8 nm, whereas nGO were of similar size and had a platelet morphology
due to the method of synthesis from NG. The zeta potential was analyzed to characterize surface charges and the
stability of the suspensions. The zeta potential of NG and nGO were 40.1 and 20.3 mV respectively, showing more
stable hydrocolloids in NG.

Analysis of human umbilical vein endothelial cells (HUVEC) tube formation in coculture with U87 (p53
wild type) glioma cell line treated with NG or nGO decreased the examined angiogenesis parameters (Fig. 2).
The total tube length and the number of junctions in HUVEC were used to indicate the angiogenic potential of
glioma cells. Neither NG nor nGO treatment of U118 cells (with p53 mutations) changed the assessed HUVEC
angiogenesis parameters.

NG and nGO have limited toxicity in glioma cells. Proliferation and membrane perforation were
investigated using an lactate dehydrogenase (LDH) assay to evaluate if the observed decrease in the angiogenic
potential of U87 glioma cells following NG or nGO treatment was not related with the direct toxicity of those
nanomaterials (Fig. 3). NG and nGO were added to cell cultures of U87 and U118 cell lines at concentrations of
5, 10, 20, 50, and 100 pg/ml. NG did not influence the proliferation of glioma cells; however, nGO decreased the
proliferation but only after treatment with 100 pg/ml. There were also significant differences between the cell
lines (P=0.0000) and in the interactions between the cell lines and the nanoparticles (P=0.0124). The highest
concentrations of NG and nGO also increased membrane perforation. Similar to the proliferation assay, there
was a significant difference between the cell lines (P=0.0000) and in the interactions between the cell lines and
nanoparticles (P=0.0000). Cell morphology was also investigated (Fig. 3A), and nanoparticle treatment resulted
in the formation of light-reflecting structures inside the cells that were probably nanoparticle agglomerates, as
previously shown using TEM analysis®.

Treatment with NG and nGO decreases the activation of NF-kB signaling in U87 cells. To
understand the phenomenon of decreased angiogenic activity in the U87 glioma cell line after NG and nGO
treatment, 20 cytokines that are important in angiogenesis were analyzed, including vascular endothelial growth
factor A (VEGF-A), basic fibroblast growth factor (bFGF), interleukin 6 and 8 (IL-6 and IL-8), growth-regulated
oncogene o (GROa; CXCL1), and monocyte chemotactic protein 1 (MCP-1) (an array map with a list of all
analyzed cytokines and uncropped images are included in Supplemental Figs S1-S3). In U87 cells, nanoparticles
did not affect the levels of the most potent proangiogenic factors (i.e., VEGF-A and bFGF) but decreased the
synthesis of IL-6, IL-8, GRO« (CXCL1), and MCP-1 (Fig. 4A). The U118 cell line showed only a minor increase
in the synthesis of IL-8.

IL-6 activates signal transducer and activator of transcription 3 (STAT3), thus to confirm the changes in IL-6
protein levels after NG and nGO treatment, the phosphorylation level of STAT3 was assessed. Treatment of U87
cells decreased the STAT3 phosphorylation level without changing the total STAT3 protein level (Fig. 4D and E).
Conversely, nanoparticles increased the STAT3 phosphorylation level in U118-treated cells (Fig. 4H and I).
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Figure 2. NG and nGO decrease the angiogenic properties of U87 but not U118 glioma cells. Angiogenic
properties were examined using indirect coculture (inserts) of glioma cell lines U87 and U118 with HUVEC

on a thin layer of extracellular matrix. (A) Images of HUVEC tube formation following treatment with or
without (C; control) graphite nanoparticles (NG) and graphene oxide nanoplatelets (nGO) in U87 or U118 cells
in an insert above the HUVEC. The negative control (N) was conducted by culturing HUVEC with an insert
but without glioma cells. Graphs show the mean number of junctions of HUVEC tubes in the field of view

after coculture with U87 (B) and U118 (D) cells and the mean tube length in the field of view after coculture
with U87 (C) and U118 (E) cells. Data were obtained by analyzing images using ImageJ software and the
Angiogenesis Analyzer macro. Values are expressed as mean + standard deviation. Statistical significance is
indicated with different superscripts (one-way ANOVA; P < 0.05). FOV, field of view; px, pixels.
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Figure 3. NG and nGO have limited toxicity in glioma cells. (A) Morphology of U87 and U118 glioma cells
with or without treatment (C; control) with graphite nanoparticles (NG) and graphene oxide nanoplatelets
(nGO). Morphology was assessed by light microscopy using phase contrast with 400X magnification. (B) Cell
proliferation and (C) membrane perforation were determined using LDH assays. Cells were exposed to NG and
nGO at concentrations of 5, 10, 20, 50, and 100 pg/ml for 24 h. Statistical significance is indicated with different
superscripts (multifactor ANOVA; P < 0.05). RU, relative units.
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Figure 4. NG and nGO decrease the synthesis of NF-kB related proteins. (A) Antibody array analysis of
proangiogenic cytokine synthesis in U87 and U118 glioma cells with or without treatment (C; control) with
graphite nanoparticles (NG) and graphene oxide nanoplatelets (nGO). The full array map and uncropped
images are available in the supplement. Nanoparticle treatment results in decreased synthesis of GROa, IL-6,
IL-8, and MCP-1 in U87 but not U118 cells. Transcription factor assay analysis of the activity of p50 and p65
NF-kB subunits in the nuclear fraction of U87 (B,C) and U118 (F,G) cells. Nanoparticle treatment of U87
cells decreased the activation of the p65 subunit and increased the activation of the p50 subunit. Analysis of
STATS3 activation showed decreased STAT3 phosphorylation after nanoparticle treatment of U87 cells (D) but
increased phosphorylation after treatment of U118 cells (H). The total STAT3 protein level was not changed
(E,X). Statistical significance is indicated with different superscripts (one-way ANOVA; P < 0.05). RU, relative
units.

NEF-kB is a common regulator of IL-6, IL-8, GROq, and MCP-1 thus the binding activity of NF-kB subunits
p50 and p65 to DNA-containing NF-kB response elements was assessed. The binding activity of the p65 subunit
after nanoparticle treatment of U87 cells was significantly decreased, thus both NG and nGO reduced NF-B sig-
naling. In addition, the activity of the p50 subunit was also increased. Nanoparticles did not affect the p65 subunit
in U118 cells but decreased the binding activity of the p50 subunit.

NG and nGO decrease the levels of intracellular ROS and nitric oxide. Intracellular synthesis of
ROS and nitric oxide were analyzed to understand the reason behind the decreased NF-kB signaling in U87
glioma cells treated with NG and nGO. ROS synthesis was assessed using two tests: the first for total ROS analy-
sis and the second for determining the mitochondrial superoxide level. Treatment of U87 glioma cells with NG
and nGO decreased the total ROS and, to a greater extent, the mitochondrial superoxide level (Fig. 5B and C).
These results were confirmed by confocal microscopy analysis of superoxide levels in glioma cells (Fig. 5A).
Furthermore, nitric oxide synthesis was also decreased (Fig. 5D). Similar results were obtained for the U118
cell line, thus showing that the differences in the effectiveness of NG and nGO on angiogenic potential were not
related to ROS or nitric oxide levels but to the activity of the NF-«B signaling pathway.

Discussion

Previous studies showed that carbon nanoparticles were not only intensively taken up by glioma cells but that
they also decreased migration and invasiveness due to impaired extracellular adhesion and EGFR/AKT/mTOR
signaling pathway regulation."® Therefore it was suggested that carbon nanoparticles (i.e., NG and nGO) could
influence other basic physiological activities of glioma cells and that the process of blood vessel growth toward the
tumor should be assessed. This study has shown, for the first time, that NG and nGO can influence the angiogenic
potential of glioma cells and that the response of glioma cells to carbon nanoparticle treatment can be dependent
on p53 status related to NF-kB activity.

Angiogenesis is one of the most important processes during tumor progression. The synthesis of proangio-
genic and proinflammatory cytokines leads to the formation of highly vascularized tumors with a characteris-
tic microenvironment. The findings reported here show that two allotropic forms of carbon nanoparticles (NG
and nGO) can influence tumor angiogenesis despite their low toxicity, which is characteristic of most carbon
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Figure 5. NG and nGO treatment decrease ROS and nitric oxide levels. (A) Confocal microscopy analysis

of superoxide synthesis in U87 and U118 glioma cells with or without treatment (C; control) with graphite
nanoparticles (NG) and graphene oxide nanoplatelets (nGO). MitoSOX reagent oxidized by superoxide

exerts fluorescence in mitochondria (red color); nuclei are counterstained with Hoechst 33342. Nanoparticle
treatment decreased superoxide levels in both cell lines. Similar results were obtained in the microplate analysis
of superoxide levels (C,F). Analysis of total ROS levels using CellROX reagent in U87 (B) and U118 (E) cells
showed a decrease in ROS after nanoparticle treatment. Analysis of nitric oxide levels in U87 (D) and U118

(G) cells similarly showed a decrease in nitric oxide after nanoparticle treatment. Statistical significance is
indicated with different superscripts (one-way ANOVA; P < 0.05). RFU, relative fluorescence units.

nanoparticles'**. Changes in proliferation and membrane perforation were limited, especially for nanoparticles

at a final concentration of 20 pg/ml, therefore it was assumed that nanoparticle toxicity was not responsible for the
decreased angiogenic potential of U87 glioma cells. The decrease in angiogenesis caused by carbon nanoparticles
was previously reported but never in relation to tumor intracellular ROS. Experiments regarding the antiangio-
genic properties of carbon nanoparticles showed that among diamond nanoparticles, NG, multiwall nanotubes,
fullerene C60, and pristine graphene, the first two had the strongest antiangiogenic activity'”'%. In addition, mul-
tiwall nanotubes inhibited angiogenesis, as analyzed using the HUVEC angiogenesis model" and chorioallantoic
membrane model, induced by VEGF-A or bFGF?.

ROS promote tumor cell angiogenesis by several pathways including NF-kB activation. In addition,
ROS can promote angiogenesis by stabilizing hypoxia-inducible factors (HIF) and activating 5’-adenosine
monophosphate-activated protein kinase?!. NF-xB is a transcription factor that regulates the expression of mul-
tiple genes and different cellular functions (i.e., inflammation and immunity); however, it is also known to reg-
ulate angiogenesis due to the increased synthesis of several pro-angiogenic proteins, including IL-6 and IL-8%2,
NF-kB proteins consist of different family members, including p65, that homo- or heterodimerize and have a
C-terminal transcription activation domain that is essential for DNA binding and positive gene regulation. On
the other hand, p50 can bind to DNA NF-xB binding sites but it cannot activate transcription unless it forms a
heterodimer with p65. Moreover, due to it taking up the binding site on DNA, the p50 homodimer is considered
as a competitive inhibitor of the NF-«B signaling pathway?*. Excess p50 downregulates p65, thus suggesting that
a p50 homodimer may modulate transcription in place of the p50-p65 heterodimer that activates transcription
of NF-kB-related genes.

ROS regulation of the NF-kB signaling pathway is complicated and depends on several processes; however,
the main direct mechanisms of regulation consist of phosphorylation and direct oxidation of NF-kB subunits”?.
In this study, decreased intracellular ROS increased the p50 subunit activation and decreased p65 subunit acti-
vation, which is in accordance with results of p50 and p65 regulation by ROS. The transcriptional activity of
p65 is dependent on serine phosphorylation (Ser-276), which determinates its interaction with transcriptional
coactivators. Phosphorylation of Ser-276 depends on ROS, and antioxidants have been shown to decrease Ser-
276 phosphorylation®-%%. The regulation of p50 function by ROS is different to that reported for the p65 subunit.
Oxidation of p50 by ROS inhibits its DNA binding ability due to the oxidative sensitivity of a key cysteine (Cys-
62) in the transcription activation domain®-*. In addition, this cysteine may also be S-nitrosylated by nitric
oxide®, which was decreased. Interestingly, inducible NOS is upregulated by the NF-xB signaling pathway*2.
Thus the observed decrease in nitric oxide synthesis could originate from both the activity of NG and nGO and
the downregulation of the NF-kB signaling pathway. However, the scavenging activity of nanoparticles is more
probable due to the observed decrease in nitric oxide synthesis in both cell lines. Consequently, p65 activity
after nanoparticle treatment was not changed. Moreover, the results showing nGO scavenging activity were in
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accordance with other research showing that graphene oxide and other graphene-based materials were effective
scavengers of hydroxyl radicals and superoxide and had properties of weak H-donor antioxidants'?.

These results showed that NF-kB activation and its downstream effects are dependent on the p53 status of
glioma cell lines. Wild-type p53 in the U87 cell line seemed to be responsible for the effectiveness of NG and nGO
in decreasing NF-xB signaling activation. U87 and U118 cell lines are often used as p53 wild-type and mutant
glioma cell lines, respectively, due to the presence of phosphatase and tensin homolog mutations in both cell
lines**-*. p53 mutations activate NF-xkB signaling, and transfection of wild-type p53 into p53-null lung cancer
cell lines suppressed nuclear translocation of p65°*. Moreover, promotion and prolongation of NF-kB signaling by
a p53 mutant was described as one gain-of-function mechanism that leads to chronic inflammation®®.

NF-kB activation after NG and nGO treatment decreased the synthesis of IL-6, IL-8, GRO«, and MCP-1.
The decreased synthesis of those cytokines in U87 glioma cells diminished the angiogenic properties, which
were analyzed using indirect coculture of glioma cells and HUVEC. GRO« is a chemoattractant molecule and
a growth factor that induces angiogenesis and increases the tumorigenic potential of glioma cells*’. Conversely,
in addition to MCP-1 being a strong monocyte chemoattractant, it is also a potent angiogenic factor that stim-
ulates HIF-1a and VEGF synthesis through a specific transcription factor (MCP-1-induced protein)?. The reg-
ulation of IL-6, IL-8, GRO«, and MCP-1 synthesis reported here is often reported in studies concerning the
activation of the NF-kB signaling pathway?>*. This suggests that the regulation of NF-kB signaling pathways
by NG and nGO treatment was responsible for the observed results. Moreover, IL-6 is considered to be one of
the most highly induced NF-xkB-dependent cytokines*. IL-6 is an inflammatory cytokine that not only regulates
the immune inflammatory response but also plays an important role in cell proliferation and angiogenesis. Due
to it pleiotropic activity, IL-6 is often synthesized by tumor cells, which leads to increased tumorigenesis and
the formation of a tumor microenvironment that further enhances malignancy and decreases the effectiveness
of therapies*'. Similarly, IL-8 is a proangiogenic cytokine that exerts proangiogenic activities in many tumors,
including glioblastomas*2. Glioblastomas usually produce several proangiogenic cytokines including VEGE, IL-8,
and IL-6. The combined inhibition of both VEGF and IL-6 was proposed to have a promising antitumor effect,
and knockdown of both IL-6 and VEGF in a mouse model inhibited tumor development and cell infiltration*’.
Both IL-6 and IL-8 affect several critical angiogenesis processes such as the promotion of endothelial cell migra-
tion and proliferation***. Moreover, IL-6 induces VEGF synthesis in endothelial cells, probably via the activation
of hypoxia-induced genes. The VEGF expression level after IL-6 induction was similar to the effect of hypoxia or
chemically-activated HIF-1a*. The change in IL-6 synthesis following nanoparticle treatment was confirmed by
analyzing STAT3 phosphorylation. IL-6 signal transduction leads to Janus kinase (JAK) activation, which medi-
ates STAT3 phosphorylation?. The results presented here showed that NG and nGO decreased the IL-6 protein
level and STAT3 activation. Several studies analyzing the effects of intracellular ROS, including mitochondrial
superoxide, on IL-6 and the NF-«B pathway have also observed major changes in STAT3 activation*$*.

These results demonstrate that the antiangiogenic activities of NG and nGO depend on the p53 status and
NF-kB regulation. Furthermore, NG and nGO effectively decrease the angiogenic potential of a wild-type p53
glioma cell line (U87) by decreasing intracellular ROS and nitric oxide synthesis and leading to the downregula-
tion of NF-kB-dependent proteins IL-6, IL-8, GROq, and MCP-1. These findings give new insights into the use of
NG and nGO in personalized biomedical applications regarding glioma angiogenesis and its microenvironment.

Material and Methods

Nanomaterials. NG were purchased from SkySpring Nanomaterials (Houston, USA), while nGO were
prepared at the Institute of Electronic Materials Technology from NG through a modified Hummers’ method
as previously described!'%. The nanopowders were dispersed in ultrapure water to prepare 1 mg/ml solutions.
Immediately prior to cell exposure, hydrocolloids of nanoparticles were sonicated for 30 min and diluted to differ-
ent concentrations with supplemented Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific,
Waltham, USA).

TEM images of nanoparticles were acquired using a JEM-1220 microscope (Jeol, Tokyo, Japan) at 80 kV with
a Morada 11-megapixel camera (Olympus Soft Imaging Solutions, Miinster, Germany). Samples were prepared
by placing droplets of hydrocolloids onto formvar-coated copper grids (Agar Scientific, Stansted, UK) and air
drying before observations.

Zeta potential measurements were carried out with the Nano-ZS90 Zetasizer (Malvern, Worcestershire,
United Kingdom) at 25 °C using the Smoluchowski approximation. Each sample was measured after 120s of
stabilization at 25 °C (20 replicates). Nanoparticles were also examined by Raman spectroscopy using an inVia
Raman Microscope (Renishaw, Gloucestershire, United Kingdom) with an Nd:YAG 532 nm laser. Hydrocolloids
of nanoparticles were placed on a silicon substrate and incubated at 50 °C for 24 h to evaporate water.

Cell lines. Human glioma cell lines, U87 (p53 wild type) and U118 (p53 mutant), were obtained from the
American Type Culture Collection (Manassas, USA) and maintained in DMEM (Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo
Fisher Scientific). HUVEC were obtained from Thermo Fisher Scientific and maintained in Medium 200 basal
media supplemented with a large vessel endothelial supplement (Thermo Fisher Scientific) and 1% penicillin/
streptomycin (Thermo Fisher Scientific). Cells were maintained at 37 °C in a humidified atmosphere of 5% CO,
and 95% air.

Angiogenesis potential of glioma cells.  The angiogenesis potential of glioma cells was analyzed with a
tube formation assay using indirect coculture of U87 or U118 glioma cells with HUVEC. Glioma cells were cul-
tured on a six-well plate 0.4 pm high pore density insert (Corning, New York, USA), and HUVEC were cultured
below the insert on a layer of Geltrex Reduced Growth Factor Basement Membrane Matrix (Thermo Scientific).
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Glioma cells were seeded at a density of 3 x 10* cells/well and incubated for 24 h in supplemented DMEM media.
New media composed from supplemented DMEM and nonsupplemented Medium 200 (1:1) with or without
(control group) 20 pg/ml of nanoparticles was subsequently introduced to the cells for the next 24 h. In addition,
the negative control group (insert without cells) was treated as a control group. After incubation, inserts with
glioma cells were placed above HUVEC (seeded at a density of 9.5 x 10* cells/well) in supplemented Medium
200 diluted 2.5-fold with nonsupplemented Medium 200. After 12 h of incubation, images of HUVEC tubes were
made using a reversed microscope equipped with a 4X objective using phase contrast. The number of junctions
and total tube length were analyzed with Image] software®® and the Angiogenesis Analyzer macro®'.

Cell proliferation and membrane permeabilization using the LDH assay. Cell viability was eval-
uated using an LDH-based assay kit (Thermo Fisher Scientific). U87 and U118 cells were plated in 96-well plates
(5 x 10? cells/well) and incubated for 24 h. New medium containing NG or nGO was introduced to the cells at
concentrations of 5, 10, 20, 50, and 100 pg/ml. For cell proliferation analysis, cells were incubated with nanoparti-
cles for 48 h and subsequently lysed for 45 min at 37 °C with lysis buffer. The total amount of LDH (depending on
the number of cells) was analyzed by incubation with the reaction mixture at room temperature for 30 min. After
the addition of a stop solution, absorbance was analyzed at 490 nm and 680 nm was used as a reference using a
Tecan Infinite 200 microplate reader (Tecan, Durham, USA). Cell proliferation was expressed as a relative value
after subtracting the absorbance from blank samples. For cell membrane perforation analysis, cells were incu-
bated with nanoparticles for 24 h. The 96-well plates were centrifuged (200 x g; 6 min), and 50 pl of cell medium
from each well was transferred to a new 96-well plate. The reaction mixture was subsequently added to each well
and incubated for 30 min. The amount of LDH released from the cells was analyzed by the addition of a stop
solution, and absorbance was read at 490 nm and 680 nm was used as a reference (Tecan Infinite 200 microplate
reader, Tecan). Cell membrane perforation was expressed as a relative value after subtracting the absorbance from
blank samples.

Sample preparation for protein analysis. For protein analysis, glioma cells were treated with NG or
nGO at a concentration of 20 ug/ml and incubated for 24 h following a phosphate buffered saline (PBS) wash.
Cells not treated with nanoparticles were used as the control. Whole-cell protein extracts were prepared by sus-
pending cells in ice-cold radioimmunoprecipitation assay buffer (RIPA) buffer containing protease and phos-
phatase inhibitors (Sigma-Aldrich, St. Louis, USA). The cells were incubated on ice for 40 min (vortexing at
10 min intervals) before being centrifuged (30 min; 14,000 X g; 4°C) and the supernatant collected. The nuclear
fraction was obtained by suspending cells in hypotonic buffer (20 mM Tris-HCI, pH 7.4; 10 mM NaCl; 3 mM
MgCl,). Igepal CA-630 (Sigma-Aldrich) containing protease and phosphatase inhibitors (Sigma-Aldrich)
was added to a final concentration of 0.5%, and the solution was vortexed for 10s. The pellet containing the
nuclear fraction was resuspended in ice-cold RIPA buffer containing protease and phosphatase inhibitors and
incubated on ice for 30 min (vortexing at 10 min intervals). The supernatant of the nuclear fraction homogen-
ate was collected after centrifugation (30 min; 14,000 x g; 4°C). Protein concentration was determined using a
Bicinchoninic Acid Kit (Sigma-Aldrich).

Analysis of NF-kB subunit (p65 and p50) activity. NF-xB analyses were carried out using the
NF-xB p65 and p50 Transcription Factor Assay Kit (Abcam, Cambridge, United Kingdom) that consists of
double-stranded DNA sequence containing the NF-kB response element immobilized onto the bottom of wells.
p65 or p50 that was bound to the NF-xB response element was detected by colorimetric readout using anti-p65 or
anti-p50 primary antibodies and a horseradish peroxidase (HRP) conjugated secondary antibody. Analyses were
performed in accordance with the manufacturer’s instructions using lysates containing 15 pg of nuclear extract
protein per well. Experiments were repeated three times.

Antibody array analysis. Analysis of proangiogenic cytokine synthesis was performed using an antibody
array (ab134000; Abcam). The assay was performed in accordance with the manufacturer’s instructions using
lysates containing 100 pg/ml of total protein per membrane and cell extracts from three separate experiments.
Membranes were visualized using the ChemiDoc Imaging System (Bio-Rad, Hercules, USA).

STAT3 activation. Levels of total STAT3 protein and STAT3 phosphorylation (p-Y705) were assayed using
Enzyme-linked immunosorbent assay (ELISAs) (ab176655 and ab176654; Abcam). ELISAs were performed in
accordance with the manufacturer’s instructions using lysates containing 100 ug/ml of total protein. A standard
curve was constructed for each assay using serial dilutions of the control lysates. All experiments were repeated
twice using cell extracts from three separate experiments.

ROS and nitric oxide synthesis analysis. Total ROS synthesis in glioma cells was analyzed using
CellROX Green Reagent (Thermo Fisher Scientific), while mitochondrial superoxide levels were assessed using
MitoSOX Red (Thermo Fisher Scientific). U87 and U118 cells were plated in black 96-well plates (1 x 10* cells/
well) and 35 mm glass-bottomed dishes (1 x 10° cells/well; Nest Biotechnology, Wuxi, China) for confocal
microscopy analysis and incubated for 24h. NG or nGO was introduced to the cells at concentrations of 20 ug/ml
and incubated for 2h at 37 °C. Cells were subsequently incubated with CellROX Green Reagent (30 min; 37 °C)
at a final concentration of 5uM in supplemented DMEM medium or MitoSOX Red (10 min; 37 °C) at a final
concentration of 5pM in PBS. Fluorescence was analyzed using a microplate reader (Tecan) after washing with
PBS. Quantification of the data was performed by subtracting the fluorescence intensity of blank wells containing
cell medium (for the control group) or medium with NG or nGO nanoparticles (for treatment groups). MitoSOX
Red staining was also observed using a confocal microscope (FV-1000; Olympus Corporation, Tokyo, Japan)
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equipped with a temperature- and atmosphere-controlled chamber (37 °C; 5% CO,). After the staining procedure
described above, cells were counterstained with Hoechst 33342 (Thermo Fisher Scientific) at a final concentration
of 10 pM in PBS for 10 min. For visualization using confocal microscopy, cells were kept in PBS supplemented
with 1% fetal bovine serum (FBS) (Thermo Fisher Scientific).

Nitric oxide synthesis was determined using a fluorometric kit (Nitric Oxide Synthase Detection System;
Sigma-Aldrich). U87 and U118 cells were plated in black 96-well plates (5 x 10° cells/well) and incubated for
24h. New medium containing NG or nGO was subsequently introduced to the cells at concentrations of 20 ug/ml
and incubated for 24 h at 37 °C. Cells were incubated with a reaction mixture containing a diacetate derivative of
4,5-diaminofluorescein at a final concentration of 2.5pM for 2 h at room temperature and washed with PBS. The
fluorescence of triazolo-fluorescein was analyzed using a microplate reader (Tecan). Quantification of the data
was performed by subtracting the fluorescence intensity of blank wells containing cell medium (for the control
group) or medium with NG or nGO nanoparticles (for treatment groups).

Statistical analysis. Data were analyzed using one-way and multifactorial analysis of variance with
Statgraphics Centurion XVI (StatPoint Technologies, Warrenton, USA). Differences between groups were tested
with Tukey’s honest significant difference test post hoc test. Results are shown as means with standard error of the
mean. Differences at P < 0.05 were considered significant.

Data Availability

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

Antibacterial surfaces coated with nanomaterials, including silver nanoparticles, are considered effective alternative
antimicrobial agents that can be used instead of antibiotics and chemical agents. However, reports of the potential
toxicity of these materials raise questions about the safety of their use in biomedical applications. The objective of
this research was to reduce the human cell cytotoxicity of silver nanoparticle-coated polyurethane foils by
complexing silver nanoparticles with graphene oxide. The antimicrobial activity of nanoplatforms coated with silver
nanoparticles, graphene oxide and the composite of silver nanoparticles and graphene oxide was assessed with
Salmonella enteritidis. Cytotoxicity was analysed by an analysis of the viability and morphology of human fibroblasts,
human umbilical vein endothelial cells (HUVECs) and chicken embryo chorioallantoic membrane. Additionally, the
synthesis level of inflammatory proteins was examined for fibroblasts cultured on different nanoplatforms. The
nanoplatform coated with the silver nanoparticles and graphene oxide composite showed strongest antibacterial
properties, although nanoplatforms coated with only silver nanoparticles or graphene oxide also resulted in
decreased S. enteritidis growth. Furthermore, a nanoplatform coated with silver nanoparticles and graphene oxide
composite showed limited immunological stimulation and significantly reduced cytotoxicity towards fibroblasts,
HUVECs and chicken embryo chorioallantoic membrane in comparison to the nanoplatform coated only with silver

nanoparticles, due to the higher stability of the nanomaterials in the nanocomposite.

Keywords: Silver nanoparticles, Graphene oxide, Antibacterial surface, Toxicity, Fibroblasts, Endothelial cells

Introduction

Materials with antibacterial surfaces have been widely ex-
plored for use in medicine and the biomedical industry
[1]. Nanomaterials are considered effective alternative
antimicrobial agents that can be used instead of antibiotics
and chemical agents [2]. Silver nanoparticles (AgNPs) are
most often used for their antibacterial properties [3].
However, nanoparticles that show antimicrobial activity,
including AgNPs, especially at higher concentrations, can
be toxic to human cells and possibly affect human health
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[4, 5]. Therefore, in the biomedical industry, the applica-
tion of materials with surfaces coated with nanomaterials
raises questions about their safety and toxicity.

One of the possible ways to minimalise the potential
toxicity of nanomaterials is to limit their mobility without
changing their antimicrobial properties. Firmly attached
nanomaterials used in antibacterial surfaces that do not
detach from the material reduce their toxicity for human
cells [6]. One of the effective methods of coating surfaces
with nanoparticles is ultrasonic technology [7]. Ultrasonic
waves lead to structural changes to the nanomaterials,
resulting in deagglomeration or agglomeration, depending
on the nanomaterial [8]. Ultrasonic technology can also be
used for the synthesis of nanocomposites from different
materials, including metal ions and nanoparticles [9-11].
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International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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Sonication has been used for the assembly of different
nanomaterials, including the decoration of graphene oxide
(GO) flakes with AgNPs and other nanoparticles [12].

The mechanism of the antibacterial activity of nanoparti-
cles varies between the different types of nanoparticle; how-
ever, the main processes responsible for the antimicrobial
properties of nanoparticles are as follows: direct interactions
with the cell components and indirect processes including
oxidation of cell components and disruption of oxidoreduc-
tive processes [3]. AgNP antibacterial activity results from
the direct disruption of the bacterial cell membrane by
AgNPs and the released Ag+ ions, inducing synthesis of re-
active oxygen species (ROS), and the collapse of the plasma
membrane potential, which leads to the depletion of intra-
cellular ATP [13-15]. GO can be cytotoxic for bacterial cells
due to ROS synthesis and direct cell immobilisation on the
GO surface [16, 17], caused by the high adsorption capaci-
ties of GO and GO nanocomposites [18, 19].

However, the toxicity of nanoparticles has not only been
observed in bacterial cells. Generally, human cells are less
vulnerable to nanoparticles than bacteria due to their lar-
ger scale, and their effective repair and defence mecha-
nisms, but cytotoxicity has been observed, especially at
high concentrations. AgNP toxicity in in vitro studies oc-
curs in concentrations of a similar order of magnitude, al-
though they may vary substantially for more complex
different biological systems or organisms [20]. The toxicity
of AgNPs for multicellular organisms is often lower due
to their structural and physiological differences, such as
specialised cellular tissues, including epithelial cells [21].
GO biocompatibility for human cells depends on the con-
centration and sheet morphology. At higher concentra-
tions, GO can lead to plasma membrane penetration and
increased synthesis of ROS [22-24].

In our previous studies, we showed that nanoplatforms
composed of AgNP and GO (Ag-GO) nanocomposite
have a high antimicrobial efficiency towards bacteria
(Escherichia coli, Staphylococcus aureus and Staphylococ-
cus epidermidis) and pathogenic yeast (Candida albi-
cans), which was related with the increased ROS
synthesis and plasma membrane perforation [25]. Ag-
GO showed higher antibacterial activity than the AgNP
or GO nanoplatforms, due to the combined activity of
both nanomaterials. Here, we hypothesised that polyur-
ethane foils coated with Ag-GO nanocomposite would
have lower toxicity towards fibroblasts, human umbilical
vein endothelial cells (HUVECs) and an alternative
in vivo model—chicken embryo chorioallantoic mem-
brane—than foils only coated with AgNPs.

Results

AgNPs and GO Formed a Nanocomposite in Hydrocolloid
The transmission electron microscope (TEM) analysis was
used to evaluate the morphology of the nanomaterials and
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their interactions within the Ag-GO composite (Fig. 1).
AgNPs were spherical nanoparticles that had a mean size
of approximately 55nm. Additionally, TEM images
showed the adhesion of silver nanoparticles to GO
(Fig. 1le). These observations where further confirmed in
the zeta potential analysis. The zeta potential of Ag-GO
indicated that the hydrocolloid was unstable immediately
after sonication, but stabilised after 24 h (zeta potential: —
15.68 and —27.7 mV, respectively; Table 1). In contrast,
the AgNP hydrocolloid was unstable both immediately
after sonication and after 24 h, whereas the GO hydrocol-
loid was quite stable and did not change significantly after
24 h (zeta potential: - 31.11 mV and - 28.42 mV, respect-
ively). Additionally, dynamic light scattering (DLS) ana-
lysis showed that the Z-average size of AgNPs was 93.1
nm, GO was 1485.0 nm and Ag-GO was 1157.0 nm. The
AgNP size distribution indicated three peaks associated
with agglomerate formation, while the GO and Ag-GO
size distribution indicated one peak (Fig. 1b, d, f).

Raman spectra and Fourier transform infrared spectros-
copy (FT-IR) were used to characterise structural features of
GO (Fig. 2). Figure 2a shows deconvolution of the D, G and
D’ of GO. The position of the D band is 1347 cm™ " and the
G band 1578 cm™%; the ID/IG ratio is 1.34. The FT-IR ana-
lysis revealed a broad peak observed at ~ 3500 cm™*, that is
assigned mainly to water and hydroxyl groups. The peak
around 1600 cm™ ' is assigned to C=C bonds present in
graphitic carbon. Other peaks observed on the FT-IR
spectrum show that GO is rich in groups containing C=0O
bonds (mainly carboxyl groups), peaks around 1720 cm™*
and 915 cm™ !, epoxy (C—O-C) with the visible peak around
1200 cm™*, and C—H bonds (peak around 2800 cm™*).

AgNP-, GO- and Ag-GO-Coated Foils Reduced Salmonella
enteritidis Growth

The antibacterial activity of the GO, AgNP and Ag-GO
nanoplatforms was tested with S. enteritidis. The incuba-
tion of bacteria on foils coated with nanomaterials at
37°C for 24 h resulted in decreased growth (Fig. 3). The
strongest S. enteritidis growth inhibition was observed on
the Ag-GO nanoplatform. However, both the AgNP and
GO nanoplatforms also resulted in decreased S. enteritidis
growth. A comparison of the scanning electron micro-
scope (SEM) images of bacteria incubated on the Ag-GO
nanoplatform to the control group showed a reduced
number of S. enteritidis cells. Additionally, bacteria were
adhered to the nanoplatforms and showed morphological
changes, indicating the disruption of their cell membrane.

AgNP Toxicity Is Inhibited by GO in an Ag-GO Composite-
Coated Nanoplatform

The toxicity of nanoplatforms was investigated by the
direct incubation of fibroblasts and HUVECs for 24 h on
nanoplatforms and uncoated foils (Fig. 4). There were



Wierzbicki et al. Nanoscale Research Letters (2019) 14:320 Page 3 of 11
Size Distribution by Intensity
QD+e e e ensene e en e e e e n et e e n e a e e s e e et e an et e b e e n e s ne e nenns
B g0l
g
4 :
T T e
z
3
B o s o o Sa s /\ S ———
0+
0.1 1 10 100 1000 10000
Z-Average: 93.1 nm Size (d.nm)
Size Distribution by Intensity
7PN
T T A P PP
g
g
1 R s S I (R
3
B 40 e R S 4 S R e
0.1 1 10 100 1000 10000
Z-Average: 1485.0 nm Size (d.nm)
Size Distribution by Intensity
AOge et e e
B a0l
g
[
500+ i s s St s soismie st s sl b s s i st
z
2
B -qo]s so sm s vomn v e e e e 555 s RS
0+
0.1 1 10 100 1000 10000
Z-Average: 1157.0 nm Size (d.nm)
Fig. 1 Nanoparticle morphology and size distribution. Transmission electron microscopy images of a silver nanoparticles, ¢ graphene oxide and e
silver nanoparticles and graphene oxide composite. Size distribution of b silver nanoparticles, d graphene oxide and f silver nanoparticles and
graphene oxide composite

significant differences between the viability of both fibro-
blasts and HUVECs on the different nanoplatforms (P =
0.0003 and P =0.0156, accordingly). GO nanoplatforms
did not change the viability of fibroblasts, compared to the
viability of cells incubated on uncoated foils. Similarly,
there was no significant impact of GO on the viability of
HUVECs. However, coating with AgNPs resulted in a 40—
50% decrease of the viability of both fibroblasts and
HUVECs. The cell viability of fibroblasts and HUVECs
was not changed when they were incubated on nanoplat-
forms coated with Ag-GO nanocomposite, showing the

Table 1 Zeta potentials of the evaluated nanomaterials

inhibition of AgNP toxicity. Cell morphology on uncoated
foils showed the typical morphology of fibroblasts grown
in 2D culture conditions (Fig. 4a). Cells incubated on
AgNP-coated foil showed an intensive aggregation of cells.
Cell morphology on the GO- and Ag-GO-coated nano-
platforms showed a reduction of agglomeration tendencies
and cell spreading.

Nanoplatform toxicity was also evaluated using a chicken
embryo chorioallantoic membrane (Fig. 5). Nanoplatforms
were incubated directly on a chorioallantoic membrane, and
its morphology at the place of contact was examined after

Zeta potential after sonication [mV]

Zeta potential 24 h after sonication [mV]

Nanomaterial

Silver nanoparticles -27
Graphene oxide —31.1
Nanocomposite of silver nanoparticles and graphene oxide -157

-65
—284
=277
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48 h. AgNPs caused morphological changes to the chorio-
allantoic membrane, whereas in the case of the GO and Ag-
GO nanoplatforms, the morphology was comparable to that
of the control group (Fig. 5b). The chorioallantoic mem-
brane, after incubation on the AgNP nanoplatform, showed
a decreased number of capillary vessels, suggesting direct
toxicity to the endothelial and mesenchyme cells.

AgNPs Decreased the Release of Interleukins 6 and 8

An antibody array was used to analyse the cell media con-
tent of 40 inflammatory proteins synthetised by fibroblasts
(Fig. 6). The main inflammatory proteins released by fibro-
blasts were interleukin 8 (IL-8; Fig. 6, dots: E5, F5) and

interleukin 6 (IL-6; Fig. 6, dots: E8, F8). The AgNP and Ag-
GO nanoplatforms significantly decreased the release level
of IL-8, whereas the GO nanoplatform did not have such an
effect. Additionally, both the GO and Ag-GO nanoplatforms
decreased the release level of granulocyte-macrophage
colony-stimulating factor (GM-CSF; Fig. 6, dots: G5, H5).
The GO and Ag-GO nanoplatforms also led to the in-
creased release level of tumour necrosis factor beta (TNF-f3;
Fig. 6, dots: A9, B9). Interestingly, AgNP, GO and Ag-GO
nanoplatforms significantly decreased the release level of IL-
6. The level of release of the other analysed proteins was not
changed. An array map with a list of all the analysed cyto-
kines is included in Additional file 1: Figure S1.
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Fig. 3 Nanoplatforms coated with silver nanoparticles and graphene oxide decreased the viability of S. enteritidis. Scanning electron microscope
images of a control S. enteritidis bacteria and b S. enteritidis incubated on a silver nanoparticle- and graphene oxide-coated nanoplatform, after
incubation at 37 °C for 24 h. ¢ Viability of S. enteritidis after incubation on the nanoplatform for 24 h was assessed with a PrestoBlue assay. Values
are expressed as mean + standard deviation (n = 3, each experiment in triplicate). Statistical significance is indicated by different superscripts (one-
way ANOVA; P < 0.05). Abbreviations: C, control group (foil without nanoparticles); AGNPs, nanoplatform coated with silver nanoparticles; GO,
nanoplatform coated with graphene oxide; Ag-GO, nanoplatform coated with composite of graphene oxide and silver nanoparticles; RU,

relative units
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Fig. 4 Nanoplatforms coated with graphene oxide decreased the cytotoxicity of silver nanoparticles. Morphology of fibroblasts cultured on a
non-coated nanoplatforms, b silver nanoparticle-coated nanoplatforms, ¢ graphene oxide-coated nanoplatforms, d silver nanoparticles and
graphene oxide composite-coated nanoplatforms. Morphology was assessed by light microscopy using phase contrast with x 200 magnification.
Fibroblast (e) and HUVEC (f) viability after 24 h of incubation on the nanoplatforms was determined using a PrestoBlue assay. Values are
expressed as mean + standard deviation (n = 3, each experiment in triplicate). Statistical significance is indicated by different superscripts (one-way
ANOVA; P < 0.05). Abbreviations: HUVECs, human umbilical vein endothelial cells; C, control group (foil without nanoparticles); AQNPs,
nanoplatform coated with silver nanoparticles; GO, nanoplatform coated with graphene oxide; Ag-GO, nanoplatform coated with a composite of
graphene oxide and silver nanoparticles; RU, relative units

Discussion nanomaterials. Polyurethane foil coated with AgNPs and
In biomedical applications, the safety of nanomaterials used GO (Ag-GO) not only increased their antimicrobial proper-
in antimicrobial materials is as important as their efficiency  ties, but also decreased their toxicity in human cells.

in killing bacteria. In this study, we showed that coating Raman spectroscopy was used to analyse structural
materials with GO can efficiently decrease the toxicity of features of graphene oxide. The G band in the Raman

Fig. 5 Graphene oxide decreased the morphological changes of the chorioallantoic membrane caused by silver nanoparticles. The morphology
of the chicken embryo chorioallantoic membrane after 48 h of incubation with the nanoplatforms. a Control group (foil without nanoparticles), b
nanoplatform coated with silver nanoparticles, ¢ nanoplatform coated with graphene oxide, d nanoplatform coated with composite of graphene
oxide and silver nanoparticles
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Fig. 6 Antibody array analysis of the inflammatory cytokine release of fibroblasts after 24 h of incubation. a Control group (foil without
nanoparticles), b nanoplatform coated with silver nanoparticles, ¢ nanoplatform coated with graphene oxide, d Ag-GO nanoplatform coated with
composite of graphene oxide and silver nanoparticles. The AgNP and Ag-GO nanoplatforms decreased the release level of IL-8 (dots: E5, F5). Both
the GO and Ag-GO nanoplatforms decreased the synthesis of GM-CSF (dots: G5, H5). Additionally, the GO and Ag-GO nanoplatforms led to the
increased synthesis of TNF-3 (dots: A9, B9). The AgNP, GO and Ag-GO nanoplatforms decreased the release level of IL-6 (dots: E8, F8). A full array
map is available in Additional file 1

spectra corresponds to sp> hybridised carbon-based ma-
terial [26]. The D peak is related to defect or lattice dis-
order due to the binding of oxygen-functional group
[27]. The intensity of the D band is associated with the
size of the sp® in-plane domains [26]. The additional
bands D’ arise from the defects present in the graphitic
structure of the carbon material. ID/IG ratio (calculated
from the intensity of D and G bands) can be used to char-
acterise the disorder of the graphitic structure in carbon
materials. As demonstrated, GO has a highly disordered
structure due to many functional groups in the structure
formed during the oxidation of graphite powder [28].

The FT-IR spectrum of graphene oxide collected in
the ATR mode revealed that GO has a lot of functional
groups present in the structure, including carboxyl and

epoxy groups, peaks around 1720cm™ ' and 915cm™},

epoxy (C-O-C) with the visible peak around 1200 cm™ %,
and C-H bonds (peak around 2800 cm™'). The FT-IR
analysis is in good agreement with XPS measurements
performed for GO where also hydroxyl, carboxyl, epoxy
and carbonyl groups were identified [29].

The coating of nanomaterials was performed with ultra-
sonic technologies, which have been confirmed to be an
effective method of coating various materials with antibac-
terial and fungicidal substances, including AgNPs [30, 31].
Ultrasonic waves utilise cavitation phenomena by generat-
ing and collapsing cavitation bubbles, producing high en-
ergy and pressure [32]. Nanomaterials accelerated to high
velocities collide with the coated material and are

deposited on the surface [33]. However, the effectivity of
nanomaterial deposition can be increased not only by
using a proper coating method, but also by making com-
posites with nanomaterials that can be more easily at-
tached to the surface. GO is a favourable nanomaterial for
creating stable composites with both different nanomater-
ials and surfaces. Due to its unique structure, with carbon
atoms in a hexagonal pattern with numerous oxygen-
containing functional groups in close proximity, including
carboxyl and hydroxyl groups, GO is prone to form cova-
lent bonds or electrostatic interactions [34]. Usually, GO-
nanoparticle composites are synthesised by the attachment
of metal ions or metal nanoparticles to GO surfaces
through electrostatic or covalent interactions. Additionally,
the reduction of metal ions and/or GO is performed to
form covalent bonds [35]. Ag-GO composites have been
made using ultrasonication by the in situ reduction of Ag"
[36, 37], as well by the deposition of AgNPs [12]. In our
previous report, we showed that ultrasonic methods can be
used to synthesise Ag-GO-coated nanoplatforms on poly-
urethane foils [25]. However, sonication not only led to
coating polyurethane foils with nanomaterials, but also to
the formation of an Ag-GO composite. The formation of
the Ag-GO composite, even before coating the foils, could
have result in the greater stability of AgNPs after coating.
In our studies, fibroblasts and HUVECs were used for
cytotoxicity studies followed by analysis of chicken
embryo chorioallantoic membrane. Skin fibroblasts are
considered as a good model for skin irritation studies
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compared to in vivo analysis [38], whereas endothelial
cells, including HUVEC cytotoxicity, are often studied
due to probable direct contact of nanoparticles in bio-
medical applications and sensitivity of these cells to
nanoparticles [39, 40]. Chicken embryo chorioallantoic
membrane is an alternative in vivo model to rodent
models for various toxicology studies including material
toxicology and acute toxicological studies [41, 42].

Fibroblasts and HUVECs had higher viability when
grown on Ag-GO than AgNP-coated nanoplatforms. Add-
itionally, the AgNP nanoplatform caused morphological
changes in the chorioallantoic membrane, whereas in the
case of the GO and Ag-GO nanoplatforms, cell morph-
ology was comparable to the control group. The decrease
of toxicity on the Ag-GO nanoplatform could result from
the combined effects of a higher stability of AgNPs in the
complex with GO and a better deposition of AgNPs in the
nanoplatform. The toxicity of animal cells is often more
severe after nanoparticles have entered the cell by direct
penetration or endocytosis [43]. Nanoparticle endocytosis
is size and shape dependent. Bigger particles and compos-
ites are taken up to a lesser extent than particles that are
approximately 45 nm in size [44]. The most noticeable re-
lation between endocytosis and shape or size of nanoma-
terials is characteristic for carbon wall nanotubes.
Nanotubes with length less than 1 um effectively penetrate
plasma membrane through direct diffusion, whereas
phagocytosis or endocytosis pathways internalise longer
nanotubes and agglomerates [45]. Recently, the Ag-GO
nanocomposite was shown to be internalised by J774 mac-
rophages, approximately 60% less than AgNPs. However,
because Ag-GO induced more ROS, the overall toxicity
for the cells was higher [46]. Additionally, kinetic analysis
of shape-dependent internalisation of nanoparticles shows
that spherical sized nanoparticles are generally interna-
lised much faster than flat particles [47]. Furthermore, the
toxicity of nanoparticles for human cells is usually size
dependent, in which smaller particles show stronger cyto-
toxic properties. In studies on the size-dependent cytotox-
icity of AgNPs for RAW, 264.7 macrophages and 1929
fibroblast nanoparticles had lower viability after treatment
with 20-nm AgNPs than after treatment with larger nano-
particles (80, 113 nm) [13]. Therefore, the increased size
of Ag-GO composites and the decreased ability of cells to
uptake nanoparticles resulting from stable deposition to
the surface could be the reason for the observed higher
viability of both HUVECs and fibroblasts cultured on the
Ag-GO nanoplatform.

The AgNP and Ag-GO nanoplatforms significantly de-
creased the release level of IL-8 by fibroblasts. The GO
and Ag-GO nanoplatforms led to an increased release of
TNE-B. Additionally, AgNP, GO and Ag-GO nanoplat-
forms decreased the release of IL-6. Interestingly,
changes in the synthesis of proinflammatory proteins by
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fibroblasts were related to the incubation of cells on
nanoplatforms coated with AgNPs or GO. The synthesis
levels of cells incubated on Ag-GO did not differ from
those incubated on nanoplatforms coated with only one
of these nanomaterials, suggesting that biological activity
did not change after the synthesis of the composite. Fi-
broblasts are important in inflammatory and remodelling
processes by initiating inflammatory responses and pre-
cipitating in the switch from acute inflammation to tis-
sue repair [48, 49]. Therefore, the analysis of fibroblast
secretions of inflammatory cytokines is important to
predict the immunological response to nanoplatforms.
Both IL-6 and IL-8 are one of the key inflammatory cy-
tokines that, after synthesis by fibroblasts, leads to the
activation of the immunological response [50, 51]. The
human epidermal keratinocyte synthesis level of IL-6 de-
creases after treatment with AgNPs [52]. Similarly, the
inhibition of IL-6 release by AgNPs was demonstrated in
Jurcat cells and involves the MAPK pathway. AgNPs also
decrease the synthesis levels of tumour necrosis factor
alpha (TNF-a) [53]. TNF-a and, very similar in structure
and function, TNF-p are inflammatory cytokines that
are important during the acute inflammation phase. Al-
though immune cells are mainly responsible for the re-
lease of those proteins during the acute phase of
inflammation, fibroblasts and different cells are involved
in the synthesis of inflammatory cytokines during the
early process of wound healing [54]. Activity to induce
TNEF-a after treatment with GO was demonstrated using
RAW264.7 macrophages [55], which suggests immuno-
logical stimulation. However, in our studies, the release
levels of most of the analysed proinflammatory proteins
were not changed after the cells were cultured on the
GO and Ag-GO nanoplatforms. Therefore, these ana-
lyses suggest that both the GO and Ag-GO nanoplat-
forms possess good biocompatibility and should not lead
to strong immunological reactions.

Conclusions

In conclusion, the presented results show that nanoplat-
forms coated with an Ag-GO composite have showed
stronger growth inhibition of S. enteritidis than AgNP- and
GO-coated nanoplatforms. Moreover Ag-GO composite
significantly reduced cytotoxicity towards fibroblasts,
HUVECs and chicken embryo chorioallantoic membrane,
in comparison to nanoplatforms coated with AgNPs. The
cell viability of fibroblasts and HUVECs was not changed
when they were incubated on nanoplatforms coated with
Ag-GO nanocomposite, showing the inhibition of AgNP
toxicity. These results, together with low immunological
stimulation, suggest that the GO could be used for reduc-
tion of cytotoxicity of different nanomaterials in nanocom-
posites. Furthermore, the results suggest that the Ag-GO
nanoplatform could be considered for use in biomedical
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applications. However, additional studies are needed to
evaluate Ag-GO nanoplatform for specific applications, in-
cluding wound dressings.

Materials and Methods

Preparation and Characterisation of Nanoplatforms
Coated with Nanomaterials

Nanoplatforms made from nanoparticle-coated polyureth-
ane foils were prepared as previously described [25].
Square-shaped polyurethane foils (15 x 15 mm, 0.05 mm
thick) were covered with suspensions of AgNPs (HydroSil-
ver1000, Amepox, £.6d7, Poland) synthetised by chemical
reduction reaction in the presence of polyvinyl alcohol de-
veloped by Amepox and/or GO synthetised by modified
Hummers method. Ten grams of graphite powder was
mixed with 230 ml of concentrated sulphuric acid (98%)
(Sigma-Aldrich Co., St. Louis, MO, USA) at a temperature
below 10 °C. Subsequently, 4.7 g of sodium nitrate (Sigma-
Aldrich) and 30 g of potassium permanganate (Sigma-Al-
drich) were added to the graphite mixture, while keeping
the temperature below 10°C. Then, the mixture was
heated to 30°C and stirred for 2 h. Subsequently, 100 ml
of water was added and the mixture was treated with 10
ml of hydrogen peroxide. GO was purified by filtration
and washed with deionised water until the pH of the fil-
trate reached 6.5. Suspensions of GO, AgNPs and the
composite of AgNPs and GO (Ag-GO) were prepared in
deionised water. During coating, the concentrations of
nanomaterials were as follows: GO, 200 mg/l; AgNPs, 100
mg/l; Ag-GO, 200 mg/]; and AgNPs, 100 mg/1. Nanoparti-
cle coating was performed using an ultrasonic horn (Ti
horn, @13 mm, 60% efficiency, 20 kHz; Sonics & Mate-
rials, Inc., Newtown, CT, USA) at a temperature of 30 +
1°C. The covered samples were flushed in deionised water
and dried in sterile conditions. Nanoplatform characterisa-
tion with a scanning electron microscope (SEM), atomic
force microscope (AFM) and lateral force microscope
(LEM) has been previously reported, showing nanoplat-
forms almost entirely covered with nanomaterials [25].

The nanomaterials used to obtain the nanoplatforms
were imaged using a transmission electron microscope
(TEM). TEM images were acquired using a JEM-1220
microscope (JEOL, Tokyo, Japan) at 80 kV with a Mor-
ada 11-megapixel camera (Olympus Corporation, Tokyo,
Japan). Samples were prepared by placing droplets of hy-
drocolloids onto formvar-coated copper grids (Agar Sci-
entific, Stansted, UK), which were allowed to air-dry
before observations.

Raman spectra were collected using a Renishaw inVia
spectrometer with a 532-nm laser source (Wotton-under-
Edge, UK). To avoid heating of the sample, the laser power
was kept low (0.3 mW, calibrated on the sample). The Ra-
man mapping mode was used with a scan area of approxi-
mately 10 x 10 um, containing 25 spectra). Each spectrum

Page 8 of 11

consisting of two main bands, a G band (~ 1578 cm™ Y and
D band (~ 1347 cm™ '), was fit using Lorentzian line shape.
FT-IR measurements were performed using a Nicolet iS10
spectrometer (Thermo Fisher Scientific, Waltham, USA) in
attenuated total reflectance mode on a diamond crystal.
Graphene oxide suspension was dried on the polyethylene
surface at room temperature to create GO thin foil. The
spectrum was collected in the range 400-4000 cm™ .

Zeta potential measurements of GO (20 mg/1), AgNPs
(10 mg/1) and Ag-GO (GO 20 mg/1 and AgNPs 10 mg/l)
were carried out with a Nano-ZS90 Zetasizer (Malvern
Instruments, Malvern, UK) at 25°C, using the Smolu-
chowski approximation. Nanomaterials were sonicated
for 30 min and zeta potential was immediately measured.
Subsequently, nanomaterials were left for 24 h at room
temperature and the zeta potential was measured again.
Each measurement was repeated at least seven times
after 60 s of stabilisation at 25 °C.

The hydrodynamic diameter of nanoparticles in water
and their size distribution were measured with dynamic
light scattering (DLS) using a Nano-ZS90 Zetasizer (Mal-
vern). Similar to for the zeta potential analysis, GO (20
mg/l), AgNPs (10 mg/l) and Ag-GO (GO 20mg/l and
AgNPs 10 mg/1) were sonicated for 30 min and left for 24
h at room temperature. Each sample was measured at
least seven times at 25 °C.

Bacterial Cultivation

Salmonella enteritidis subspecies enterica serovar Enteri-
tidis (ATCC 13076) was obtained from LGC Standards
(Eomianki, Poland). The bacteria were grown on tryptic
soy agar (Merck Millipore, Darmstadt, Germany). The
bacteria, grown on agar plates, were harvested by gently
washing the plates with sterile distilled saline solution.
To calculate the number of bacteria in the cell suspen-
sion, the optical density of the suspensions at 600 nm
(OD600) was measured using a spectrophotometer (Hel-
ios Epsilon, Unicam, Milwaukee, WI, USA). A calibra-
tion curve was prepared by performing serial tenfold
dilutions of bacterial suspensions of a known optical
density, up to 10~ 5 After 24h of incubation at 37°C,
the number of formed colonies was enumerated and the
number of colony-forming units (CFU) of the original
bacterial suspension was calculated.

Bacteria Viability Assay

Viability was evaluated using a PrestoBlue Cell Viability
Assay (Thermo Fisher Scientific). Bacteria were cultured
onto foils coated with GO, AgNPs and Ag-GO, located on
inserts inserted into six-well plates (200 ul MH broth with
5x10° CFU per foil) and incubated for 24h. Subse-
quently, 90 ul of each sample was transferred to 96-well
plates and 10 pul of PrestoBlue reagent was added to each
well and incubated for an additional 2h at 37°C. The
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optical density of each well was recorded at 570 nm using
a microplate reader (Infinite M200, Tecan, Durham, NC,
USA). Bacteria viability was expressed as the relative value
after substitution of the absorbance from the blank sam-
ples. Experiments were repeated three times.

Scanning Electron Microscopy Analysis

Bacteria were incubated on foils with Ag-GO and a sterile
cover glass. Bacteria cultures (100 pl, 10° CFU/ml) were
incubated on foils and a cover glass for 24 h at 37°C. All
samples were dried and covered with gold. Cells were
fixed with 2.5% glutaraldehyde in phosphate-buffered
saline (PBS, pH 7.2) and contrasted with 1% osmium tet-
roxide (Sigma-Aldrich) and 1% carbohydrazide (Sigma-Al-
drich). Subsequently, cells were dehydrated in increasing
concentrations of hexylene glycol (Sigma-Aldrich). Drying
was performed using a Polaron CPD 7501 critical point
dryer (Quorum Technologies, Laughton, UK). Finally, the
samples were imaged with a SEM (FEI Quanta 200,
Tokyo, Japan) at an acceleration voltage of 15 kV.

Human Cell Lines

Human umbilical vein endothelial cells (HUVECsS; cata-
logue number: C0035C) and human fibroblasts (catalogue
number: C0135C) were obtained from Thermo Fisher
Scientificc. HUVECs were maintained on low-serum
Medium 200 basal media supplemented with Large Vessel
Endothelial Supplement (Thermo Fisher Scientific) and
1% penicillin/streptomycin (Thermo Fisher Scientific),
whereas fibroblasts were cultured in low-serum Medium
106 (Thermo Fisher Scientific) supplemented with Low
Serum Growth Supplement (Thermo Fisher Scientific)
and 1x penicillin/streptomycin (Thermo Fisher Scientific).
Cells were maintained at 37°C in a humidified atmos-
phere of 5% CO,/95% air.

To analyse biological interactions, the nanoplatforms
were put into six-well plates. After detachment from the
cell culture flask, HUVECs or fibroblasts were placed
directly on the nanoplatform with 100 pul of growth
media. To avoid the media drying during incubations,
plates were kept in humidity chambers.

Analysis of Nanoplatform Toxicity to HUVECs and
Fibroblasts

To analyse HUVEC and fibroblast viability on the nano-
platforms, cells were cultured in the droplet directly on
the nanoplatforms or uncoated foil (1 x 10* cells in 100 pl
growth media). After 24 h of incubation, cell viability was
analysed using a PrestoBlue assay (Thermo Fisher Scien-
tific). PrestoBlue reagent was incubated with assessed cells
for 2h in a cell culture incubator. Subsequently, 50 pl of
growth media with PrestoBlue reagent was transferred to
a 96-well plate where fluorescence (excitation A = 560 nm,
emission A =590 nm) was analysed using a Tecan Infinite

Page 9 of 11

200 microplate reader (Tecan, Durham, USA). Cell viabil-
ity was expressed as the relative value after substitution of
the fluorescence from blank samples. Experiments were
repeated three times.

Fibroblast morphology was observed using an inverted
optical microscope (Olympus Corporation) using phase
contrast. Fibroblasts were seeded in 35-mm diameter
Petri dishes directly on the nanoplatforms (1 x 10* cells
in 100 pl growth media). Images were taken after 24 h of
incubation.

Chorioallantoic Membrane Assay

Fertilised eggs from Ross 308 hens were obtained from a
certified hatchery and kept for 4 days at 12 °C. The eggs
were cleaned, sterilised with UVC light and divided into
four groups (4 x 20 eggs). Embryos were incubated at
standard conditions (temperature 37 °C, humidity 60%
and turned once per hour). At 8 days of embryonic de-
velopment, small holes (1 cm?) were made in the shell
above the air space, the inner membrane was gently
striped off and the nanoplatforms were placed on the
chicken embryo chorioallantoic membrane. Subse-
quently, chicken embryos were incubated for the next
48 h, when nanoplatforms were cut out with the chorio-
allantoic membrane that was directly below the nano-
platform. The chorioallantoic membrane on the
nanoplatforms was imaged using a stereoscopic micro-
scope (SZX10, Olympus Corporation).

Antibody Array Analysis

An analysis of inflammation cytokines in fibroblast
growth medium was performed using an antibody array
(Abcam, Cambridge, UK; catalogue number ab134003).
Fibroblast cells (1 x 10*) were incubated on nanoplat-
forms coated with AgNPs, GO, Ag-GO and uncoated
foil with 100 ul of media. After 24'h, 80 pul of growth
medium was collected. For each experimental group, the
growth medium from six foils was used for analysis.
Pooled growth medium from the six experiments was
centrifuged (1600 rpm for 5 min), and 500 pl of growth
media was diluted in 500 pl of PBS. Therefore, 1 ml of
diluted growth media was used per each analysed mem-
brane. The assay was performed in accordance with the
manufacturer’s instructions. Diluted growth media was
incubated with the membranes for 24 h at 4°C. Subse-
quently, antibodies conjugated with biotins were added
and incubated for the next 24 h at 4 °C. In the next step,
the membranes were incubated with streptavidin conju-
gated with horseradish peroxidase for 2h at room
temperature. Membranes were visualised after the
addition of the provided horseradish peroxidase sub-
strate using a ChemiDoc imaging system (Bio-Rad,
Hercules, USA).
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Statistical Analysis

Data were analysed using one-way analysis of variance
with GraphPad Prism 8 (GraphPad Software, San Diego,
CA, USA). Differences between groups were tested with
Tukey’s HSD post hoc tests. Results are shown as means
with standard deviations. Differences at P <0.05 were
considered significant.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/511671-019-3166-9.

[ Additional file 1: Figure S1. Antibody array map. ]

Abbreviations

Ag-GO: Composite of silver nanoparticles and graphene oxide; AgNPs: Silver
nanoparticles; CFU: Colony-forming units; DLS: Dynamic light scattering; FT-
IR: Fourier transform infrared spectroscopy; GM-CSF: Granulocyte-
macrophage colony-stimulating factor; GO: Graphene oxide; HUVECs: Human
umbilical vein endothelial cells; IL-6: Interleukin 6; IL-8: Interleukin 8;

SEM: Scanning electron microscope; TEM: Transmission electron microscope;
TNF-a: Tumour necrosis factor alpha; TNF-B: Tumour necrosis factor beta

Acknowledgements
The manuscript is a part of the habilitation thesis of Mateusz Wierzbicki.

Authors’ Contributions

MW designed the study, guided the experiments and data analysis and
wrote the manuscript. MW, SJ and ES performed the experiments. AJ, GG
and HJ supervised the assembly of the manuscript. W& and BW prepared the
nanoplatforms. LS and AM synthesised the graphene oxide. AC participated
in the design of the study and helped to draft the manuscript. All authors
read and approved the final manuscript.

Funding

This work was supported by an internal grant of the Military Institute of
Medicine no 419 and by the Polish National Research Council grant NCN
2016/23/D/NZ9/01401.

Availability of Data and Materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Competing Interests
The authors declare that they have no competing interests.

Author details

"Institute of Biology, Department of Nanobiotechnology and Experiemntal
Ecology, Warsaw University of Life Sciences, Ciszewskiego 8, 02-786 Warsaw,
Poland. “Military Institute of Medicine, Szaseréw 128, 04-141 Warsaw, Poland.
3Braster S.A, Cichy Ogréd 7, 05-580 Ozaréw Mazowiecki, Poland. “Institute of
High Pressure Physics of the Polish Academy of Sciences, Sokotowska 29/37,
01-142 Warsaw, Poland. *Faculty of Chemical and Process Engineering,
Warsaw University of Technology, Waryriskiego 1, 00-645 Warsaw, Poland.
®Department of Veterinary and Animal Sciences, University of Copenhagen,
Groennegaardsvej 3, 1870 Frederiksberg, Denmark.

Received: 2 April 2019 Accepted: 30 September 2019
Published online: 11 October 2019

References

1. Marin S, Vlasceanu GM, Tiplea RE et al (2015) Applications and toxicity of
silver nanoparticles: a recent review. Curr Top Med Chem 15:1596-1604

2. Huh AJ, Kwon YJ (2011) "Nanoantibiotics™ a new paradigm for treating
infectious diseases using nanomaterials in the antibiotics resistant era. J
Control Release 156:128-145. https;//doi.org/10.1016/jjconrel.2011.07.002

1.

20.

22.

Page 10 of 11

Slavin YN, Asnis J, Hafeli UO, Bach H (2017) Metal nanoparticles:
understanding the mechanisms behind antibacterial activity. J
Nanobiotechnology 15:65. https;//doi.org/10.1186/512951-017-0308-z
Marambio-Jones C, Hoek EMV (2010) A review of the antibacterial effects of silver
nanomaterials and potential implications for human health and the environment.
J Nanopart Res 12:1531-1551. https//doi.org/10.1007/s11051-010-9900-y
Lépez-Serrano A, Mufoz Olivas R, Sanz Landaluze J, Cdmara C (2014)
Nanoparticles: a global vision. Characterization, separation, and
quantification methods. Potential environmental and health impact. Anal
Methods 6:38-56. https://doi.org/10.1039/C3AY40517F

Lu W, Senapati D, Wang S et al (2010) Effect of surface coating on the
toxicity of silver nanomaterials on human skin keratinocytes. Chem Phys
Lett 487. https://doi.org/10.1016/j.cplett.2010.01.027

Perelshtein |, Applerot G, Perkas N et al (2010) Ultrasound radiation as a
“throwing stones” technique for the production of antibacterial
nanocomposite textiles. ACS Appl Mater Interfaces 2:1999-2004. https://doi.
0rg/10.1021/am100291w

Taurozzi JS, Hackley VA, Wiesner MR (2011) Ultrasonic dispersion of
nanoparticles for environmental, health and safety assessment--issues and
recommendations. Nanotoxicology 5:711-729. https://doi.org/10.3109/
17435390.2010.528846

Lu X, Mao H, Chao D et al (2006) Ultrasonic synthesis of polyaniline
nanotubes containing Fe304 nanoparticles. J Solid State Chem 179:2609-
2615. https://doi.org/10.1016/},jss¢.2006.04.029

Tong H, Li H-L, Zhang X-G (2007) Ultrasonic synthesis of highly dispersed Pt
nanoparticles supported on MWCNTs and their electrocatalytic activity
towards methanol oxidation. Carbon 45:2424-2432. https.//doi.org/10.1016/
j.carbon.2007.06.028

Samuel MS, Bhattacharya J, Parthiban C et al (2018) Ultrasound-assisted
synthesis of metal organic framework for the photocatalytic reduction of 4-
nitrophenol under direct sunlight. Ultrason Sonochem 49:215-221. https//
doi.org/10.1016/j.ultsonch.2018.08.004

Zhu Z, Su M, Ma L et al (2013) Preparation of graphene oxide—silver
nanoparticle nanohybrids with highly antibacterial capability. Talanta 117:
449-455, https;//doi.org/10.1016/j.talanta.2013.09.017

Park MVDZ, Neigh AM, Vermeulen JP et al (2011) The effect of particle size
on the cytotoxicity, inflammation, developmental toxicity and genotoxicity
of silver nanoparticles. Biomaterials 32:9810-9817. https://doi.org/10.1016/j.
biomaterials.2011.08.085

Xu H, Qu F, Xu H et al (2012) Role of reactive oxygen species in the
antibacterial mechanism of silver nanoparticles on Escherichia coli O157:H7.
Biometals 25:45-53. https://doi.org/10.1007/510534-011-9482-x

Sondi |, Salopek-Sondi B (2004) Silver nanoparticles as antimicrobial agent: a
case study on E. coli as a model for Gram-negative bacteria. J Colloid
Interface Sci 275:177-182. https.//doi.org/10.1016/jjcis.2004.02.012
Gurunathan S, Han JW, Dayem AA et al (2012) Oxidative stress-mediated
antibacterial activity of graphene oxide and reduced graphene oxide in
Pseudomonas aeruginosa. Int J Nanomedicine 7:5901-5914. https://doi.org/
10.2147/1JN.S37397

Kurantowicz N, Sawosz E, Jaworski S et al (2015) Interaction of graphene
family materials with Listeria monocytogenes and Salmonella enterica.
Nanoscale Res Lett 10:23

Naeem H, Ajmal M, Qureshi RB et al (2019) Facile synthesis of graphene
oxide-silver nanocomposite for decontamination of water from multiple
pollutants by adsorption, catalysis and antibacterial activity. J Environ
Manag 230:199-211. https;//doi.org/10.1016/jjenvman.2018.09.061

Samuel MS, Bhattacharya J, Raj S et al (2019) Efficient removal of chromium
(V) from aqueous solution using chitosan grafted graphene oxide (CS-GO)
nanocomposite. Int J Biol Macromol 121:285-292. https://doi.org/10.1016/j.
ijoiomac.2018.09.170

Vazquez-Munoz R, Borrego B, Judrez-Moreno K et al (2017) Toxicity of silver
nanoparticles in biological systems: does the complexity of biological systems
matter? Toxicol Lett 276:11-20. https//doi.org/10.1016/j.toxlet.2017.05.007
Ivask A, Juganson K, Bondarenko O et al (2014) Mechanisms of toxic
action of Ag, ZnO and CuO nanoparticles to selected ecotoxicological
test organisms and mammalian cells in vitro: a comparative review.
Nanotoxicology 8(Suppl 1):57-71. https://doi.org/10.3109/17435390.2013.
855831

Liao K-H, Lin Y-S, Macosko CW, Haynes CL (2011) Cytotoxicity of graphene
oxide and graphene in human erythrocytes and skin fibroblasts. ACS Appl
Mater Interfaces 3:2607-2615. https.//doi.org/10.1021/am200428v



Wierzbicki et al. Nanoscale Research Letters

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2019) 14:320

Kurantowicz N, Strojny B, Sawosz E et al (2015) Biodistribution of a high
dose of diamond, graphite, and graphene oxide nanoparticles after multiple
intraperitoneal injections in rats. Nanoscale Res Lett 10:398

Wu S-Y, An SSA, Hulme J (2015) Current applications of graphene oxide in
nanomedicine. Int J Nanomedicine 10:9-24. https//doi.org/10.2147/1JN.588285
Jaworski S, Wierzbicki M, Sawosz E et al (2018) Graphene oxide-based
nanocomposites decorated with silver nanoparticles as an antibacterial
agent. Nanoscale Res Lett 13:1-17

Ferrari AC, Robertson J (2000) Interpretation of Raman spectra of disordered
and amorphous carbon. Phys Rev B 61:14095-14107. https://doi.org/10.
1103/PhysRevB.61.14095

Wréblewska A, Duzyriska A, Judek J et al (2017) Statistical analysis of the
reduction process of graphene oxide probed by Raman spectroscopy mapping. J
Phys Condens Matter 29:475201. https/doi.org/10.1088/1361-648X/aa92fe
Ferrari AC (2007) Raman spectroscopy of graphene and graphite: disorder,
electron-phonon coupling, doping and nonadiabatic effects. Solid State
Commun 143:47-57. https;//doi.org/10.1016/j.55¢.2007.03.052

Stobinski L, Lesiak B, Malolepszy A et al (2014) Graphene oxide and reduced
graphene oxide studied by the XRD, TEM and electron spectroscopy
methods. J Electron Spectros Relat Phenomena 195. https://doi.org/10.1016/
jelspec.2014.07.003

Liu K-G, Abbasi AR, Azadbakht A et al (2017) Deposition of silver
nanoparticles on polyester fiber under ultrasound irradiations. Ultrason
Sonochem 34:13-18. https://doi.org/10.1016/j.ultsonch.2016.04.006

Tang S, Tang Y, Gao F et al (2007) Ultrasonic electrodeposition of silver
nanoparticles on dielectric silica spheres. Nanotechnology 18:295607.
https://doi.org/10.1088/0957-4484/18/29/295607

Gedanken A (2004) Using sonochemistry for the fabrication of
nanomaterials. Ultrason Sonochem 11:47-55. https.//doi.org/10.1016/j.
ultsonch.2004.01.037

Tzanakis |, Eskin DG, Georgoulas A, Fytanidis DK (2014) Incubation pit
analysis and calculation of the hydrodynamic impact pressure from the
implosion of an acoustic cavitation bubble. Ultrason Sonochem 21:866-878.
https://doi.org/10.1016/j.ultsonch.2013.10.003

Chen D, Feng H, Li J (2012) Graphene oxide: preparation, functionalization,
and electrochemical applications. Chem Rev 112:6027-6053. https://doi.org/
10.1021/cr300115g

Yin PT, Shah S, Chhowalla M, Lee K-B (2015) Design, synthesis, and
characterization of graphene-nanoparticle hybrid materials for
bioapplications. Chem Rev 115:2483-2531. https://doi.org/10.1021/cr500537t
Bao Q, Zhang D, Qi P (2011) Synthesis and characterization of silver
nanoparticle and graphene oxide nanosheet composites as a bactericidal
agent for water disinfection. J Colloid Interface Sci 360:463-470. https://doi.
0rg/10.1016/jjcis.2011.05.009

Hui KS, Hui KN, Dinh DA et al (2014) Green synthesis of dimension-
controlled silver nanoparticle-graphene oxide with in situ ultrasonication.
Acta Mater 64:326-332. https.//doi.org/10.1016/j.actamat.2013.10.045

Lee JK, Kim DB, Kim JI, Kim PY (2000) In vitro cytotoxicity tests on cultured
human skin fibroblasts to predict skin irritation potential of surfactants.
Toxicol in Vitro 14:345-349. https.//doi.org/10.1016/50887-2333(00)00028-X
Cao Y (2018) The toxicity of nanoparticles to human endothelial cells. Adv
Exp Med Biol 1048:59-69. https://doi.org/10.1007/978-3-319-72041-8_4

Cao Y, Gong Y, Liu L et al (2017) The use of human umbilical vein
endothelial cells (HUVECs) as an in vitro model to assess the toxicity of
nanoparticles to endothelium: a review. J Appl Toxicol 37:1359-1369.
https://doi.org/10.1002/jat.3470

Kue CS, Tan KY, Lam ML, Lee HB (2015) Chick embryo chorioallantoic membrane
(CAM): an alternative predictive model in acute toxicological studies for anti-
cancer drugs. Exp Anim 64:129-138. https//doi.org/10.1538/expanim.14-0059
Ribatti D (2016) The chick embryo chorioallantoic membrane (CAM). A
multifaceted experimental model. Mech Dev 141:70-77. https://doi.org/10.
1016/j.mod.2016.05.003

Caballero-Diaz E, Pfeiffer C, Kastl L et al (2013) The toxicity of silver nanoparticles
depends on their uptake by cells and thus on their surface chemistry. Part Part
Syst Charact 30:1079-1085. https/doi.org/10.1002/ppsc.201300215

Wang S-H, Lee CG-W, Chiou A, Wei P-K (2010) Size-dependent endocytosis of gold
nanoparticles studied by three-dimensional mapping of plasmonic scattering
images. J Nanobiotechnology 8:33. https//doi.org/10.1186/1477-3155-8-33

Raffa V, Ciofani G, Vittorio O et al (2010) Physicochemical properties
affecting cellular uptake of carbon nanotubes. Nanomedicine (Lond) 5:89-
97. https://doi.org/10.2217/nnm.09.95

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 11 of 11

de Luna LAV, de Moraes ACM, Consonni SR et al (2016) Comparative

in vitro toxicity of a graphene oxide-silver nanocomposite and the pristine
counterparts toward macrophages. J Nanobiotechnology 14. https://doi.
0rg/10.1186/512951-016-0165-1

Chen L, Xiao S, Zhu H et al (2016) Shape-dependent internalization kinetics
of nanoparticles by membranes. Soft Matter 12:2632-2641. https://doi.org/
10.1039/C55M018698

Buckley CD, Pilling D, Lord JM et al (2001) Fibroblasts regulate the switch
from acute resolving to chronic persistent inflammation. Trends Immunol
22:199-204

Smith TJ (2005) Insights into the role of fibroblasts in human autoimmune
diseases. Clin Exp Immunol 141:388-397. https://doi.org/10.1111/}.1365-
2249.2005.02824.x

Kishimoto T (2006) Interleukin-6: discovery of a pleiotropic cytokine. Arthritis
Res Ther 8(Suppl 2):S2. https://doi.org/10.1186/ar1916

Smith RS, Smith TJ, Blieden TM, Phipps RP (1997) Fibroblasts as sentinel
cells. Synthesis of chemokines and regulation of inflammation. Am J Pathol
151:317-322

Singh H, Du J, Singh P, Yi TH (2018) Role of green silver nanoparticles
synthesized from Symphytum officinale leaf extract in protection against
UVB-induced photoaging. J Nanostruct Chem 8:359-368. https://doi.org/10.
1007/540097-018-0281-6

Parnsamut C, Brimson S (2015) Effects of silver nanoparticles and gold
nanoparticles on IL-2, IL-6, and TNF-a production via MAPK pathway in
leukemic cell lines. Genet Mol Res 14:3650-3668. https.//doi.org/104238/
2015.April.17.15

Ritsu M, Kawakami K, Kanno E et al (2017) Critical role of tumor necrosis
factor-a in the early process of wound healing in skin. J Dermatol Dermatol
Surg 21:14-19. https.//doi.org/10.1016/jjdds.2016.09.001

Chen G-Y, Yang H-J, Lu C-H et al (2012) Simultaneous induction of
autophagy and toll-like receptor signaling pathways by graphene oxide.
Biomaterials 33:6559-6569. https;//doi.org/10.1016/j.biomaterials.2012.05.064

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




/ﬁr International Journal of K\
Molecular Sciences M D\Py

~

Article

Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic
Progenitor Cells

Mateusz Wierzbicki 1'*, Anna Hotowy 10, Marta Kutwin !, Stawomir Jaworski !,
Jasémina Balaban !, Malwina Sosnowska !, Barbara Wéjcik 1, Aleksandra Wedzifiska !,
André Chwalibog 200 and Ewa Sawosz !

1 Department of Nanobiotechnology and Experimental Ecology, Institute of Biology, Warsaw University of

Life Sciences, Ciszewskiego 8, 02-786 Warsaw, Poland; anna_hotowy@sggw.edu.pl (A.H.);
marta_kutwin@sggw.edu.pl (M.K.); slawomir_jaworski@sggw.edu.pl (S.].);
jasmina_balaban@sggw.edu.pl (J.B.); malwina_sosnowska@sggw.edu.pl (M.S.);
barbara_wojcik@sggw.edu.pl (B.W.); a.wedzinskal@gmail.com (A.W.);
ewa_sawosz_chwalibog@sggw.edu.pl (E.S.)

Department of Veterinary and Animal Sciences, University of Copenhagen, Groennegaardsvej 3,
1870 Frederiksberg, Denmark; ach@sund.ku.dk

Correspondence: mateusz_wierzbicki@sggw.edu.pl

check for
Received: 10 May 2020; Accepted: 9 June 2020; Published: 11 June 2020 updates

Abstract: The physiological process of muscle regeneration is quite limited due to low satellite
cell quantity and also the inability to regenerate and reconstruct niche tissue. The purpose of the
study was to examine whether a graphene oxide scaffold is able to stimulate myogenic progenitor
cell proliferation and the endocrine functions of differentiating cells, and therefore, their active
participation in the construction of muscle tissue. Studies were carried out using mesenchymal cells
taken from 6-day-old chicken embryos and human umbilical vein endothelial cells (HUVEC) were
used to assess angiogenesis. The graphene scaffold was readily colonized by myogenic progenitor
cells and the cells dissected from heart, brain, eye, and blood vessels did not avoid the scaffold.
The scaffold strongly induced myogenic progenitor cell signaling pathways and simultaneously
activated proangiogenic signaling pathways via exocrine vascular endothelial growth factor (VEGF)
secretion. The present study revealed that the graphene oxide (GO) scaffold initiates the processes of
muscle cell differentiation due to mechanical interaction with myogenic progenitor cell.

Keywords: angiogenesis; myogenic progenitor cells; graphene oxide

1. Introduction

Degradation, degeneration, and surgical removal are among the most common causes of muscle
loss. These processes are largely irreversible. Despite the ability of muscle cells to regenerate,
the physiological process of regeneration is quite limited. This is because there exist a limited
number of satellite cells, and also a result of the inability of a muscle to regenerate and reconstruct its
niche. The niche, which is the immediate environment of stem cells, well cell availability and growth
factors mutually influence each other and are required for the regeneration of tissues [1]. However,
the interactions between these factors are not fully understood. It seems that designing an appropriate
niche—one that is optimally suited for promoting cellular regeneration—is the most difficult challenge
faced by researchers who aim to enhance the regeneration of muscle tissue [2]. The creation of a new
tissue, however, involves interactions between three basic elements: cells capable of proliferation,
differentiation, and creating interconnections; scaffolds that act as mechanical foundations for growth;
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and growth and functional factors [3]. Many studies have been devoted to the invention and adaptation
of synthetic or biological niche environments for tissue engineering.

Carbon is relatively biocompatible and is a promising scaffold material. Carbon nanomaterials
can be used to create scaffolds of various structural types and can impart features of regularity and,
most importantly, flexibility. This allows for the imitation of the physiological structures characteristic
of the muscle niche. Graphene, particularly, graphene oxide (GO), easily attaches to other compounds
through interactions involving the surface oxygen groups and can create a surface containing a mosaic
of chemical groups that are exposed to the environment [4]. It has a great physical and chemical
plasticity and possesses a strong and durable graphene mesh structure [5,6], which possesses favorable
characteristics and facilitates formation of a scaffold with the potential action as a graphene-derived
synthetic extracellular matrix (ECM) structure [7]. The presence of numerous oxygen groups on the
GO surface enhances its hydrophilicity and biocompatibility [8], improving its biological applicability.

Key elements of tissue formation involve interactions between the ECM and the cells that
are capable of proliferation, differentiation, and creation of interconnections. However, many key
phenomena involved in these interactions have not been sufficiently elucidated. In particular,
the physicochemical impact of components of the ECM on myogenic progenitor cell proliferation,
differentiation, tissue formation, and, above all, activation of extracellular signaling are not clear.
The embryonic chicken muscle development model can provide a precise, convenient and rapid means
to study interactions between the myogenic progenitor cells and the potential ECM mimics. Muscle
tissues of chicken embryos are formed similarly to those of other animals. Multipotent stem cells of the
mesoderm ignite somites and leg buds arise from somites 26 to 32 throughout 17 Hamburger—-Hamilton
stages (HH) (52-64 h) and up to 26 HH (day 5) [9]. Stimulated myoblast precursors migrate to the
limb bud and are guided and nourished by the substances of the extracellular matrix present in the
peripheral mesenchyme of the limb bud.

Proliferating precursors of muscle cells have express specific proteins throughout specific stages
of tissue development, which extends from proliferation to differentiation. In order from the earliest to
the latest, the proteins expressed include MYF5 (myogenic factor 5), MyoD (myogenic differentiation
1), MRF4 (myogenic factor 6), and myogenin. MyoD controls the chromatin context and manages
the genes involved in myogenic programming [10]. MyoD is a marker of skeletal muscle cells and,
together with Myf5, is essential for the establishment of a viable muscle lineage [11].

Muscle cells and their precursors, however, exhibit not only endocrine, but also paracrine
properties. In vitro studies of muscle satellite cells co-cultured with endothelial cells have found
them to greatly stimulate angiogenesis [12]. Moreover, VEGF secretion by muscle satellite cells was
observed, indicating that muscle satellite cells secrete proangiogenic factors into the environment
and create a niche for their development and the formation of muscle tissue. Another study showed
that the coupling between the ECM and myogenic precursor cells (MPCs) activated myogenesis and
angiogenesis [13]. Cooperation between muscle and endothelial cell regeneration at the molecular
level (production of apelin, periostin, and oncostatin) conditioned the regeneration of muscle.

The purpose of the present study was to examine whether GO scaffolds are able to stimulate the
myogenic progenitor cell differentiation, which includes the stimulation of endocrine properties and
enhances their active participation in the construction of muscle tissue. The research is focused on the
scaffold interaction with the cells and its role in the promotion of tissue formation.

2. Results

2.1. GO Scaffold Characterisation

GO (50 mg/L) formed a stable aqueous hydrocolloid (zeta potential: —27.0 mV) that showed GO
flakes with an average diameter from 5 to 30 pm via transmission electron microscopy (TEM) (Figure 1C).

The GO scaffold was analyzed using scanning electron microscopy (SEM) and atomic force microscopy
(AFM). A 1 mg/mL aqueous GO hydrocolloid was used to prepare the GO scaffold. SEM images
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showed layers of GO flakes covering the surface of cell culture plates (Figure 1F). AFM analysis was
performed to assess the GO scaffold on a cell culture plate and a perfectly flat silicon wafer. AFM
analysis of the GO scaffold on the silicon wafer showed that GO formed a surface with sharp peaks and
the average roughness of 5.1 nm (Figure 1D,E). The GO scaffold created using a polystyrene cell culture
surface had an increased number of peaks but a reduced average roughness of 2.0 nm (Figure 1A,B),
which indicated that GO fills cavities of polystyrene cell cultures, which leaves surfaces less rough.
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Figure 1. Graphene oxide scaffold morphology. (A) Atomic force microscopy images and (B) a
topography model of the surface of the graphene oxide scaffold on a polystyrene culture plate.
(C) Transmission electron microscopy image of graphene oxide. (D) Atomic force microscopy images
and (E) a topography model of the graphene oxide scaffold surface on a flat silicon wafer. (F) Scanning
electron microscopy image of the graphene oxide scaffold.

2.2. PMC Localise Preferentially on GO Scaffold

Organs/tissues dissected from a different part of the body (a hind limb (PMC), heart (PHC),
brain (PNC), an eye (PEC), and a blood vessel from the chorioallantoic membrane (PVC)) were
sources of mesenchymal cells involved in development of specific organs or tissues. GO enhanced
viability of PMC and PEC, but decreased viability of PVC and did not affect PNC and PHC viability
(Figure 2). To clearly observe morphological differences between the cells grown on the GO scaffold
and polystyrene, as well as to assess the direction of movement and homing preference of the GO
surface, an island pattern was used (Figure 2K). Thus, we compared morphologies of cells on the
GO island with those growing beyond GO and on the border of the GO island. A morphological
assessment of cells revealed that cells were typical for the period of embryonic development assessed.
Mesenchymal stem cells and differentiated cells were observed in each sample. All cells were located
on the polystyrene surface, on the border of the GO island, and on the GO island, however, they varied
with respect to density and morphology (Figure 2). PMC, unlike other observed cells, actively localized
on GO islands. (Figure 2B), whereas non-PMC were located outside the GO. Images of the GO island
border showed that cells predominantly localized parallel to the GO border, however, sometimes they
attached to the GO scaffold (Figure 2D,EH,]). The GO scaffold was not definitively avoided by PHC,
PNC, PEC, and PVC, however, any preference to locate on the GO was not observed.
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Figure 2. Analysis of the cell localization and viability on the GO scaffold. (A) Viability and
(B) morphologies of progenitor muscle cells from hind limb (PMC) on the GO scaffold. (C) Viability
and (D) morphology of progenitor eye cells (PEC) on the GO scaffold. (E) Viability and (F) morphology
of progenitor heart-derived cells (PHC) on the GO scaffold. (G) Viability and (H) morphology of cells
derived from brain (progenitor nerve cells, PNC) on the GO scaffold. (I) Viability and (J) morphology of
cells from a chorioallantoic membrane’s blood vessel (progenitor vessel cells, PVC) on the GO scaffold.
Morphology was assessed on the edge of the GO scaffold via light microscopy with phase contrast and
200 x magnification. Statistical significance is indicated with different superscripts (unpaired t-test;
p < 0.05). (K) Pattern of GO islands used in cell localization and morphology analysis. Acronyms:
C, control; GO, graphene oxide; RV, relative value.

To verify PMC behavior on the GO scaffold, SEM visualization was carried out after the cells
were incubated with the GO scaffold for extended periods. PMC incubated for 96 h and imaged via
SEM showed a tendency to localize on GO islands. At the border of GO islands, cells were placed
perpendicularly to the GO circle with protrusions directed towards the GO surface (Figure 3A).
SEM imaging allowed researchers to distinguish between two layers of PMC. The first one was large
and contained flattened cells located at the bottom of wells. These cells adhered to the GO scaffold.
The second layer of cells grew over the bottom cell layer and consisted of oval, slightly rectangular
single and fused myoblasts (Figure 3B,C). Cells of the second layer, myogenic progenitor cells and
differentiated myocytes, had cytoplasmic protrusions that were connected to cells of the first layer.
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Figure 3. PMC morphology after a 96-h incubation and PMC migration on a GO scaffold. (A) Scanning
electron microscope visualization of PMC on the edge and (B,C) the center of the GO scaffold.
(D) Visualization of the whole GO scaffold overgrown by PMC. (E) Representative images of the
migration analysis of PMC throughout the GO scaffold. Image of the initial (“0 h”) position of the
PMC and their positions after an 18-h incubation period on a polystyrene culture plate (“C”) and a
graphene oxide scaffold (“GO”). (F) Fold decreases of the cell-free areas measured as the difference
determined between 0 h and 18 h images. Arrows indicate the edge of the GO scaffold. Statistical
significance is indicated with different superscripts (unpaired t-test; p < 0.05). Abbreviations: C, control;
GO, graphene oxide; RV, relative value.

2.3. The GO Scaffold Increases Migration of PMC

To assess PMC surface preference, cell migration speed on the control polystyrene and the
polystyrene covered with a GO scaffold were analyzed. Analysis of migration was initiated when the
cell reached the edge of the scaffold and began to migrate to the GO scaffold. Cells in the control group
(Figure 3E, “C”) covered the polystyrene surface during the 18-h time-lapse imaging period almost
two times slower than the cells that migrated next to the GO scaffold (Figure 3E, “GO”).

2.4. The GO Scaffold Increases Expression of the MyoD1 mRNA and Enhances Synthesis of VEGF-A Proteins

To explain mechanism of the PMC-GO scaffold interaction, mRNA expression levels of the key
genes responsible for myogenic progenitor cell differentiation, proliferation, and maturation were
assessed. The GO scaffold influenced expression of the genes involved in myogenic progenitor cell
proliferation and differentiation. The GO surface enhanced expression of MyoD1, which is the gene
responsible for differentiation, and decreased expression of the proliferating cell nuclear antigen
(PCNA) involved in proliferation and of ATP5B (coding ATP synthase F1 subunit beta). However,
the GO scaffold did not affect basic fibroblast growth factor (bFGF expression (Figure 4). Interestingly,
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VEGF-A gene indicating the angiogenesis process was upregulated after application of the GO scaffold.
To analyze cell secretion of VEGF-A, the level of this protein in media was assessed. The concentration
of VEGF-A in the culture medium from the PMC incubated on the GO surface was increased as
compared to the control (Figure 4).
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Figure 4. Analysis of mRNA expression and protein level. (A) Vascular endothelial growth factor A
(VEGEF-A) protein level in the cell medium after incubation of PMC on a standard cell culture plate
(control—"C"), PMC on the graphene oxide scaffold (“GO scaff”), PMC on a standard cell culture plate
treated with GO (final concentration—10 pug/mL). Expression level of the genes coding (B) VEGF-A,
(C) basic fibroblast growth factor (bFGF), (D) myoblast determination protein 1 MyoD, (E) ATP synthase
F1 subunit beta ATP5B, (F) proliferating cell nuclear antigen PCNA. Statistical significance is indicated
with different superscripts (one-way ANOVA; p < 0.05). Abbreviations: RU, relative units.

To confirm the release of VEGEF-A, PMC cultured on a GO surface ex ovo and tube formation
angiogenesis models were assessed. To evaluate proangiogenic properties of the PMC culture media,
a GO scaffold human umbilical vein endothelial cells (HUVEC) tube formation assay was performed.
The medium from the PMC cultured on a GO scaffold was used as an experimental group (Figure 5C),
the medium from the PMC cultured on a standard polystyrene surface was used as a control (Figure 5B).
Additionally, freshly supplemented DMEM was used as a negative control (Figure 5A). The number
of tube junctions formed after incubation with experimental and control media indicated angiogenic
potential. The number of junctions formed after exposure to the experimental group was statistically
higher than that of the control and negative control groups (Figure 5D).

Additionally, proangiogenic properties of the medium were verified using an implant taken from
the peripheral blood vessel of a chicken embryo. After a 3-d incubation period, the vascular implants
subjected to culture media from the control PMC and the PMC cultivated on a GO scaffold significantly
differed. The fragment of the vessel that was cultured in the presence of the control PMC media
was weakly altered. Groups of single cells in the vicinity of dense vessel tissue were clearly visible



Int. J. Mol. Sci. 2020, 21, 4173 7 of 16

(Figure 5E,F). Morphological features of these cells corresponded to those of endothelial cells. A blood
vessel scrap grown in the presence of the medium from the PMC cultured on a GO scaffold was more
drastically altered. Its edges were more jagged, and cells migrated away from the sample.

Figure 5. Analysis of angiogenic properties of PMC media. Images of human umbilical vein endothelial

cells (HUVEC) tube formation in (A) the control medium and (B) the negative control medium with
the post-incubation addition of the medium from the PMC cultured under standard conditions as
the control, and (C) with the post-incubation addition of the medium from the PMC cultured on a
graphene oxide scaffold. (D) Graph showing the mean number of junctions of HUVEC tubes in the
field of view. Values are expressed as mean =+ standard deviation. Statistical significance is indicated
with different superscripts (one-way ANOVA; p < 0.05). (E) Implant from the peripheral blood vessel of
a chicken embryo incubated in the medium derived from standard PMC cultures (negative control) and
(F) analysis of cells incubated in the medium from the PMC cultured on graphene oxide. Abbreviations:
RV, relative value; N, negative control; C, control; GO scaff, experimental group.

3. Discussion

GO is an extremely thin, resilient, light, and durable structure. It is considered a basement,
or ECM-equivalent, structure. According to Kenry et al. [14], superior properties of graphene and
graphene-like materials may enhance the regeneration capacity of tissues in a controlled way. However,
application of GO as a substructure for cellular proliferation and differentiation requires examination
of its toxicity. The problem of potential GO toxicity has inspired an increasing number of in vitro
and in vivo studies. Several studies showed that intratracheal exposure to GO is highly toxic [15].
Sydlik et al. [16] stated that the GO implanted subcutaneously and intraperitoneally was moderately
compatible with the inflammatory response. In the previous work, we showed that the short- and
long-term exposure of rats to intraperitoneal GO did not produce toxicity [17,18]. It seems that
toxicity of GO remains controversial and depends on many factors, including the graphene source,
the biological medium used, and the experimental protocol. When introduced to the culture medium,
GO was internalized and localized to F-actin filaments, which altered cell-cycle progression, apoptosis,
and oxidative stress [19]. In our experiments, however, GO was immobilized as a scaffold and did
not interact with the actin inside the cell. In vitro experiments carried out using standard methods
introduced experimental nanomaterials to the culture medium, but insufficiently evaluated affinity.
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For this reason, an “affinity test” was performed. All cells were seeded on 6-well plates using an island
pattern, which was prepared using the GO hydrocolloid. This allowed researchers to observe behavior
of the cells that were free to undergo both migration and colonization of GO islands or plate areas
between islands. This “nano-island” strategy was used to assess protein-detecting sensors [20] by
Lunova et al. [21], who assessed properties of liver cancer cells. In our experiments, we used a similar
island method to assess cell affinity and propensity for colonization.

Another group of studies have determined that different levels of toxicity for GO depend on the
chemical groups available on the surface of the material, and primarily on the amount of oxygen,
especially of the C = O groups, available, which is inversely proportional to toxicity [22,23]. In this
study, GO with a moderately high oxygen content (3949%) was evaluated. Differences in GO
biocompatibility also depend on biological models and the type of cells used. We have shown that
expected differences in biocompatibility of GO can be observed using cells taken from different areas
of the embryo. GO was investigated as a nanoscaffold prepared by applying and drying GO flakes that
had been suspended in water at the bottom of a culture plate. Self-assembly of GO flakes produced a
very thin layer that adhered to the GO scaffold at the bottom of the dish. The cells dissected from the
peripheral blood vessels (PVC) reacted negatively to the GO scaffold. In contrast, the cells dissected
from muscle (PMC) and eye (PEC) tissue had increased numbers when exposed to GO and GO did
not affect growth of heart (PHC)- and brain (PNC)-derived cells. Thus, it can be assumed that in
regenerative medicine, consideration must be paid to using compatible cells and surfaces.

Here, we evaluate the potential of GO to act as the ECM. The nanoscaffold’s ECM-like surface
should be non-toxic and provide an adequate surface for cell adherence. Interestingly, all types of cells
were observed attached to the GO scaffold. Regardless of the cell type, graphene islands were never
completely avoided by cells. This indicated that GO was moderately biocompatible and confirmed the
previous experiments that used GO as a nanoscaffold component. Introducing GO to polycaprolactone
nanofiber scaffolds increased differentiation of mouse marrow mesenchymal stem cells (mMSC) to
osteo-like cells and rat pheochromocytoma cells (PC12-L) to neuro-like cells [24]. Moreover, a chicken
embryo muscle extract together with GO were used for the maturation of muscle progenitor cells [25].
Biocompatible GO was also used to reinforce gelatin-hydrphyapatitie 3D scaffolds and promoted
bone regeneration in orthopedics [26]. Moreover, GO was used to reinforce electrospun gelatin or PCL
scaffolds, increased tensile strength, and provided energy at the site of a break [27]. In other studies,
GO-PCL and GO sheets were shown to be biocompatible. Further, they both facilitated myoblast
differentiation from human mesenchymal stem cells [28]. The authors suggested that GO sheets and
GO-based scaffolds were the most favorable hydrocolloids assessed for promoting skeletal muscle
and other tissue regeneration. Additionally, other authors indicated that the reduced graphene oxide
nanoribbon grid facilitated rapid osteogenic differentiation [29].

In light of the results of our experiments assessing different types of mesenchymal cells, GO was
most suitable for regenerating muscle cells. Effects of extended incubation on migration revealed
a strong affinity of PMC for the GO scaffold. This may be a result of mechanical or/and chemical
properties of the GO scaffold surface. Mechanical properties, particularly with respect to elastic
modulus, of mammalian cells (between 1 to 100 kPa [30]) vary. Mechanotransduction-sensitive signaling
regulates myogenic differentiation, as well as endocrine and exocrine activities of these cells. It has been
demonstrated that elasticity (12 kPa) of the matrix of myogenic progenitor cells influences their capacity
to self-renew and restore muscle tissue [31]. In other studies, polyurethane-nano-GO nanofibrous
scaffold was used for stimulation of myogenic differentiation due to nanofibrous morphology and
high mechanical flexibility [32].

The challenge of creating nanosurface involving cellular interactions was discussed by
Liu and Tang [33], who argued that ECM-like nanoparticle structures influence cellular movement
and attachment, which can be visualized via assessment of lamellipodia or/and filopodia occurrence.
In our experiment, the filopodia of all cells were observed at the borders of scaffold islands, mainly
in the cells located parallel to GO islands, and filopodia were directed towards the scaffold. PMC,
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however, had lamellipodia that were positioned outstretched on the GO scaffold surface perpendicular
to the GO surface. Visualization of PMC with SEM revealed the tendency of cells to migrate, attach to
GO scaffolds, and revealed their preference to settle on GO islands. Moreover, the specific organization
of cells throughout growth was observed. Tissues collected from embryonic hind buds consisted
of undifferentiated cells, which differentiated and fused to form multinucleated myofibers. During
embryogenesis, primary myotubes are established on day 4-7 to form the scaffold and to differentiate
to form secondary myotubes on day 8-16 [34]. In our experiments, visualization via SEM revealed
scaffolding layers that were created by primary muscle cells. Further, differentiating elongate and
thin cells were connected to scaffolding cells. However, muscle fibers only formed when cells were
connected to undifferentiated scaffolding cells to form a feeding-like layer or if they were connected
to GO. Moreover, GO strongly promoted the signaling required for differentiation. An assessment
of MyoD gene expression in the PMC incubated on either GO scaffolds or in the presence of the
GO hydrocolloids revealed increased MyoD expression. MyoD is an early determinant of myogenic
progenitor cells to the myogenic lineage. In particular, MyoD stimulates myoblasts to promote
differentiation [35]. This regulator of myogenesis is expressed in proliferating myoblasts [36] and is
capable of transdifferentiating many different kinds of cells to muscle cells [10,37]. Our results revealing
increased expression of MyoD in the cells confirm the hypothesis that GO has pro-differentiation,
rather than pro-proliferative, effects. Moreover, myoblast differentiation is correlated with decreased
expression of a regulator of proliferation, PCNA, a phenomenon that was also observed in this study.
However, expression of MyoD genes is often negatively correlated with bFGF expression [38]. In our
study, exposure to a scaffold was not accompanied with the decreased expression of FGF2.

Studies of scaffolds also emphasized the role of the environment in shaping the regeneration of
muscle tissue, especially hypoxia [31,39]. During ageing and muscle degeneration, satellite cells lose
their ability to communicate and interact with the cells involved in angiogenesis [40]. The formation of
blood vessels is fundamental for formatting new tissue, because they facilitate the delivery of oxygen,
nutrients, and functional factors to cells. Therefore, the induction of angiogenesis by scaffolds enhances
tissue regeneration. Acellular collagen-heparin scaffolds showed induced angiogenesis by secretion of
VEGEF and FGF2, ensuring lack of hypoxic cells [41]. In different studies, release of VEGF and IGF-1
from macroporous scaffolds enhanced muscle regeneration [42]. In our investigation, angiogenesis was
induced due to upregulation of VEGF-A transcription and protein synthesis after PMC were cultured
on a GO scaffold. In experiments using a mouse multipotent mesenchymal progenitor muscle cell
line, C2C12, Bryan et al. [43] showed that VEGF expression is coordinately controlled with myogenic
differentiation. Moreover, the study showed that MyoD is necessary for maintenance of proper levels
of VEGF expression and endogenous synthesis of MyoD promotes VEGF expression. These findings
are in accordance with our results, which showed that increased expression of MyoD is accompanied
by increased VEGEF levels, however, we also showed that increasing VEGF expression at transcript
and protein levels compared with controls occurred in the cells cultured with GO scaffolds. In other
experiments, activation of VEGF expression in mesenchymal stromal cells after vibration stimulation
was observed [27]. Moreover, multi-layered electrospun scaffolds with macroporosity were used to
facilitate angiogenesis in a tissue-engineered smooth muscle. The 25% macroporous group showed
increased angiogenesis and improved implanted cell survival [44]. Mechanical impact on the cell
likely triggers mechanisms determining cell fate. The GO scaffold induced VEGF release by myogenic
cells, which indicated that surface and cell interactions play a key role in differentiation. Myogenic
progenitor cells used in our experiments exhibited a preference for the GO scaffold and subsequently
initiated differentiation.

This study revealed that the GO scaffold was readily populated and colonized by PMC and
simultaneously activated exocrine VEGF secretion. Our findings show that GO scaffolds can initiate
processes of muscle cell differentiation and stimulate angiogenesis due to mechanical interaction
with PMC.
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4. Materials and Methods

4.1. Graphene Oxide Scaffold

A GO water suspension (4 mg/mL) was purchased from Nanopoz, Poznan. GO flakes were
produced from graphite using a modified Hummers method. Experimental scaffolds comprised of GO
were prepared as previously described [45]. In short, the GO hydrocolloid (1 mg/mL) was applied to
the bottom of a 6-well plate and dried in a laminar chamber. GO was applied such that it covered
either 100% or 20% of its surface by placing GO hydrocolloid drops to the surface to form islands that
spread throughout each well. To assess cytotoxicity of GOs, 20 pL of GO hydrocolloids were placed at
the bottom of each well of a 96-well microplate and dried for 2 h.

Morphologic features of GO were assessed via TEM imaging using a JEM-1220 microscope
(JEOL, Tokyo, Japan) equipped with a Morada 11 megapixel camera (Olympus Soft Imaging Solutions,
Miinster, Germany) at 80 kV. Samples were prepared by placing a GO droplet onto formvar-coated
copper grids (Agar Scientific Ltd., Stansted, UK). Samples were air-dried before they were examined.
Zeta potential measurements were carried out using a Nano-ZS90 Zetasizer (Malvern Instruments,
Malvern, UK) instrument at 25 °C using the Smoluchowski approximation. Each sample was measured
after 120 s of stabilisation at 25 °C.

The surface of GO was analyzed via AFM and SEM. AFM imaging was performed using MFP
3D BioAFM with a commercial triangular cantilever (MPLCT, Bruker, Camarillo, CA, USA), spring
constant k = 0.10 N/m in dynamic (AC) mode. SEM imaging was performed using a Quanta 200
microscope (FEI, Hillsboro, OR, USA). Each GO scaffold was pre-dried on the bottom of a 6-well plate
in a laminar flow cabinet. Subsequently, each scaffold was contrasted with 1% osmium tetroxide
(Sigma-Aldrich, Munich, Germany) and 1% carbohydrazide (Sigma-Aldrich) and dehydrated in
increasing concentrations of hexylene glycol (Sigma-Aldrich). Drying was performed using a Polaron
CPD 7501 critical point dryer (Quorum Technologies, Laughton, UK).

4.2. Cell Culture

Mesenchymal cells were taken from 6-d-old chicken embryos. Fertilized chicken (Ross 308)
eggs were purchased from a hatchery and maintained in an incubator under standard conditions.
After incubating for 6 days, eggs were removed, and embryos were put on Petri dishes. Using a
stereoscopic microscope, different parts of the body, including the hind limb, heart, brain, eye, and blood
vessels from the chorioallantoic membrane were dissected and placed into tubes containing trypsin for
24 h at 5-8 °C. Next, trypsin and collected organs were neutralized with DMEM and tissue samples
were disintegrated by passing through tips and placed in 75 mL flasks. Cells were maintained in
DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS, Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 37 °C
in a humidified atmosphere of 5% CO; and 95% air in an incubator (NuAire DH AutoFlow CO,
Air-Jacketed Incubator, Plymouth, MA, USA). After one day, fresh DMEM was supplied and cells were
cultured until a confluence of 80% was reached. Cells were detached using trypsin and placed on
experimental 6-well plates (1 X 10° cells per well) and cultured.

HUVEC were obtained from Thermo Fisher Scientific and maintained in the M200PRF basal
media supplemented with a large vessel endothelial supplement (Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Thermo Fisher Scientific). Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO, and 95% air.

4.3. Cell Morphology

Primary mesenchymal cells originating from a hind limb (PMC), primary heart cells (PHC),
primary neuronal cells originating from the brain (PNC), primary eye cells (PEC), and primary blood
vessel cells isolated from the chorioallantoic membrane (PVC) were assessed using an optical inverted
microscope (TL-LED, Leica Microsystems GmbH, Wetzlar, Germany) connected to a digital camera
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(Leica MC190 HD) using LAS V4.10 software. Cells were seeded (1 x 10° cells per well) in 35 mm
diameter Petri dishes with and without GO scaffolds. After incubation for 24 h, samples were imaged.

PMC were additionally visualized using a Quanta 200 SEM (FEI, Hillsboro, OR, USA). Cells
were seeded (1 x 10° cells per well) in 35 mm diameter Petri dishes with and without GO scaffolds.
After a 96-h incubation period, samples were prepared as described by Heckman et al. [46]. Cells were
fixed using 2.5% glutaraldehyde in phosphate-buffered saline (PBS) at pH 7.2, contrasted with 1%
osmium tetroxide (Sigma-Aldrich) and 1% carbohydrazide (Sigma-Aldrich). Subsequently, cells were
dehydrated in increasing concentrations of hexylene glycol (Sigma-Aldrich). Drying was performed
using a Polaron CPD 7501 critical point dryer (Quorum Technologies, Laughton, UK).

4.4. Cell Viability

The viability of PMC, PHC, PNC, PEC, and PVC grown on the GO scaffold was assessed using a
Presto blue assay (Thermo Fisher Scientific). PMC, PHC, PNC, PEC, and PVC were seeded in 96-well
microplates with and without GO scaffolds (1 x 10* cells per well in 100 pL of supplemented DMEM
media) and incubated for 24 h. Subsequently, 11 uL of the Presto blue reagent were added to each well
and results were examined using a Tecan Infinite 200 microplate reader (Tecan, Durham, NC, USA)
after a 3 h incubation step in accordance with the manufacturer’s instructions.

4.5. Analysis of PMIC Migration on a GO Scaffold

To analyze PMC migration on a GO scaffold, cells and GO hydrocolloids were applied to separate
wells of a silicone insert (2-well culture inserts, Ibid, Gréfelfing, Germany) attached to a 35 mm
dish (p-Dish 35 mm, high, Ibidi). Initially, 50 pL of GO hydrocolloids (10 ug/mL) were applied to
wells of the silicon insert and were allowed to dry using a laminar flow cabinet. Subsequently, PMC
(1 x 10* cells per well in a total volume of 70 uL) were seeded in a well without GO. After the cells
reached confluence, the silicon insert was gently removed and the cells were incubated for additional
48 h to allow them to migrate to the edge of the GO scaffold. After incubation, media were exchanged
for 3 mL DMEM supplemented with4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, final
concentration—20 mM). The cells were imaged using a confocal FV-1000 (Olympus Corporation,
Tokyo, Japan) microscope equipped with an incubation chamber that maintained temperature of 37 °C.
PMC migration on the GO scaffold was analyzed using time-lapse imaging for 18 h (8 min intervals).
The analysis of the cell-free area at the initial (0 h) and 18 h timepoint was performed using the MRI
Wound Healing Tool macro (http://dev.mri.cnrs.fr/projects/imagejmacros/wiki/Wound_Healing_Tool)
for Image] software [47]. Migration rate was calculated as the average relative difference between the
cell-free areas at 0 and 18 h timepoints using 3 independent experiments. Full time-lapse images of the
cells grown on control surfaces and the GO scaffold are available in supplementary information.

4.6. mRNA Expression RT-PCR

To determine transcript levels of VEGF-A, FGF2, MyoD1, and PCNA, PMC were cultured in
6-well plates with and without a GO scaffold. GO hydrocolloids were added to a final concentration of
10 pg/mL, and the cells lacking a scaffold were used as a control. Next, 1 x 10* cells per well (passage 3)
were seeded onto each well and incubated for 3 days. The cells were washed with PBS, centrifuged
and stored at —80 °C. Gene expression levels were measured using the quantitative polymerase chain
reaction method (qPCR). PMC were homogenized in the TRIzol Reagent (Thermo Fisher Scientific),
and total RNA was extracted according to the manufacturer’s instructions. RNA samples were
purified using the SV Total RNA Isolation System (Promega Corporation, Madison, WI, USA) and
quantified using a NanoDrop ND 1000 spectrophotometer (Thermo Fisher Scientific). Total RNA
(2 mg) was reverse transcribed using a reverse transcriptase with oligo (dT) (Promega) and random
primers (TAG Copenhagen A/S, Copenhagen, Denmark). Subsequently, real-time PCR was performed
using complementary DNA and gene-specific primer pairs (TAG, Copenhagen A/S, Copenhagen,
Denmark) mixed with the LightCycler 480 SYBR Green I Master mix (Roche Applied Science, Penzberg,
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Germany) in a LightCycler 480 real-time PCR system (Roche Applied Science, Penzberg, Germany).
The primers used are listed in Table 1. For each complementary DNA, reactions were performed
in triplicate. To determine transcript levels, relative quantification was conducted using the ACTB
housekeeping gene.

Table 1. Primers used for real-time PCR.

Target Forward Primer Reverse Primer
FGF2 GGCACTGAAATGTGCAACAG TCCAGGTCCAGTTTTTGGTC
VEGF-A  TGAGGGCCTAGAATGTGTCC TCTTTTGACCCTTCCCCTTT

PCNA TGCACGCATTTGTAGAGACC AGTCAGCTGGACTGGCTCAT
MyoD1 CGGCGGCTCAGCAAGGTCAAC CGGCCCGCTGTACTCCATCATG
ATP5B GTTATTCGGTGTTCGCTGGT GTAGACCAGAGCGACCTTGG
ACTB GTCCACCTTCCAGCAGATGT ATAAAGCCATGCCAATCTCG

4.7. Quantification of VEGF-A Protein Secretion

PMC cells were seeded (1 x 10°) and cultured in 75-mL flasks (covered with GO or not covered as
a control) in the supplemented DMEM media. The media were changed after 3 days. After 6 days,
all media were removed, and the cells were washed twice with warmed PBS without calcium and
magnesium ions (Thermo Fisher Scientific). Subsequently, the cells were starved in DMEM without
serum for 2 days, and culture media were centrifuged at 1,500 rpm at 4 °C for 10 min, aliquoted,
and stored at —80 °C for later use. Cell-free supernatants of cultures were used for the determination
of secreted VEGEF-A levels using a chicken VEGF-A kit (Mybiosource, San Diego, CA, USA). The assay
was performed according to the manufacturer’s instructions and absorbance was measured using a
microplate reader (Tecan Infinite 200, Durham, NC, USA) at 450 nm.

4.8. Angiogenesis Potential of PMC

The angiogenic potential of PMCs was analyzed using a HUVEC tube formation assay. Tube
formation was performed using p-Slide Angiogenesis (Ibidi, Gréfelfing, Germany) slides coated with
the 10 uL Geltrex Reduced Growth Factor Basement Membrane Matrix (Thermo Fisher Scientific).
Cells were suspended in media composed of supplemented M200PRF (80%) and a fresh supplemented
DMEM medium (20%) (negative control), supplemented M200PRF (80%) and a post-culture DMEM
(20%) obtained as described above for the PMC cultured without the GO scaffold (control group),
supplemented M200PRF (80%) and a post-culture DMEM (20%) from the PMC cultured on the GO
scaffold (experimental group). HUVEC suspensions (50 pL) were seeded at a density of 1 x 10* cells/well.
After 5 h of incubation, HUVEC tubes were fixed with 4% paraformaldehyde (Sigma-Aldrich) for
10 min. Subsequently, tubes were gently washed with PBS (Thermo Fisher Scientific) and stained with
the ActinRed 555 ReadyProbes Reagent (Thermo Fisher Scientific). Tubes were imaged using an FV1000
confocal microscope equipped with a 4 X objective (Olympus Corporation). The number of junctions
present within the tube mesh was assessed using the Image] software [47] and the Angiogenesis
Analyzer macro [48].

Proangiogenic properties of culture media used to grow PMC were also verified using an implant
taken from the peripheral blood vessel of a chicken embryo. On day 9 of the chicken embryo
development, 5 mm samples of a peripheral blood vessel were removed and placed in a 6-well plate
with the control medium (post-culture DMEM from the PMC cultured without a GO scaffold) and the
experimental medium (post-culture DMEM from the PMC cultured on a GO scaffold). After incubating
for 3 days, the vascular implant was fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10 min,
stained with hematoxylin—-eosin (Sigma-Aldrich), and imaged using an optical inverted microscope
(TL-LED, Leica Microsystems GmbH).
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4.9. Statistical Analysis

The data were analyzed using the one-way analysis of variance (for analysis of three or more
groups) or an unpaired f-test using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).
The differences between the groups determined via the one-way analysis of variance were tested with
Tukey’s honest significant difference (HSD) post hoc test. The results are shown as means and standard
deviations. Differences of p < 0.05 were considered significant.

Supplementary Materials: Time-lapse images of the cells grown on control surfaces and the GO scaffold are
available in the supplementary information. Supplementary materials can be found at http://www.mdpi.com/
1422-0067/21/11/4173/s1.
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Abbreviations

ACTB actin beta

AFM atomic force microscope

ATP5B ATP synthase F1 subunit beta
DMEM Dulbecco’s Modified Eagle Medium
ECM extracellular matrix

FGF2 fibroblast growth factor 2

GO graphene oxide

HH Hamburger-Hamilton stage
HUVEC human umbilical vein endothelial cells
MyoD1 myogenic differentiation 1

PCNA proliferating cell nuclear antigen
PEC primary eye cells

PHC primary heart cells

PMC primary mesenchyme cells

PNC primary neuronal cells

PVC primary blood vessel cells

SEM scanning electron microscope

TEM transmission electron microscope

VEGF-A vascular endothelial growth factor A
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jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.
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wspolpracy w planowaniu doswiadczen, koordynacji wspotpracy jednostek, pisaniu pracy
oraz analizie danych, udziale w doswiadczeniach dotyczgcych: produkeji wektora
wirusowego, transdukcji komorek, analizy cytometrycznej oraz zywotnosci komorek
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decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular
adhesion, International journal of nanomedicine 2017, 12, 7241.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze mdj udzial w wyzej wymienionej pracy polegal na:

udziale w analizie wplywu nanomaterialow na migracje i inwazyjnosé¢ komorek.

Udzial procentowy w pracy szacuj¢ na 2%
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Udzial procentowy w pracy szacuj¢ na 2%

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






Warszawa, 22.07.2020
dr Natalia Kurantowicz
Samodzielny Zaktad Nanobiotechnologii i Ekologii Do$wiadczalnej
Instytut Biologii

ul. Ciszewskiego 8

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystaniepracy:
Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K,
Chodun R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles

decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular
adhesion, International journal of nanomedicine 2017, 12, 7241.

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegat na:

pomocy w przygotowaniu figur.

Udzial procentowy w pracy szacuje na 2%

\\”Ar &\n\ ¢ K\/\vcm*u« L
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Warszawa, 19.03.2018

prof. dr hab. inz. Krzysztof Zdunek
Wydziat Inzynierii Materiatowej,
Zaklad Inzynierii Powierzchni,
Politechnika Warszawska

ul. Woloska 141, 02-507 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K,
Chodun R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles
decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular
adhesion. Int J Nanomedicine. 2017 4;12:7241-7254.
jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze méj udziat w wyzej wymienionej pracy polegat na:

wykonaniu oraz analizie spekiroskopii Ramana nanoczgstek diamentu, grafitu oraz tlenku

grafenu.
Udziat procentowy w pracy szacujg na 2,5%







Warszawa, 19.03.2018
dr inz. Rafal Chodun

Wydzial Inzynierii Materiatowe;j,
Zaklad Inzynierii Powierzchni,

Politechnika Warszawska
ul. Woloska 141, 02-507 Warszawa

OSWIADCZENIE WSPOLAUTORA

Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K,
Chodun R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles

decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular

adhesion. Int J Nanomedicine. 2017 4;12:7241-7254.
jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegat na:
wykonaniu oraz analizie spektroskopii Ramana nanoczqstek diamentu, grafitu oraz tlenku
grafenu.

Udzial procentowy w pracy szacuj¢ na 2,5%.

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






Warszawa, 02.12.2020

Prof. André Chwalibog

afiliacja

Department of Veterinary Clinical and Animal Sciences,
University of Copenhagen,

Groennegaardsvej 3, Frederiksberg, Copenhagen 1870,

Denmark

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Kutwin M, Grodzik M, Strojny B, Kurantowicz N, Zdunek K,
Chodun R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles

decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular
adhesion, International journal of nanomedicine 2017, 12, 7241.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegat na:

przygotowania tekstu do wystania do czasopisma, korespondencji z czasopismem.

Udzial procentowy w pracy szacuj¢ na 2%

Podpis






Warszawa, 02.12.2020
Prof. dr hab. Ewa Sawosz Chwalibog
Samodzielny Zaklad Nanobiotechnologii i Ekologii Doswiadczalnej

Instytut Biologii
Szkola Glowna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Jaworski S. Kutwin M, Grodzik M. Strojny B, Kurantowicz N, Zdunek K,
Chodun R, Chwalibog A, Sawosz E. Diamond, graphite, and graphene oxide nanoparticles

decrease migration and invasiveness in glioblastoma cell lines by impairing extracellular
adhesion, International journal of nanomedicine 2017, 12, 7241.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegal na:

nadzorowaniu pisania publikacji i przygotowania do zlozenia tekstu do czasopisma

Udzial procentowy w pracy szacuj¢ na 3%

\ Podpis






Warszawa, 02.12.2020
Prof. dr hab. Ewa Sawosz Chwalibog
Samodzielny Zaklad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii
Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF-kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide

nanoplatelets. Scientific reports 2018, 8, 14733.

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.
Oswiadczam, ze moj udziat w wyzej wymienionej pracy polegat na:
nadzorowaniu spojnosci badan oraz nadzorowaniu przygotowania tekstu do wystania do

czasopisma.

Udzial procentowy w pracy szacuje na 5%






Warszawa, 03.12.2020
Dr Barbara Strojny-Cieslak
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalne;j
Instytut Biologii
Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF -kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide
nanoplatelets. Scientific reports 2018, 8, 14733

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze mdj udzial w wyzej wymienionej pracy polegat na:

udziale w analizie syntezy reaktywnych form tlenu po traktowaniu nanomateriatami

Udzial procentowy w pracy szacuj¢ na 2%

g(ugf&ﬂu / ‘ ‘

d Podpis






Warszawa, 03.12.2020
Dr hab. Stawomir Jaworski, prof. SGGW
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalne;j
Instytut Biologii
Szkota Glowna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF-kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide
nanoplatelets. Scientific reports 2018, 8, 14733

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze mdj udzial w wyzej wymienionej pracy polegat na:

udziale w badaniu zywotnosci komérek linii U87 po traktowaniu nanomateriatami.

Udzial procentowy w pracy szacuj¢ na 2%

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

Podpis






Warszawa, 02.12.2020
Dr hab. Marta Grodzik, prof. SGGW

Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii
Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF-kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide
nanoplatelets. Scientific reports 2018, 8, 14733

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Os$wiadczam, ze moj udziat w wyzej wymienionej pracy polegal na:

udziale w przeprowadzeniu analizy statystycznej wynikow badan.

Udzial procentowy w pracy szacuj¢ na 2%

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






Warszawa, (02.12.2020
Prof. André Chwalibog

afiliacja

Department of Veterinary Clinical and Animal Sciences,
University of Copenhagen,

Groennegaardsvej 3, Frederiksberg, Copenhagen 1870,

Denmark

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg¢ na wykorzystanie pracy:
Wierzbicki M, Sawosz E, Strojny B, Jaworski S, Grodzik M, Chwalibog A. NF-kB-related
decrease of glioma angiogenic potential by graphite nanoparticles and graphene oxide
nanoplatelets. Scientific reports 2018, 8, 14733

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.
Os$wiadczam, ze mdj udzial w wyzej wymienionej pracy polegal na:
nadzorowaniu spdjnosci badan oraz nadzorowaniu przygotowania tekstu do wystania do

czasopisma.

Udzial procentowy w pracy szacuj¢ na 4%







Warszawa, 03.12.2020
Dr hab. Stawomir Jaworski, prof. SGGW

Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,

Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, Lojkowski W, Wozniak
B, Stobinski L, Matolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial
Nanoplatform. Nanoscale Research Letters, 2019, 14, 1-11 jako cze$ci rozprawy habilitacyjnej

dr Mateusza Wierzbickiego.
Oswiadczam, ze mdj udziat w wyzej wymienionej pracy polegal na:
badaniu zywotnosci Salmonella enteritidis po inkubacji z nanoplatformami i analizie zdjec

morfologii Salmonella enteritidis wykonanych skaningowym mikroskopem elektronowym.

Udziat procentowy w pracy szacuj¢ na 2%







Warszawa, 02.12.2020
Prof. dr hab. Ewa Sawosz Chwalibog
Samodzielny Zaktad Nanobiotechnologii i Ekologii Do$wiadczalnej
Instytut Biologii,
-Szko1a Giowna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, Lojkowski W, Wozniak
B, Stobinski L, Matolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial
Nanoplatform. Nanoscale Research Letters, 2019, 14, 1-11 jako cze¢sci rozprawy habilitacyjnej

dr Mateusza Wierzbickiego.
Oswiadczam, Ze méj udziat w wyzej wymienionej pracy polegat na:
udziale w przeprowadzaniu badani in ovo i nadzowrowaniu przygotowania tekstu do wystania

do czasopisma

Udzial procentowy w pracy szacuj¢ na 1%

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






Warszawa, 24.07.2020
prof. dr hab. n. med. Hanna Anna Jung-Hauska

Klinika Pediatrii, Nefrologii i Alergologii Dzieci¢cej
Wojskowy Instytut Medyczny

04-141 Warszawa

ul. Szaserow 128

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, Lojkowski W, WoZniak
B, Stobinski L, Malolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial

Nanoplatform. Nanoscale Research Letters, 2019, 14, 1-11 jako cze¢$ci rozprawy habilitacyjne;

dr Mateusza Wierzbickiego.

OSwiadczam, ze mo6j udziat w wyzej wymienionej pracy polegat na:

kierowaniu projektem naukowym obejmujgcym badania opisane w tej pracy.

Udziat procentowy w pracy szacuje na 15%







Warszawa, 24.07.2020
gen. dyw. prof. dr hab. n. med. Grzegorz Gielerak
Wojskowy Instytut Medyczny
04-141 Warszawa

ul. Szaserow 128

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, Eojkowski W, Wozniak
B, Stobinski L, Malolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial
Nanoplatform. Nanoscale Research Letters, 2019, 14, 1-11 jako czesci rozprawy habilitacyjnej

dr Mateusza Wierzbickiego.

Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegat na:

wspotkierowaniu projektem naukowym obejmujgcym badania opisane w pracy.

Udzial procentowy w pracy szacuje na 2,5%













Warszawa, 24.07.2020
dr Artur Malolepszy
Zaklad Procesow Rozdzielania, Laboratorium Grafenowe
Wydzial Inzynierii Chemicznej i Procesowe;j
Politechniki Warszawskiej
ul. Warynskiego 1
00-645 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, Lojkowski W, WozZniak
B, Stobinski L, Malolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial
Nanoplatform. Nanoscale Research Letters, 2019, 14, 1-11 jako czgsci rozprawy habilitacyjnej

dr Mateusza Wierzbickiego.

Oswiadczam, ze méj udzial w wyzej wymienionej pracy polegat na:

syntezie i analizie fizykochemicznej tlenku grafenu

Udziat procentowy w pracy szacuje na 2,5%






Warszawa, 02.12.2020
Prof. André Chwalibog

afiliacja

Department of Veterinary Clinical and Animal Sciences,
University of Copenhagen,

Groennegaardsvej 3, Frederiksberg, Copenhagen 1870,

Denmark

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Jaworski S, Sawosz E, Jung A, Gielerak G, Jaremek H, Lojkowski W, Wozniak
B, Stobinski L, Malolepszy A, Chwalibog A. Graphene Oxide in a Composite with Silver
Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial
Nanoplatform. Nanoscale Research Letters, 2019, 14, 1-11 jako czgsci rozprawy habilitacyjnej

dr Mateusza Wierzbickiego.

Os$wiadczam, ze méj udzial w wyzej wymienionej pracy polegat na:

nadzorowaniu przeprowadzanych badan i przygotowania tekstu do wystania do czasopisma.

Udzial procentowy w pracy szacujg¢ na 2%

Podpis






Warszawa, 03.12.2020
Dr Anna Hotowy
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,
Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie
ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg¢ na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J.; Sosnowska, M.; Wojcik, B.;
Wedzinska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation

and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.
Oswiadczam, ze m¢j udzial w wyzej wymienionej pracy polegal na:

Zaprojektowaniu starterow do oraz analiza wynikow badan z wykorzystaniem Real-Time
PCR.

Udzial procentowy w pracy szacuj¢ na 5 %
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Warszawa, Q2 : A 2. :(jﬂ .....
Dr Marta Kutwin
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,
Szkota Glowna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J.; Sosnowska, M.; Wojcik, B.;
Wedzinska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.
Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegat na:
Udziale w analizach wykonanych programem Imagel] oraz analizie formalnej tekstu przed

wystaniem publikacji.

Udziatl procentowy w pracy szacuj¢ na 2 %







Warszawa, 03.12.2020
Dr hab. Stawomir Jaworski, prof. SGGW

Samodzielny Zaklad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,

Szkota Giéwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Balaban, J.; Sosnowska, M. Wojcik, B.;
Wedziniska. A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

Jjako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze moj udzial w wyzej wymienionej pracy polegal na:

Edycji i formalnej analizie figur oraz tekstu publikacji.

Udzial procentowy w pracy szacuj¢ na 2 %

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

Podpis






Warszawa, 02.12.2020
Mgr Jasmina Bataban
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,
Szkola Gtéwna Gospodarstwa Wiejskiego w Warszawie
ul. Ciszewskiego 8
02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg na wykorzystanie pracy: '
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J.; Sosnowska, M.; Wojcik, B.;
Wedzinska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

O$wiadczam, ze moj udziat w wyzej wymienionej pracy polegat na:
Udziale w pokrywaniu nanoskafoldem powierzchni ptytek hodowlanych oraz walidacji

uzyskanych wynikow analizy wzrostu komorek na nanoplatformach

Udzial procentowy w pracy szacuje na 2 %

)

LB
Podpis







Warszawa, 02.12.2020
Mgr Malwina Sosnowska
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,
Szkota Gtowna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J.; Sosnowska, M.; Wojcik, B.;
Wedzinska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Os$wiadczam, ze moj udzial w wyzej wymienionej pracy polegat na:
Dostosowaniu metodyki pokrywania powierzchni nanoskafoldem oraz udziale w pokrywaniu
nanoskafoldem powierzchni ptytek hodowlanych

Udziat procentowy w pracy szacujg na 2 %






Warszawa, 02.12.2020

Mgr Barbara Wojcik

Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,

Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgod¢ na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Balaban, J.; Sosnowska, M.; Wéjcik, B.;
Wedzinska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze mdj udzial w wyzej wymienionej pracy polegal na:

Udziale w przygotowaniu formalnym tekstu i figur do publikacji.

Udzial procentowy w pracy szacuj¢ na 1 %
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Warszawa, 24.07.2020
mgr inz. Aleksandra Wedzinska
Samodzielny Zaktad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,
Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J .; Sosnowska, M.; Wojcik, B.;
Wedzifiska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, Ze méj udziat w wyzej wymienionej pracy polegat na:

wspdlpracy w analizie zdjeé Swietlnych.

Udziat procentowy w pracy szacuje na 2 %

QURMSENONGY, | RO,






Warszawa, 02.12.2020
Prof. André Chwalibog
afiliacja
Department of Veterinary Clinical and Animal Sciences,
University of Copenhagen,
Groennegaardsvej 3, Frederiksberg, Copenhagen 1870,

Denmark

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgode na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J.; Sosnowska, M.; Wojcik, B.;
Wedzinska, A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.

jako czesci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

O$wiadczam, ze mo6j udziat w wyzej wymienionej pracy polegat na:
Nadzorowaniu przygotowania publikacji do czasopisma, edycji tekstu przed wystaniem do
czasopisma.

Udzial procentowy w pracy szacuje na 2 %

Podpis






Warszawa, 02.12.2020
Prof. dr hab. Ewa Sawosz Chwalibog
Samodzielny Zaklad Nanobiotechnologii i Ekologii Doswiadczalnej
Instytut Biologii,
Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie
ul. Ciszewskiego 8

02-786 Warszawa

OSWIADCZENIE WSPOLAUTORA
Wyrazam zgodg na wykorzystanie pracy:
Wierzbicki M, Hotowy A, Kutwin M.; Jaworski, S.; Bataban, J.; Sosnowska, M.; Wéjcik, B.;
Wedzinska. A.; Chwalibog, A.; Sawosz, E. Graphene Oxide Scaffold Stimulates Differentiation
and Proangiogenic Activities of Myogenic Progenitor Cells. International Journal of Molecular
Sciences 2020, 21, 4173.
jako czgsci rozprawy habilitacyjnej dr Mateusza Wierzbickiego.

Oswiadczam, ze mdj udzial w wyzej wymienionej pracy polegat na:
Udziale w projektowaniu badan, nadzorowaniu przeprowadzanych badan, zapewnieniu

srodkéw na realizacje badan

Udzial procentowy w pracy szacuj¢ na 2 %






Zatacznik 7

DWA PENDRIVE’Y Z KOPIA WYMAGANYCH DOKUMENTOW

dr Mateusz Wierzbicki

Katedra Nanobiotechnologii

Instytut Biologii

Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

Warszawa, 2020
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