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Streszezenie

Wplyw tlenku grafenu i wybranych biatek na funkcjonalno-morfologiczne cechy
komorek migéniowych. Badania modelowe.

Tlenek grafenu jest alotropows forma wegla o strukturze ptatkéw, ktorych grubosé
wynosi ok. 1,1 £ 0,2 nm. Na powierzchni platkéw tlenku grafenu obecne sg liczne tlenowe
grupy funkcyjne (epoksydowa, karbonylowa, karboksylowa, hydroksylowa), ktére nadaja
mu hydrofilowy charakter oraz powodujg, ze material ten latwo ulega funkcjonalizacji
roznymi zwigzkami, szczegé6lnie biatkami - dajac efekt tzw. korony biatkowej. W
badaniach in vitro i in vivo udowodniono wzgledng biozgodnosé oraz brak toksycznodei
tlenku grafenu. Wykazano wplyw tego materiatu na wicle proceséw komdrkowych takich
jak adhezja, proliferacja czy réznicowanie. Celem przeprowadzonych badan bylo
wykorzystanie tlenku grafenu i ocena jego wlasciwosci wréinych kontekstach
biologicznych - w postaci nanofilmu jako niszy do wzrostu i réznicowania komoérek
migsniowych, w postaci bio-kompleksu z ekstraktem biatkowym podawanym drogg in ovo,
a takze w postaci aktywnego koloidu zdolnego do wigzania biatek prozapalnych.
Stosowany bio-kompleks sktadal sig z tlenku grafenu oraz wodnego ekstraktu biatkowego
z migéni 18-dniowych zarodkéw kury domowej. Czynnikiem wywolujgcym produkeje
biatek prozapalnych w hodowli komérek migéniowych in vitro bylo biatko kolca wirusa
SARS-CoV-2. Doswiadczenia przeprowadzono z wykorzystaniem modelu zarodka kury i
hodowli in vitro komdérek progenitorowych miegéni z zarodka, a takze ludzkich
nienowotworowych komorek miegsniowych. Uzyskane wyniki wykazaly, ze tlenek grafenu
stanowi odpowiednia, biozgodng nisz¢ dla wzrostu irdznicowania komorek
progenitorowych migéni z zarodka kury. Dodatek ekstraktu z migéni zarodka wspomaga
proces roznicowania komorek progenitorowych miesni w warunkach in vitro. Tlenek
grafenu podawany metoda in ovo jest nietoksyczny, a dodatek ekstraktu biatkowego z
migsni w stgzeniu 2% pozytywnie wplywa na strukture migsni szkieletowych zarodkow.
Wyniki ostatniego doswiadczenia dowiodly, iz, obecno$¢ biatka S wirusa SARS-CoV-2 w
hodowli komorek migsniowych wzmaga produkcje biatek prozapalnych bioracych udziat
w burzy cytokinowej, a dodatek tlenku grafenu redukuje ilo$é¢ biatek prozapalnych do
poziomu grupy kontrolnej. Zgromadzone wyniki potwierdzajg korzystny efekt ekstraktu
biatkowego na rozwéj komoérek migéniowych zarodka, a takze dowodza braku toksycznogé
tlenku grafenu w stosowanych stezeniach oraz szerokich mozliwosci jego zastosowania.

Slowa kluczowe: tlenek grafenu, komorki migsniowe, réznicowanie, biatko kolca wirusa
SARS-CoV-2, burza cytokinowa



Summary

Effect of graphene oxide and selected protein on functional and morphological status of
muscle cells. Model studies.

Graphene oxide is an allotropic form of carbon with a structure of a flake, which
thickness has a range 1.1 + 0.2 nm. On the surface of graphene oxide flakes are numerous
oxygen functional groups (epoxy, carbonyl, carboxyl, hydroxyl), which give it a
hydrophilic character and cause GO can be easily functionalized with various compounds,
especially proteins - the protein corona effect. In vitro and in vivo studies have proven the
relative biocompatibility and lack of toxicity of graphene oxide. Graphene oxide effect on
many cellular processes, such as adhesion, proliferation and differentiation, has been
demonstrated. The aim of this research was to use graphene oxide and assess its properties
in various biological contexts — in the form of nanofilm as a niche for the growth and
differentiation of muscle cells, in the form of a bio-complex with protein extract as a carrier
of nutritional proteins administered in ovo, and also in the form of an active colloid capable
of binding pro-inflammatory proteins, In the bio-complex an aqueous protein extract from
the muscles of 18-day-old chicken embryos was used. The factor causing the production of
pro-inflammatory proteins in in vitro muscle cell culture was the spike protein of the SARS-
CoV-2 virus. The experiments were performed with chicken embryo model and in vitro
culture of muscle progenitor cells from the embryo, and human non-cancerous muscle cells.
The obtained results showed that graphene oxide is a suitable, biocompatible niche for the
growth and differentiation of muscle progenitor cells from the chicken embryo. The
addition of chicken embryo muscle extract supports the differentiation process of muscle
progenitor cells in vitro. Graphene oxide administered in ovo is non-toxic, and the addition
of chicken embryo muscle extract at a concentration of 2% has a positive effect on the
structure of the skeletal muscles of the embryos. The results of the latest experiment proved
that the presence of the S protein of the SARS-CoV-2 virus in muscle cell cultures increases
the production of pro-inflammatory proteins involved in the cytokine storm, and the
addition of graphene oxide reduces the amount of pro-inflammatory proteins to the level of
the control group. The collected results confirm the beneficial effect of the chcicken
embryo muscle extract on the development of cheiekn embryo muscle cells and prove the
lack of toxicity of graphene oxide in applied concentration and its wide possibilities of
applications.

Key words: graphene oxide, muscle cells, differentiation, spike protein of SARS-CoV-2
virus, cytokine storm
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2. Wstep

Nanomaterialy weglowe sa obiecujgcymi materiatami do zastosowan biologiczno-
medycznych. W Swietle ostatnich badari, tlenek grafenu (GO, ang. Graphene Oxide)
wydaje si¢ wysoce biozgodnym materialem, a jego wlasciwosci fizyko-chemiczne sugerujg
mozliwos¢ zastosowania GO jako mimiczne] macierzy zewngtrzkomoérkowej, a takze jako
nos$nika w systemie transportu biatek. GO, z uwagi na wysoka zdolno$¢ adsorpcji biatek na
powierzchni platkéw moze byé wykorzystany zardowno do ,.dostarczania bialek™ do
systemOw biologicznych jak rowniez ,,usuwania bialek” z ustroju.

Tlenek grafenu to alotropowa forma wegla zbudowana z platkéw o grubodei 1,1 +
0,2 nm, ktére majg strukture grafenu, ale posiadaja liczne grupy tlenowe, takie jak grupa
epoksydowa (= O), karbonylowa (C = O), hydroksylowa (- OH) oraz na obrzezach grupy
karboksylowe (-COOH) [1]. Liczne grupy tlenowe nadajg GO charakter hydrofilowy,
dzigki czemu po dostarczeniu do organizmu ulega tatwo pasywacji przez rézme zwiazki
chemiczne, zwlaszcza bialka, dajac efekt tzw. korony biatkowej. GO moze by¢ stosowany
w inzynierii tkankowej jako sztuczna nisza - imitacja natywnej macierzy
zewngtrzkomoérkowej — skafoldu dla rozwoju migsni [2]. Obecnosé grup zawierajacych tlen
na powierzchni platkéw tlenku grafenu sprawia, ze jest on materialem stosunkowo
nietoksycznym [3]. W badaniach z wykorzystaniem szczuréw udokumentowano brak
toksycznosci duzych dawek GO podawanych do otrzewnej [4,5]. W innych badaniach
jakkolwick wykazano akumulacje GO w roznych tkankach, zwlaszcza w plucach, wciaz
jednak wskazuje si¢ na wzgledna biokompatybilnoéé GO [6]. Co wiecej, wiasciwosci
fizyczne GO takie jak chropowato$é, topografia powierzchni, grubosé, elastycznosé
i hydrofilowos¢ moga modulowaé zachowanie komérek i proces réznicowania poprzez
mechaniczng lub chemiczng transdukcje sygnatu [8]. Wiele badan wykazato wplyw GO na
proliferacje, adhezje i réznicowanie roznych typéw komorek [9]. GO zwigksza ekspresje
genu zaangazowanego w kardiomiogenne réznicowanie ludzkich embrionalnych komorek
macierzystych in vitro [10]. Zatem GO moze byé donorem zewnatrzkomérkowych
bodzcéw dla komorek progenitorowych mieéni.

Migsnie szkieletowe wywodza si¢ z somitéw, kidre powstajg z mezodermy. Somity
daja poczglek dermomiotomowi, miotomowi i sklerotomowi. Komérki o potencjale
miogennym nazywane sg mioblastami, ktére w wyniku fuzji tworza wielojadrowe miotuby
1 widkna migsniowe. Proces roznicowanta komorek progenitorowych mieéni jest
kontrolowany przez grup¢ miogennych czynnikéw regulatorowych (MRF, ang. Myogenic
Regulatory Factors) obejmujgca Myf5, MyoD, MyoG i MRF4. MRF tworza sie¢
autoregulacyjnych i krzyzowych interakeji, modulujgcych ekspresje poszczegélnych
czymnikow [12]. Z wyjgtkiem Myf5, kazdy czynnik moze indywidualnie aktywowaé
roznicowanie komorek progenitorowych migséni [13], natomiast Myf5 i MyoD reguluja
proliferacj¢ komdrek. MyoD zwigzany jest rOwnieZ z promowaniem procesu miogenezy,
podczas gdy MyoG ma kluczowe znaczenie w koncowej fazie dojrzewania mioblastow.
Poziom ekspresji genéw MRF, oprocz zauwazalnych zmian morfologiczno-
funkcjonalnych, jest markerem procesu roznicowania komdrek migsniowych.

Ekstrakty z zarodkéw kury sa powszechnie stosowane w hodowlach komérkowych
in vitro, migdzy innymi jako czynnik stymulujacy wzrost, ktéry wzmaga proliferacje
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komérek miogennych i wplywa na tempo ich réznicowania [14]. Mozna zatem
przypuszczaé, ze w migsniach zarodka tuz przed wykluciem, gdy organizm skupia si¢ na
przygotowaniu ukladu miesniowo-szkieletowego (migéni nég) do intensywnej pracy po
wykluciu, znajduje sie odpowiedni zestaw bialek, niezbgdnych do aktywacji samoistnych
spontanicznych skurczéw. W hodowli in vitro komdrek miesniowych wykorzystuje si¢
naturalne substancje stymulujgce proliferacje lub réznicowanie takie jak surowica konfska
czy ekstraki z catego zarodka, jednak ekstrakt z migsni zarodka kury pobranych na koncu
embriogenezy nie byl wezesnie]j stosowany w hodowli in vitro komoérek migsniowych.

Inzynieria tkankowa stanowi ogromne wyzwanie, ale jednoczesnie daje nadziej¢ na
nowe, skuteczniejsze terapie po urazowych uszkodzeniach miesni, ablacji guzow czy w
chorobach migséni. Medycyna regeneracyjna poszukuje skutecznej techniki regeneracji
miesni. Komdérki macierzyste, czynniki wzrostu 1 sztuczne nisze sg uznawane Zza
podstawowe elementy dla inzynierii tkankowej [11], cho¢ interakcja pomigdzy tymi
czynnikami nie jest do konca jasna. Zastosowanie kompleksu uzupehiajgcych sie
czynnikéw wzrostu zamiast kilku §cifle okreslonych mogloby zwigkszy¢ efektywnosé
dojrzewania tkanki mie$niowej. W badaniach, przeprowadzonych w ramach niniejsze]
pracy, wykorzystano komérki prekursorowe mieéni zarodkéw kury, ekstrakt z mig$ni
zarodka kury (CEME, ang. Chicken Embryo Muscle Extract), zawierajacy koktajl
czynnikow wzrostu i nanofilm tlenku grafenu jako potencjalng sztuczna niszg do wzrostu
komérek.

Celem podjetych badan w doswiadczeniu 1 bylo okreslenie, czy zastosowanie
ekstraktu z miesni 18-dniowego zarodka kury domowej bgdzie miato wplyw na
réznicowanie i dojrzewanie funkcjonalne komoérek prekursorowych migsni w warunkach
in vitro oraz zdolno$¢ potencjalnej pseudo-tkanki do samoistnego kurczenia sig¢. W
badaniach in vitro wykorzystano dwa rodzaje powierzchni: standardowe plytki
polistyrenowe do hodowli komérkowych oraz plytki pokryte nanofilmem GO, jako
alternatywng biokompatybilng nisze do wzrostu komoérek.

W dos$wiadczeniu I wykazano korzystny wpltyw ekstraktu z migéni zarodka kury,
jako biozgodnego stymulatora dojrzewania komorek prekursorowych migsni, tworzenia
pseudo-tkanki migsniowej 1 jej samoistnego kurczenia si¢. Przeprowadzone eksperymenty
udokumentowaly réwniez, ze nanofilm GO byt chetnie, a nawet preferencyjnie zasiedlany
przez komoérki mig$niowe. W konkluzji stwierdzono, ze nanofilm GO moze stanowié
korzystng nisze dla komorek migéniowych, ktére po podaniu ekstraktu CEME uzyskuja
dojrzatos¢ fizjologiczna i sa zdolne do samoistnego skurczu.

Wyniki uzyskane w do$wiadczeniu 1 staty si¢ inspiracjg do podjecia kolejnych
badan. Doswiadczenie II miato na celu sprawdzenie mozliwosci modyfikacji rozwoju
i ksztaltowania struktury miesnia prazkowanego poprzez ,,odzywianie” zarodka metodsg in
ovo. Planowany system zywienia in ovo mial spelnia¢ dwa warunki: 1. by¢ rozlozony w
czasie i minimalizowaé niekontrolowany rozklad sktadnikéw pokarmowych, 2. by¢ jak
najbardziej kompleksowym Zrodlem skladnikow pokarmowych. W zwigzku z tym
gtéwnym celem byto ustalenie czy ekstrakt z migéni zarodka sprz¢zony z nosnikiem — GO,
nie jest toksyczny i moze stymulowaé tworzenie lepszej struktury migsniowej zarodkow, a
w przysztosci rozwdj migéni kurczat brojleréw. Podjete badania modelowe mogg znalez¢

14



zastosowanie w zywieniu kurczat brojleréw, a takze w badaniach nad regeneracja migsni u
zwierzat i ludzi.

Selekcja genetyczna pozwolila na zwiekszenie produkcji miesa drobiowego, ale
jednoczesnie nastapilo znaczne pogorszenie struktury migsni. Bardzo szybkie tempo
wzrostu kurczgt brojlerow moze prowadzi¢ do zaburzenia prawidlowej budowy tkanki
migs$niowej, zwlaszeza migéni piersiowych, ktore stanowig 31% masy ciala. Coraz czgstsze
stany patologiczne mig$ni, przede wszystkim miopatie migsnia piersiowego, w duzej
mierze moga wynika¢ z niedoboréw niektorych biatek strukturalnych i funkcjonalnych.
Zwyrodnienie migéni zwykle wiaze si¢ z nagromadzeniem $rédmigzszowej tkanki tacznej
lub zwléknieniem [4], co jest nastepstwem uposledzonej syntezy aminokwasow i bialek.
Ponadto pula aminokwaséw egzogennych jest ograniczona ze wzgledu na rozwdj zarodka
poza organizmem matki. Z drugiej strony, proliferacja komorek miggniowych zmniejsza
si¢ przed wykluciem, a liczba komorek miesniowych ksztaltuje si¢ glownie w okresie
embrionalnym. Dlatego suplementacja in ovoe moze mie¢ decydujacy wplyw na
ksztaltowanie si¢ przyszlej prawidlowej struktury miesniowe;j.

Badania wykazaly, ze podanie in ove kompozycji aminokwaséw [15] wzmaga
wzrost kurczat. Tauryna podawana metoda in ovo zarodkom kury poprawiata strukture
migsnia piersiowego poprzez zwigkszenie ckspresji biatka PCNA [16]. L-Arginina
skoniugowana z nanoczastkami srebra aktywuje ekspresje miogeniny i MyoD, co moze
pozytywnie wplywac na wzrost migsni [17]. Z uwagi na faki, ze rozwdj embrionalny
zajmuje ponad 1/3 zycia kurczat brojlerow i jest okresem kluczowym dla rozwoju miesni,
zywienie in ovo jest bardzo obiecujacg metodg [18]. Wiaze sie jednak z szeregiem
trudnosci, do najwazniejszych mozna zaliczyé szybka degradacje sktadnikéw odzywezo-
funkcjonalnych dostarczanych. Szybki katabolizm suplementowanych tg metodg biatek
moze mie¢ negatywne skutki wynikajgce z gromadzenia sie szkodliwych produktéw
rozpadu. Dlatego optymalizacja suplementacji in ovo powinna uwzgledniaé nie tylko
odpowiedni sklad i dawke podawanych zwiazkow, ale takze ich metabolizm w czasie. Aby
przeciwdziata¢ takim niekorzystnym skutkom, w przeprowadzonych badaniach ekstrakt
CEME skoniugowano z GO i podawano in ove w postaci kompleksu GO-CEME. Forma
kompleksu zabezpiecza ekstrakt przed szybkim rozkladem i zapewnia powolne uwalnianie
biatek ekstraktu. Co wiecej, GO jest strukturg weglowa — pochodng grafitu —, ktéra podana
w odpowiednim stezeniu jest nietoksyczna i biokompatybilna [6,19-21].

Ogromna powierzchnia platkéw grafenu oraz dostepnosé¢ grup funkcyjnych
sprzyjaja tworzeniu korony biatkowej na drodze samoorganizacji, szczegolnie w obecnosei
duzej liczby bialek [22]. Korona biatkowa jest struktura aktywna, a jej sktad zmienia sie w
zaleznosci od warunkow fizykochemicznych srodowiska biologicznego. Przypuszczano,
ze CEME mozna transportowa¢ na platkach GO, zwickszajac aktywno$é koktajlu
bialkowego przy jednoczesnym ograniczeniu degradacji bialek podawanych drogg in ove.
Biorge pod uwage aktywno$¢ CEME zaobserwowang we wezesniejszych badaniach in
vitro [3] oraz wlasciwosci transportowe GO, postanowiono stworzy¢ system ,,dostarczania
sktadnikow odzywezych” podobny do stosowanych w medycynie systeméw ,,dostarczania
lekow”.

Celem podjetych badan w doswiadczeniu II bylo okreslenie, czy zastosowanie
ekstraktu z migsni 18-dniowego zarodka kury domowej w kompleksie z tlenkiem grafenu
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GO, podawanych metodg in ovo na poczatku embriogenezy, be¢dzie miato wplyw na
prawidtowe ksztaltowanie struktury mig¢sni zarodka kury w 20 dniu rozwoju.

W doswiadczeniu 2 potwierdzona zostala istotna biozgodnosé GO. Zastosowany
kompleks GO-CEME nie wplyngt negatywnie na rozwdj i zywotnos¢ zarodkow. Nie
obserwowano zmian w masie zarodkéw, kluczowych narzadéw a takze w parametrach
biochemicznych krwi. Ekstrakt CEME podany in ove w stezeniu 2% miat korzystny wptyw
na strukture miesni szkieletowych w 20 dniu rozwoju embrionalnego. GO pelnigey role
nosnika w kompleksie z odzywczym CEME nie zmienit jego aktywnosci.

Uzyskane wyniki zainspirowaly podjecie kolejnego cyklu doswiadczen, w ktorych
postanowiono wyjasni¢ czy GO podany do medium hodowlanego komérek migsniowych
wplynie na zmiang koncentracji wybranych bialek w systemie. Systemem modelowym
byly prawidlowe ludzkie komérki migéniowe hodowane w warunkach in vitro poddane
dziataniu stresu w postaci biatka kolca wirusa SARS-CoV-2 (biatko S, ang. Spike Protein).
Ponadto, motywacja do badan bylo wyjasnienie roli tkanki migéniowej jako bardzo duzej
puli komérek wydzielniczych w przebiegu i skutkach choroby COVID-19, szczegdlnie w
indukcji burzy cytokinowej, oraz poszukiwanie skutecznego zmiatacza tych prozapalnych
bialek.

Globalny problem wywotany pandemig choroby koronawirusowej (COVID-19) byt
zwiazany nie tylko z nieprzewidywalnym i trudnym do leczenia przebiegiem choroby, ale
takze z jej nieznanymi konsekwencjami. Jednym z charakterystycznych objawéw COVID-
19 jest burza cytokinowa (CS, ang. Cytokine Storm). CS objawia si¢ nadmiernym
wydzielaniem cytokin prozapalnych, ktore inicjuja wiele szlakéw bioracych udzial w
rozprzestrzenianiu si¢ stanu zapalnego prowadzagcego do goraczki, uposledzenia
przepuszczalnosci naczyn wlosowatych, ostrej niewydolnosci oddechowej, niewydolnoscei
wielonarzadowej, a w ciezkich przypadkach nawet do smierci [23]. Za kluczowe
chemokiny i cytokiny CS uwaza si¢ motyw chemokin C-X-C 10 {CXCL10), interferon
gamma (IFN-y), interleuking 1 beta (IL-1B), interleukiny: IL-2, IL-6, IL-7, IL-8, IL-10, IL-
12, IL-17, IL-18, czynnik martwicy nowotworu alfa (TNF-o), czynnik stymulujacy
tworzenie kolonii granulocytow (G-CSF); czynnik stymulujacy tworzenie kolonii
granulocytéw i makrofagéw (GM-CSF) i biatko chemotaktyczne monocytéw-1 (MCP-1)
[23,24]. Obecnie COVID-19 okresla si¢ jako dysfunkcje wiclonarzadowa sprzyjajaca
og6lnoustrojowemu zapaleniu [25].

Dysfunkcje migsni szkieletowych obserwuje w trakcie jak i po chorobie COVID-
19 i moze ona byé spowodowana CS indukowana w innych tkankach [26].
Przeanalizowano ckspresje genéw transblonowej proteazy serynowej - TMPRSS2 i
enzymu konwertujacego angiotensyne II - ACE2 - czynnikéw kluczowych w procesie
whnikania wirusa do komérek gospodarza, w ludzkiej tkance mig¢éniowej i potwierdzono, ze
komorki $rddblonka, komérki miesni gradkich, perycyty, komorki macierzyste migsni
(komorki satelitarne), makrofagi, komorki odpornosciowe i widkna mig$niowe wykazuja
ekspresje TMPRSS2 i ACE2, a zatem zakazenie wirusem SARS-CoV-2 moze mie¢ miejsce
takze w tkance migesniowej [27].

Tkanka migsniowa stanowi znaczng mase organizmu cztowieka, srednio okolo 40%
catkowitej masy ciala dorostego cztowieka, co oznacza, e jest ona ogromna pula réznych
bialek, w tym rowniez funkcjonalnych. Uwaza sig¢, ze tkanka ta zawiera 50-70%
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wszystkich bialek organizmu [28]. Chociaz komorki miesniowe nie stanowia
najwazniejszych komorek w zakresie indukcji cytokin, to jednak nawet ich minimalna
produkcja, biorgc pod uwage wielkos¢ masy miesniowej, moze zapewnié potezna podaz
prozapalnych bialek. Zatem, paradoksalnie, miodzi i wysportowani mezezyzni mogg byé
znacznie bardziej wrazliwi na CS. Z drugiej strony bol i ostabienic migéni obserwowane w
trakcie i po chorobie COVID-19 oraz wynikajacy z tego brak aktywnosci fizycznej, a takze
ograniczenie aktywnosci zwigzane z kwarantanng réwniez s3 czynnikami sprzyjajacymi
CS. Dlatego konieczne jest znalezienie sposobu na ograniczenie zjawiska burzy
cytokinowej. Wydaje sig, ze GO, supercienki material weglowy, podawany w niewielkiej
ilosci, moze bez wywolywania toksycznodei wigzaé na swojej powierzehni biatka zwiazane
z CS obecne w organizmie. Zastosowanie takiej terapii przeciwzapalnej mogloby w
znaczycy sposéb ograniczyd niebezpieczne, dalsze skutki choroby COVID-19.

Celem do$wiadczenia III byto wyjasnienie kilku waznych mechanizméw choroby
COVID-19, zachodzacych w komérkach migéniowych i wstepna proba zastosowania GO
jako leczenia wspomagajgcego. Przede wszystkim celem byla cheé potwierdzenia
kontrowersyjnej obecnosci receptora ACE2 na powierzchni ludzkich komérek miegni
szkieletowych, a takze okreslenie skutkéw, jakie moga wynikaé¢ z obecnosci fragmentu
wirusa SARS-CoV-2 — biatka kolca wirusa (biatko S), bez zakazania komorek wirusem.
Co wigcej, zakladajgc, ze biatko S indukuje CS w komérkach migsniowych, wazne wydaje
si¢ zidentyfikowanie, kt6re cytokiny i inne biatka funkcjonalne zostang aktywowane.

Przeprowadzone w dos$wiadczeniu III eksperymenty potwierdzily obecnosé
receptora ACE2 w komorkach migsniowych. Ponadto, stwierdzono, ze obecnoéé¢ bialka
kolca wirusa SARS-CoV-2 inicjuje w komérkach miesniowych produkcje biatek
prozapalnych, charakterystycznych dla burzy cytokinowej i stresu oksydacyjnego. W
Doswiadczeniu III po raz pierwszy podj¢to probe zminimalizowania CS za pomoca GO.
Badanie to bylo pierwszym na $wiecic cksperymentem dotyczacym potencjalne;
mozliwosci wychwytywania biatek CS przez GO w $rodowisku komorek miegniowych.
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3. Materialy
3.1. Tlenek grafenu

W badaniach wykorzystano wodny roztwér tlenku grafenu, pozyskany kolejno
z NanoPoz (Poznan, Polska), US Research Nanomaterials, Inc (Houston, USA) oraz
z Advanced Graphene Products (Zielona Gora, Polska). Tlenek grafenu wyprodukowano
zmodyfikowang metodg Hummersa, gdzie materialem Zrédtowym byl grafit. Wyjsciowe
stezenie zawiesiny GO z NanoPoz oraz Advanced Graphene Products wynosito 4 mg/ml,
a tlenku grafenu z US Research Nanomaterials Inc 2% w/o. Srednia wielko$é platkéw
tlenku grafenu wynosita powyzej ~2 um, liczba warstw platkow siegata od 1 do 3.
Wszystkie zawiesiny rozcieficzano ultraczysta woda Mili-Q w celu uzyskania pozadanego
do dalszych badan koloidu. Przed uzyciem roztwory robocze byly sonifikowane w tazni
ultradzwickowej, celem eliminacji agregatéw nanoczastek. W czasie trwania doswiadczefi
nie zaobserwowano wizualnych zmian uzywanych roztworow.

W doswiadczeniu I tlenek grafenu byl stosowany w postaci nanofilmu.
W dos$wiadczeniu IT i ITI wykorzystano tlenek grafenu w formie zawiesiny - jako kompleks
z ekstraktem biatkowym (do$wiadczenie II) oraz w medium hodowlanym (doswiadczenie
II1) (Ryc. 1). Nanofilm z platkéw tlenku grafenu przygotowywano na dnie plytek
wielodotkowych przeznaczonych do hodowli komérkowych. W warunkach sterylnych
roztwor tlenku grafenu o stezeniu 1mg/ml nanoszono na dno naczyn hodowlanych,
nastepnie w temperaturze pokojowej powierzchni¢ suszono w komorze z laminarnym
przeptywem powictrza. Po zakonczeniu opisancj procedury otrzymywano jednorodny,
silnie przylegajacy do polistyrenowych naczyn hodowlanych nanofilm tlenku grafenu.

Doswiadczenie 1 Doswiadczenie 2 Doswiadczenie 3
nancfilm = ) |
tlenku grafenu 2l tlenek grafenu “.’

GO € N (koloid)
p r{': ;';/} e
o P 5
e T "( biatka kolca wirusa ¢
SRt SARS-CoV-2 .
kompleks odzywezy
ekstraki edzywczy GO + CEME &
CEME
. hodowla in vitre ludzkich
- mioblastdw (HSkM)
hadowla in vitro komorek suplementacja zarodkow
progenitorowych migsni 2 metody in ova l
zarodka kury
l ocena wplywu obecnodei biatka S
l na produke]e biatek prozapainych
ocena wp!ywt; kom;:leksu GO*GEITE oraz dodatku tlenku grafenu Jako
na rozwd] embricnatny oraz stnikture modulatora poziomu bialek
ocena wplywu nancfilmu GO i it sokelalvatinarodkiw pmzaplﬁycﬁ

CEME na proces réZnicowania
komdrek migsnlowych

" - i €
: - LEE
Vil 8 < 5 2l

Rycina 1. Schemat wszystkich do$wiadczeti wehodzacych w sklad pracy zuwzglednieniem wykorzystanych
materiaféw 1 modeli badawczych.
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3.2. Wodny ekstrakt z migsni zarodkow kury

W doswiadczeniu I i II wykorzystano wodny ekstrakt z mieéni 18-dniowych

zarodkéw kury. Jaja wylegowe kurczat brojlerdw linii Ross 308 inkubowano w
standardowych warunkach - temperatura 37°C, wilgotnos¢ ~60%, jaja byly automatycznie
obracane co godzine. W 18 dniu rozwoju zarodkowego jaja wyjeto z inkubatora, delikatnie
usunigto skorupe, a zarodki poddano dekapitacji. Pobrano miesnie szkieletowe z koficzyn
dolnych. Probki mi¢sni zostaly zawieszone w ultraczystej wodzie Mili-Q i
homogenizowane w mlynie kulowym. Otrzymany homogenat wirowano z predkoscia 1400
X g przez 45 minut w temperaturze 4°C. Supernatant byl przechowywany w temperaturze
-80°C.
CEME w doswiadczeniu I wykorzystano jako dodatek do medium hodowlanego
(podawany w stgzeniu 1%). W doswiadczeniu II ekstrakt z migéni zarodkéw, jako
mieszanina biatek funkcjonalnych wraz z GO, tworzyl kompleks odzywczy, ktory
podawany byl zarodkom metods in ovo.

3.3. Hodowle komorkowe in vitro

W doswiadczeniach I i IT wykorzystano progenitorowe komorki migéni pozyskane
z 8 1 9 -dniowych zarodkéw kury domowej linii Ross 308. Uprzednio odkazone
nadmanganianem potasu oraz wysterylizowane promiecniami UV jaja inkubowano w
standardowych warunkach. Po wyjeciu jaj z inkubatora delikatnie usuwano cze$é skorupy,
aby umozliwi¢ dostep do zarodka. Pobierano koficzyng dolng. Uzyskang prébke
umieszczano w roztworze trypsyny (Life Technologies, USA) na 24 h w temperaturze ~4°C
w celu dezintegracji tkanki. Enzym neutralizowano dodatkiem medium hodowlanego, a
zawiesing komorek do hodowli przygotowywano poprzez delikatne pipetowanie.
Progenitorowe komodrki mieséni pobrane z zarodka kury hodowano in vitre w medium
hodowlanym DMEM (ang. Dulbecco’s Modified Eagle’s Medium) (Life Technologies,
USA) z 10% dodatkiem surowicy bydlecej plodowej (Life Technologies, USA) oraz 1%
dodatkiem penicyliny i streptomycyny (Life Technologies, USA).
W doswiadczeniu III wykorzystano komercyjnie dostepne ludzkie prawidtowe mioblasty
HSkM (ang. Human Skeletal Myoblast, Gibco, Invitrogen, USA) - adherentne komorki
pierwotne, pozyskane od dorostych, zdrowych dawcéw. Komorki HSkM hodowane byly
w warunkach standardowych, zgodnie z zaleceniami producenta (A12555, Gibco,
Invitrogen, USA).

3.4. Zarodki kury

Doswiadezenie 1l obejmowato eksperymenty in ovo prowadzone na zarodkach kury
domowe;j linii Ross 308. Jaja inkubowano w standardowych warunkach — 37°C, wilgotnosé
~60%, jaja automatycznie obracane byly raz na godzine. Przed rozpoczeciem
doswiadczenia jaja byly myte w roztworze KMnQs4 oraz sterylizowane przy uzyciu
promieni UV. Jaja losowo podzielono na grupy doswiadczalne, pierwszego dnia inkubaciji
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droga iniekeji podano do bialka po 200 pl roztworéw badanych. Otwory po iniekeji
zabezpieczono sterylna tasma.

3.5. Biatko kolca wirusa SARS-CoV-2
W doswiadczeniu 11T wykorzystano pelnej dlugoscet, zloZzone z trzech podjednostek

bialko S kolca wirusa SARS-CoV-2 (PX-COV-P049, ProteoGenix, Francja), ktore
dodawano w stezeniu 5 pg/ml do medium hodowlanego komérek HSkM.
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4. Metody
4.1. Charakterystyka GO

Tlenek grafenu w do$wiadczeniu 1 byl stosowany w postaci nanofilmu, w
doswiadczeniu II i III w formie roztworu — jako kompleks z ekstraktem biatkowym oraz
jako zawiesina w medium hodowlanym. Tozsamo$¢ materialu potwierdzono przy uzyciu
spektroskopii w podczerwieni z transformacjg Fouriera (FTIR, ang. Fourier Transform
Infrared Spectroscopy). Potwierdzono obecno$é charakterystycznych wigzaf micdzy
atomami wegla, tlenu i wodoru i zidentyfikowano grupy funkcyjne na powierzchni GO.
Stabilnosé¢ dyspersji koloidu oceniano poprzez pomiar potencjatu Zeta. Wielkos¢ i ksztalt
ptatkow grafenu wiznalizowano przy pomocy elektronowej mikroskopii transmisyjne;j
(TEM, ang. Transmission Electron Microscopy).

Powierzchni¢ nanofilmu jak 1 standardowej polistyrenowej plytki hodowlanej
scharakteryzowano przy uzyciu mikroskopii sit atomowych (AFM, ang. Atomic Force
Microscopy), oceniano chropowato$¢ a takze ogélng topografi¢c obu powierzchni.

4.2. Charakterystyka CEME

Profil biatkowy wodnego ekstraktu z migéni 18-dniowych zarodkéw kury metoda
spektrometrii mas zostal przygotowany w Laboratorium Spektrometrii Mas w Instytucie
Biochemii 1 Biofizyki PAN w Warszawie. Otrzymane wyniki byly analizowane z uzyciem
platformy Max-Quant 1.6.3.4., jako referencji uzywano proteomu kury domowej Gallus
gallus z bazy UniProt. Analize interakcji mi¢dzy biatkami wykonano w programie inBio
Discover.

4.3. Hodowle komorkowe in vitro

Komoérki hodowano w inkubatorze do hodowli in vitro — w temperaturze 37°C, przy
wilgotnosci 95% i, zawartos¢ CO2 5%. We wszystkich doswiadczeniach uzywano
jednorazowych naczynn hodowlanych - butelek, ptytek wielodotkowych, insertéw na
szkietkach podstawowych. W hodowli stosowano medium DMEM (Life Technologies,
USA) z 10% dodatkiem surowicy bydlecej ptodowej (Life Technologies, USA) oraz 1%
penicyliny i streptomycyny (Life Technologies, USA). Morfologie komorek obserwowano
przy uzyciu mikroskopii $wietlne] oraz mikroskopii elektronowej skaningowej.
Wykorzystano barwieniec immunofluorescencyjne by przy uzyciu mikroskopu
konfokalnego zlokalizowa¢ jadra komorkowe (DAPI, Thermo Fisher Scientific, USA),
aktyng (falloidyna, Sigma-Aldrich, USA) oraz receptor ACE2 (SAB3500978, Sigma-
Aldrich, USA). Zywotnoé¢ komérek oceniano testami kolorymetrycznymi Vybrant Cell
Proliferation Assay Kit (MTT) (Thermo Fisher Scientific, USA), LDH - Cytotoxicity
Detection Kit (Roche Diagnostics GmbH, Niemcy), a takze blekitem trypanu. Do oceny
proliferacji komorek wykorzystano test Cell Proliferation ELISA BrdU kit (Roche Applied
Science, USA). Profil biatek w komorkach HSkM analizowano przy uzyciu spektrometrii
mas, a wyniki prezentowane byly w postaci HeatMap przygotowanych przy uzyciu
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GraphPad Prism wersja 8.1.2. Poziom biatek prozapalnych badano metods
immunochemiluminescencyjng na membranach zestawem Human Inflammation Antibody
Array Membrane (Abcam, Wielka Brytania), uzyskane wyniki byly analizowane z uzyciem
programu Image] (National Institutes of Health, USA). Ekspresj¢ gendéw zwiazanych z
procesem miogenezy, a takze metabolizmem energetycznym komérek analizowano
metodg Real-Time PCR.

4.4. Eksperymenty in ovo

Doswiadczenie II obejmowano eksperymenty in ovo prowadzone na zarodkach
kury domowej linii Ross 308. W pierwszym dniu inkubacji do zarodké6w podawano drogg
iniekcji in ovo roztwory badane, nastepnie w 20 dniu rozwoju zarodkowego jaja wazono,
usunieto  skorupg, zarodki usmiercono poprzez dekapitacje. Dokonano oceny
morfometrycznej zarodkow, pobrano w catosci watroby 1 serca, oraz migsnie szkieletowe
koniczyn dolnych, a takze probki krwi obwodowej. Probki krwi analizowane byly w
komercyjnym laboratorium diagnostycznym (VetLab, Warszawa) pod katem zawartosci:
albumin, transaminazy alaninowej (ALT), fosfatazy alkalicznej (ALP), transaminazy
asparaginianowej (AST), biatka ogolnego, kreatyniny, mocznika, globulin, dehydrogenazy
mleczanowej (LDH), glukozy i tréjglicerydow.

Zgromadzone probki migéni utrwalono w roztworze formaliny, zatopiono w bloczki
parafinowe, a nastepnie przygotowano preparaty mikroskopowe. Preparaty barwiono przy
uzyciu Periodic Acid—Schiff (PAS) Staining System (Sigma-Aldrich, St. Louis, USA).
Obecno$¢ jadrowego antygenu komérek proliferujacych (PCNA) oznaczono metods
immunohistochemiczng. Zdjecia przekrojow poprzecznych miesni analizowano pod katem
liczby jader komorkowych oraz komdrek proliferujacych. Obrazy analizowano przy uzyciu
programu ImageJ - Cell Counter (National Institutes of Health, USA).

W prébkach watroby oznaczono poziom aktywnosci dysmutazy ponadtlenkowej zestawem
Superoxide dismutase (SOD) Assay Kit (Sigma-Aldrich, St. Louis, USA).

W ramach oceny hemotoksycznosci wykonano test hemolizy krwinek czerwonych
pochodzgcych z krwi kury poddanych ekspozycji na roztwory badane.

4.5. Metody statystyczne

Uzyskane w trakcie badan wyniki byly analizowane przy pomocy programu
StatGraphics Centurion version XVI - jednoczynnikowa analiza wariancji (ANOVA).
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5. Aparatura

Charakterystyka tlenku grafenu metodg FTIR (Perkin Elmer System 2000).
Wizualizacja morfologii platkéw tlenku grafenu przy uzyciu elektronowego
mikroskopu transmisyjnego JEM-1220 (JEOL, Japonia).

Analiza potencjalu Zeta roztworu tlenku grafenu aparatem ZetaSizer Nano ZS
model ZEN3500 (Malvern Instruments, Wielka Brytania).

Analiza topografii powierzchni i chropowatosci nanofilmu tlenku grafenu za
pomocg mikroskopu sit atomowych MFP 3D BioAFM (MPLCT, Bruker, USA).
Homogenizacja tkanki mie¢sniowej podczas przygotowania ekstraktu CEME oraz
prébek watroby zarodkow miynem kulowym TissueLyser ball mill (Qiagen, USA).
Analiza proteomiczna ekstraktu z mieéni zarodkdw oraz komorek z hodowli in vitro
spektrometrem mas Orbitrap Elite (Thermo Fisher Scientific, USA) polaczonym z
Water Acquity HPLC.

Prowadzenie hodowli komdrkowych in vitre przy uzyciu inkubatora Memmert
ICO150med (Memmert, Niemcy).

Liczenie komoérek oraz ocena zywotnosci komérek w trakcie hodowli in vitro przy
uzyciu licznika automatycznego EVE (NanoEnTek, USA).

Wizualizacja przyzyciowa morfologii komoérek przy pomocy mikroskopu
swietlnego TL-LED (Leica Microsystems, Niemcy).

Obserwacja barwionych  immunoflurescencyjnic  wybranych elementéw
komérkowych i wybranych biatek przy pomocy mikroskopu konfokalnego FV1000
IX81 (Olympus, Japonia).

Wizualizacja morfologii komérek migéniowych przy pomocy elektronowego
mikroskopu skaningowego Quanta 200 (FEIL, USA).

Ocena parametrow metabolicznych komdrek za pomocs testow kolorymetrycznych
z wykorzystaniem czytnika plytkowego Tekan Infinite 200 microplate reader
(Tecan, USA).

Analiza ekspresji genéw metoda Real-Time PCR aparatem StepOnePlus™ Real-
Time PCR (Thermo Fisher Scientific, USA).

Detekcja poziomu biatek prozapalnych metods immunochemiluminescencyjng na
membranie aparatem Azure Biosystem C400 (Azure, USA).

Obserwacja morfologii zarodkéw kury mikroskopem stereoskopowym SZX10
(Olympus, Japonia).

Obserwacja 1 wykonanie zdj¢¢ preparatow histologicznych przy pomocy
mikroskopu $wietlnego Nikon Eclipse Ni light z kamerg Nikon DS-Fi3 (Nikon
Corporation, Japonia).
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6. Omowienie glownych wynikéw prac doswiadczalnych
6.1. Doswiadczenie |

Celem doswiadczenia 1 bylo okreslenic wpltywu dodatku ekstraktu z migéni zarodkow
oraz zastosowania nonfilmu tlenku grafenu na proces réznicowania progenitorowych
komorek migsniowych z zarodka kury hodowanych w warunkach in vitro. Tlenek grafenu
zastosowano jako modyfikacje powierzchni wzrostu komoérek w postaci nanofilmu,
pelnigcego funkcje biozgodnej niszy do wzrostu i réznicowania komérek progenitorowych
miesni oraz tworzenia pseudo-tkanki migéniowej; Dodatek wodnego ekstraktu z migsni 18-
dniowych zarodkéw kury do medium hodowlanego shuzy? jako kompleksowa mieszanina
bialek stymulujgcych komorki migsniowe do réznicowania, dojrzewania tkanki
migsniowej 1 wywolania skurczu w warunkach in vitro (Ryc. 2).
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Rycina 2. Schemat doswiadczenia L.

Tlenek grafenu po wysuszeniu tworzyl nanofilm o grubosci 1-3 platkéw tlenku grafenu,
wielkoéci 2-4 um. Analiza z zastosowaniem mikroskopii sit atomowych. wykazata
zmniejszenie $redniej chropowatosci plytki pokrytej nanofilmem tlenku grafenu do 1,5 -
2,1 nm, gdzie chropowato$¢ samej polistyrenowej plytki hodowlanej wynosita 7,2 nm,
Modyfikacja powierzchni ptytki hodowlanej spowodowata, ze materiat stal si¢ bardziej
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pofatdowany, jednak powstale struktury byly bardziej zaokraglone i mniej ostro
zakoficzone, niz w przypadku standardowej plytki polistyrenowe;.

Analiza proteomiczna ekstraktu z mi¢éni zarodka kury wskazata obecnosé 1470 bialek,
z czego 249 bylo charakterystycznych dla tkanki mig$niowej. Z tej grupy wytypowano 59
potencjalnych bialek zwigzanych ze skurczem bedgcych gléwnymi stymulatorami
roznicowania i dojrzewania komorek migéniowych in vitro. W grupie wybranych 59
wyrozniono 14 bedacych elementami macierzy zewnatrzkomérkowej, 20 powigzanych ze
strukturg i komunikacjg mi¢dzy komérkami, 11 zwigzanych z aparatem kurczliwym
komorek migsniowych, 6 zwigzanych z komunikacjg nerwows i nerwowo-micg$niows i 9
zaangazowanych w metabolizm (Tab. 1).

Tabela 1. Wybrane bialka ekstraktu = migéni zarodkéw kury najistoiniejsze w kontekscie aktywnosci
komérek mig§niowych

Gene name Protein name S\Eoeetr AL
weight [kDa]
Extracellular matrix component
DCN Decorin 61.2
LAMBI1 Laminin subunit beta-1 594
COL6A2 Collagen alpha-2 (VI) chain 58.7
QAOAIDSPME Leucine rich repeat containing 15 50.3
FMOD Fibromodulin 44.7
OGN Mimecan/Osteoglycin 42.8
AOQA1IDSPVT6 Collagen type XI alpha 1 chain 36.4
LMNBI1 Lamin-B1 31.6
PLODI Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 220
COL1A1 Collagen alpha-1 (I) chain 16.1
COL6A3 Collagen alpha-3 (V1) chain 14.6
§0010705075 Collagen alpha-1 (IT) chain 13.1
COL14A1 Collagen alpha-1 (XIV) chain 11.2
LABMI1 Laminin subunit beta-1 10.4
Cell structure and communication
PXN Paxillin 66.6
P09652 Tubulin beta-4 chain 61.7
PTK7 Inactive tyrosine-protein 53.7
MAPT Microtubule-associated protein 51.3
CRYAB Alpha-crystallin B chain 503
MAPRE? Microtubule-associated protein RP/EB family 41.7
member 2
CDH13 Cadherin-13 40.4
COTL1 ADF actin binding protein 36.9
DMD Dystrophin 24.1
ZYX Zyxin 20.5
WIPF1 WAS/WASL interacting protein family member 1 18.8
CTNNA2 Catenin alpha-2 i8.4
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Tubulin alpha chain 13.0

NHLRC2 NHL repeat-containing protein 2 12.4
CAP2 Adenylyl cyclase-associated protein 11.7
ACTGI Actin, cytoplasmic 2 11.7
SPTB Spectrin beta chain 10.4
JUP Plakoglobin 9.92
DBNI1 Drebrin 9.37
ACTN2 Alpha-actinin-2 8.02
Contractile apparatus
MYL3 Myosin light chain 62.2
CALDI1 Caldesmon 61.4
CAMK2D Calcium/.calmodulin-dependent protein kinase type 11 553
delta chain
CNN3 Calponin 513
MYLK Myosin light chain kinase, smooth muscle 40.5
MYLPF Myosin regulatory light chain 2, skeletal muscle 370
isoform
TPM1 Tropomyosin alpha-1 chain 20.7
CASQ2 Calsequestrin 19.5
TNNC2 Troponin C, skeletal muscle 19.3
MYHI1B Myosin-1B 11.4
Neural and neuromuscular communication
NEFM Neurofilament medium polypeptide 46.2
AGRN Agrin 46.1
TXLNB Beta-taxilin 31.8
FABP5 Fatty acid binding protein 5 234
GAP43 Neuromodulin 18.8
NCAM]I1 Neural cell adhesion molecule 15.1
Metabolism
ATP5C1 ATP synthase subunit gamma 533
GMPR GMP reductase 49.9
GPD2 Glycerol-3-phosphate dehydrogenase 45.5
PFKM ATP-dependent 6-phosphofructokinase 43.8
ADSSL1 Adenylosuccinate synthetase isozyme 1 43.6
CKM Creatine kinase M-type ‘ 433
AMPDI1 AMP deaminase 25.2
AOA1DSPIQ5 Mitogen-activated protein kinase 11.4
CKB Creatine kinase B-type 5.62

Hodowle komérkowe podzielono na grupy doswiadczalne: (1) kentrola (CTRL), (2)
komarki hodowane na nanofilmie tlenku grafenu (GO), komorki hodowane z dodatkiem
1% CEME (CEME), (4) komorki hodowane na nanofilmie GO z dodatkiem 1% CEME do
medium (GO+CEME).
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Morfologia komérek hodowanych z dodatkiem ekstraktu z migsni zarodkéw kury
w medium wskazywata na zréznicowanie komérek progenitorowych mieéni. Widoczne
byty wydluzone, rozgatezione, wielojgdrowe miotuby. Dhugos¢ miotub niejednokrotnie
przekraczata 1000 pm, srednia szeroko$é wynosita 10-20 pm. Miotuby osadzone byly na
kilku warstwach niezréznicowanych komérek (Ryc. 3). Obrazowanie z uzyciem
mikroskopii konfokalnej potwierdzilo obecnos¢ wiclojgdrowych komarek migsniowych, a
takze wystepowanie charakterystycznego dla migéni szkieletowych prazkowania (Ryc. 4).
Komérki hodowane w obecnosci obu czynnikéw, nanofilmu i ekstraktu z miesnia zarodka
kury, wykazywaly lepsza organizacj¢ ulozenia miotub, niz w przypadku dodatku samego
ekstraktu. Komoérki hodowane na nanofilmie tlenku grafenu wykazywaly silng adhezje do
podloza, byly bardziej wyplaszczone z licznymi filopodiami, w poréwnaniu do grupy
kontrolnej. W obu grupach z dodatkiem ekstraktu obserwowano spontaniczne skurcze
wielojgdrowych komorek migéniowych (tworzacych pseudo-tkanke), co sugeruje, ze
dodatek ekstraktu jako koktajlu bialek wzrostowych jest odpowiedzialny za wystapienic
fizjologicznej aktywnosci komorek mieéniowych w wiekszym stopniu, niz wlasciwosci
powierzchni wzrostu.
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Rycina 3. Morfologia komorek wizualizowana przy pomocy mikroskopil $wietlnej (gérny panel) i elektronowej
mikroskopii skaningowej (dolny panel); zdjecia przedstawiajg grupg kontrolng (CTRL), komorki hodowane na
nanofilmie GO (GO}, komdrki hodowane z dodatkiem ekstraktu (CEME), komérki hodowane na nanofilmie GO
z dodatkiem ekstraktu (GO+CEME); z6tta strzalka - miotuby, zielona strzatka - filopodia; niebieska strzatka -
wiclowarstwa niezréznicowanych komorek.
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Rycina 4. Zdjgcia komdrek mig$niowych z mikroskopu konfokalnego z wyznakowanymi fluorescencyjnie
jadrami (niebiski) i aktyng (czerwony); grupa kontrolna (CTRL), komdrki hodowane z dodatkiem ekstraktu
(CEME); zielona strzatka - jadra w miotubach; szara strzatka - miotuby, z6Ha strzatka - prazkowanie komérki
migsniowej.

DAPI

Phalloidin

Merge

Analiza zywotnosci komorek oceniona na podstawie zdolnodci dehydrogenazy
mitochondrialnej do redukeji soli tetrazolowej do nierozpuszezalnego formazanu testem
MTT wykazala, iz po 48 h hodowli obecnos$é¢ nanofilmu tlenku grafenu ma nieznacznie
negatywny wplyw na zywotnos$¢ komorek wzgledem kontroli, jednak efekt ten nie byt
obserwowany po 96 h hodowli (Ryc. 5).

Integralnosé bton komoérkowych analizowano przy pomocy testu 1.DH, sprawdzajacego
ilos¢ 1 aktywnos$¢ uwolnionej dehydrogenazy mleczanowej (LLDH, ang. Lactate
Dehydrogenase), na podstawie ktérej oceniono cytotoksycznoéé nanofilmu oraz dodatku
ekstraktu, wykazala podwyzszony poziom LDH w grupie z nanofilmem po 48 h hodowli.
Po 96 h hodowli nie stwierdzono podwyzszonego poziomu .LDH w zadnej z grup badanych
{Ryc. 5). Potwierdza to, ze tlenek grafenu jest nietoksyczny dla komorek miesniowych i
stanowi biozgodng nisze do ich wzrostu.

29



O

Coll viability

o0
hl I I I
0

CEME GO+CEME

CEME GO+CEME

Cytolonicity

-

ab

*

A = L N n

LDH refease after 48h of culture >
{related to the control)
% of control]
-

> @

&

&
é_\k‘

4':-,%*

B
(»]
S

G
o Cell viability after 43h of culture

<

~ -

s WA
»

v B

[% of control]

&
g

&
& & “.}r“'
00

LDH retease after 96h of culture T2
{refated to the control]

Sy

Cali viability after 36h of culturs

%,

Rycina 5. (A, B) Poziom dehydrogenazy mleczanowej (LDH) i (C,D) zywotnosci komorek oceniane testem
LDH i MTT po 48 h 1 96 h hodowli in witro komorek migsniowych; kontrola negatywna maksymalnego
uwolnienia LDH (Triton X), grupa kontrolna (CTRL), kemdrki hodowane na nanofilmie GO (GQ), komorki
hodowane z dodatkiem ekstraktu (CEME), komérki hodowane na nanofilmie GO z dodatkiem ekstraktu
{GO+CEME); stupki bledu reprezentujg odchylenie standardowe; litery nad kolumnami oznaczajg istotnosé
statystyczng pomigdzy grupami (p < 0.05).

Zmiany ekspresji gendw na poziomie mRNA badano metoda real-time PCR. W

poréwnaniu z grupg kontrolng nanofilm GO nie mial istotnego wplywu na ekspresj¢ gendéw
zwigzanych w podstawowym metabolizmem komdrki - ATPSB, FGF2, LDHS5 i PCNA, jak
i procesem roznicowania i dojrzewania komérek migsniowych - Myf5, MyoD1, MyoG,
Pax3 i Pax7. Dodatek ekstraktu skutkowat istotnie zwigkszonym poziomem ekspresji genu
ATPS5B, natomiast ekspresja genow FGF2 i LDHS byla obnizona w poréwnaniu z kontrola.
Obecno$é nanofilmu GO w polgezeniu z ekstraktem miala wplyw na zwiekszenie ekspresji
genu ATP5B. Ekspresja genéw FGF2 i LDHS5 byta obnizona w poréwnaniu z kontrola, co
jest zblizone do wynikéw uzyskanych z dodatkiem samego ekstraktu (Ryc. 6). Wyniki te
sa zgodne ze zmianami w metabolizmie komérek migsniowych podczas réznicowania,
kiedy intensywna glikoliza w mioblastach ust¢puje na rzecz fosforylacji oksydacyjnej,
zachodzacej w dojrzatych komoérkach migsniowych.
Dodatek ekstraktu do medium znaczaco podnidst poziom mRNA genéw Myf5, MyoD1,
MyoG, Pax3 1 Pax7. Profil ekspresji genéw w komoérkach hodowanych na nanofilmie z
dodatkiem ekstraktu byt rowniez istotnie podwyzszony we wszystkich badanych genach
zwigzanych z miogenezg, jednak krotno§¢é zmiany byta nizsza niz w grupie z samym
ekstraktem (Ryc. 6).
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Rycina 6. Analiza ekspresji genéw na poziomic mRNA metoda real-time PCR w komorkach progenitorowych
migéni z zaredka kury po 5 dniach hodowli ir vitro; ekspresja genoéw zwigzanych z proliferacjg i podstawowy
metabolizmem (A) craz procesem roznicowania komorek migsniowych (B); grupa kontrolna (CTRL),
komérki hodowane na nanofilmie GO (GO), komérki hodowane z dodatkiem ekstraktu (CEME), komérki
hodowane na nanefilmie GO z dodatkiem ekstraktu (GO+CEME); wzgledna ekspresja byla obliczona z
uzycie genéw ACTB i GAPDH; wyniki zaprezentowano jako wartosci 2-AACT pordwnane do grupy
kontrolnej; stupki biedu reprezentuja odchylenie standardowe; litery nad kolumnami oznaczaja istotnogé
statystyczng pomigdzy grupami (p < 0.035).

6.2. Doswiadczenie 11

Celem doswiadczenia II byto sprawdzenie wplywu ekstraktu CEME i jego kompleksow
z GO, jako nosnika bialek wzrostowych zawartych w CEME, na rozw6j mieéni zarodkow
brojleréw linii Ross 308. Wiasciwosci fizykochemiczne platkéw tlenku grafenu, a
zwlaszcza obecnos$é duzej liczby grup funkcyjnych na powierzchni, sprawiajg, e ma on
zdolnos¢ wigzania na swojej powierzchni réznych zwigzkéw i czgstek w tym takze,
molekut biologicznie czynnych, w szczegdlnosci biatek, efekt ten nazywany jest korong
biatkows. Kompleks nanonosnika z koktajlem bialek stymulujacych rozwdj migéni miat
zapobiec szybkiej degradacji podanych in ovo bialek i zapewnié przedtuzone w czasie
dziatanie.

Wstepny etap doswiadczenia polegal na analizie czynnikéw badanych w warunkach in
vitro. Oceniono poziom proliferacji komérek i cytotoksyczno$é badanych czynnikow w
grupach doswiadczalnych: (1) kontrola, (2) CEME0.1%, (3) CEME0.2%, (4) CEME0.5%,
(5) CEME1%, (6) CEME2%, (7) CEME5%, (8) CEME10%, (9) GO, (10) GO-CEME0.1%,
(11) GO-CEME0.2%, (12) GO- CEMEQ0.5%, (13) GO-CEME1%, (14) GO-CEME2%, (15)
GO-CEME5%, and (16) GO-CEME10%. Dodatek tlenku grafenu stosowany byt w statym
stezeniu 100 pg/ml. Proliferacje komdrek in vitro analizowano za pomoca testu BrdU,
opartego na ilosciowym pomiarze syntezy DNA poprzez wykrywanie wbudowanego
analogu nukleozydu tymidyny do DNA dzielacych sie komérek w fazie S. Uzyskane
wyniki wykazaly, ze ekstrakt podawany w stezeniu 0,5%, 1% i 2% zwiekszat proliferacje
komérek migsniowych. Dodatek tlenku grafenu do medium hodowlanego nie wplywat na
proliferacje komérek. Jednak ekstrakt w stezeniach 1, 2 i 5% w kompleksie z tlenkiem
grafenu powodowal znaczny wzrost proliferacji komérek w poréwnaniu z podaniem
samego ekstraktu. Badanie cytotoksycznodci in vitro tlenku grafenu i ekstraktu wykonano
testem MTT. Wyniki wykazaly toksycznosé ekstraktu w stezeniu 10%, GO i kompleksu
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GO z ekstraktem w stezeniu 10% oraz w niewielkim stopniu GO z ekstraktem w stezeniu
5%.

Przeprowadzono test hemokompatybilnoéci, aby ocenié potencjalne wlasciwosci
hemolityczne badanych czynnikdéw. Nie stwierdzono lizy krwinek czerwonych krwi kury
po 15, 30 i 60 minutach ekspozycji na czynniki badane, co wskazuje na brak
hemotoksycznosci stosowanych materialow we wszystkich stezeniach i kombinacjach.

W drugim etapie do§wiadczania do jaj na poczatku embriogenezy podano kompleks
CEME z GO (Ryc. 7), jako Zrédto biatek stymulujgcych rozwéj i wzrost migsni wraz =
no$nikiem zapewniajacym przediuzone dziatanie CEME po iniekcji. Jaja losowo
podzielono na grupy doswiadczalne, ktore obejmowaty rozne stezenia CEME, GO oraz
kompleks GO-CEME: (1) kontrola {nie traktowana), (2) CEME1%, (3) CEME2%, (4)
CEMES5%, (5) CEME10%, (8) GO (100 pg/ml), (9) GO-CEME1%, (10) GO-CEME2%,
(11) GO-CEME5%, (12) GO-CEME10%. Stgzenie GO w kompleksach bylo stale i
wynosito 100 pg/ml. W 20 dniu rozwoju zarodkowego oceniono rozwéj zarodkow, a takze
poréwnano masy jaj, zarodkow, watroby i serca. Nie stwierdzono istotnych statystycznie
réznic w porownaniu do grupy kontroinej w zadnym z badanych parametrow. Nie
odnotowano zwigkszonej $miertelnosci zarodkéw w grupach badanych. Podczas sekcji nie
obserwowano zadnych widocznych wad rozwojowych czy patologicznych zmian w
anatomii zarodkow.
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Rycina 7. Schemat doswiadczenia Il

Analiza wybranych parametréw biochemicznych krwi pobranej z 20-dniowych
zarodkéw nie wykazatla wplywu tlenku grafenu, ekstraktu oraz kompleksow obu
czynnik6w na aktywno$¢ enzyméw watrobowych ALT, AP, AST i LDH oraz na stgzenie
albumin, biatka catkowitego, globulin, tréjglicerydow i kreatyniny. Zaobserwowano
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wzrostowy trend zawartosci mocznika w grupach z samym GO i ekstraktem oraz obnizony
poziom mocznika po podaniu kompleksu tlenku grafenu z ekstrakiem. Istotne statystycznie
réznice stwierdzono jedynie pomiedzy grupami z tlenkiem grafenu, ekstraktem w stezeniu
5% 1 10% a grupa z kompleksem GO i ekstraktu w stezeniu 5%. Zaobserwowano obnizone
stezenie glukozy we krwi przy podawaniu GO, ekstraktu w stezeniu 10% i kompleksu
tlenku GO =z ekstraktem 10%. Zaobserwowane tendencje nie byly jednak istotne
statystycznie, a wszystkie wyniki miescily si¢ w zakresie wartosci referencyjnych.

Ocena histologiczna przekroju poprzecznego miesni szkieletowych konczyny
tylnej 20-dniowego zarodka kury nie wykazata patologicznych zmian w strukturze miesni
w zadnej z grup. Jednakze, w obrazie przekroju poprzecznego miesnia miedzy grupami
wystgpily istotne réznice w strukturze mies$ni. Migénie zarodkéw z grupy kontrolnej
charakteryzowaty si¢ rozlegla omiesna (perymysium) z duza iloscia tkanki lacznej, jak
réwniez wyraznie zaznaczonym endomysium, komoérki byly luzno upakowane. W grupach,
ktorym podano ekstrakt, zwlaszeza w stezeniu 2% i 5%, miesnie byly lepiej rozwiniete,
obserwowano gesto upakowane komorki, z wigksza iloscia jader komérkowych i mniejszg
iloscig tkanki facznej. W grupach z tlenkiem grafenu i kompleksem GO z ekstraktem 10%
komorki byly stabiej rozwinigte, obserwowano mniej zaznaczone endomysium, podczas,
gdy w grupach z kompleksem tlenku grafenu i ekstraktu 1, 2 i 5% obserwowano okragle,
lepiej rozwinicte komérki. Najkorzystniejsza budows charakteryzowaly sie komérki
migsniowe zarodkéw z grup, ktérym podano ekstrakt w stezeniu 2 i 5%, w przekrojach
widoczne byly gesto upakowane okragle komorki o duzej liczbie jader (Ryc. 8).
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Rycina 8. Zdjecia przekroju poprzecznego prébek miegsni 20-dniowych zarodkow wybarwionych metoda PAS;
grupa kontrolna (CONTROL), dodatek ekstraktu 1% (CEME1%), dodatek ekstraktu 2% (CEME2%), dodatek
ekstraktu 5% (CEMES%), dodatek ckstrakin 10% (CEME0%); dodatek tlenku grafenu (GO), dodatek kompieksu
GO z ekstraktem 1% (GO-CEME1%), dodatek kompleksu GO z ekstraktem 2% (GO-CEME2%), dodatek
kompleksu GO z ekstraktem 5% (GO-CEME5%), dodatek kompleksu GO z eksiraktem 10% (GO-CEME10%);
z6ita strzatka - jadra, ziclona strzatka - endomysium, nicbieska strzatka - perimysium (omigsna).
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Analiza probek wykazala znaczny wzrost liczby komorek w grupach z ekstraktem w
stezeniu 2% 1 5% (Ryc. 9A). Analiza opierala sie na zliczaniu komdrek w polu widzenia w
przeliczeniu na jednostk¢ powierzchni (0,09 mm?). W grupie z ekstraktem 2%
obserwowano wigkszg liczbg jader komérkowych (Ryc. 9B). Wspdtczynnik proliferacji,
mierzony przez okreslenie liczby jader PCNA-pozytywnych wzgledem catkowitej liczby
jader, nie zwigkszy! si¢ w zadnej grupie w poréwnaniu z grupa kontrolng (Ryc. 9C).
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Rycina 9. (A) Srednia liczba komérek zliczona w polu widzenia mikroskopu (0,09 mm?) z preparatdow
histologicznych wybarwionych metodg PAS; (B) érednia ilo$é jader zliczona w polu widzenia mikroskopu (0,09
mm?) z preparaiéw barwionych hematoksyling; (C) wspélczynnik proliferacji przedstawiony jako procent jader
PCNA-pozytywnych do catkowitej liczby jader widocznych w polu widzenia mikroskopu (0,09 mm?) z preparatéw
po immohistochemicznej detekeji PCNA z barwieniem hematoksyling.

W doswiadczeniu analizowano réwniez aktywnos¢ kluczowego enzymu
antyoksydacyjnego - dysmutazy ponadtlenkowej (SOD, ang. Superoxide Dismutase) w
watrobie. Nie stwierdzono wplywu zastosowanych czynnikéw na aktywnosé SOD., Srednia
aktywno$¢ byla bliska 100% we wszystkich grupach badanych.
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6.3. Doswiadczenie I11

Celem III doswiadczenia bylo potwierdzenie obecnoéei receptora ACE2 w ludzkich
komdrkach migéniowych oraz okreslenie wplywu biatka S kolca wirusa SARS-CoV-2 na
komorki miesniowe, a zwlaszcza ckspresje bialek prozapalnych oraz potencjalne
zastosowanie ptatkéw tlenku grafenu jako modulatora stanu zapalnego (Ryc. 10).

Bialko S jest silnym antygenem, pobudzajacym odpowiedz odpornosciows, jednak
réwniez zdolnym do wywolania burzy cytokinowej. Receptor ACE2 wraz z biatkiem S
kolca wirusa SARS-CoV-2 jest odpowiedzialny za wnikanie wirusa do komérek, co w
konsekwencji skutkuje wystgpieniem COVID-19. Duza powierzchnia czynna platkow GO,
obecnosé licznych grup funkeyjnych (hydroksylowych, epoksydowych, karbonylowych,
karboksylowych) zdolnych do tworzenia nickowalencyjnych wigzan i przylaczania np.
bialek (efekt korony biatkowej), sprawia, ze platki tlenku grafenu moglyby efektywnie
wigzaé biatka prozapalne, generujgce burze cytokinows.
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Rycina 10. Schemat do$wiadczenia III.

Hodowle komorkowe podzielono na grupy doswiadczalne: (1) kontrola (Control),
(2), komorki hodowane w obecnosdci biatka S w medium (S), (3) komoérki hodowane z
dodatkiem GO (GO), (4) komorki hodowane w obecnosci biatka S i dodatkiem GO (GO-
S). Morfologie komorek obserwowano za pomoca mikroskopu swietlnego. Nie
odnotowano znaczgcych réznic migdzy grupami po 24 godzinach hodowli (Ryc. 11). We
wszystkich grupach obserwowano charakterystyczne wydluzone komérki, jak rowniez
wielojadrowe miotuby. W zadnej z grup nie bylo oznak apoptozy czy innego
nickorzystnego wplywu czynnikéw badanych na morfologi¢ komérek HSkM. Platki tlenku
grafenu byly wyraznie widoczne w pozywce hodowlanej, obserwowano przyleganie
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ptatkow do komorek, jednak nie wplywalo to na zmiane morfologii komoérek w tych
obszarach.,

Control

GO

GO-5

Rycina 11. Morfologia komérek HSkM po 24 h hodowli in vitro; grupa konirolna (Control), grupa z dodatkiem
bialka S (S), grupa z dodatkiem tlenku grafenu (GQO), grupa S z dodatkiem tlenku grafenu i biatka S (GO-S), zota
strzatka - jadra, brazowa strzalka - platki tlenku grafenu, niebieska strzatka - miotuby.

Preparaty z wybarwionymi fluorescencyjnie jgdrami (DAPI), aktyng (falloidyna) i
receptorem ACE2 obserwowano za pomocg mikroskopu konfokalnego (Ryc. 12). Na
podstawie zdje¢ preparatdéw wyznakowanych immunofluorescencyjnie oszacowano
powierzchni¢ aktyny i receptoréw ACE. Podczas obserwacji nie odnotowano
niekorzystnych zmian w obrazie morfologicznym aktyny. Srednia powierzchnia aktyny, w
przeliczeniu na pojedyncza komorke, nie réznita si¢ istotnie migdzy grupami, jedynie
przypadku caltkowitej powierzchni aktyny w grupie z tlenkiem grafenu i bialkiem S byla
ona istotnie wigksza. Jednak nie zaobserwowano zmian wskazujacych na cytotoksycznosé
czy zaklocenia integralnosci cytoszkieletu lub polimeryzacji aktyny. Komorki migsniowe
barwiono réwniez pod katem obecnodci receptora konwertazy angiotensyny 2 (ACE2). Jest
to receptor, przez ktory wirus SARS-CoV-2 wywotujacy COVID-19 wnika do komérek
organizmu gospodarza. Kluczows role w tym procesie odgrywa réwniez biatko kolca
wirusa - biatko 8, ktére laczy si¢ z ACE2 na powierzchni komérek gospodarza. Interakcja
biatka S wirusa SARS-CoV-2 z receptorem ACE2 jest procesem, na ktorym koncentrujg
si¢ badania nad leczeniem COVID-19 i zapobieganiem infekeji. Silnie wyrazona obecnosé
receptora ACE2 obserwowana byta w komorkach migéniowych we wszystkich grupach
badanych. Srednia, jak i catkowita powierzchnia receptora ACE2 nie réznita sie miedzy
grupami, podobnie jak liczba jader komérkowych. W trakeie analizy morfologii i liczby
jader komérkowych nie zacbserwowano zmian w obrazie jader komérkowych.
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Rycina 12. Zdjecia z mikroskopu konfokalnego przedstawiajace morfologic komérek HSkM po 24 h hedowli;
grupa kontrolna (Control), grupa komérek hodowanych z biatkiem S (S), grupa z dodatkiem tlenku grafenu (GO),
grupa komoérek hodowana z bialkiem S z dodatkiem tlenku grafenu (GO-8); barwienie immunofluorescencyjne:
ACE2 - zielony, jadra komdrkowe - DAPI - niebieski, aktyna - falloidyna - czerweny.

W eksperymencie przeanalizowano ekspresje 40 bialek zaangazowanych w stan zapalny
metoda immunochemiluminescencyjng z zastosowaniem membran. Komoérki hodowane z
biatkiem S wykazaty wzrost poziomu bialek ICAM-1, MCP-1 i IL-8 (Ryc. 13).
Zastosowanie tlenku grafenu w hodowli z dodatkiem biatka S spowodowalo obnizenie
poziomu tych biatek do poziomu grupy kontrolnej. Ponadto, zastosowanie samego GO nie
zwigkszalo ilosci biatek prozapalnych. Biatka ICAM-1, MCP-1 i IL-8 sg zaangazowane w
proces zapalny, u pacjentéw z COVID-19 obserwowano podwyZszony poziom w surowicy
krwi wszystkich trzech bialek. Interleukina-8 jest chemoking o silnym dzialaniu
chemotaktycznym, aktywuje neutrofile w miejscu stanu zapalnego. Niewielkie ilos¢ 1L-8
moga mied lokalne dziatanie proangiogenne, jednak przy zakazeniu SARS-CoV-2 efekt ten
moze dziata¢ niekorzystnie, nicjako zwigkszajac pule receptora ACE2 w komorkach
nowopowstajgcych naczyn krwionosnych. Poziom MCP-1 we krwi pacjentéw byl
wykorzystywany jako marker cigzkiego przebiegu choroby COVID-19 i podwyzszonego
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ryzyka zgonu. Jest to biatko sprzyjajace zmianom miazdzycowym, a takze jednym z
glownych czynnikow powodujacych zakrzepice. U wielu pacjentow z COVID-19 podczas
sekcji zwlok w drobnych naczyniach phluc znajdowano niewielkie skrzepy. Badania na
myszach potwierdzity, ze podwyzszony poziom MCP-1 w migsniach szkieletowych jest
zwigzany ze stanem zapalnym. Zwigkszenie poziomu MCP-1 wystepuje rowniez podczas
intensywnego wysitku fizycznego, a takze przy powaznych uszkodzeniach miesni. ICAM-
1, podobnie jak MCP-1, wykorzystywany byl jako marker cigzkiego przebiegu choroby
COVID-19. Jest to czynnik odpowiedzialny za gromadzenie si¢ biatych krwinek w miejscu
zapalenia. Zwigkszone stezenie ICAM-1 obserwuje si¢ po wyczerpujacym wysitku,
powodujacym przeciazenie i hipertrofie migéni. Uzyskane wyniki wskazujg na aktywacje
burzy cytokinowej w komoérkach majgcych stycznosé z biatkiem S. Ponadto, wyniki
sugeruja, ze biatko S wirusa SARS-CoV-2 moze wywolywaé efekt podobny do bardzo
intensywnego wysitku migéni. Stan przecigzenia migéni prowadzi do stresu oksydacyjnego,
ktory jest czynnikiem sprzyjajacym powstawaniu burzy cytokinowej. Obecno$é roznych
cytokin i chemokin w komdrkach migéniowych dowodzi aktywnodci immunologicznej i
endokrynnej tej tkanki, co biorgc pod uwage udziat masy miesni w calym organizmie moze
mie¢ znaczenie w propagacji procesu zapalnego w organizmie. Na uwage zashuguje fakt,
ze dodatek tlenku grafenu do komérek hodowanych w obecnosci biatka S spowodowal, iz
poziom bialek prozapalnych byt poréwnywalny z grupa kontrolna.
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Rycina 13. Analiza immunochemiluminescencyjna z wykorzystaniem membran 40 bialek prozapalnych w
komorkach HSkM; grupa kontrolna (C), grupa traktowana biatkiem S (8), grupa z dodatkiem tlenku grafenu (GO),
1 - monocyte chemoattractant protein 1, IL-8 — interleukin 8; wyniki zostaly znormalizowane z wykorzystaniem
punktéw kontrolnych testu.
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Analize proteomiczng przeprowadzono réwniez za pomoca spektrometrii mas.
Stwierdzono istotne statystycznie zmiany w poziomie 667 bialek w poréwnaniu do grupy
kontrolnej. Analiza danych wykazata, ze biatko S zwigkszylo ekspresje¢ bialek w stosunku
do grupy kontrolnej, podczas gdy zastosowanie GO w grupie komoérek inkubowanych z
biatkiem S obnizylo ich poziom, jednak najwickszy spadek poziomu ekspresji wielu bialek
zaobserwowano w grupie z dodatkiem samego tlenku grafenu.

Trendy zobrazowano przy pomocy wykreséw wulkanowych, ukazujgc wzrost 13
bialek i obnizenie 13 innych, w grupie z bialkiem S. Dodatek GO do medium komorek
inkubowanych z bialkiem S znacznie zwiekszyly poziom 5 biatek i obnizyly poziom 638
biatek. Dodatek samego GO w medium hodowlanym zwigkszyl poziom 5 bialek,
zmniejszyt 431 (Ryc. 14).

A B

Volcano Plol 3'C Volcano Piol GOC

Volcano Piol GO-S:C Volcano Piol $GO-S

Rycina 14. Wykresy wulkanowe obrazujgce poziom biatek zidentyfikowanych w analizic spektrometriq mas;
fioletowy — istotnie obnizony poziom biatka, pomaranczowy —istotnie zwigkszony poziom biatka; 0§ x wyraza log:
krotnosci zmian w poziomie bialek, of y wyraza —logie p-values; niebieska linia wyraza granicg istotnosci.

Wybrano 10 biatek, ktérych poziom pod wplywem biatka S wzrést w najwigkszym stopniu
(co najmniej dwukrotnie) w poréwnaniu z grupa kontrolna.

Stwierdzono, iz biatko S najbardzicj zwickszylo poziom deacetylazy histonowej 2
(HDAC2). Co ciekawe, obecno$¢ GO dodatkowo zwigkszyla poziom tego biatka.
Zastosowanie samego GO rowniez zwiekszylo ilos¢ HDAC2, ale w mniejszym stopniu.
Poziom mitochondrialnego biatka podobnego do stomatyny 2 (STOML2) znaczaco
wzrosta pod wplywem biatka S, ale w obecnodcei GO jego ilos¢ wrécita do poziomu grupy
kontrolnej. Bialko S réwniez znacznie zwigkszyto poziom biatek zwiazanych ze stresem
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oksydacyjnym i stanem zapalnym: mitochondrialnej dysmutazy ponadtlenkowej (SOD2),
peroksysomalnego wielofunkeyjnego enzymu typu 2 (HSD17B4), cyklooksygenazy-1
(COX-1/PTGS1), glikoproteiny CD59 (CD59), kalponiny-3 (CNN3), biatka zwigzanego z
kaweolami 4 (CAVIN4), tytyny (TTN) i biatka rybosomalnego 40S S3 (RPS3). Co istotne,
we wszystkich przypadkach dodatkowe zastosowanie GO spowodowato zmniejszenie
poziomu tych bialek. Obecno$é biatka S réwniez spowodowata znaczgce, ponad dwukrotne
zmniejszenie ilosci 2 bialek - keratyny typu I cytoszkieletu 9 (KRT9) 1 horneryny (HRNR).
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7. Whnioski
7.1. Doswiadczenie 1

Doswiadczenie mialo na celu zbadanie wptywu ekstraktu z migsni 18-dniowych
zarodkéw kury podanego do hodowli in vitro komérek progenitorowych migsni z zarodka
kury oraz nanofilmu tlenku grafenu, jako powierzchni wzrostu komorek, na proces
réznicowania i tworzenia pseudo-tkanki migsniowej.

Ekstrakt jest optymalnym dodatkiem bialek wzrostowych stymulujacych
roéznicowanie i dojrzewanie progenitorowych komorek migéniowych zaredka kury
hodowanych w warunkach in vitro. Ekstrakt z 18-dniowych zarodkow jest bogaty w biatka
produkowane przez komodrki miesniowe jak i inne, towarzyszace im komoérki, m.in.
komérki nerwowe. Z kolei 18 dzien rozwoju zarodkowego jest to moment, w ktdérym
migénie zarodka przygotowujg sie do intensywnej pracy w trakcie i tuz po wykluciu.
Obserwacja morfologii komoérek dowodzi, iz proces réznicowania i dojrzewania zostal
zainicjowany przez dodatek ekstraktu. Analiza ekspresji gendw na poziomie mRNA
wykazala istotny wzrost ekspresji gendéw zwigzanych z miogeneza, atakze
charakterystyczne dla dojrzewajacych komoérek migéniowych zmiany w metabolizmie
energetycznym. Og6l obserwowanych zmian na poziomie morfologicznym jak i
metabolicznyin, wskazuje, ze w grupach z dodatkiem ekstraktu wyksztalcily si¢ dojrzale
wldkna migsniowe. Zaobserwowane spontaniczne skurcze komérek dowodza ich pelnej
fizjologicznej dojrzatosci. Na uwage zastuguje takze fakt, iz bylo to pierwsze doniesienie
o spontanicznych skurczach komérek migéniowych w warunkach in vitro bez obecnosci
zewnetrznych bodzedw fizycznych indukujacych skurcz. Ponadto, zgromadzone wymniki
dowodzg braku toksycznego efektu nanofilmu tlenku grafenu na komoérki migsniowe w
warunkach in vitro, dzieki czemu moze on stanowi¢ odpowiedni, biozgodny material do
tworzenia niszy do wzrostu komoérek migéniowych - mimicznego matriks
zewngtrzkomdrkowego. Obserwowano silng adhezje do powierzchni nanofilmu, ktéry byt
chetnie zasiedlany przez komorki. Nie stwierdzono wplywu nanofilmu na stymulacjg
roznicowania komdrek miesniowych z zarodka kury w warunkach in vitro. Jednak to
dodatek bialek wzrostowych zdaje si¢ by¢ decydujacym czynnikiem indukujgcym proces
réznicowania.

Whnioski:

e Analiza proteomu ekstraktu z migsni konczyny dolnej 18-dniowego zarodka kury
wykazata obecno$é 1470 biatek, z czego 249 jest charakterystycznych dla tkanki
migéniowej, w  wérdéd nich; 14  bialek stanowi element macierzy
zewngtrzkomoérkowej, 20 jest powiazanych ze strukturg i komunikacjy migdzy
komorkami, 11 jest zwigzanych z aparatem kurczliwym komorek migsniowych,
6 jest zwigzanych z komunikacjg nerwows i nerwowo-mig$niowa i 9 jest
zaangazowanych w metabolizm.

o Dodatek ekstraktu z miesni 18-dniowych zarodkéw kury domowej do medium
hodowli in vitro komérek progenitorowych migém (pobranych z 8-dniowego
zarodka) wspomaga proces miogenezy komoérek, pojawienie si¢ wielojagdrowych,
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wydluzonych, rozgalezionych miotub zdolnych do samoistnego, spontanicznego
skurczu, bez obecnosci zewnetrznych bodzcow.

e Nanofilm tlenku grafenu utworzony na dnie naczynia hodowlanego nie wpltywa
negatywnie na zywotno$¢ komorek progenitorowych miesni z zarodka kury
w hodowli in vitro po 96 godzinach.

¢ Obecnos¢ nanofilmu tlenku grafenu nie wplywa na proces réznicowania komadrek
progenitorowych migéni z zarodka kury w warunkach in vitro.

e Nanofilm tlenku grafenu utworzony na dnie naczynia hodowlanego jest che¢tnie
zasiedlany przez komorki progenitorowe migsni zarodka kury, ktére wykazujg silng
adhezje, liczne filopodia oraz znaczne wyplaszczenie, w poréwnaniu do komérek
grupy kontrolne;j.

7.2. Doswiadczenie 11

Celem doswiadezenia byta ocena mozliwosdci poprawy struktury miesni zarodkow
kury domowej poprzez dodatek kompleksu odzywezego bedacego polagczeniem ekstraktu
z migsni 18-dniowych zarodkéw kury z tlenkiem grafenu, podawanego metoda in ovo na
poczatku embriogenczy.

Wstepne analizy in vitro z wykorzystaniem komorek miesniowych z 9-dniowych
zarodkéw kury nie wykazaly negatywnego efektu badanych czynnikow (CEME i GO) na
proliferacje komorek. W tedcie zywotnosci jedynie zastosowanie najwyzszego stezenia
ckstraktu (10%) oraz samego tlenku grafenu wplynelo na istotnie gorsze wyniki w
porownaniu do kontroli. Efekt obnizenia aktywnos$ci metabolicznej komérek po podaniu
GO mozna thumaczyé aktywnoscig grup tlenowych na powierzchni materiatu
1 wygenerowaniem niewielkiej ilosci wolnych rodnikow. W kompleksie z ekstraktem
podobny efekt nie byl obserwowany, za co odpowiada najprawdopodobniej powstata
korona biatlkowa - warstwa biatek ekstraktu zwiazanych na powierzchni ptatkéw tlenku
grafenu.

W badaniach in ovo badane czynniki nie wplynely na mase jaj, zarodkow,
zywotnosc czy mase poszezegOlnych narzadéw (serce, watroba). W grupach badanych nie
zaobserwowano odchylen w zakresie parametréw biochemicznych krwi, a podczas sekcji
zarodkéw nie odnotowano zadnych patologicznych zmian ani nieprawidlowosci w
rozwoju. Zastosowany dodatek in ovo nie wplynal na podwyzszenie aktywnosci jednego z
najistotniejszych enzymoéw antyoksydacyjnych - dysmutazy ponadtlenkowej, badanej w
probkach watroby. W obrazie histologicznym widocznie istotny pozytywny wplyw na
rozwo] migéni zarodkow kury miato podanie in ovo ekstraktu o stezeniu 2%. W preparatach
migéni szkieletowych obserwowano dobrze rozwinieta tkanke, z gesto upakowanymi
komdrkami i mniejsza ilos¢ tkanki tacznej. Niemniej, skompleksowanie ekstraktu z GO nie
zwigkszylo pozytywnego efektu samego ekstraktu. Uzyskane wyniki potwierdzajg brak
toksyczno$é samego tlenku grafenu stosowanego in ovo w badanym stezeniu. Ekstraki byt
bogatym Zrédlem bialek zwigzanych m.in. z metabolizmem energetycznym (glikoliza,
synteza ATP, NADPH) czy z rozwojem struktury komoérek miesniowych i macierzy
zewnatrzkomoérkowe] (organizacja struktury kolagenu, macierzy zewngtrzkomérkowe,
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adhezji komorek, struktury cytoszkieletu i aparatu kurczliwego) oraz z aktywnoscig uktadu
nerwowego, nierozerwalnie polaczonego 2z dzialalnodcia migsni. Jest on wysoce
odpowiednia mieszaning biatek, przeznaczong do suplementacji in ovo, wspierajaca rozwoj
tkanki miesniowej zarodkéw kury domowej.

Whnioski:

e Ekstrakt z miesni 18-dniowych zarodkéw kury, GO jak i kompleksy obu czynnikéw
sg biozgodne - nie powoduja hemolizy czerwonych krwinek krwi kury domowej po
60 minutach ekspozycji.

e Podawany na poczatku embriogenezy in ovo ekstrakt z miegsni 18-dniowych
zarodkéw kury jak réwniez jego kompleksy z ptatkami tlenku grafenu nie wplywaja
negatywnic na Zzywotno$¢, prawidlowy rozwdj, mas¢ zarodkéw, parametry
biochemiczne krwi zarodka kury, oceniane w 20 dniu rozwoju.

e Podawanie metodg in ovo, na poczatku embriogenezy, roztworu 2% ekstraktu
z mig$ni zarodkoéw kury wplywa korzystnie na strukturg migsni szkieletowych 20-
dniowych zarodkéw, poprzez zmniejszenie ilosci tkanki lacznej 1 zageszczenie
komorek migsniowych.

e Podanie in ovo tlenku grafenu na poczgtku embriogenezy nie wplywa na
zywotnosé, prawidlowy rozwdj, mase ciala, parametry biochemiczne krwi
zarodkéw w 20 dniu rozwoju embrionalnego.

e Dodatek tlenku grafenu do ekstraktu podawanego in ovo na poczatku embriogenezy
nie modyfikuje dziatania ekstraktu.
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7.3. Doswiadczenie 11T

Celem badania bylo zbadanie wptywu bialka S kolca wirusa SARS-CoV-2 na
ludzkie, nienowotworowe komoérki migsniowe hodowane in vitro, w zakresie aktywacji
burzy cytokinowej, a takze zastosowania ptatkow tlenku grafenu, jako potencjalnego
»~Zmiatacza” biatek prozapalnych.

Uzyskane w do$wiadczeniu III wyniki potwierdzity obecnos¢ receptora ACE2 w
ludzkich komérkach miesniowych i tym samym mozliwoé¢ ich infekowania przez wirusa
SARS-CoV-2. Nie zaobserwowano toksycznego wplywu platkow tlenku grafenu na
komdrki mig$niowe hodowane in vitro. Wykazano wptyw biatka S wirusa na poziom bialek
prozapalnych zaangazowanych w burze cytokinowa w komorkach miesniowych (ICAM-
1, MCP-1 i IL-8). Z uwagi na mas¢ migéni w ludzkim organizmie efekt ten moze
powodowaé bardzo niekorzystne konsekwencje, zwhaszeza u ludzi mlodych i sportowcow.
Obecnos¢ platkéw tlenku grafenu zredukowala poziom biatek prozapalnych,
aktywowanych przez biatko S do poziomu grupy kontrolnej.

Analiza proteomiczna metods spektrometrii mas wykazala istotne zwickszenie
poziomu deacetylazy histonowej (HDAC?2), ktdra powigzana jest ze wzrostem ekspresji
ACE2 w komoérkach, co w przypadku zakazenia wirusem SARS-CoV-2 stanowi duze
ryzyko zwigkszajac dostepnosé komdrek dla wirusa. Ponadto, szereg biatek zwigzanych ze
stresem oksydacyjnym réwniez miato podwyzszong ekspresje (STOML2, COX-1, SOD2,
HSD17B4, RPS3). Swiadczyé moze to o generowaniu stresu oksydacyjnego przez
obecnos¢ biatka S, co moze byé¢ roéwniez czynnikiem promujgcym burze cytokinowa i
rozwdj stanu zapalnego. Podwyzszony poziom po ekspozycji na biatko S odnotowano
takze w przypadku bialka CAVIN4, pelnigcego role waznego modulatora procesu
zapalnego, a takze zwigzanego z patologicznymi zmianami w tkance migéniowej, w tym z
dystrofig. Poziom kalponiny, regulujacej organizacje i kurczliwos¢ widkien stresowych,
rowniez byt podwyzszony. Podobnie jak poziom titiny, zwigzanej z elastycznodcia i sila
wiokien migéniowych, co moze lgczyd sie z tezg o wywolywaniu przez biatko S efektow
podobnych do przeciazenia migs$ni. Poziom ckspresji wszystkich tych biatek, z wyjatkiem
HDAC2, byl nizszy w grupie z biatkiem S, gdzie réwnoczesnie zastosowano dodatek GO.
Efekt ten byt niespecyficzny i mozna przypuszezaé, ze mechanizm ten zwigzany jest z
utworzeniem korony biatkowej - warstwy bialek zwigzanych na powierzchni platkow
tlenku grafenu. Mozna przypuszezac, ze obnizony poziom biatek prozapalnych w grupie z
dodatkiem biatka S i G wynika wlasnie z immobilizacji tych biatek na powierzchni GO. Te
wstepne wyniki moga swiadczy¢ o potencjale platkéw GO jako czynnika wyciszajgcego
burze cytokinowg wywotang biatkiem S.

Whnioski:

e Enzym konwertujacy angiotensyne II (ACE2) jest obecny w ludzkich
prawidiowych komérkach miesniowych HSKM.

e Tlenek grafenu, podawany w ilosci 100 pg/ml do medium hodowlanego nie wptywa
na zwigkszenie poziomu zadnego z 40 badanych biatek prozapalnych, oznaczanych
w  ludzkich prawidlowych komdrkach migéniowych HSKkM metods
immunochemiluminescencyjna na membranach.
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Biatko S kolca wirusa SARS-CoV-2 wprowadzone do hodowli in vitro komorek
miesniowych HSkKM inicjuje zwigkszenie poziomu bialek prozapalnych,
zaangazowanych w burze cytokinowa (ICAM-1, MCP-1 i IL-8), oznaczanych
metoda immunochemiluminescencyjng na membranach.

Ludzkie kom6rki migéniowe HSkM hodowane in vitro poddane dziataniu biatka S
kolea wirusa SARS-CoV-2 wykazujg zwigkszenie poziomu 13 bialek, a zwlaszcza
zwiazanych z ekspresja receptora ACE2, stresem oksydacyjnym i przecigzeniem
migsni, oraz zmniejszenie poziomu 13 bialek w analizie metoda spektrometrii mas.
Dodatek tlenku grafenu do hodowli in vitro komérek HSkM inkubowanych w
obecnosci bialka S kolca wirusa SARS-Cov-2 wplywa na zmniejszenie poziomu
431 bialek, a w tym bialek zwiazanych ze stanem zapalnym, generowanych pod
wptywem biatka S, analizowanych metoda spektrometrii mas.

Proteom ludzkich komorek mie$niowych HSKkM hodowanych i vitro w obecnosci
tlenku grafenu (100 pg/ml) wykazuje zwigkszenie poziomu 5 bialek, oraz
zmniejszenie poziomu 638 biatek w analizie metoda spektrometrii mas.
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8. Podsumowanie

Dodatek ekstraktu wodnego z migéni 18-dniowych zarodkow daje znaczgey efekt
w postaci stymulacji procesu miogenezy i réznicowania progenitorowych komorek
migéniowych zarodka kury hodowanych in vitro. Pelng dojrzalo$é funkcjonalng
powstatych witkien miesniowych potwierdzita obserwacja spontanicznych, samoistnych
skurczow powstalej pseudo-tkanki migsniowej. Efekt prorozwojowy ekstraktu
obserwowany w badaniach in vitro zastosowany zostal w dodwiadczeniach in ovo.
Zastosowanie ekstraktu (2%), jako dodatku stymulujacego rozwdj miesni, podanego droga
in ovo na poczatku embriogenezy, korzystnie wplywa na strukture miesni szkieletowych w
20 dniu rozwoju zarodkowego. Dodatek CEME wplywa na zmniejszenie objetosci tkanki
Iacznej, przy jednoczesnym wiekszym zaggszezeniu komdrek migsniowych. Zgromadzone
wyniki potwierdzaja skuteczno$é¢ dodatku ekstraktu z miesni zarodka kury we
wspomaganiu procesu réznicowania i dojrzewania komérek miesniowych. Badania te
stanowig podstawe poszukiwania dalszych zastosowan ekstraktu w hodowlach in vitro
komorek, w hodowli drobiu, a w dalszej perspektywie takze w kontekscie terapeutycznym
w zakresie regeneracji miesni.

Tlenek grafenu, niezaleznie od wykorzystanego modelu badawczego (hodowle
komorkowe in vitro, zarodek kury, erytrocyty z krwi kury), nie wykazuje toksycznosci.
Zastosowany w postaci nanofilmu w hodowli in vitro jest chetnie zasiedlany przez
komorki, ktére ulegajg silnej adhezji do jego powierzchni. Jednoczesnie nanofilm nie
hamuje korzystnego dziatania ekstraktu z mig$ni 18-dniowych zarodkéw kury dodanego
do medium hodowlanego. Nanofilm grafenowy moze spelnia¢ role sztucznej niszy,
mimicznego ECM, a ogdlniej skafoldu pozwalajgcego na bezpieczng hodowle komérek
mig¢sniowych. Podobnie jak w przypadku nanofilmu, tlenek grafenu jako roztwor w
kompleksie z ekstraktem, nie hamuje dziatania ekstraktu na zarodki po podaniu droga in
ovo. GO, dodany do medium hodowlanego ludzkich komérek migéni szkieletowych nie
wplywa na ekspresje bialek prozapalnych.

Dodatek tlenku grafenu do komérek poddanych ekspozycji na czynnik stresowy w
postaci biatka kolca wirusa SARS-CoV-2 sprawia, ze poziom aktywowanych przez biatko
S bialek prozapalnych jest skutecznie zmniejszony (do poziomu z grupy kontrolnej).
Sugeruje to, Ze tlenek grafenu ze wzgledu na swoje fizyko-chemiczne wlasciwosci moze
stuzy¢ zaréwno jako transporter substancji korzystnych jak bialkowy ekstrakt odzywczy
CEME, ale takze jako material “wychwytujacy” niepozadane bialka, zaangazowane w
burz¢ cytokinowa. Mechanizm tworzenia korony biatkowej nadaje GO unikalne cechy
biologiczne, co moze dawaé bardzo szerokie mozliwosci potencjalnego zastosowania,
poczynajac od mozliwosci tworzenia komplekséw w systemach ,,drug delivery”, a takze
jako zwigzek usuwajacy niepozadane zwigzki, w tym bialka prozapalne, a wreszcie jako
biozgodny skafold w inzynierii tkankowe;j.
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Abstract: Finding an effective muscle regeneration technique is a priority for regenerative medicine.
It is known that the key factors determining tissue formation include cells, capable of proliferating
and/or differentiating, a niche (surface) allowing their colonization and growth factors. The interaction
between these factors, especially between the surface of the artificial niche and growth factors, is not
entirely clear. Moreover, it seems that the use of a complex of complementary growth factors
instead of a few strictly defined ones could increase the effectiveness of tissue maturation, including
muscle tissue. In this study, we evaluated whether graphene oxide (GO) nanofilm, chicken embryo
muscle extract {(CEME), and GO combined with CEME would affect the differentiation and functional
maturation of muscle precursor cells, as well as the ability to spontaneously contract a pseudo-tissue
muscle. CEME was extracted on day 18 of embryogenesis. Muscle cells obtained from an 8-day-old
chicken embryo limb bud were treated with GO and CEME. Cell morphology and differentiation were
observed using different microscopy methods. Cytotoxicity and viability of cells were measured by
lactate dehydrogenase and Vybrant Cell Proliferation assays. Gene expression of myogenic regulatory
genes was measured by Real-Time PCR. Our results demonstrate that CEME, independent of the
culture surface, was the main factor influencing the intense differentiation of muscle progenitor cells.
The present results, for the first time, clearly demonstrated that the cultured tissue-like struchure was
capable of inducing contractions without externally applied impulses. It has been indicated that a
small amount of CEME in media (about 1%} allows the culture of pseudo-tissue muscle capable of
spontaneous contraction. The study showed that the graphene oxide may be used as a niche for
differentiating muscle cells, but the decisive influence on the maturation of muscle tissue, especially
muscle contractions, depends on the complexity of the applied growth factors.

Keywords: graphene oxide; in vitro; muscle contraction; myotube formation; tissue extract
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1. Introduction

Tissue engineering is hugely challenging but offers hope for better therapeutic processes after
traumatic muscle injury, tumor ablation, or muscle disease [1]. There is a pressing need within
regenerative medicine to find an effective muscle regeneration technique. Stem cells, growth factors,
and artificial niches are recognized as fundamental elements for tissue engineering [2]. The interaction
between these factors is not entirely clear. Furthermore, the use of a complex of complementary
growth factors instead of a few strictly defined ones could increase the effectiveness of muscle tissue
maturation. In our research, we used chicken embryo muscle precursor cells; chicken embryo muscle
extract (CEME), containing a cocktail of growth factors; and graphene oxide (GO) nanofilm as a
potential niche.

1.1. Muscle Precursor Cells

Skeletal muscles are derived from somites, which are formed from the mesoderm. Somites give
rise to the dermomyotome, myotome, and sclerotome [3]. The cells with myogenic potential are
known as myoblasts, and after they exit the cell cycle, a multinucleated myotube and myofiber form by
fusion [4]. The process of progenitor muscle cell differentiation is controlled by myogenic regulatory
factors (MRFs)—a group of transcription factors comprising Myf5, MyoD, MyoG, and MRF4. MRFs
create a network of auto- and cross-regulatory interactions between factors, which modulate expression
levels [5]. With the exception of Myf5, each factor can individually activate the differentiation of
muscle progenitor cells [6], while Myf5 and MyoD regulate cell proliferation. MyoD is also associated
with the promotion of the myogenic determination process, whereas MyoG is crucial for the terminal
maturation of myoblasts, and inhibition of MyoG expression results in a loss of skeletal muscle [7].
The paired-box transcription factors, Pax3 and Pax7, play an imporfant role in early myogenesis, and
are specific for dermomyotome-derived muscle progenitor cells [8,9]. After activation of MRFs, Pax3
expression is downregulated [10]. Expression of Pax7 is also distinctive for muscle satellite cells in
mature tissue [11].

1.2. Growth Factors

Tissue and embryo extracts have been commonly used in cell cultures in vitro. Skeletal muscle
extract applied to a motoneuron culture enhanced cell survival [12,13] and induced differentiation
in vitro [14]. Extracts from a chicken embryo and chicken embryo eye ensured the survival of embryo
ciliary ganglionic neurons [15]. Chicken embryo exiract is widely used as a growth-promoting factor,
as it enhances the proliferation of myogenic cells and affects the timing of the final differentiation [16-18].
It can, therefore, be assumed that the composition of growth factors contained in the muscle of the
embryo, just before hatching, when the body focuses on the preparation of the musculoskeletal system
(leg muscles) for intensive work after hatching, will contain a set of proteins necessary to activate
spontaneous contractions. In the culture of muscle cells, natural substances that stimulate proliferation
or differentiation, such as horse serum [19] or whole embryo extract [16-18,20], are used, but the extract
from the embryo muscle taken at the end of embryogenesis has not been previously used in muscle
cell culture.

1.3. Niches

Carbon-based nanomaterials are promising substrates for reinforcing artificial niches and
mimicking native muscle extracellular matrix [21]. The presence of oxygen-containing groups
on the carbon sheet surface makes GO a non-toxic and biocompatible material [22]. However, the other
physicochemical features of GO can significantly modify its biocompatibility [23,24]. In our studies on
rats, we documented the lack of toxicity of high doses of GO administered into the peritoneum [25,26].
Other authors, although they demonstrated the location of GO in various tissues, especially in the
lungs, nevertheless, pointed to its relative biocompatibility [27].
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Moreover, the physical properties of GO, such as its roughness, surface topography, thickness,
elasticity, and hydrophilicity, can modulate cell behavior and the differentiation process via mechanical
or chemical signaling [28]. Thus, GO can provide authentic extra-cellular stimuli for muscle progenitor
cells. However, this requires GO is kept outside of the cell as part of the matrix.

Many studies have demonstrated the effects of GO on proliferation, adhesion, and the
differentiation of various types of cells [29]. GO enhances the expression of the gene involved
in cardiomyogenic differentiation of human embryonic stem cells in vitro [30]. The application of
the GO complex with a conductive polymer improved neural cell in vitro differentiation [31]. GO
implanted together with chitosan or polylactic acid scaffold were an excellent, biocompatible matrix
for bone mineralization in the process of their regeneration [32,33). In in vivo studies with the
nanocomposite containing 1% GO, introduced as a subcutaneous implant to rats, it was biocompatible,
and interestingly, exhibited antibacterial properties [34].

GO encapsulated in alginate increased the viability of C2C12 cells [35]. A combination of
peptide-decorated polylactic glycolic acid (PLGA) nanofibers and GO stimulated the differentiation
of C2C12 celis [36], and a nanocomposite of polycaprolactone (PCL) with GO promoted adhesion
and proliferation. Fibroblasts cultured on GO film showed different expression profiles for a focal
adhesion protein, indicating a high affinity of the cells to the GO substrate [37]. A study with a
gelatin-GO nanocomposite demonstrated an improvement in the differentiation process in C2C12 cells
by scaffold-cell interactions only [38], and a similar result was obtained with a PCL-GO scaffold [39].

The aim of this study was to determine whether the use of muscle extract obtained from chicken
embryos prior to hatching would affect the differentiation and functional maturation of muscle
precursor cells and the ability of potential pseudo-tissue muscle to spontaneously contract. The study
used two types of surfaces to perform in vitro culture: standard polystyrene culture plates and plates
covered with GO nanofilm, mimicking a biocompatible niche.

2. Results

2.1. GO Charactetization

GO was purchased in the form of an agueous solution with high stability, a dark brown color,
and a concentration of 4 mg/mlL No tendency for GO to agglomerate or precipitate was observed after
6 months. The zeta potential of GO suspended in water at a concentration of 1 mg/ml. was 27.1 mV,
Transmission Electron Microscopy (TEM) imaging was used to assess the morphology of the flakes of
GO (Figure 1A). After drying, GO formed flakes one to three layers thick and 2 to 4 pm in size.

Fourier Transform Infrared Spectroscopy (FT-IR) analysis revealed a broad, very intense, structured
band that was located at 3457 cm™! with shoulder maximum at 3217 cm™" in the graphene IR spectrum,
There were two bands generated by C-H stretching at 2817 and 2779 cm ™. The region at 1800-1500 cm ™!
contained two distinct bands generated by C=0 stretching (1728 cm™!) and C=C ring stretching
(1621 cm™1). Bending vibrations generally located at a lower energy in the fingerprint spectral region
were at 1367 and 1061 cm ™ (Figure 1B).

2.2. GO Nanofilm Characterization

An aqueous GO solution with a concentration of 1 mg/mL was used to prepare the nanofilm for
in vitro studies. Atomic Force Microscopy (AFM) analysis of GO as a nanofilm on the bottom of a
culture-plate well was performed. Numerous sharp peaks were present on the surface of the culture
plate (Figure 2A). GO nanofilm caused a decrease in the average roughness of the culture plate surface.
The average roughness of GO nanofilm was 1.5 to 2.1 nmn, whereas the roughness of the standard
polystyrene culture plate was 7.2 nm. The fopography of the nanofilm was irregular and crested
(Figure 2B). The surface coated with GO nanofilm was more aligned and the peaks were rounded and
less jagged compared to the surface of the culture plate.



Molecules 2020, 25, 1991 40f21

B
M
9
=
2
@
E CHwagg‘mg
% & CHSVetching
|: LNy CHrDc!ung
8 OHsVelching C=Osﬂet=hlng
= OHstexning C=Csewning
.
4000 3500 3000 2500 2000 1500 1000 50{},

Wavenumber/cm-1

Figure 1. (A} Transmission electron microscopic images of graphene oxide flakes at increasing
magnification: 1) 5,000, 2} 8,500, 3) 34,000, 4) 70,000; (B) Fourier Transform Infrared Spectroscopic
spectrum of graphene oxide with the assignment of bands to appropriate vibrations of groups and
bonds present in the sample.

2.3. Chicken Embryo Muscle Extract Analysis

The mass spectrometry analysis of muscle samples identified 1470 proteins and 6893 unique
peptides (Table 52), which are available in the PRIDE repository under PXD015146. In preliminary
studies, which allowed the emergence of spectacular pro-contraction activity of CEME, various
substances and extracts were studied, which were a cocktail of growth factors, including horse serum,
embryo brain extract, embryo extract, or liver extract. The spontanecus contraction was observed
only under the influence of CEME, none of the mentioned substances had the effect on contractions of
embryonic muscle cells. Consequently, further morphological and molecular studies were conducted
using a functionally effective factor, which CEME proved to be.
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However, in order to identify the potential proteins responsible for muscle cell contraction,
the proteins common to CEME and liver extract were rejected, resulting in the number of 249 protein
candidates for top proteins in the muscle cell contraction process. Table 1 presents 59 selected top
proteins associated with muscle contractions to the greatest extent.

Proteins specific only for CEME were selected and grouped according to the relationship of their
function to extracellular matrix (ECM) components, cell structure and communication, and contraction
phenomenon and enzymes related to muscle cell energy metabolism (Table 1). These proteins were
selected as potential stimulators of muscle progenitor cell differentiation and maturation.

2.4. Assessment of Proper Concentration of Chicken Embryo Muscle Extract Supplement for in Vitro
Experiment

To assess the optimum concentration of extract added to the culture media, a Trypan Blue assay
was performed. The number of live cells after 48 h of culture with different concentrations of extract
(5%, 2.5%, and 1%) was measured. In the conirol group, the viability was 75.5%. In the group with 5%
extract, the viability was 42%. A decrease in the concentration of extract resulted in increased the live
cell count. In the groups with 2.5% and 1% extract addition to the culture media, cell viabilities of 62%
and 82.5% were observed, respectively. The viability of cells with 1% supplementation of CEME was
the highest. Consequently, in further experiments 1% CEME addition was applied.

2.5. Cell Morphology

The microscopic images of the experimental cultured cells show several morphological changes
compared to the control group (Figure 3). Cells cultured on the GO nanofilm were strongly attached to
the substrate; they were more stretched and flatter with numerous filopodia (Figure 3C, [GOY]), and
the cell surfaces were gently corrugated. Cells cultured with the extract formed several dense layers,
and there were numerous long, branched, multinucleated myotubes at the top (Figure 3A, [CEME]).
The myotubes were positioned in an unorganized manner, crossing at various angles (Figure 34,
[CEME]). Myotubes were often longer than 1000 um and were 10-20 pm wide. Fluorescent images
revealed the striated structure of the myotubes and confirmed the presence of multinucleated muscle
cells (Figure 4A, [CEME]). Fusion index increased significantly in cultures with CEME supplementation,
compared to that in the control group (Figure 4B). The combination of the GO nanofilm with the extract
induced the presence of an undifferentiated multilayer of cells with multinucleated myotubes on the
top. The myotubes on GO nanofilms were positioned in a more organized manner (Figure 3A, [GOY).
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Table 1. Selected top proteins (59) from chicken embryo muscle extract specific for muscle cell activity.

Gene Name Protein Name Molecular Weight [kDal
Extracellular matrix component
DCN Decorin 61.2
LAMBI Laminin subunit beta-1 59.4
COLeAZ Collagen alpha-2 (VI) chain 58.7
ADAIDSPMES Leucine rich repeat containing 15 50.3
FMOD Fibromodulin 4.7
OGN Mimecan/Osteoglycin 428
AOAIDSPVTS Collagen type XI alpha 1 chain 36.4
LMNB1 Lamin-B1 31.6
PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 220
COL1Al Collagen alpha-1 (I) chain 16.1
COL6A3 Collagen alpha-3 (V1) chain 14.6
LOCIC7050758 Collagen alpha-1 (II) chain 13.1
COL14A1 Collagen alpha-1 (XIV) chain 11.2
LABMI1 Laminin subunit beta-1 10.4
Cell structure and communication
PXN Paxillin 66.6
P(o652 Tubulin beta-4 chain 61.7
PTKY Inactive tyrosine-protein 53.7
MAPT Microtubule-associated protein 51.3
CRYAB Alpha-crystallin B chain 50.3
MATRE2 Microtubule-associated protein RP/EB family member 2 41.7
CDHI13 Cadherin-13 404
COTL1 ADF actin binding protein 36.9
DMD Dystrophin 241
ZYX Zyxin 20.5
WIPF1 WAS/WASL interacting protein family member 1 188
CTNNAZ2 Catenin alpha-2 18.4
Tubulin alpha chain 13.0
NHLRC2 NHL repeat-containing protein 2 124
CAP2 Adenylyl cyclase-associated protein 11.7
ACTG1 Actin, cytoplasmic 2 11.7
SPTB Spectrin beta chain 104
JUP Plakoglobin 9.92
DBN1 Drebrin 9.37
ACTN2 Alpha-actinin-2 8.02
Contractile apparatus
MYL3 Myasin light chain 62.2
CALD1 Caldesmon 61.4
CAMEK2D Caldumjcahmdu]in-depmieani; protein kinase type I delta 553
CNN3 Calponin 51.3
MYLK Myosin light chain kinase, smooth muscle 40.5
MYLPF Myosin regulatory light chain 2, skeletal muscle isoform 37.0
TPMI Tropomyosin alpha-1 chain 20.7
CASQ2 Calsequestrin 195
TNNC2 Troponin C, skeletal muscle 19.3
MYHI1B Myosin-1B 11.4
Neural and neuromuscular communication
NEFM Neurofilament medium polypeptide 46.2
AGRN Agrin 46.1
TXLNB Beta-taxilin 318
FABF5 Fatty acid binding protein 5 234
GAP43 Neuromodulin 188
NCAMI1 Neural cell adhesion molecule 151
Metabolism
ATP3C1 ATF synthase subunit gamma 533
GMPR GMP reductase 499
GPL2 Glycercl-3-phosphate dehydrogenase 45.5
PFKM ATP-dependent 6-phosphofructokinase 43.8
ADSSL1 Adenylosuccinate synthetase isozyme 1 43.6
CKM Creatine kinase M-type 43.3
AMPD1 AMP deaminase 25.2
ADAIDSPIOS Mitogen-activated protein kinase 114
CKB Creatine kinase B-type 5.62
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Figure 3. Cell morphology evatuated by optical microscopy (A,B) and scanning electron microscopy
{C); the images show the control group (CTRL), cells cultured on graphene oxide nanofilm (GO), cells
cultured with the addition of the extract (CEME), and cells cultured on GO nanofilm with addition of
the extract (GO + CEME); cells were stained with eosin/hematoxylin for visualization of nucleic acids
and proteins (B); myotubes (yellow arrows), filopodia (green arrow); multilayer of undifferentiated
cells (blue arrows).

The key result was the spontaneous contraction activity of myotubes in the cultures with
extract supplementation (Video 51). One to three contractions per minute were noted, an average
of 1.7 contraction per minute. Rhythmic contractions of primary muscle fibers were observed under
the influence of CEME, both in the group without the GO nanofilm as well as with the GO nanofilm.
Moreover, there was no difference in contractions between the cells of the CEME and GO + CEME
groups. There were no contractions in the control and GO groups. Thus, only the growth factor
cocktail (CEME), not the substrate characteristics, generated the physiological activity of cells involved
in myogenesis.

2.6. Cytotoxicity and Viability of Muscle Cells

To evaluate the cylotoxicity of GO nanofilm and the addition of the extract, the lactate
dehydrogenase (LDH) assay was performed after 48 and 96 h of culture (Figure 5A,B). The test
was based on the enzymatic reduction of NAD* by LDH released from damaged cells into the culture
media. LDH levels reflect the integrity of the cell membrane. Compared to the control group, the
presence of GO nanofilm slightly elevated LDH release from cells after 48 h of culture, but there were
no significant differences after 96 h.
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Figure 4, (A) Fluorescent images with labeled nuclei {blue} and actin {red} of cells after 5 days of culture:
control group (CTRL); culture with chicken embryo muscle extract supplementation (CEMEY; nuclei
in myotubes (green arrows), myotubes (grey arrows), striated sarcomeric structure (yellow arrow);
quantitative analysis of the fusion index of the differentiating cells (B}. The error bars represent standard
deviations. Different letters (a, b above the columns indicate statistically significant differences between
the groups (p < 0.05).
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Figure 5. Lactate dehydrogenase (LDH) release (A,B) and cell viability (C,D)) were determined using
LDH and MTT assays, respectively. Tests were performed after 48 and 96 h of primary culture. Negative
control for LDH maximum release (Triton X), control group (CTRL), cells cultured on graphene oxide
nanofilm (GO}, cells cultured with addition of the extract (CEME), and cells cultured on GO nanofilm
with addition of the extract (GO + CEME). The error bars represent standard deviations. Different
letters (a, b, c, d) above the columns indicate statistically significant differences between the groups
{p < 0.05).

To compare the effect of GO nanofilm and CEME on cell viability, the ability of cells to reduce
tetrazolium salt (MTT) and produce insoluble formazan crystals was tested. MTT reduction was
measured after 48 and 96 h of culture (Figure 5C,D). Compared to the control group, GO nanofilm
slightly affected cell viability but the differences were negligible.

2.7, Expression of Genes

Changes in gene expression at the mRNA level were examined using the Real-Time PCR method.
Compared to the control group, GO nanofilm had no significant effect on the expression of genes related
to basic metabolism and proliferation—ATP5B, FGF2, LDHS5, and PCNA. The extract supplementation
resulted in a significantly increased level of ATP5B gene expression, whereas FGF2 and LDH5 gene
expression was downregulated in comparison to the control. PCNA gene expression was not influenced
by any factor. The combined presence of the GO nanofilm and the CEME had a significant positive
effect on ATP5B gene expression. FGF2 and LDH5 genes were downregulated in comparison to the
control group, which is similar to the results obtained with the addition of extract only (Figure 6A).

Compared to the control group, the presence of GO nanofilm had no significant effect on expression
at the mRNA level for all genes associated with the differentiation process-Myf5, MyoD1, MyoG, or
Pax3 and Pax7 genes. The addition of extract to the culture media significantly increased the level
of mRNA of Myf5, MyoD1, MyoG, Pax3, and Pax7. The expression profile of cells cultured on GO
nanofilm with the addition of extract was also upregulated in all investigated genes; however, the fold
change was lower than that in the extract-only group {Figure 6B).
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Figure 6. Real-Time PCR analysis of gene expression at the mRNA level in muscle progenitor cells
from the chicken embryo after 5 days of primary culture. Expression of genes related to proliferation,
basic metabolism (A), and muscle cells differentiation (B) was investigated; the figure shows the resulis
for the control group (CTRL), ceils cultured on GO nanofilm (GO}, cells cultured with addition of the
extract (CEME), and cells cultured on GO nanofilm and extract (GO + CEME); Relative expression was
calculated using housekeeping genes, ACTB and GAPDH,; the results are presented as 2-AACT values
compared to the control group; different letters above the colurnns indicate statistically significant
differences between the groups (p < 0.05). The error bars represent standard deviations.

3. Discussion

Physiologically fully mature muscle cells that form muscle-like tissue through muscle fiber
cooperation should be capable of spontaneous contractions. Previous research has demonstrated that
it is possible to create muscle-like tissue that is capable of twitching under the influence of externally
applied electrical impulses [22,40,41]. The study presented here is the first to document the generation
of in vitro muscle cell contraction using only selected growth and regulatory factors. Furthermore,
we found that this effect did not depend on the physicochemical characteristics of the cell culture
surface but solely on the availability of protein molecules, i.e., growth factors and their regulators.
To verify our findings, we used two variables for in vitro culture: a differentiated surface and a
differentiated medium.

The surface of the in vitro culture plate was modified by covering with a thin layer of GO. When
the surface of the plate and the GO layer were compared, the GO layer presented a smoother surface
with a lower density of wrinkles and moderate roughness [42]. However, the roughness of GO depends
on many factors and is likely to be variable [43,44]. Using a thin layer of GO, the carbonaceous
biocompatible material can be coated onto the surface of an in vitro culture vessel, and this has proven
to be a reliable, repeatable, and sterile method.

In general, cells maintained on GO nanofilm exhibit normal muscle cell and muscle-cell precursor
morphology. However, we observed more stretched and wrinkled cell surfaces and numercus
protrusions, which could be related to the siructure of the GO nanofilm [29] or to the surface chemistry.

A toxic effect and the reduction of proliferation of GO cultured cells were observed only after
48 h. After 96 h of incubation, no harmful effect on GO surface was observed. This phenomenon may
have resulted from the inferaction between cells and GO, and as a result of depositing on the GO
surface proteins secreted by muscle precursor cells and by the optimization of the niche conducive to
colonization. The lack of a negative GO effect on muscle and myogenic cells is also confirmed by other
studies [39,44-47].

The presence of GO nanofilm in cell culture did not affect LDH or ATP5B gene expression at the
mRNA level. These basic markers of metabolism, particularly oxygen and anaerobic metabolism,
indicate that the GO nanofilm is neutral to muscle cells and precursors despite the presence of
oxygen groups on the surface. However, in a study on the MFC-10A cancer cell line, the presence of
PEG-modified GO nanosheets downregulated the expression of proteins involved in the oxidative
phosphorylation, but this effect was not observed in non-cancerous cells [48]. Furthermore, our research
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demonstrated that the presence of GO nanofilm has no effect on MyoD1, Myf 5, MyoG, Pax3, and Pax7
gene expression. Expression of these genes is an important determinant of myogenesis—the basic role
of muscle cells and their precursors. This indicates that GO biological activity is probably influenced
by the type of cells.

The second experimental factor was the modification of the culture medium. CEME was used as
an additive to improve the standard medium (DMEM). We expected the extract from an 18-day-old
chicken embryo hind limb to complement the stimulation of muscle progenitor cell differentiation and
physiological maturation. This speculation was based on the fact that the extract contained proteins
involved in the differentiation of muscle cells, which is at a very advanced stage on the 18th day
of embryonic development. Furthermore, the extract contained proteins produced by muscle cells
and their precursors, as well as all other cells present in the developing muscle tissue that cooperate
with the muscle cells. The extract contained proteins involved in preparing the muscles for intense
work, which must occur just before and immediately after hatching, and these proteins are released by
muscle cells particularly [49]. In addition, muscle cells secrete hundreds of proteins and peptides upon
contraction [50].

The addition of the extract strongly affected chicken muscle progenitor cell morphology.
A significantly higher fusion index was noted. We observed elongated, multinucleated, branched, and
striated myotubes, which exhibit spontaneous contractile activity, and these features are typical of
differentiated cell morphology [29,51,52]. These results clearly show that the differentiation process
occurred and that the addition of exiract to the culture media led to the formation of a tissue-like
structure of muscle cells and their precursors. However, the resulting myostructure exhibited two layers:
in vivo-like muscle fibers and flat, round, mononuclear cells lining the bottom of the culture vessel.
These cells probably had myogenic potential, as was seen when an undifferentiated subpopulation of
cells was added to a primary culture of rat muscle cells [53].

The observation of cell morphology has been confirmed by cytotoxicity and viability results.
The LDH release from cells did not decease, while the addition of extract significantly increased the
number of viable muscle cells and their precursors after 96 h of culture. This was also noted after
treatment of a skeletal muscle cell culture with extract that was obtained from 12-day-old chicken
embryo brain and liver [54]. In a muscle cell culture obtained from 10-, 11-, and 12-day-old chicken
embryos, the addition of chicken embryo extract showed a stimulatory effect on protiferation and
differentiation [17,55]. Moreover, the addition of chicken embryo extract in combination with high
serum content in the culture media enhanced the proliferation and growth of murine myoblasts [56].

In cells maintained in culture media with CEME, Pax7 expression was strongly upregulated.
Pax7 is a key factor in satellite cell myogenic determination. Deletion of the Pax7 gene resulted in a
significant decrease [57] or complete elimination of satellite cell populations [38], but inactivation of the
Pax7 gene did not affect adult myogenesis [48]. An analysis of the expression profile of Pax3 and Pax7
in rat muscle cells indicated that the level of Pax7 gene expression decreased during the maturation
of myoblasts and formation of myotubes, contrary to our observation that Pax7 was stimulated in
parallel with the up-regulation of the genes responsible for differentiation. In an experiment with rat
muscle cells, a subpopulation of undifferentiating, proliferating cells with Pax3 and Pax7 expression
was also observed [58]. This phenomenon could explain the high expression of Pax3 and Pax7, which
could be related to the dense multilayer of undifferentiated cells that were observed on the bottom
of the culture plate and became a renewable source of differentiating myoblasts. This would explain
the simultaneous and strong increase in the expression of genes responsible for the differentiation of
muscle cells and their precursors into muscle fibers, together with the self-renewal of the pool of cells
that are the early precursors of myocytes.

The addition of CEME to the culture media has a strong effect on MFRs expression. The results
obtained in this study demonstrated that supplementation of the culture media with the extract
enhanced the myogenic differentiation of chicken muscle progenitor cells. We observed a significant
up-regulation of expression of all investigated MRFs (Myf5, MyoD, and MyoG) in cells maintained
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in media with CEME. MRFs are critical factors in the maturation of muscle cells [59,60]. Moreover,
the expression of FGF2, which is considered to be a stimulator of proliferation and a strong inhibitor of
differentiation [61], was downregulated in cells cultured with the extract. From a motecular point of
view, downregulation of FGF should be coupled with downregulation of Pax 7, however, in the case of
heterogeneous culture, which is the primary culture of cells taken from the embryo muscle, expression
of mRNA is a resultant expression of the sum of different cells. It should also be taken into account that
the chicken embryo muscle undergoes very strong myogenesis just before hatching, but also it contains
over 30% of satellite cells [52], whose proteome may promote the proliferation of satellite cells in the
culture. Therefore, primary culture, which on the one hand, well reproduces the natural conditions of
myogenesis, on the other hand, creates difficulties in interpreting the results. It can certainly be stated
that a precise explanation of the above mechanisms requires wider and more precise research.

Differentiation of myoblast cells and their precursors into mature muscle fibers was also confirmed
by the change in cellular metabolism from anaerobic processes to the predominance of oxidative
phosphorylation. LDH gene expression decreased and ATP5B gene expression simultaneously increased
in cells that were cultured with the extract. The results are in agreement with changes occurring in
muscle cells during differentiation, when a high glycolytic state in the myoblasts transforms into
intensive oxidative phosphorylation in mature muscle cells [62].

The morphology and molecular status of differentiating cells, as well as their metabolism profile,
undoubtedly indicate the formation of a structure containing mature muscle cells under the influence
of CEME proteins. However, equally important evidence for the physiological maturity of the structure
is its ability to undergo spontaneous contractions. The present results, for the first time, clearly
demonstrated that the cultured a tissue-like structure was capable of inducing contractions that were
not caused by external factors.

Use of the embryonic muscle extract affected the physiological ability of the muscle cells to contract,
regardless of the type of surface (with or without GO) used. The extract contained proteins derived from
various muscle-related tissues, including nervous tissue, connective tissue, blood vessels, and blood,
as well as various structural proteins, such as of the ECM, cytoplasm, contractile proteins, and neural
structures and their regulators, e.g., metabolic enzymes. These proteins acted as agents to directly
stimulate muscle contractions or as factors to indirectly create an optimal contraction environment.

ECM proteins, especially collagen alpha 1 and alpha 3, decorin, laminin, and fibromodulin, can
affect ECM maturation and cooperation with muscle cells. Laminin controls the structural integrity of
muscle tissue and the connection of the intracellular actin structure with ECM [63-65], and fibromodulin
is a regulatory factor for myoblast differentiation [66].

The extract was also the source of many proteins responsible for ECM—cellcytoskeleton interactions.
Some proteins form important links with actin-containing filaments of the cytoskeleton [67,68]. However,
it seems that the key proteins are those that directly participate in muscle contraction, i.e., motor proteins
and their regulators (myosin light chain, myosin-1B, myosin regulatory light chain 2, myosin light
chain kinase). Tropomyosin alpha-1 chain-actin-binding protein cooperates with troponin C and is
involved in the contractile system of vertebrate striated muscles. Troponin C and tropomyosin form
thin fibers, which act to bind Ca?* during the contraction process [69]. Calcium-calmodulin-dependent
protein kinase II with mitogen-activated protein kinase can activate myosin light chain kinase [67].
In addition, it can be assumed that the proteins responsible for the management of Ca ions during
muscle contractions activate this process in vitro. Calsequestrin (a calcium-binding protein responsible
for Ca homeostasis after muscle contraction) supports the storage of a large amount of Ca ions within
the sarcoplasmic reticulum. Before birth, the levels of calsequestrin in the muscles increase rapidly [68],
indicating that if also stimulates muscle physiological maturation.

Furthermore, CEME components are associated with the nervous system and
neural/neuromuscular communication and could be the key to spontaneous muscle cell confraction
in the absence of electrical impulses. A recent study revealed that neuromodulin (specific to the
nervous system) is present in myoblasts, differentiating muscle cells, and mature muscle fibers [70].
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Neural cell adhesion molecule is associated with the fusion of myoblasts, and its level increases
during myoblast differentiation. Agrin is a protein critical to neuromuscular junction development
and maintenance [71], and utrophin is present in neuromuscular and myotendinous junctions and
vasculature [72]. The administration of proteins involved in the cooperation of muscle cells and
nerves, especially signal induction, may have been important for the activation and duration of
the contractions.

Muscle contractions also require energy; therefore, the proteins involved in ATP metabolism
would, undoubtedly, facilitate contraction mechanisms. The presence of ATP synthase subunit gamma,
responsible for producing ATP from ADP, is fundamental. In addition, creatine kinase (CK), which
catalyzes the transfer of a phosphate group from phosphocreatine to ADP to regenerate ATT, is a key
enzyme for cellular ATP homeostasis. Interestingly, the CEME provided a source of both muscle- and
brain-specific forms of CK.

Finally, it has to be underlined that the present measurements elucidated the potential effects of
a variety of proteins and cells from CEME cultivated on GO surface, thereby including interactions
in-between released proteins. However, a further step is necessary to identify groups of key proteins
directly affecting tissue development by interacting in a heterogeneous environment of muscle tissue.
This quantification might help to develop the solutions for future clinical therapy.

4. Materials and Methods

4.1. Characterization of Graphene Oxide and Preparation of a Graphene Oxide Nanofilm

GO water solution (4 mg/ml.) was purchased from NanoPoz (Poznan, Poland), and GO was
produced by a modified Hummers’ method. The obtained GO flakes had diameters of between 2
and 30 pm, an average size of ~4 um, and contained 36% oxygen (manufacturer’s data). Chemical
characterization of GO was performed with FT-IR. Spectra were registered with the use of a Perkin
Elmer System 2000. The roughness of GO was measured by AFM, and imaging was performed on an
MFP 3D BioAFM with the commercial triangular cantilever (MPLCT, Bruker, Camarillo, CA, USA),
spring constant k = .10 N/m in AC mode. The measurements were performed on 10 X 10 pm areas, in
ten places. The shape and size of GO films were examined using a TEM - JEM-1220 (JEOL, Tokyo,
Japan) at 80 kV and a TEM CCD Morada 11 megapixels camera (Olympus Soft Imaging Solutions,
Munster, Germany). The zeta potential and size of GO in solution were measured by light scattering
using a ZetaSizer Nano Z5 model ZEN3500 (Malvern Instriuments, Malvern, UK). All measurements
were repeated three times.

Experimental GO nanofilm was prepared by applying a GO solution to the bottom of a well in a
culture plate. GO was air dried in a laminar chamber. For nanofilm preparation, a concentration of
1 mg/mL was used. The GO solution was sonicated for 30 min before the experiment. Then, under
sterile conditions, the GO solution was embedded onto the bottom of the culture plate (40 pg) and
dried at room temperature in a laminar chamber. As a result of the self-assembly and drying process,
the plastic bottom of the well was covered with a thin, strongly adhesive nanofilm of GO. The prepared
plates were used for further experiments.

4.2, Chickenr Embryo Muscle Extract Preparation

Fertilized chicken (Ross 308) eggs were purchased from a certificated hatchery, sterilized in
KMnO; solution, irradiated with UV for 45 sec, and incubated at 37 °C and ~60% relative humidity.
The tissue sample was obtained from an 18-day-old chicken embryo. The egg was removed from
the incubator and slightly opened, and the embryo was pulled from the egg and decapitated. Then
the explant from the hind limb was dissected, and the skin, bones, and shank were removed from
the muscle tissue sample. A sample was then suspended in ultrapure water and homogenized with
frozen metal balls in a TissueLyser ball mill (Qiagen, New York, NY, USA). The homogenate was
centrifuged at 1400x g for 45 min at 4 °C. The supernatant was transferred into a new tube and stored
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at —80 °C. In order to reject the proteins contained in CEME, which are not involved in the activation
of muscle contraction, an extract of chicken embryo liver was also prepared according to the method
described above.

The protein composition of the extract was analyzed by mass spectrometry (MS) using an Orbitrap
Elite (Thermo Fisher Scientific, Massachusetts, MA, USA) connected to a Water Acquity HPLC. Protein
extract {150 pL) was concentrated on Vivacen 500, 10,000 MWCO Hydrosart filters by centrifuging
at 10,000x g for 30 min at 4 °C. Filters were washed twice with washing buffer {200 uL, 8 M urea in
100 mM NH;HCOj3 aqueous solution) and centrifuged at 10,000 g for 20 min at 4 °C. Accordingly, the
proteins were reduced by the addition of washing buffer (50 L) with 20 mM TCEP and incubated for
30 min at room temperature, then centrifuged at 10,000x g for 20 min at 20 °C. Proteins were alkylated
with 20 mM IAA (50 uL) in washing buffer. Digestion was performed with a protease mix, LysC/Tryp
V507A (Promega, Wisconsin, WL, USA). The protease mix was resuspended in 8M urea in 100 mM
NH4HCO; (80 pL). A 40 L aliquot of the solution was added to a filter and incubated for 3 h at
37 °C; then NHyHCO; (400 pL) was added and the samples were incubated overnight at 37 °C. Probes
were centrifuged at 10,000x g for 30 min at 30 °C. NH4HCOj3 (100 uL) was added and centrifuged at
10,000% g for 30 min at 30 °C. The solution was acidified with TFA to a final concentration of 0.4% and
dried with a speed-vac. The peptide mixture was fractionated using a high pH protocol on an Oasis
HLB 10 mg cartridge (Waters 186000383). Cartridges were activated by washing with methanol and
equilibrated with 25 mM ammonium formate at pH 10. The protein pellet was resuspended in 400 pL
of 25 mM ammonium formate at pH 10 and loaded onto a cartridge. Samples were washed once with
loading buffer. The elution was carried out with an increasing gradient of acetonitrile in loading buffer
(5/10/15/20/30/35/40/85). The last elution was carried out with pure methanol. All fractions were dried
with a speed-vac. Pellets were resuspended in 60 L of 0.1% TFA with 2% MeCN. M5 analysis was
performed by LC-MS in the Laboratory of Mass Spectrometry (IBB PAS, Warsaw) [73]. Data were
analyzed on the Max-Quant 1.6.3.4 platform [74,75]. The Gallus gallus reference proteome database
from UniProt (containing 29474 protein IDs) was used. Data were deposited in the PRIDE repository
under PXD015146. To analyze the function of the proteins contained in CEME, the composition of
CEME proteins and the composition of liver extract proteins were compared, and then for further
interpretation, all proteins common to CEME and liver extract were rejected from the CEME proteome.
In this way, proteins that were not involved in the activation of contraction were eliminated, and
only those that were potentially responsible for muscle contraction were left. This procedure was
authorized by a preliminary study, where the lack of effect of the liver extract on muscle cell contraction
was documented.

4.3. Primary Cell Cultures of Muscle Progenitor Cells

Fertilized chicken (Ross 308) eggs were incubated in accordance with the method described in the
section “Chicken embryo muscle extract preparation”. Mesenchymal muscle precursor cells were obtained
from an 8-day-old chicken embryo limb bud by dissection of the hind limb. The sample was inserted
into tubes with trypsin for 24 h at 4 °C. The enzyme was then neutralized with culture medium, the
sample was disintegrated by gentle pipetting through the tips, and cells were seeded onto a culture
plate. Cells were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) (Life Technologies,
Texas, TX, USA) supplemented with 10% fetal bovine serum (Life Technologies, Texas, TX, USA) and
1% penicillin/streptomyecin (Life Technologies, Texas, TX, USA) at 37 °C in a humidified atmosphere of
5% C02/95% air in a Memmert ICO150med Incubator (Memmert, Schwabach, Germany). Cells were
divided into four groups and cultured in standard conditions (CTRL), on the GO nanofilm (GO), with
the addition of extract (1% of the medium) (E), and on the GO nanofilm with the addition of extract
(1% of the medium) (GO-E). Passages were not performed for the experimental primary cell cultures.
The medium was changed every 2 days.

The actual concentration of CEME added to the culture media was evaluated using Trypan Biue
assay (NanoEnTek, Massachusetts, MA, USA). Cells were maintained with 5, 2.5, and 1% CEME
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supplementation in standard DMEM. After 48 h of exposure to CEME, cells were detached with trypsin.
Then a suspension of cells in DMEM (10 uL) was mixed with trypan blue solution (10 pL). A mixture
of cells and stain (10 L) was placed onto a cell counting slide and the total and live cell counts were
evaluated using an EVE™ automatic cell counter (NanoEnTek, Massachuseits, MA, USA). The results
were compared to the control group that was maintained without the addition of CEME.

4.4. Cell Morphology

Cell morphology was observed and recorded using a light optical inverted microscope (TL-LED,
Leica Microsystems, Germany) and a Scanning Electron Microscope (SEM) (Quanta 200, FEI, Oregon,
OR, USA). Cells were fixed in ice cold methanol for 10 min at 4 °C and stained with eosin/hematoxylin.
For SEM imaging, cells were fixed after 5 days of primary cell culture with 2.5% glutaraldehyde in
phosphate-buffered saline (PBS) (Life Technologies, Texas, TX, USA). The samples were contrasted
with osmium tetroxide (Sigma-Aldrich, Missouri, MO, USA) and carbohydrazide (Sigma-Aldrich,
Missouri, MO, USA}. The cells were then dehydrated in hexylene glycol (Sigma-Aldrich, Missouri, MO,
USA); drying was performed using a Polaron CPD 7501 critical point dryer (Quorum Technologies,
Laughton, UK).

The spontaneous contractions of muscle cells were observed and counted manually from randomly
selected visual fields {n = 10) in real time (t = 1 min each series) using a light optical inverted microscope
(TL-LED, Leica Microsystems, Germany). Time-lapse of contractions were performed on a confocal
microscope {Olympus FV1000, Tokyo, Japan) with Nomarski contrast. Frames were captured every 6 s
for 15 min. Supplementary Video S1 was speeded up 300 times.

4.5. Cell Differentiation

The differentiation of cells was evaluated using a confocal microscope (Olympus FV1000, Tokyo,
Japan). For imaging, cells were fixed after 5 days of culture using 4% paraformaldehyde in PBS
(Life Technologies, Texas, TX, USA) for 10 min at room temperature and washed with ice-cold PBS.
Then cells were incubated in Triton X-100 (Sigma-Aldrich, Missouri, MO, USA) and washed with
PBS (Sigma-Aldrich, Missouri, MO, USA). Subsequently, cells were incubated with blocking solution,
i.e,, normal goat serum (Chemicon International, California, CA, USA). Cell nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Massachusetts, MA, USA) and actin
filaments with phalloidin-Atto 633 (Sigma-Aldrich, Missouri, MO USA). After staining, the cells
were washed with PBS. The fusion index was calculated for the control group and cells with CEME
supplementation from randomly selected visual fields {(n = 7} and presented as the number of nuclei in
the multinucleated myotubes divided by the total number of nuclei. The nuclei were counted manually.

4.6. LDH Assay

Cytotoxicity was evaluated using Cytotoxicity Detection Kit {Roche Diagnostics GmbH, Mannheim,
Germany) after 48 and 96 h of primary cell culture. For the GO and GO-E groups, 40 uL of GO solution
was dropped onto the bottom of the wells of %6-well microplates, dried, and incubated for 24 h with
DMEM before starting cell culture. Cells were cultured in 96-well plates (approximately 10 x 102 cells
per well for a test after 48 h, and 5 x 10 cells per well for a test after 96 h). The assay was performed
according to the manufacture’s protocol. The absorbance of samples (n = 8) was measured at 450 nm
using a Tecan Infinite 200 microplate reader (Tecan, Durham, NC, USA). The resulls were expressed as
a relative value (related to the control) after subtracting the absorbance from blank samples.

4.7. MTT Assay

Viability and proliferation were tested with a Vybrant Cell Proliferation Assay Kit (MTT) (Thermo
Fisher Scientific, Massachusetts, MA, USA) after 48 and 96 h of primary cell culture. For the GO and
GO-E groups, 40 ul. of GO solution was dropped onto the bottom of the wells of 96-well microplates,
dried, and incubated for 24 h with DMEM before starting cell culture. Cells were cultured in 96-well
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plates (as described above). MTT reagent (10 uL) was added to each well and incubated for 3 h at 37 °C.
Next, lysis buffer (containing Isopropanol, Triton X, and HCI) was added to each well (100 pL). Culture
plates were centrifuged, and the supernatant was transferred to new 96-well plates. The absorbance of
samples (1 = 8) was measured using Tecan Infinite 200 plate reader (Tecan, Nerth Carolina, ND, USA)
at 570 run, according to the manufacturer’s protocol.

4.8. Gene Expression

Gene expression at the mRNA level was measured using the quantitative polymerase chain
reaction method. The expression of ATP5B, FGF2, LDH5, PCNA, Myf5, MyeD1, MyoG, Pax3, and
Pax7 was examined, for calculations the GAPDH and ACTB housekeeping genes were used. All used
primers are presented in Table 2. After 5 days of primary cell culture, cells were detached with trypsin
and centrifuged at 1 200 rpm for 5 min. The cell pellet was homogenized using a TissueLyser ball
mill (Qiagen, Germantown, IL, USA}. Total RNA was isolated using a NucleoSpin (Marcherey, Nagel,
Duren, Germany). Then, cDNA was synthesized with a Maxima First Strand cDNA Synthesis Kit
for RT-qPCR (Thermo Scientific, Wilmington, DE, USA). The Real-Time PCR (RT-PCR) was carried
out using a PowerUp SYBR Green Master Mix (Applied Biosystems, Michigan, MI, USA). The 2-34¢T
method was used to determine the results.

Table 2. Primers for gene expression analysis using RT-qPCR.

Genes Sequences (5'-3")
forward: TGCACGCATTTGTAGAGACC

PCNA reverse: AGTCAGCTGGACTGGCTCAT
= forward: GCACTGAAATGTGCAACAG
reverse; TCCAGGTCCAGTTTTTGGTC
forward: ATGCCCACAACAAGATCAG
LBEFS, reverse: CCTTTCAGCTTGTCCTCCAC
T forward: GTTATTCGGTGTTCGCTGGT

reverse: TAGACCAGAGCGACCTTGG
My forward: CCAGGAGCTCTTGAGGGAAC
reverse: AGTCCGCCATCACATCGGAG

forward: GCTCTCGCAGGAGAAACAG

idyald reverse: CTGGAGGCAGTATGGGACAT
MyoG forward: GCTGAAGAAGGTGAACGAA
reverse: CTGCTGGTTGAGGCTGCT
forward: CCGTGCTAGATGGAGGAAGC
Pax3 reverse: AGACACGGCTTGCGGTATG
Pax7 forward: CAGTAGAGACAGGCCAAGC
reverse: GGAGTTGGGAAGGAGTAGGG
M forward: GAGGACCAGGTTGTCTCCTG
H reverse: CCACAACACGGTTGCTGTAT
ACTB forward: GTCCACCTTCCAGCAGATGT

reverse: ATAAAGCCATGCCAATCTCG

4.9, Statistics

Data were analyzed using two-factorial and monofactorial analysis of variance, ANOVA, and
StatGraphics Centurion version XVI (StatPoint Technologies, Georgia, GA, USA). Differences between
groups were tested with Tukey’s honest significant difference post hoc test. There were significant
differences between groups marked with different letters (a-b-c) and there were no significant differences
between groups marked with the same letters (a-a; b-b; c-c). The level of significance was set at p < 0.05.

5. Conclusions

The GO nanofilm culture surface did not positively affect the differentiation or functional maturity
of differentiated muscle fibers; however, it did promote spontaneous contractions. The chicken embryo

3
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muscle extract, collected on day 18 of embryonic development, contained a cockiail protein that
influenced the intense differentiation of the muscle precursor cells collected on day 8 of embryo
development. Compared to the cells in the control group, a structure resembling a pseudo-tissue was
capable of spontaneous contractions, without the application of an electrical impulse. The addition
of chicken embryo muscle extract, to a concentration of about 1% of culture medium, may allow
researchers to culture pseudo-tissue muscle capable of spontaneous contraction. The study showed
that GO may be used as a niche for differentiating muscle cells, but the decisive influence on the
maturation of muscle tissue, especially muscle contractions, depends on the complexity of the applied
growth factors.

Supplementary Materials: The following are available online, Supplementary Table 51: The list of identified
protein in chicken embryo muscle extract (CEME) by LC-MS. Video 51: Spontaneous contraction activity of cells
with chicken embryo muscle extract {CEME) supplementation, 1 to 3 contractions per minute were noted, average
1.7 contraction per minute.
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Simple Summary: Genetic selection of brotlers increased muscle growth; however, very fast growth
can lead to pathological conditions caused by the deficiency of nutrients. The number of muscle
cells is mainly formed during the embryonic period, and consequently, in ovo supplementation of
proteins to embryos may impact future muscle structure. We hypothesized that proteins from chicken
embryo muscle extract (CEME) caused by the unique, natural composition and biocompatibility can
supply additional proteins. However, supplemented proteins are actively metabolized, which may
reduce their utilization for improved muscle synthesis. Nevertheless, CEME can be transported and
protected by graphene oxide (GO). The objective of the present work was to investigate the effects
of in ovo-injected CEME and the complex of GO-CEME on embryonic cell cultures and the growth
of chicken embryo hind limb muscle. Toxicity and cell proliferation were measured in vitro with
cell cultures and mortality, morphology, histology, and blood biochemistry in vive with embryos.
CEME increased the number of cells and nuclei in muscle, but the complex GO-CEME did not further
improve the muscle structure. The results indicate a vital role of CEME as in ovo enhancer of muscle
development in broilers.

Abstract: The effects of CEME and it complex with GO injected in ovo on the growth and development
of chicken embryo hindlimb muscle were investigated. First, the preliminary in vitro study on primary
muscle precursor cell culture obtained from a nine-day-old chicken embryo was performed to assess
toxicity (MTT assay) of CEME, GO (100 ppm) and it complex with different concentrations (1, 2, 5,
and 10 wt.%). The effect on cell proliferation was investigated by BrdU assay. CEME at concentrations
1-5% increased cell proliferation, but not the complex with GO. In vitro cytotoxicity was highest in
10% and GO groups. Next, the main experiment with chicken embryos was performed with CEME,
GO and it complex injected in ovo on day one of embryogenesis. On day 20 of embryogenesis survival,
morphological development, histological structure of the muscle, and biochemical parameters of blood
serum of the embryos were measured. No negative effect on mortality, body weight, or biochemistry
of blood after use of CEME or GO-CEME complexes was observed. Interestingly, the slight toxicity
of GO, observed in in vitro studies, was not observed in vivo, The use of CEME at the levels of 2%
and 5% improved the structure of the lower limb muscle by increasing the number of cells, and the
administration of 2% CEME increased the nurber of nuclei visible in the stained cross-section of the
muscle. The complex GO-CEME did not further improve the muscle structure. The results indicate
that CEME can be applied as an in ovo enhancer of muscle development in broilers.

Keywords: chicken embryo; development; in ovo; graphene oxide; histology; muscle; toxicity
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1. Introduction

Genetic selection has increased poultry meat production, but it has been followed by
substantial deterioration of the muscle structure. Comparing the muscles of broiler chickens
to laying hens that were not selected for the increase of the pectoral muscle, a much larger
number of muscle fibers and an increase in their diameter are observed [1]. Analysis of
the breast muscle genes showed an increase in the expression of genes responsible for the
development of free-type muscle fibers, the proliferation of satellite cells, as well as muscle
hypertrophy in broiler chickens compared to laying hens [2]. Consequently, a very fast
growth rate of broiler chicken can lead to disturbance of the normal structure of the muscle
tissue, especially the pectoral muscles, which account for 31% of body weight [3]. The more
and more frequent pathological conditions of the muscles, and above all myopathies of the
pectoral muscle, regardless of the etiology, to a large extent may result from the deficiency
of certain structural and functional proteins. Disruption of the correct ratio of proteins
involved in the proliferation, differentiation, maturation of muscle fibers, and the final
formation of its structure may predispose to its weakening or even dystrophy. Muscle
degeneration is usually associated with an accumulation of interstitial connective tissue
or fibrosis [4], resulting from impaired synthesis of amino acids and proteins. Moreover,
the pool of exogenous amino acids is limited due to the development of the chicken
embryo outside the mother’s organism. On the other hand, the proliferation of muscle cells
decreases before hatching so that the number of muscle cells is largely formed during the
embryonic period. Therefore, only in ovo supplementation can have a decisive impact on
the formation of the future correct muscle structure.

The studies showed that the in ovo administration of the amino acid composition to
the embryo [5] increased the growth of chickens. Taurine, supplemented in ovo to chicken
embryos, improved the structure of breast muscle by increasing the expression of PCNA
profein [6]. L-Arginina conjugated with nanoparticles of Ag activates myogenin and MyoDl}
expression, which is pointed to improve muscle growth [7]. Due to the fact that embryonic
development takes more than 1/3 of the life of broiler chickens and is a key period for
mauscle development, the method of in ovo feeding is very promising [8]. However, it
entails a number of difficulties, and the key ones include the injection sterility regime and
the too rapid degradation of nutritional-functional ingredients delivered. Moreover, the
rapid catabolism of supplemented protein may have negative effects resulting from the
accumulation of harmful products of protein breakdown. Therefore, the optimization of in
ovo supplementation should take into account not only the appropriate composition and
the dose of administered compounds but also their metabolism over time.

In previous in vitro studies, we used chicken embryo muscle extract (CEME) extract
from an 18-day-old chicken embryo to cultivate muscle tissue from muscle precursor
cells taken from a limb bud on day eight of embryogenesis [9]. The results of the research
showed that this extract stimulated not only the formation of the correct structure of pseudo-
muscle tissue but also its physiological maturation, observed as contractions characteristic
of muscle tissue. It should be emphasized that these contractions occurred without any
external electrical stimulation but only after administration of the CEME extract—a cocktail
of a wide variety of proteins. This interesting observation inspired us to expand our
research and determine whether this cocktail could be used not only for tissue culture
in vitro but also as a stimulator of muscle development when administered to the chicken
embryo in ovo. It has to be underlined that CEME and the complex of CEME with graphene
oxide {GO) (GO-CEME} have not been used previously.

Proteins administered to the body from the outside are actively metabolized, which
may reduce their utilization and promote the formation of protein degradation products. To
counteract such adverse effects, CEME extract was conjugated with GO and administered in
the form of a GO-CEME complex. The form of the complex would protect the extract against
rapid decomposition and ensure a slow release of extract proteins. Moreover, GO is a carbon
siructure—a graphite derivative—which, when administered at an appropriate level, is
non-toxic and biocompatible [10-13]. Therefore, research on GO is dedicated to using it to
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create scaffolds in tissue engineering [14,15] or to transport drugs or functional compounds
in medicine [16]. The huge surface area of graphene flakes and the available chemical
groups favor the formation of the protein crown as a result of self-organization on the GO
surface, especially in the presence of a large number of proieins [17]. The protein crown
is an active structure, and its composition changes depending on the physicochemical
conditions of the biological environment. This very dynamic process allows the use of GO
as a carrier in drug delivery systems. We supposed that CEME could be transported on
GO flakes, increasing the activity of the protein cocktail. Taking into account the CEME
activity observed in previous in vitro studies [9] and the transport properties of GO, we
decided to create a “nutrient delivery” system similar to the “drug delivery” systems
used in medicine. The present model studies were aimed at checking the possibility of
modifying the development and shaping the structure of striated muscle by “feeding”
the embryo. The planned feeding system was to meet two conditions: 1. be spread over
time and minimize uncontrolled breakdown of nutrients, 2. be the most comprehensive
source of nutrients. Consequently, the main objective was to determine whether the extract
from embryo muscle conjugated with GO is not toxic and can stimulate the formation of a
better muscle structure of embryos, and in the future, muscle development of broilers. The
findings can also be utilized in the area of muscie regeneration in animals and humans.

2, Materials and Methods
2.1. Graphene Oxide

Single layer of graphene oxide, as water dispersion 2 wt.%, was purchased from US
Research Nanomaterials, Inc. (Houston, TX, USA). GO flakes had thickness of 0.43-1.23 nm
and diameter of 1.5-5.5 um (manufacturer’s data).

The morphology of GO was characterized using a TEM-JEM-1220 (JEOL, Tokyo, Japan)
at 80 kV and a TEM CCI Morada 11-megapixel camera (Olympus Soft Imaging Solutions,
Munster, Germany). The zeta potential of GO solution was measured by light scattering
using a ZetaSizer Nano 25 model ZEN3500 (Malvern Instruments, Malvern, UK). All
measurements were performed in four repetitions. For the experiment, GO was diluted in
ultrapure Milli-Q water at the final concentration of 100 ppm and sonicated in an ultrasonic
bath (Bandelin Electronic, Berlin, Germany).

2.2, Preparation and Analysis of Chicken Embrye Muscle Extract

Fertilized chicken (Ross 308) eggs were purchased from a commercial hatchery, ster-
ilized in KMnQy solution, irradiated with UV, and incubated at 37 °C and ~60% relative
humidity. The muscle tissue was obtained from a 20-day-old chicken embryo. After decap-
itation of the embryo, the explant from the hindlimb was dissected. The skin and bones
were removed from the sample. A sample of muscle tissue was suspended in ultrapure
water and homogenized with frozen metal balls in a TissueLyser ball mill (Qiagen, New
York, NY, USA). The homogenate was centrifuged at 1400x g for 45 min at 4 °C. The
supernatant was stored at —80 °C.

The protein composition of the extract was analyzed by mass spectrometry (MS) using
an Orbitrap Elite (Thermo Fisher Scientific, Massachusetts, MA, USA) connected to a Water
Acquity HPLC, according to the methodology described in the previous article [9]. Ob-
tained data were deposited in the PRIDE repository under PXD015146. The top 100 protein
identified in the CEME was grouped on the proteins associated with cell proliferation,
metabolism, extracellular matrix organization, nervous system, etc. The protein—protein
interaction network analysis was performed in inBio Discover™.

The GO-CEME complex was prepared by mixing GO solution in concentration of
100 ppm with adequate addition of CEME solution and sonicated in an ultrasonic bath
(Bandelin Electronic, Berlin, Germany) for self-organization.
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2.3. In Vitro Study: Cell Culture

Muscle precursor cells were obtained from 9-day-old chicken embryo by dissection
of the hindlimb. The sample was treated with trypsin for 24 h at 4 °C and disintegrated
by gentle pipetting. After that, cells were seeded onto a culture plate. Cells were main-
tained in Dulbecco’s Modified Eagle’s medium (DMEMj) (Life Technologies, Texas, TX,
USA) supplemented with 10% fetal bovine serum (Life Technologies, Texas, TX, USA)
and 1% penicillin/streptomycin (Life Technologies, Texas, TX, USA) at 37 °C in a hu-
midified atmosphere of 5% COy/95% air in a Memmert ICO150med Incubator (Mem-
mert, Schwabach, Germany). Cells were divided into experimental groups: (1) Control
(not treated), (2) CEMEQ.1%, (3) CEME0.2%, (4) CEMEQ.5%, (5) CEME1%, (6) CEME2%,
(7) CEME5%, (8) CEME10%, (9) GO (100pprm), (10) GO-CEMEQ.1%, (11) GO-CEME(}.2%,
{12) GO- CEME0.5%, (13) GO-CEME1%, (14} GO-CEME2%, (15) GO-CEME5%, and (16) GO-
CEME10%. In all groups with GO was added 10% of culture media total volume with
constant concentration (100 ug/L) and adequate addition of CEME (0.1%, 0.2%, 0.5%, 1%,
2%, 5%, 10% of culture media total volume).

2.4. In Vitro Study: Proliferation of Cells

Proliferation status of primary cell culture was tested with a Cell Proliferation ELISA,
BrdU (colorimetric) kit {(Roche Applied Science, Indianapolis, IN, USA). After 24 h of
maintaining cells with experimental complexes (as described in section Cell Culfure), BrdU
reagent (10 uL) was added to the culture media, cells were stained for 4 h. All further steps
proceeded according to the manufacturer’s instructions. The results were analyzed by
reading absorbance at 370 nm with a reference wavelength of 492 nm using Tecan Infinite
200 plate reader (Tecan, North Carolina, ND, USA.).

2.5. In Vitro Study: Viability of Cells

Viability was tested with a Vybrant Cell Proliferation Assay Kit (MTT) (Thermo Fisher
Scientific, Massachusetts, MA, USA) after 24 h of treatment with experimental complexes
according to the scheme described in section Cell Culture. Cells were cultured in 96-well
plates. MTT reagent (10 uL) was added to each well and incubated for 3 h at 37 °C. Next,
cells were disintegrated with lysis buffer (containing Isopropanol, Triton X, and HCI).
Culture plates were centrifuged, and the supernatant was transferred to new 96-well plates.
The absorbarnce of samples (n = 6) was measured using Tecan Infinite 200 plate reader
(Tecan, North Carolina, ND, TUSA.) at 570 nm according to the manufacturer’s instructions.

2.6. Hemotoxicity

The hemolysis assay was performed on the chicken blood. The whole blood sample
was centrifuged for 5 min at 5000 rpm and plasma and lymphocytes were removed.
Fraction of red blood cells were washed with PBS and centrifuged 3 times at 150x g for
5 min. The final pellet of red blood cells was suspended in PBS. Experimental complexes
(0.1 mL) were added to the blood samples (1 mL} and incubated for 1 h at 37 °C. Negative
control (0% hemolysis) was treated with PBS and positive control (100% hemolysis) was
treated with 20% solution of Triton-X. After the incubation, all samples were centrifuged at
900 g for 10 min, 200 1L of supernatant were transferred to the new 96-well plate, and
absorbance at 405/540 nm (Infinite M200, Tecan, Durham, NC, USA) was measured.

2.7. Animal Model

Eggs were randomly divided into 12 groups: (1} Control (not treated), (2) CEME1%,
(3) CEME2%, (4) CEME5%, (5) CEME10%, (8) GO, (9) GO-CEME1%, (10} GO-CEME2%,
(11) GO-CEME5%, and (12) GO-CEME10%. The experimental solution complexes were
injected in ovo (200 uL) on the first day of incubation. The injection was performed into
the albumen with a sterile tuberculin syringe. The injection site was secured with sterile
tape, and the eggs were placed in an incubator. The embryos were observed on the 20th
day of incubation. Mass of eggs and the embryos were measured and the development



Aninals 2021, 11, 3467

50f18

of the embryos was assessed. Embryos were sacrificed by decapitation, and the blood
samples, liver, and heart were collected and the organs were weighed. Blood samples were
analyzed for albumins, alanine transaminase (ALT), alkaline phosphatase (ALP), aspartate
transaminase {AST), total profein, creafinine, urea, globulins, lactate dehydrogenase (LDH),
glucose, and triglyceride by a commercial diagnostic veterinary laboratory (VetLab, Warsaw,
Poland) using standard diagnostic kits and protocol.

2.8. mmunochistochemistry

For histological and immunohistochemical analysis, tissues were fixed in 4% buffered
formalin. Formalin-fixed muscle samples were paraffin-embedded into blocks by the
standard paraffin technique and cut using Rotary Micretome HM 355 S (Microm, Walldorf,
Germany) with section transfer system STS. Tissue sections were stained using Periodic
Acid-Schiff (PAS) Staining System (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. All the sections were observed and recorded using a Nikon
Eclipse Ni light microscope with Nikon DS-Fi3 camera (Nikon Corporation, Tokyo, Japan).
The number of cells per microscopic field of view (n = 5; area: (.09 mmz) was calculated
manually using Image]-Cell Counter. Fields of view were chosen randomly.

For PCNA detection, monoclonal, mouse, PCNA antibody (No. 13-3900, Life Tech-
nologies Rockford, IL, USA.} in a 1:50 dilution was applied on tissue sections. Incubation
with anti-PCNA antibody was performed for 60 min at RT. A citrate buffer was used
for Heat-Induced Epitope Retrieval (HIER). A Peroxidase Detection System (Dako North
America, CA, USA) was applied for visualization in accordance with manufacturer recom-
mendations. Samples were counterstained with Harris Hematoxylin {Mar-four, Konstan-
tynow Lodzki, Poland). Tmages of stained sections were analyzed by ImageJ-Cell Counter,
PCNA-positive and PCNA-negative nuclei were counted manually on randomly selected
microscopic fields of view (n = 5; area: 0.09 mm?), and the percentage of PCNA-positive
nuclei of the total nuclei number (PCNA-positive and PCNA-negative) was presented as
Proliferation Index.

2.9. Superoxide Dismutase (S0OD} Activity

Superoxide dismutase (SOD} Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) was used
to determine SOD activity in homogenized liver samples. The samples (10 mg, n= 3 per
group) were suspended in ultrapure water/PBS and homogenized with frozen metal balls
in a TissueLyser bail mill (Qiagen, New York, NY, USA). The homogenate was centrifuged
at 1000x g for 20 min. The total protein content in supernatant after homogenization
was determined using a BCA Protein Assay Kit according to the manufacturer’s protocol
(Sigma-Aldrich, 5t. Louis, MO, USA). SOD Assay Kit (Sigma-Aldrich, St. Louis, MO, USA)
was performed according to the manufacturer’s protocol.

2.10. Statistical Analysis

Data were analyzed using monofactorial analysis of variance, ANOVA. Dilferences
between groups were tested with multiple-range Tukey's test using software StatGraphics
Centurion version XVI (StatPoint Technologies, Georgia, GA, USA). The significant differ-
ences between groups were marked with different letters (a, b, and ¢). Differences with
p < 0.05 were considered significant.

3. Resulis
3.1. GO and CEME Characterization
The zeta potential of GO solution in a concentration of 100 ppmn was 38.8 mV. Trans-

mission Electron Microscopy (TEM) imaging was used to visualization the morphology of
the flakes of GO (Figure 1).
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Figure 1. Transmission electron microscopic images of graphene oxide flakes.

The detailed protein profile of the aqueous CEME extract was presented in the previ-
ous publication of the authors [9]. This article additionally presents the protein—protein
interaction network of the top 100 proteins of the extract visualized by inBio Discover™,
taking into account categories, regulation of proliferation (positive vs. negative), and func-
tions (ECM organization, nervous system development, and metabolism) (Figure 2). The
largest group (67) are proteins involved and co-involved in proliferation, the second (35)
are proteins related to metabolism, 23 proteins are related to the functioning of the nervous
system, 3 proteins participated in the organization of ECM, and 5 are structural proteins.
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Figure 2. The protein-protein network of top 100 proteins identified in CEME using Mass Spectrometry.
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The GO and CEME complexes formed stable, colloidal structures. No visible aggre-
gates or sediment were observed.

3.2. In Vitro Study: Proliferation of Cells

Cell proliferation was analyzed with the BrdU assay based on the quantitative mea-
surement of DNA synthesis by detecting the thymidine nucleoside analog incorporated
into the DNA of dividing cells during the S phase. The obtained results showed that the
CEME extract, administered at 0.5%, 1%, and 2%, increased the proliferation of muscle cells.
GO applied to the medium did not affect the proliferation of cells. However, administration
of CEME in a complex with GO (GO-CEME1%; GO-CEME2%; GO-CEME5%) resulted in a
significant increase in cell proliferation compared to the administration of the extract alone

(Figure 3A).
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Proliferation of celis - BrdU assay Viability of cells - MTT assay
800+ 150 =
— 4 et
g fah £ 100 4
=4 f =
Q o |
= = 4
= = o100 f
ab \':
i
n_ »
918,810, 018 oo ol 810 3 06 010 810 e, sl sk ol O30, 516 oo oo oo oo oo O s slo ol oo ol oo sl
S eSS R S S TS B IS O o S S
SOOI SN FRLOLNNNE SN
PPF LS SRS 0L PO EOSS SSSOENS
SELFS o PP L

Hemolysis Assay
150~

100+

50= |

% of hemolysis

Figure 3. (A) Proliferation of muscle precursor cells from 9-day-old chicken embryo measured by BrdU assay; {B) Viability
of musdle precursor cells from 9-day-old chicken embryo measured by MTT assay; (C) Results of hemolysis assay performed
on chicken red bloed cells; positive control (Triton X)-100% of hemolysis of red blood cells. Presented as mean value with
standard deviation, different letters denote significant difference, p < 0.05.
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3.2.1. In Vitro Study: Viability of Cells

The in vitro cytotoxicity study of GO and CEME was performed by the MIT method
by determining the metabolic activity of cells (mitochondrial dehydrogenase activity). The
results showed the toxicity of CEME10%, GO and GO-CEME10% and to a small extent,
GO-CEME5% (Figure 3B). Moreover, the GO-CEME10% complex had a more negative
effect compared to CEME10% as well as GO.

3.2.2. Hemolysis Assay

The basic test of the biocompatibility of nanomaterials is the hemocompatibility test,
which determines the potential hemolysis of blood cells after contact with the tested
material. No deleterious effects of GO, CEME, and also GO, complexed with CEME up
to 10% (Figure 3C), on cell membrane stability and hemolysis after 15, 30, and 60 min
were observed.

3.3. In Ovo Study: Chicken Embryo Growth and Development

GO, CEME (in concentrations of 1%, 2%, 5%, and 10%) and GO with CEME complexes
(GO-CEME1%, GO-CEME2% GO-CEMES%, GO-CEME10%) were administered to the
chicken embryo at the beginning embryogenesis. The mean egg mass was not significantly
different between groups (p > 0.05). At the end of embryogenesis (day 20}, the growth and
development of the embryos were assessed. The administered GO, CEME, and GO-CEME
complexes did not reduce the survival rate of the embryos. Moreover, the bodyweight of
the embryos and the relative weight of the heart, liver did not change in relation to the
control group (Table 1). During the necropsy, no visible malformations, genetic or other
pathological changes of the embryos were found.

Table 1. Mean body and organ weight of 20-day-old chicken embryos, presented as mean value & standard deviation.

Group Egg Mass [G] Embryo Body Weight [GI Heart Weight [G] Liver Weight [G]
Control 541+ 4.42 45.1 + 3.52 0.23 £ 0.014 0.63 £ 0.063
CEME1% 537+ 295 445 + 2.46 0.23 £ 0.043 0.67 £ 0.094
CEME2% 52.6 +3.05 439 +2.32 0.24 £+ 0.071 G.61 £0.103
CEME5% 52,9+ 2.70 442 4+272 0.23 £ 0.032 0.62 £ 0.092
CEME10% 55.6 + 3.25 45.6 = 3.28 0.24 £ 0.024 0.59 £ 0.091
GO 54.8 &+ 3.55 47.0 + 549 0.22 £ 0.023 0.63 £0.142
GO-CEME1% 51.9 +349 430+ 298 0.23 £ 0.028 0.64 £ 0.085
GO-CEME2% 55.8 £3.35 512+271 0.19 = 0.072 0.57 £+ 0.067
GO-CEME5% 51.2+341 475+ 357 0.22 - 0.027 0.65 + 0.100
GO-CEME10% 5294274 4444178 0.24 + 0.035 0.63 £0.081

On day 20 of embryogenesis, blood was collected from the embryos, and the basic
blood biochemical parameters were determined (Table 2). The analysis of selected blood bio-
chemical parameters of embryos showed no effect of GO, CEME, and GO-CEME complexes
on the activity of the liver enzymes ALT, AP, AST, and LDH as well as on the concentration
of albumin, total protein, globulin, TG, and creatinine. There was a slight trend of urea
increase in the groups receiving GO and CEME and a decrease in urea after administration
of the GO-CEME complex. However, only statistically significant differences were found
between GO, CEME5%, and CEME10% vs. GO-CEMES% (Table 2). A reduction in blood
glucose concentration was also observed with the administration of GO, CEME10%, and
GO-CEME10%. However, the observed differences were not significant, and all results
were in the reference ranges.
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3.4. In Ooo Study: Morpholegical and Immunohistochentical Evaluation of Muscle Structure

Morphological evaluation of the cross-section of the hindlimb of a 20-day-old chicken
embryo showed no pathological changes in the muscle structure in any group. However,
in the image of the muscle cross-section, there were significant differences in the muscle
structure between the groups (Figure 4). The muscles of the embryos from the control group
were characterized by an extensive perimysiwm with a large amount of connective tissue
as well as a clearly marked endomysium, and the cells were loosely packed. In the groups
treated with CEME, especially CEME2% and CEME5%, the structure of the muscles were
better developed; more densely packed cells, more cell nuclei, and less connective tissue
were observed. In the GO and GO-CEME10% groups, the cells were less developed with
less marked endomysium, while in the GO-CEME1%, GQ-CEME2%, and GO-CEME5%
groups to the greatest extent, round, well-developed cells were observed. Summing up,
the most favorable structure was characterized by the muscle cells of the embryos from the
CEME2% and CEMES% groups, which contained densely packed round cells with a large
number of nuclei.

The analysis of immunchistochemical parameters showed a significant increase in the
number of cells in the CEME2% and CEME5% groups, calculated on microscopic images
per unit area (field of view, 0.09 mm?), compared to the other groups (Figure 5A). In the
CEMEZ2% group, a greater number of cell nuclei was also observed (Figure 5B). The cell
proliferation index, measured by determining the number of PCNA-positive nuclei versus
the total number of nuclei, did not increase in any group, compared to the control group.
However, compared to GO-CEME10% the proliferation index increased in CEME10% and
GO groups (Figure 5C).

3.5. 50D Activity

The experiment also measured the activity of superoxide dismutase (SOD) in the liver,
a key antioxidant enzyme. No influence of the applied factors on the activity of SOD was
observed. The average activity was near 100% in all groups (Figure 6).
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CEME1%

Figure 4. Images of muscle tissue sections after Periodic Acid-Schiff (PAS) staining; yellow arrow—
nuclei; green arrow—endomysium; blue arrow-perimysiumn.
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Figure 5. (A) Average number of cells counted on microscopic field of view [area .09 mm?] of
specimens after Periodic Acid-Schiff (PAS) staining; (B) Average nuclei number counted on the
microscopic field of view [area 0.09 mm?] of specimens stained with Hematoxylin; (C) Proliferation
Index presented as percentage of PCNA-positive nuclei to the total nuclei number counted on
microscopic field of view [area 0.09 mm?] of specimens after immunohistochemical detection of
PCNA. with Hematoxylin co-staining, Presented as mean value with standard deviation, different
letters denote significant difference, p < 0.05.
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4. Discussion

In previous studies [9], we used CEME extract to stimulate chicken embryo muscle
progenitor cells to create pseudo-muscle tissue in vitro. We obtained a spectacular result
because the addition of CEME to the culture medium stimulated spontaneous muscle
contraction. This result inspired further research on the use of CEME to improve the
structure of the skeletal muscle of a chicken embryo in ovo.

In in vitro experiments, cells derived from the pectoral muscle of a 9-day-old chicken
embryo were used. The cells constituted a population of muscle precursor cells as doc-
umented by [9]. In previous tests, we assessed the toxicity of CEME using the Trypan
blue test, which showed a reduction in the number of cells with CEME by 5% [9]. In the
current studies, we obtained a more precise response to the potential toxicity of CEME by
testing the effect of the extract on the proliferation of muscle progenitor cells with the BrDU
test and their metabolism with the MTT test. The results of the MTT test clearly showed
the toxicity of CEME, administered at the level of 10%. The proliferation test, while not
showing a negative effect of the administration of CEME10%, was also not found to have a
positive effect of CEME10%. In the other studies, an extract from the muscles of a chicken
embryo has been used to cultivate nerve cells [18-20]. However, a whole chicken embryo
(CEE) extract, obtained from an 11-day-old embryo, is usually used to cultivate a variety of
cells that require a higher concentration of growth factors than the standard medium [21].
It was found that the use of up to 50 ppm of CEE extract has a positive effect on the culture
of fibroblasts derived from chicken embryos [22]. CEE extract is commercially available.

This preliminary in vitro toxicity assessment allowed the choice of CEME concentra-
tion for in ovo studies in chicken embryos. CEME concentrations of 1%, 2%, 5%, and 10%
for injection into the embryo were selected for further research, thus eliminating only the
lowest concentrations, possibly below the effectiveness level.

In previous studies [9], GO was used as a scaffold layer for differentiating muscle
cells, while in these studies, graphene flakes were to be a form of CEME transport and
protection. The concentration of GO at the level of 100 ppm used in the research was
selected based on our own experience and confirmed the biocompatibility of low concentra-
tions of GO [11,13,23,24]. However, in the presented research, a decrease in the metabolic
activity of muscle cells was observed when administered to the GO medium, which can
be explained by a certain activity of oxygen groups available on the surface of graphene
flakes -OH, =0, -COOH [25] and the generation of a small number of reactive oxygen
species. The reversible, non-covalent bonds can be created with other molecules, especially
with proteins, forming the so-called protein crown. Caused by this, GO can be a carrier of
proteins and release these compounds into the environment over time. When analyzing the
results of GO-CEME complex administration, we found that the toxicity of GO disappears
when combined with CEME proteins, which results from the protein crown effect [26,27].
Moreover, the GO-CEME complex significantly activates the proliferation of chicken em-
bryo muscle cells, which may be related to the gradual dosing of proteins released from
the GO surface. The finding of a beneficial effect of GO-CEME complexes administered
at the level of up to 5% CEME on cell proliferation confirmed the advantage of GO and
CEME complexation [28,29] as a method to improve GO biocompatibility. Most impor-
tantly, the complex of CEME and GO significantly increased the positive effect of CEME on
cell proliferation. Cell proliferation (BrdU test) was enhanced by the GO-CEME complex
compared to the free CEME used and confirmed the choice of GO-CEME1%, GO-CEME2%,
and GO-CEMES5% for chicken embryo studies. However, considering cell culture is a more
sensitive experimental medium than a chicken embryo, so the controversial concentration
of GO-CEME10% was also selected.

The basic test for biocompatibility testing of nanomaterials is hemotoxicity. Interest-
ingly, blood cells” unicellular structures, were not destroyed under the influence of GO and
the controversial concentration of CEME10% and the GO-CEME10% complex compared to
muscle progenitor cells (MTT test). It seems that cells that adhere to the substrate, such
as muscle cells, are much less mobile than rapidly migrating blood cells in the fluid, and
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therefore the former may be more sensitive to potentially harmful factors. The level of
GO hemotoxicity is defined as above 75 pg/mL; however, it can be easily modified by
functionalization of GO surface [30] as confirmed by our resulis,

The potential toxicity of GO, CEME, and their complex was also investigated in in
ovo studies on chicken embryos. The chicken embryo is a unique biological model that
allows for a quick and precise response; hence, it is used to test drugs [31-33] as well as
graphene materials [34-36]. Analysis of embryo growth and development at the systemic
level showed no differences between GO- and CEME-treated embryos and GO-CEME
complexes. The analysis of blood biochemical parameters also did not indicate the toxicity
of the factors used on the basis of the activity of liver enzymes and albumin concentration.
However, it seems that the introduction of an additional amount of protein (CEME) slightly
increased the catabolism of the protein, and the unused part of it was deaminated, which
is indicated by the increased concentration of urea in the CEME group. Administered
L-Arginine supplement in ovo increased the muscle mass of broiler chickens and did
not cause an increase in total protein and albumin levels in chickens during the hatching
period [37]. This result indicates that the genetic potential of anabolism is inhibited by
the limited reserves stored in the egg. However, the excess of supplemented protein is
not metabolically beneficial [38]. Therefore, CEME used on the GO platform reduced the
tendency to increase the urea concentration in embryos’ blood.

Glucose conversion was also slightly disturbed but not significantly different between
groups. The transformation of carbohydrates in the embryo can be modified by the supply
of a significant amount of protein (CEME). Glucogenic amino acids could be converted
into glucose and glycogen which could be stored in the yolk sac and to a lesser extent in
the liver. At the end of embryogenesis, yolk sac glycogen is extensively broken down to
glucose 6-phosphate and then converted by G6PC2-to free glucose [39].

In the case of an excessive supply of glucose via glucogenic amino acids, the reserves
accumulated in the liver and muscles, as a result of in ovo administration of CEME10%
on day 1 of embryonic development, could reduce the glucose release from the yolk sac.
Interestingly, a decrease in glucose levels was also observed under the influence of GO.
Graphene oxide may react with glucose due to its reducing abilities [40], which in turn may
reduce the level of free glucose in the blood. Most of the GO-CEME complexes did not affect
the glucose level, which can be explained by the involvement of available oxygen groups
by binding to CEME. In addition, CEME derived proteins could also be associated with
GO and to alesser extent be a source of glucogenic amino acids and, consequently, glucose.
GO has numerous -OH, =0, -COOH groups on its surface [25]; however, they do not seem
to be involved in the oxidation processes, leading to redox imbalance, as evidenced by the
lack of changes in SOD superoxide dismutase activity. Studies by other authors found that
as GO levels increased, the concentration of H,O» decreased, which indicates that GO acts
as an electron absorber in the system [41]. Moreover, GO also reacted preferentially with
0y~ [42]. Our studies also did not reveal the pro-oxidative activity of GO. It did not affect
the activity of SOD, catalyzing the superoxide radical anion dismutation reaction.

Analyzing the influence of GO, CEME, and GO-CEME complexes on the growth
and development of the embryo, we found no increase in the embryo weight. However,
the maturation of muscles in the embryonic period is largely due to their hyperplasia,
the process of hypertrophy intensifies only after hatching [43]; therefore, the increase in
muscle mass on the 18th day of embryogenesis does not have to be noticed. However, the
microstructure of the muscle, and especially the number of muscle fibers, should indicate
its later condition, which will be fully mature after the hyperplasia stage. The number of
muscle cells is fully established by the point of hatching, and embryonic myogenesis is the
crucial process that determines the muscle mass during the slaughter of chickens [39], so
the assessment of the muscle structure on day 20 is fully justified.

Histological analysis of the cross-section of the muscles of the chicken embryo on day
20 showed that in ovo administration of GO did not positively affect the maturation of
the hindlimb muscles of the embryo, which was probably associated with the formation
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of a protein crown on the surface of the GO flake, which could permanently bind certain
proteins and be the cause of their deficiency. Furthermore, GO-CEME10% caused the
deterioration of the muscle structure, which may be related to the excessively high level of
CEME administered (10%). What is more, the excess peptides related to GO could not be
degraded. Therefore, the administration of CEME10% was safer.

The most favorable morphological image of the embryonic muscles (well-developed
numerous cells and less connective tissue), supported by morphometry analysis (number
of cells), was observed after administration of the CEME exiract at the level of 2 and 5%.
However, only the addition of CEME2% increased the number of cell nuclei.

It could be noted that supplementation of CEME at day one of injection could be
effective later on. However, proteins are also a source of smaller peptides and amino
acids, constituting a reserve pool of potentially deficient components for protein building
during the following days of embryogenesis. The process of proliferation and differen-
tiation of muscle cells from the pool of premyoblastic targets starts at the beginning of
embryogenesis. Expression of Myf5 is already observed at HH stage 9, so CEME injected
into the albumen at HH stage 3 could be used by these cells from the very beginning,.
Myotomal cells, embryonic myoblasts, and fetal myoblasts, having at their disposal a
unique protein cocktail, could fully exploit their genetic potential, normally limited to
spare material accumulated in the egg. CEME exiract was a source of key enzyme proteins
involved in energy production, characteristic of the period of the final stage of develop-
ment of a chicken embryo. The top 100 identified proteins included proteins involved in
glycolysis such as Glucose-6-phosphate isomerase (GPI), Phosphoglycerate kinase 2 (GPT),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Phosphoglycerate kinase 2 (PGK2),
Pructose-bisphosphate aldolase (ALDOC), alpha-enolase (ENO1), Phosphoglycerate mu-
tase T (PGAM1), and Triosephosphate isomerase (TPI1). The presence of these enzymes
couid also reduce the level of glucose in the embryo’s blood (CEME10% group) as a result
of the intensification of glycolysis. Glucose is present in the yolk in a very small amount
(about 1%) and is used as an energy source in the initial phase of embryogenesis and during
the hatching [39,44], another source of energy are proteins, and only then are fats used [39].
Thus, the beginning of embryogenesis is an energetically difficult stage, taking into account
the low level of glucose and the energetically unfavorable process of obtaining energy
from protein. CEME contained the enzymes of ATP synthesis in the mitochondrion ATP
synthase subunits A, B, and D (ATP5F1A, ATP5F1B, ATP5F1D) and proteins involved in
the synthesis of high-energy compounds such as Isocitrate dehydrogenase NADP (IDH1 1
IDHZ), Nucleoside dip (IDI12), and Nucleoside synthesis of nucleoside triphosphates other
than ATP. Supplementation of such a powerful dose of the enzyme apparatus allowing
the production of energy in the muscles, and especially the proteins involved in oxidative
phosphorylation, could stimulate muscle development. Moreover, the pool of proteins
provided by CEME was also a source of glucogenic amino acids, which could spare the
own protein accumulated in the egg. The increase in blood urea level would confirm
the deamination of amino acids. The energy that, thanks to supplementation, could be
produced in the early stage of embryonic development could be used for the synthesis of
the material necessary for the intensive proliferation of myogenic celis in the earlier stages
of embryonic development.

Moreover, CEME was the source of proteins involved in the formation of muscle
structure, including proteins related to the extracellular matrix. First of all, it contained
the key, multifunctional Protein disulfide isomerase (P4HB), among others responsible for
the collagen fibril organization [45]. Another one was SerpinH1 (SERPINI1), specifically
binding to collagen [46]. CEME also contained the Collagen alpha-1 (XIV) chain structural
protein responsible for the collagen organization, including the cell-cell adhesion and ECM
organization. It also contained structural proteins such as Desmin (DES) and Vimentins
(VIM)-type Il intermediate filaments, the first specific for muscles and shaping their normal
structure [47,48]. In addition, the presence of other proteins involved in cytoskeleton
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formation was observed, such as Spectrin alpha chain (SPTAN1 and SPTBN1) and the most
conserved Actin (ACTG1) forming a contractile apparatus.

Proteomic analysis showed a significant contribution to the CEME of nervous system
proteins. For specific neuronal development and polarity, Dihydropyrimidinase-related
protein 2 (DPYSL 2) is responsible for axon elongation and also interacts with microtubules,
actin, and tubulin [49,50]. Muscle development is strongly stimulated by the nervous
system, 50 it can be assumed that the presence of this protein could also indirectly stimulate
muscle maturation.

5. Conclusions

The research concerned the possibility of improving the muscle structure by using
CEME extract from physiologically mature muscles and GO flakes as a carrier of the
extract, administered in ovo. Basic in vitro studies have documented the biocompatibility
of CEME and the GO-CEME complex administered at concentrations 1-5%. No toxicity
was observed in in ovo studies. Analysis of the structure of the striated muscle of the
20-0ld embryo showed a significant improvement, especially the increased number of cells
and cell nuclei after administration of 2% CEME. However, GO, although not toxic, did
not increase the effectiveness of the CEME extract activity. The research clearly shows
the advisability of using the CEME extract as a stimulator of muscle development in the
embryonic period. Potential effects on muscle development in broiler chickens require
further research.
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Aim: The experiments aimed to document the presence of the ACE2 receptor on human muscle cells and the effects of the interaction
of these cells with the spike protein of the SARS-CoV-2 virus in terms of induction of pro-inflammatory proteins, as well as to assess
the possibility of reducing the pool of these proteins with the use of graphene oxide (GO) flakes.

Methods: Human Skeletal Myoblast (HSkM), purchased from Gibco were maintained in standard condition according to the
manufacturer’s instraction. The cells were divided into 4 groups: 1. C-control, 2. S-with addition of spike protein, 3. GO-with the
addition of graphene oxide, 4. GO-S-with addition of GO followed by the addition of S protein. Protein S (PX-COV-P049) was
purchased from ProteoGenix (France). GO was obtained from Advanced Graphene Products (Ziclona Gora, Poland). The influence of
all the factors on the morphology of cells was investigated using light and confocal microscopy, ACE2 protein expression on muscle
cells was visualized and 40 pro-inflammatory cytokines were investigated using the membrane antibody array method. The protein
profile of the lysate of cells from individual groups was also analyzed by mass spectrometry.

Conclusion: The experiments confirmed the presence of the ACE2 receptor in human skeletal muscle cells. It has also been
documented that the SARS-CoV-2 virus spike protein influences the activation of selected pro-inflammatory proteins that promote
cytokine storm and oxidative stress in muscle cells. The use of low ievels of graphene oxide does not adversely affect muscle cells,
reducing the levels of most proteins, including pro-inflammatory proteins. It can be assumed that GO may support anti-inflammatory
therapy in muscles by scavenging proteins that activate cytokine storm.

Keywords: muscle cells, SARS-CoV-2, virus spike protein S, graphene oxide, cytokine storm, ACE2

Introduction

The research’s motivation was to explain the role of muscle tissue as a very large pool of secretory cells in the course and
effects of COVID-19, particularly in the induction of cytokine storm, and the search for an effective scavenger of these
pro-inflammatory proteins.

The global problem caused by the coronavirus disease (COVID-19) pandemic is the result of not only the
severe, unpredictable and difficult-to-treat course of the disease, bul also its incalculable consequences.'? A key
symptom of COVID-19 is cytokine storm (CS).> CS is manifested by excessive secretion of pro-inflammatory
cytokines that initiate many pathways involved in the propagation of inflammation leading to fever, impaired
capillary permeability, acute respiratory failure, multi-organ failure, and in severe cases to death.* According to
these authors, the COVID-19-related cytokine storm and its comprehensive diagnosis are the basis for the
diagnosis and treatment of this disease. The key CS chemokines and cytokines are believed to include the
C-X-C chemokine motif 16 (CXCL10), interferon gamma {IFN-y), interleukin 1 beta (IL-1B), interleukins; IL-2,
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IL-6, IL-7, IL-8, IL-10, IL-12, 1L-17, IL-18, tumor necrosis factor alpha (TNF-g), granulocyte colony-stimulating
factor (G-CSF); granulocyte — macrophage colony-stimulating factor (GM-CSF) and monocyte chemoattractant
protein-1 (MCP-1).*° Currently, COVID-19 is referred to as a multi-organ dysfunction promoting systemic
inflammation.®

The most dangerous consequence of this disease is the fact that a cytokine storm can induce pro-inflammatory
mechanisms in various organs and tissues over the next months and possibly years. 30—50% of patients show symptoms
of the disease for many months.” Moreover, 80% of COVID-19 infections are mild, unhospitalized and unmonitored.®
Thus, the effects of infection, including CS, may develop in a subclinical and uncontrolled manner, and serious effects
may become apparent after months.”

Skeletal muscle dysfunction is also observed during and after COVID-19, and may be caused by CS induced in other
tissues.” Research is being carried out on the potential possibility of infection of muscle tissue or skeletal muscle cells by
the SARS-CoV-2 virus. The expression of the TMPRSS2 and ACE2 genes in human muscle tissue was analyzed and it
was confirmed that endothelial cells, smooth muscle cells, pericytes, muscle stem cells (satellite cefls), macrophages,
immune cells (B, T or NK ecells), and muscle fibers express TMPRSS2.71° However, according to some authors, the
ACE2 receptor is only expressed by smooth muscle cells and pericytes.® According to other authors, skeletal muscles has
high expression of the ACE2 receptor,’”"** but lower than endothelial cells."® Yamamoto et al'® argue that there is no
evidence of direct SARS-CoV-2 invasion into skeletal muscles, moreover, no MERS-CoV-2 virus particles were detected
in ulfrastructural studies of skeletal muscles of patients,"

Muscle tissue constitutes a significant mass of human organism, in a 50-year-old male it can constitute 36.8%
of body weight,'” and on average it accounts for about 40% of total body weight, which means that it has a huge
pool of various proteins, including alse functional. This tissue is thought to contain 50-70% of all body
proteins.’® Although muscle cells are not primarily involved in cytokine induction, however, even their minimal
production, given the size of the muscle mass, can provide a powerful supply of pro-inflammatory proteins. So,
paradoxically, young, athletic men may be much more sensitive to CS. On the other hand, the pain and weakness
of the muscles observed during and after the disease,'” and the consequent lack of physical activity, as well as the
limitation of physical activity related to quarantine also constitute the causal mechanism of CS. Therefore, the
search for a method to reduce the intensity of CS is necessary.

Graphene oxide (GO) is an allotropic form of carbon made of flakes 1.1 £ 0.2 nm thick, which have the
structure of graphene, but contain numerous oxygen groups such as epoxide (= ), carbonyl (C = 0), hydroxyl (-
OH) and on the edges carboxyl (-COOH) and carbonyl (-CQ) groups.'® These numerous oxygen groups make GO
hydrophilic, and after penetration into the body, it is easily passivated by various chemical compounds, especialiy
proteins, which is called the protein corona effect.'” These features of GO also make it relatively biocompatible,?’
as it is surrounded by proteins that reduce its cell-toxic effect.”! Research carried out by our team has shown that
GO used as a nano-scaffold for muscle cells is not only non-toxic but is also preferentially chosen by cells that
adhere and willingly inhabit the GO surface.”* Moreover, cells develop so well on the GO scaffold ihat they
undergo spontaneous physiological centraction. Also, graphene administered to the breeding medium is non-toxic
at a level below 10 pg / L.>* Studies of relatively high biocompatibility of GO have also been confirmed by us in
experiments on rats,>*?* 3D skin model?® and in studies on other biological models.”” It seems that GO, as
a super-thin layer of carbon applied in a small amount, can. without inducing toxicity, deposit on its surface CS-
related proteins present in the body. The use of such anti-inflammatory therapy could significantly reduce the
dangerous, further consequences of COVID-19 disease.

The aim of the conducted experiments was to explain several importani mechanisms of the COVID-19 disease and to
initially attempt to use GO as an adjunct treatment.

First of all, we wanted to confirm the controversial presence of the ACE2 receptor on the surface of skeletal muscle
cells, as well as determine the effects that may result from the presence of a viral fragment - the spike protein, without
infecting the cell with the virus. Moreover. assuming that the S protein induces CS in the immunogenic muscle cells, it
seemns important which cytokines and other functional proteins would be activated. Most of all, however, for the first
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time, we have attempted to minimize CS by using GO. This research is the world’s first experiment on the potential
possibility of GO scavenging CS proteins.

Materials and Methods

GO Characterization
A GO water soluiion (4mg/mL) was obtained from Advanced Graphene Products (Zielona Gora. Poland). In the
experiment, dilutions were prepared in deionized water and sonicated for 15 minutes before use.

The MIR spectrum of the GO water solution was registered with KRS round plates in transmission mode. Five
separate spectra of the working sample were registered, and an averaged spectrum was calculated. The Perkin Elmer
System 2000 spectrometer was used for spectra registration, and analysis was performed in the Pegrams software.

The morphology of the GO flakes was examined using a TEM - JEM-1220 (JEOL, Japan) at 80 kV and a TEM CCD
Morada 11 megapixels camera (Olympus Soft Imaging Solutions, Germany). The zeta potential of the GO solution was
measured using a ZetaSizer Nano Z8 model ZEN3500 (Malvern Instruments, UK).

Cell Culture

Human skeletal myoblast cells were purchased from Gibco (Thermo Fisher Scientific, USA). The cells were maintained
in Dulbecco’s Medified Eagle’s medium (DMEM) (Life Technologies, USA) supplemented with 2% horse serum (Life
Technologies, USA) and 1% penicillin/streptomycin (Life Technologies, USA) according to the manufacturer’s instruc-
tions. The cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO0,/95% air in a Memmert
IC0O150med incubator (Memmert, Germany). The Sars-COV-2 spike proteins (PX-COV-P049) were purchased from
ProteoGenix (France).

The cells were divided into experimental groups: 1) control group (not treated), 2) with addition of S proteins, 3} with
addition of a GO solution, 4) GO-5-with addition of GO followed by the addition of § proteins. The GO was mixed with
the culture media yielding final concentrations of 100 ppm GO. In the group with GO and $ proteins, a medium
containing GO was applied first, and 8 proteins were added at a final concentration 5 pg/ml atter one hour. During the
experiment in the laboratory was maintained a high standard of biosafety practice, although protein § is not an infectious
or replicating factor, with low/moderate individual risk and no community risk. The experiment was conducted in BSL-2
laboratory with BSL-3 biosafety protocols. No formal approval from the Institute review board was required for this
study,

The cells were examined, and their morphotogies were recorded using a light optical inverted microscope (TL-LED,
Leica Microsystems, Germany). For further visualization, the cells were fixed in ice cold methanol for ten minutes at 4°C
and stained with eosin‘hematoxylin (E+H).

Confocal Microscopy

The merphology of the cells and the presence of ACE2 receptors in muscle cells was evaluated using a confocal
microscope (Olympus FV1000, Japan). For imaging, the cells cultured on slides were fixed using 4% parafor-
maldehyde in phosphate buffered saline (PBS) (Life Technologies, USA) for ten minutes at room temperature and
washed with ice-cold PBS. The cells were then incubated in Tween (0.3%) and washed with PBS (Sigma-Aldrich,
USA). Subsequently, the cells were incubated with a blocking solution — normal goat serum (5%; Chemicon
International, USA) — for one hour alt room temperature. The cell nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher Scientific, USA), actin filaments were stained with phalloidin-Atto 633
(Sigma-Aldrich, USA), and the ACE2 receptors were stained with a polyclonal rabbit antibody anti-ACE2
{(SAB3500978, Sigma-Aldrich, USA) overnight at 4°C (dilution 1.5:100). After three series of washing, a goat
anti-rabbit antibody {dilution 1:100) was used as a secondary antibody with Alexa Fluor™ 488 (Thermo Fisher
Scientific, USA), and the cells were incubated for one hour at room temperature. After staining, the cells were
washed with PBS, and the slides were sealed and stored in the dark.
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The number of nuclei was analyzed using ImageJ-Cell Counter; the nuclei stained with DAP] were counted manually
in a randomly selected field of view (n = 3/group).

The areas of actins and ACE2 receptors were analyzed using ImageJ by calculating the actin or ACE2 positive (non-
black) pixels on binarized one-channel images obtained by confocal microscopy (n = 5/group). The mean area of actins
and ACE2 were obtained by dividing the total area by the number of nuclei in the field of view (n = 5/group), which
represented the relative area of acting and ACE2 receptors in a single cell.

The data were analyzed using monefactorial analysis of variance, ANOVA, with Tukey’s posi-hoc test for determin-
ing the differences between the groups. Differences with a p-value <0.05 were defined as statistically significant.
Differences between groups were marked with different letters above the bars (a, b).

Analyses were performed in StatGraphics Centurion version XVI (StatPoint Technologies, USA).

Human Inflammation Antibody Array

The cells were cultured according to the scheme described in section “Cell culture™ and treated for 24 hours after
confluency reached about 80%. After treatment, the cells were manually detached, collected, and centrifuged at
1200 rpm for ten minutes. The protein extract was prepared with a Pierce™ RIPA buffer (Thermo Scientific,
USA) with protease inhibitors (Sigma-Aldrich, USA) and sonicated for three minutes with a pulse of 30 seconds
on/off and an amplitude of 20%. The samples were centrifuged at 12,000 rpm for 25 minutes at 4°C. The
supernatant was collected, and the total protein concentration was determined using a bicinchoninic acid kit
{Sigma-Aldrich, USA). All samples from each experimental group were pooled before further procedure. Human
inflammation factors were analyzed using an antibody array (abl34003; Abcam, UK). The assay was performed
in accordance with the manufacturer’s instructions. The membranes were visualized using Azure Biosystem C400
(Azure, USA), and analyzed using the Image] sofiware. Obtained results were normalized to the control dots.

Mass Spectrometry
Cells were cultured under standard conditions, and after confluency reached around 80%, treated for 24 hours
according to the scheme described in the “Cell culture” section. Afier treatment, the cells were manually
scrapped off, collected, washed with PBS, and centrifuged at 1200 rpm for ten minutes. The protein extract
was prepared with a Pierce™ RIPA buffer (Thermo Scientific, USA) and sonicated for three minutes with
a pulse of 30 seconds on/off and an amplitude of 20%. Protease inhibitors (Sigma-Aldrich. USA) were added to
the Pierce™ RIPA buffer. The samples were centrifuged at 12,000 rpm for 25 minutes at 4°C. The supernatant
was collected and subsequently precipitated using chloroform/methano! protocol. Each group was analyzed in
three independent replicates. The protein pellets of each sample were solubilized in 100 pL of 100 mM TEAB, 8
M urea, 5 pL. of TCEP mM, sonicated, and alkylated with 5 pL of MMTS for 30 minutes. The protein mixture
was digested with a mixture of proteases LysC/Trypsin (Promega V5073, USA) in 8 M urea and 100 mM TEAB,
in a 1:530 ratio. After four hours of digestion with shaking at 37°C, the samples were diluted to achieve a urea
concentration of 1 M and digested overnight. The peptide mixture was purified with HL 10 mg cartridges and
evaporated to dryness in a rotary evaporator. The pellets were dissolved with 2% acetonitrile in the presence of
0.1% TFA. Liquid chromatography-mass spectrometry (LC-MS} analyses were performed in the Laboratory of
Mass Spectrometry (IBB PAS, Warsaw) using a NanoAcquity UPLC System (Waters) coupled fo a QExactive
Orbitrap Mass Spectrometer (Thermo Fisher Scientific, USA). The mass spectrometer was operaied in the data-
dependent MS2 mode, and data were acquired in the m/z range of 200-2000. Peptides were separated by a 180-
minute linear gradient of 95% solution A (0.1% formic acid in water) to 45% solution B (acetonitrile and 0.1%
formic acid). Each sample measurement was preceded by three washing runs to avoid cross-contamination.

Data were analyzed with the PEAKS Q software and searched against the UniProt human reference proieome. The
results were also analyzed in the Panther Classification System version 16.0.

Heat maps were prepared using the GraphPad Prism software version 8.1.2 {GraphPad Software Inc., USA).

The data were analyzed by monofactorial analysis of variance, ANOVA, and r~test, with the level of significance set at
p <0.05. Analyses were performed in the StatGraphics Centurion version XVI (StatPoint Technologies, USA).
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Results

Characterization of GO

Transmission electron microscopy (TEM) was used to confirm the morphology of the GO flakes. After drying, thin sheets
of GO formed a wrinkled surface of 1-3 layers of flakes with irregular edges (Figure 1A). The size of the flakes was 2 to
3 pm. The zeta potential of the GO water solution {1mg/mL) was —28.3 £ 2.1 mV.

A wide characteristic band generated by the stretching of the O-H group at 3450 cm™ was identified in middle
infrared (MIR) analysis. The bands generated by the stretching of the C-H bond were located at 2816 cm™'. Bands
assigned to triple bonds between carbon atoms (sp hybridization) were registered at 2363 em™'. A very intense
characteristic band at 1615 em™" was assigned to double bonds between carbon atoms (sp® hybridization of carbon).
Two bands located at 1371 and 1350 cm ' were assigned to C-O or C-C stretching and/or C-H deformations,
respectively. C-C stretching indicates the sp” hybridization of carbon. Hence carbon was present in the sample in all
known types of hybridization. The presence of hydrogen and oxygen was also confirmed (Figure 1B).

Cell Morphology - Light and Confocal Microscopy

The morphology of the human skeletal myoblast (HSkM) cells exposed to GO, § proteins, and S proteins together with
GO were added to the culture medium in concentrations of 100 ppm GO and 5Spg/mL S preiein (Figure 2A and B) was
analyzed using light microscopy. There were no significant differences between groups after 24 hours of treatment. An
elongated shape characteristic of skeletal muscle cells was observed in alf groups. The muscle fibers with multiple nuclei
also were present (Figure 2B). There were no signs of apoptosis or necrosis in any of the groups. Clearly visible GO
flakes were suspended in the culture medium and adhered to the cells in the GO group. Interestingly. the GO flakes
adhering closely to the cells did not affect the deformation of the cells in these adhesion areas. In summary, the
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Figure | Transmission electron microscopy images of GO flakes {(A); middle infrared (MIR} spectrum of graphene oxide {GO) registered in transmission mode in the
spectral range of 4000400 em™ (B).
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Figure 2 Microscopy imagas of the marphology of fixed HSkM cells after staining with easin {cytoplasm} and hematoxylin {nuclei} (A) and without fixation (B) in the control
group and after 24 hours of treatment with § protein {S), graphene oxide {(GO), and GO with § protein (GO-5); yellow arrows = nuclei, brown arrows — GO flakes, blue
arrows ~ muscle fibers.

introduction of the S proteins and the use of GO in groups of cells incubated with S proteins, as well as the introduction
of GO alone into the medium did not adversely affect the morphelogy of the muscle cells.

Sections with stained nuclei (DAPI), actins (phalloidin}, and ACE2 receptors were observed with a confocal
microscope (Figure 3), and the surface of the actins and ACE receptors were measured. No adverse changes were
found in the morphological image of the actin. However, their surfaces were slightly larger in the groups where GO was
applied, and in the case of total actin area in the GO-8 group, it was significantly larger. However, ne morphological
changes indicative of cytotoxicity and no disruptions of cytoskeleton integrity or actin polymerization were observed
(Figure 4A and B). The muscle cell samples were also stained for the ACE2 receptors. A strongly expressed presence of
ACE2 receptors was found on muscle cells from the control group and the S, GO, and S-GO groups (Figure 3). The total
ACE2? area and mean ACE2 area measurements did not differ between the groups (Figure 4C and D). When analyzing
the morphology and the number of cell nuclei, no differences were observed between the groups and no pathological
changes in the images of cell nuclei were found (Figure 4E).

Protein Analysis

The experiment analyzed the expression of 40 proteins involved in inflammation (Figure 5). Cells incubated with the
S proteins showed an increase in ICAM-1 (A-B/9), MCP-1 (E-F/6), and IL-8 (C-D/8) proteins. The application of GO to
the cells incubated with S proteins decreased the expression of these proteins to the level of the control group. Moreover,
GO, when used alone, did not increase the expression of pro-inflammatory proteins.
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Figure 3 Morphology of HSkM cells, in the control group, and after 24 hours of treatment with S protein, graphene oxide (GO}, 5 protein with GO, visualized using confocal
microscopy; ACE2 receptor — immunoflucrescent staining (green), nuclei — DAPI (blue), actin — phalloidin {red).

Proteomic analysis was also carried out using mass spectrometry (full data available in the Supplement Material,
Table 82). We analyzed the changes in the profile of a broad spectrum of proteins induced by the presence of S proteins,
GO, and both factors using the Peaks Q and Panther softwares. A total of 667 proteins with significantly altered
expression levels were found in the experimental groups compared to the control group. The analysis of the heatmap
images (Figure 6) shows that the S proteins increased the expression of proteins relative to the control group, while the
use of GO in the group of cells incubated with 8§ proteins decreased their level; however, the greatest decrease of
numerous proteins level was observed in group treated with GO.

A voleano plot analysis confirmed these trends, showing a significant up-regulation of 13 selected proteins and
a downregulation of 13 induced by the presence of S proteins in the culture media. The addition of GO to the medium of
cells incubated with 8 proteins significantly increased the levels of five proteins and decreased the levels of 638 proteins
(Figure 7). For comparison, the addition of GO alone increased the expression of five proteins and decreased the
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Figure 4 Cytaskeleta! integrity vent: total and mean actin area in HSkM in the control group {(C) and after 24 hours of treatment with S pratein (S), graphene oxide
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Figure 5 Array analysis of inflammation factors in HSkM cells in the control group (C) and after 24 hours of treatment with 5 protzin {5}, graphene oxide {(GO), and

a combination of § proteins and GO (GO-5} {A): resulis normalized to the control dots; full array map available in the Suppl itary Maverial (Table S1).
Abbreviations: ICAMI, intercellular adhesion molecule 1; MCP-1, monocyte chemoattractant protein |; IL-8, interleukin 8,
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Figure & Heatmap representation of protein expression changes identified through the mass spectrometry analysis of HSkM cells in the control group (C) and afier 24
haurs of rreacment with § protein (S), graphene oxide (GO). and S protein with GO (GO-5); the heatmap only included 667 proteins with significantly altered expression
levels identified in the mass spectromatzy results analysis using the Peaks Q software; the results are presented as Iog; o vatues.

expression of 431 proteing (Table 1). The Venn diagram (Figure 8) showed number of proteins with decreased expression
level, which were common in 8, GO and GO-S groups, in comparison to the control group. There were no similarities in
proteins with increased expression level between S group and GO, GO-S. Only one record was common between GO and
GQ-8 group.
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Figure 7 Volcano plot representation of the expression level of proteins identified by mass spectrometry analysis: voleana plot of up- and downregulated proteins in
HSkM cells after 24 hours of treatment with 5 protein (5) compared to the control group {C) {A); veleano plot of up- and downregulated proteins in HSkM cells after 24
hours of treatment with graphene oxide (GO) compared to the control group {C) (B); volcanc plot of up- and downregulated proteins in HSkM cells after 24 hours of
treatment with S protein and graphene oxide {GO-$) compared to the control group (C) (€): volcano plot af up- and downregulated proteins in HSkM cells after 24
hours of treatment with 5 protein (S) compared to the group treated with § protein 2nd graphene oxide (GO-5) (D) the violet dots (left side) mark the proteins with
significantly decreased expressions, the Orange dots (right side) mark the proteins with significantly increase expressions; the x-axis shows log; fold changes in
expression level, and the y-axis ~fog o povalues; blue ling - significance threshold.

The top ten proteins that were most significantly differentiated by the S proteins were selected (Table 2). The
expression of these proieins increased to the greatest extent (at least two-fold) compared to the control group. Then, the
level of these proteins was monitored following the application of GO and S proteins {GO-S group) and afier using GO
alone. We found that the S proteins increased the expression of the hisione deacetylase 2 (HIDAC2) protein the most, and

Table | Number of Proteins with Significantly
Altered Expression Level Identified Through the
Volcano Plot Analysis

Number of Up- and Downregulated Proteins
{Compared to the Control Group)

Upregulated Downregulated

5 13 13
GO 5 431
GO-S 5 638

Abbreviations: S, experimental group of HSkM cells treated
with § protein; GO, experimental group with graphene oxide;
GO-5, experimental group with cell treazed with S protein and
graphene oxide.
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Figure 8 Venn diagram with numbers of proteins with significanty decreased expression level amang the S, GO 2nd GO-5 groups, in comparison to the contral group.

interestingly. the addition of GO further increased the expression of this protein. The application of GO alone also
increased its expression, but to a lesser extent. The expression of the stomatin-like protein 2 mitochondrial (STOML2)
increased significantly under the influence of the S proteins, but the presence of GO was the reason for its reduction to
the control group level. The S proteins also significantly increased the expression of the following proteins by more than
two-fold: mitochondrial superoxide dismutase (SOD2), peroxisomal multifunctional enzyme type 2 (HSI}17B4),
cyclooxygenase-1 (COX-1/PTGS1), CD59 glycoprolein (CD39), calponin-3 (CNN3), caveolac-associated protein 4
{CAVIN4), titin (TTN), and 408 ribosomal protein 83 (RPS3). Interestingly, in all cases, application of GO decreased
the level of these proteins. The incubation of cells with $ proteins also resulied in a significant, more than two-fold
reduction in the expression of two proteins - keratin type 1 cytoskeletal 9 (KRT9) and hornerin (HRNR).

The application of GO significantly increased the expression of these proteins, and indeed, the level of these proteins
was the highest in the groups with GO alone.

Table 2 List of the Selected Top Ten Proteins with Significantly Altered Expression Levels
Induced by the Presence of S Proteins Relative to the Control Group Based on at Least
2-Fold Change of Expression Level

Top Ten Proteins Up- and Downregulated Relative to the Control Group

Gene Symbol Protein Description Fold Change

Upregulated

HDAC2 Histone deacetylase 2 8.15

STOML2 Stomatin-like protein 2, mitochondrial 4.65

SOD2 Superoxide dismutase, mitochondrial 265

HSD17B4 Peroxisomal multifunctional enzyme type 2 2.53

COXI/PTGSI Prostaglandin G/H synthase |/Cyclooxogenase | 238

CD59 CD59 glycopratein 238

CNN3 Calponin-3 2.30

CAVIN4 Cavealae-associated protein 4 222

TTN Titin 215

RPS3 408 ribosomal protein 53 2.04

Downregulated

HRNR Hornerin 037

KRT? Keratin, type | cytoskeletal 9 0.5
Manotechnology, Science and Applications 2023:16 hitp 11
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Figure 9 Summary classification of general molecular function {A) and biological processes (B) of proteins with significantly altered expression ievels in experimental groups
(GO, 5, GO-S) relative to the control group, identified by mass spectrometry analysis.

Regarding the influence of GO, the levels of several proteins increased relative to the condrol group, especially keratin type I1
cytoskeletal 2, hornerin, and keratin type II cytoskeletal. The level of the remaining proteins was lower than in the control group.

Around one third of proteins were responsible for cellular processes and about 1/5 for metabolic changes (Figure 9A).
With regard to molecular functions, approximately 45% of the different proteins were related to binding and as much as
30% were associated with catalytic activity (Figure 9B).

Discussion

A Human Skeletal Myoblast (HSkM) was derived from a healthy human being and constituted the physiologically
relevant cellular model of myoblasts. Cells taken directly from muscle tissue that have undergone few population
doublings and have not been immortalized represent a more reliable experimental model of skeletal muscle response to
experimental factors compared to traditionally used immortalized cells.**

In studies carried out on HSkM cells, we found a well-expressed presence of the ACE2 receptor protein localized
around the cells, which is confirmed by the studies of other authors.'’* The expression of the ACE2 receptor in muscle
cells indicates the potential effect of SARS-CoV-2 on skeletal muscle'’”® and may explain the cause of muscle
weakness, pain and dysfunction during COVID-19 disease.®® There is a significant loss of muscle mass in COVID-19
patients.®> Among the studies documenting skeletal muscle damage related to COVID-19, the authors point to
sarcopenia,”” cachexia, myalgia, myositis, rhabdomyolysis, atrophy, peripheral neuropathy and Guillain-Barré
syndrome.’** In our research, we did not observe any pathological changes in the morphological image, especially
the cell microstructure, the number of nuetei and the actin image. However, in our experiments we did not use the SARS-
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CoV-2 virus, but only its S spike protein. Protein S is a key determinant of the invasiveness of the virus by binding to
ACEZ, hence the inhibition of the SARS-CoV-2 § - ACE2 interaction is the basis for research on the treatment and
prevention of COVID-19.°*7 In our research, we observed a change in the spectrum of proteins produced by muscle
cells under short contact with the spike protein. This should be related to the situation where there is no infection of
muscle cells but only contact with the residues of the virus. Moreover, in vitro studies on one cell line never reflect the
real state, where the condition of muscles is also influenced by proteins and secretions synthesized in other tissues. In
vitro studies on primary cells are carried out in a short period of time due to the mortality of HSkM cells. However, these
studies are crucial in understanding the first signs of a cytokine storm that may occur under the influence of the S protein
in muscle tissue. According to Seixas et al** the mechanisms responsible for the pathological changes in skeletal muscles
during COVID-19 are still unknown, but undoubtedly the key cause, according to these authors, seems to be a cytokine
storm.

Thus, another study of the implications that might be associated with the presence of the viral spike protein was to
determine the expression of proteins involved in the induction of inflammation, After incubation of HSkM cells with the
§ protein, an increase in the levels of ICAM-1, MCP-1 and 11.-8, which are among the key pro-inflammatory cytokines
and chemokines, was observed.” Increased levels of these proteins have also been observed in COVID-19 patients.*
Interleukin 8 is a chemokine considered to be the most potent chemotactic agent in humans, and moreover has a clear
target specificity for neutrophils, which it attracts and activates in inflammatory areas.*® Muscle tissue shows the
presence of many cytokines and chemokines, including IL-8,*' which is a manifestation of its immunological and
endocrine function.** However, some authors argue that a modest release of 11.-8 by muscle cells causes not so much an
increase in plasma IL-8 concentration as local activity, especially promoting angiogenesis.*>* IL-8 may bind the
CXCR1 receptor responsible for its pro-inflammatory action or the CXCR2 receptor present on microvascular endothelial
cells responsible for angiogenesis.** This local proangiogenic neovascularization promoting effect of 1L-8* may,
paradoxically in the case of COVID-19, increase the ACE2 recepior pool present on the endothelial cells of newborn
vessels and thus increase the cell availability for SARS-CoV-2 virus.

Another protein whose elevated level was observed due to the presence of the § protein was the chemokine MCP-1.
MCP-1 is responsible for the production of adhesion molecules as well as the proliferation and migration of VSMC

vascular smooth muscle cells*>*

and may also promote the formation of atherosclerotic lesions, il is one of the most
important ¢ytokines responsible for venous thrombosis.*” In COVID-19 patients, a postmortem examination revealed
thrombus in the small vessels of the lungs. The presence of a fibrin clot in small arteries indicates an increased risk of
vascular and venous thromboembolic complications."®** Moreover, serum MCP-1 levels are a biomarker indicating
a very severe course and a high risk of death in COVID-19 patients.” Studies on mice have found that increased
production of MCP-1 in skeletal muscle promotes inflammation in skeletal muscle.*® Moreover, MCP-1 is also called
myokine - the exercise factor, because intense muscle effort increases its level, and it promotes the infiltration of
macrophages after severe muscle damage. It appears that muscle, as a tissue that exhibits secretory functions and
accounts for approximately 40% of body weight, may play a very important role in inducing and promoting inflamma-
tion, especially in COVID-19,

In the conducted studies, an increased level of ICAM-1 was also observed under the influence of the spike S protein.
Increased blood ICAM-1 levels have been reported in patients with COVID-19, especially in severe cases, and ICAM-1
may also be a predictor of complications related to COVID-19.%! ICAM-1 is a cell surface adhesion receptor and is
responsible for the accumulation of white blood cells at sites of inflammation, Moreover, it stimulates the synthesis of
cytokines that induce rhinovirus replication.”? Increased ICAM-1 expression in muscle cells and muscle satellite cells
oceurs afier muscle overload, contributing to muscle hypertrophy.®® Exercise may also increase the expression of 1L.-8,
increased levels of which were observed under the influence of the 8 protein.”* Thus, the spike protein is likely to induce
mechanisms similar to severe muscle overload. Muscle overload reduces the antioxidant capacity, which can lead to
oxidative stress.”® Activation of oxidative stress can be a step in the development of a cytokine storm. Analysis of the
level of cytokines and the found increased synthesis of IL-8, MCP-1 and FCAM-1 - characteristic of COVID-19
infection,”® induced in human skeletal muscle cells by the presence of the spike protein, clearly indicated the activation
of the cytokine storm.
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The application of GO in the group of cells incubated in the medium with the 8 protein decreased the level of
cytokines IL-8, MCP-1 and ICAM-1 to the level of the control group. Graphene oxide alone, added to the culture
medium, did not affect the induction of any of the inflammatory proteins. These results confirm ours and other authors’
observations, which prove the significant biocompatibility of graphene oxide administered in a small amount.” In
in vitro studies on smooth muscle, found no negative effect of GO, but it was observed an increase of cell proliferation
under the influence of GO.>” Moreover, in vitro studies on macrophages showed that GO at 1 pm / mL did not increase
the level of pro-intflammatory cytokines 11.-6 and TNF-0.°® There are also studies showing negative, including pro-
inflammatory effects of GO, although the toxicity depends on the dose used and we used a safe level in our studies, also
verified in preliminary studies.

In order to clarify the molecular causes of changes induces by the incubation of cells with the S protein and the effect
of GO to reduce this adverse effect, we conducted a proteomic analysis of the lysate of cells from the control group and
the S, GO-8 and GO groups. We found that the S protein had the greatest effect on increasing the level of histone
deacetylase (HDAC2), what’s more, GO increased the level of this protein even more. Takahashi et al°® indicate that
HDIAC?2 increases ACE2 expression, being an important risk factor in the course of COVID-19. This is very clearly
confirmed by our results, which moreover documented that the S protein, regardless of the presence of a virus, causes this
mechanism in skeletal muscle cells. It can be assumed that the spike protein promotes infection by increasing the ACE2
pool and thus increasing the availability of cells to the virus. ACE2, in addition to its function of cleaving angiotensin II,
also affects the functioning of mitochondria,®! what is more. it regulates the activity of the mitochondrial oxidase
NADPH 4, responsible for the production of Reactive Oxygen Forms (ROS).** The overproduction of ROS may, in turn,
be a factor that promotes a cytokine storm,

Another protein whose leve! has significantly increased is Stomatin-like protein 2 mitochondrial (STOML2). This
protein regulates the biogenesis and activity of mitochondria by regulating mitochondrial translation, although its key
role is to increase the activity of this translation in a state of increased cell activity.*® It can be presumed that the increase
in HDAC2 and STOML?2 levels is associated with the activation of the ROS production process by the 8 protein. This
may be confirmed by a significant increase in the level of Superoxide dismutase (SOD2), Cyclooxygenase-1 (COX-1)
and Peroxisomal multifunctional enzyme type 2 (HSD17B4) and the 40S S3 ribosomal protein (RPS83). SOD2 is an
enzyme that catalyzes superoxide dismutation in the first line of ROS formation in mitochondria.** SOD2 levels may be
elevated due to overproduction of ROS.°® What's more, increasing the level of the 408 $3 ribosomal protein, which,
apart from involvement in translation, also performs a repair function towards DNA, and in particular has an affinity for
the DNA adduct (7,8-dihydro-8-oxoguanine (8-0x0G), resulting from the action of ROS®® would confirm the thesis about
the promotion of oxidative stress in skeletal muscle cells by the spike protein.

Overexpression of SOD2 also atfects the aconitase activity and may inhibit the activity of pyruvate carboxylase - the
Krebs cycle enzyme, which reduces the efficiency of energy production from glucose,”” which in turn may affect the
activation of beta-oxidation of fatty acids, manifested by increased PMFP2 expression. Muscle weakness is
a characteristic symptom of COVID-19 infection.'” COX-1 and COX-2 are highly expressed in inflamed tissues,
including COVID-19.°® COX-1 is present in muscles® and is a physiologic variant of COX enzyme which catalyzes
the conversion of arachidonic acid to Prostaglandin H2 (PGH2), leading to the synthesis of prostaglandins and
tromboxan, and above all to PGG2.”® Moreover, COX-1 regulates angiogenesis,”’ which would seem consistent with
the increase in IL-8 levels observed in our research and support the hypothesis of promoting infection by the spike
protein by activating angiogenesis and thereby increasing the ACE2 receptor pool. However, confirmation of this thesis
requires further in-depth research. Nevertheless, both an increase in SOD2 and COX-1 levels may indicate activation of
oxidative stress, which is a cytokine storm promoter by activating the redox-sensitive transcription factor NF-kB, which
will regulate IL-1B, IL-6, TNF-a and observed in our study, IL-8.

The S protein also increased the expression of the CD39 membrane glycoprotein, which may also be involved in the
regulation of inflammatory factors.”® There was also an increase in the level of CAVIN4 - a protein significantly involved
in inflammatory signaling mechanisms related to pathogenic changes in muscles, including muscular dystrophy.”
Interestingly, the § protein also increased CNN3 protein expression. This protein regulates the organization and
contractility of stress fibers,”® which may suggest some influence of the spike protein on muscle function. This would
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confirm an increase in the level of titin, a protein strongly associated with muscle activation and strength,”® which may
also confirm the observation regarding the increase in ICAM-1 expression and support the thesis that the effect of the
S protein is similar to the effect of muscle overload.

Analyzing the influence of GO on the expression of the discussed proteins increased by the spike protein, it should be
stated that all these proteins, except HDAC2, were down-regulated. The decreased expression of these proteins was non-
specific and showed no physioclogical relationship. The protein corona effect characteristic of GO’’ may explain this
phenomenon. GO, as a super-thin material, has a large specific surface, which exposes numerous hydroxyl, epoxy and
carboxyl groups, enabling the formation of weak bonds, electrostatic and hydrophobic interactions.”” GO flakes
introduced into the biological fluid are surrounded by proteins present in the biological environment, although this
process is not strictly specific, there is a certain personalization characteristic of the biological fluid donor’s disease,***!
This regularity explains why the proteome of muscle cells treated with spike protein and GO is different compared to
cells treated with GO alene, By analyzing the proteomic results, as well as the identification of selected inflammatory
cytokines, it can be assumed that GO flakes bound proteins involved in promoting cytokine storm on the surface. These
preliminary results represent the first attempt to use GO as a quencher for a spike protein-induced cytokine storm. The
use of GO as a factor reducing the effect of CS could be of key importance for post-COVID-19 therapy.

Conclusion

It can be concluded that human muscle cells have a strongly expressed ACE2 receptor, which confirms the results of
studies by other authors. This observation confirms the possibility of the SARS-CoV-2 virus entering muscle cells and
stimulating them to produce pro-inflammatory proteins. In addition, the S protein of the SARS-CoV-2 virus, introduced
into the muscle cell culture, activates some molecular mechanisms leading to the induction of a cytokine storm.
Molecular changes under the influence of protein S may resemble the effect of muscle overload, especially the activation
of oxidative stress and pro-angiogenic effects. This confirms the secretory function of skeletal muscle tissue and, for the
first time, indicates the pro-inflammatory potential of this tissue in the face of COVID-19 infection. Moreover, this effect
is independent of the presence of the virus in the cell, but only induced by the spike protein. Most importantly, however,
we documented for the first time the possibility of reducing pro-inflammatory proteins, induced in the cell by protein §,
with GO. As highly capable of adsorbing proteins on their surface and forming a protein corona, GO flakes can act as
a C8 protein scavenger. The conducted research may indicate the potential use of GO in supporting the treatment of
muscle inflammation in COVID-19. Since muscles are a large part of the human body mass, their cytokine storm-
promoting activity is likely to determine the course of the disease.
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ewa sawosz-chwalibog@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielinska M.,
Szczepaniak J., Sosnowska M., Daniluk K., Cysewski D., Koczon P., Chwalibog A., Sawosz
E. 2020. Effects of Graphene Oxide Nanofilm and Chicken Embryo Muscle Extract on Muscle
Progenitor Cell Differentiation and Contraction. Molecules, 25(8) 1991 méj indywidualny
udzial w jej powstaniu polegal na uczestniczeniu w opracowaniu koncepcji i planu
doswiadczenia, opracowaniu metodyki, przygotowywaniu manuskryptu artykulu i jego
korekcie, nadzorowaniu przebiegu badan, a takze pozyskaniu finansowania i udostgpnieniu
niezbednej aparatury badawczej (10% udzialu).



Zalacznik nr 9 — Wzér oswiadczenia o wspotautorstwie
3 ) i 2
Warszawa, dn. 18.09 4043

mgr inz. Jasmina Balaban

jasmin.balaban(@gmail.com

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Os$wiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy: Balaban J., Zielinska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 11(12), 3467 méj indywidualny udziat w jej powstaniu polegal na
opracowaniu planu badan, opracowaniu metodyki, wykonaniu do$wiadczen, interpretacji i
prezentacji wynikéw, przygotowaniu manuskryptu (65% udziatu).

Podpis
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Zatgeznik nr & Wodr ogwiadezenia o wspolautorstwic
Warszawa. dn. 19.09.23r.

dr inz. Marlena Zielinska-Gorska
marlena zichnska gorskat@sgpw edu.pl

Rada Dyseypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wicjskicgo w Warszawie

Oswiadezenie o wspMautorstwie

Niniejszym oswiadczam, Zze w pracy: Balaban )., Ziclinska M., Wierzbicki M.. Ostaszewska
T.. Fatkowska M.. Rzepkowska M.. Daniluk K.. Sosnowska M., Chwalibog A.. Sawosz I-..
Iffeet o Muscle Extract and Graphene Oxide on Muscle Structure of Chicken lmbryos,
Animals, 2021, 17(12), 3467 moj indywiduvalny udzial w jej powstanin polegal na
uczestniczeniu przy czescl dodwiadcezen, pobieraniu materialu biologicznego do analiz, a takze
wsparciu podezas opracowaniu metodyki 1 walidachi (4% udziatu).

Holoma Gullin o = (mbs=

Podpis




Zatacznik nr 9 — Wz6r oswiadczenia o wspélautorstwie

Warszawa, dn. es; 05 80(_}

dr hab. Mateusz Wierzbicki
mateusz_wierzbicki@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadezam, ze w pracy: Balaban I., Zieliiska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. dnimals, 2021, 11(12), 3467 moj indywidualny udzial w jej powstaniu polegat na
uczestniczeniu przy opracowaniu metodyki oraz wizualizacji danych (3% udziatu).

Podpis
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Zatacznik nr 9 — Wzdr oéwiadezenia o wspolautorstwie

Warszawa, dn. 4309\.25

Prof. dr hab. Teresa Ostaszewska
tresa_ostaszewska@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie 6 wspélautorstwie

Niniejszym o$wiadczam, z¢ w pracy: Balaban J., Zielifnska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 11(12), 3467 méj indywidualny udzial w jej powstaniu polegal na
uczestniczeniu przy opracowaniu metodyki oraz ocenie materiatu histologicznego (3%
udziahy).

Podpis

//’:@&&JWO



Zalacznik or 9 Weor oswiadezenia o wapolastorstwie
Warszawa. dn.

dr Magdalena Fajkowska
magdalena fajkowska‘wsgew edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspdlautorstwie

Ninigjszym os$wiadezam. ze w pracy: Balaban 1. Zielinska M.. Wierzbicki M..
Ostaszewska T.. Fajkowska M.. Rzepkowska M. Daniluk K.. Sosnowska M.. Chwalibog A..
Sawosz [5., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Amimaly. 2021, 11{12). 3467 mdj mdvwidualny udzial w jej powstaniu polegal na
uczestniczeniu przy opracowaniu metodski oraz analizie materialu histologicznego (3%
udzialu).

' /
C YO r) "\L‘

J
Podpis



Zalgcznik nr 9 - Wzor oswiadezenia o wspotautorstwie
Warszawa, dn. ﬂg 0F . 2025

dr Malgorzata Rzepkowska
malgorzata_rzepkowska@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Of$wiadczenie o wspolautorstwie

Ninigjszym o$wiadczam, 2e w pracy: Balaban J.. Zielinska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K.. Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 11(12), 3467 mdj indywidualny udziat w jej powstaniu polegal na
uczestniczeniu przy opracowaniu metodyki oraz analizie materiatu histologicznego (3%

udziahs).

Podpis




Zakczntk nr 9 - Weor ofwiadezenia o wspolautorstwic

Warszawa, dn.

mgr Karolina Daniluk
karolina_daniluk@sggw edu.p!

Rada Dyscypliny Nauki Biologiczne

Szkely Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Nmiejszym o$wiadezam, ze w pracy:; Balaban J., Zielinska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 17(12), 3467 moj indywidualny udziat w Jjej powstaniu polegal na
uczestniczeniu przy pobieraniu materialu biologicznego do analiz (2% udziatu).

Podpis



Zatgeznik nr9 — Wzdr oswiadezena o wspolaulorsiwie
4 )
Warszawa, dn. MJ Of '2 5

dr Malwina Sosnowska
malwina sosnowska@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Qswiadezenie o wspdélautorstwie

Ninigjszym ofwiadczam, ze w pracy: Balaban J., Zielinska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A..
Sawosz E., Effect of Muscle Exiract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 11(12), 3467 m¢j indywidualny udzial w jej powstaniu polegat na
uczestniczeniu przy pobieraniu materiatu biologicznego do analiz (2% udziahu).

Podpis



Zalacznik nr 9 — Wzor o$wiadozenia o wspolautorstwie

Warszawa, dn. 29. (1 20622

prof. dr hab. Andre Chwalibog
ach@sund.ku.dk

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy: Balaban J., Zielinska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 11(12), 3467 méj indywidualny udzial w jej powstaniu polegat na
uczestniczeniu w przygotowaniu manuskryptu i jego korekcie, a takze pelnieniu funkcji autora
korespondencyjnego (5% udziatu).

Podpis



Zatgeznik nr 9 — Wzér odwiadczenia o wspolautorstwie

Warszawa, dn.

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

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy: Balaban J., Zielinska M., Wierzbicki M.,
Ostaszewska T., Fajkowska M., Rzepkowska M., Daniluk K., Sosnowska M., Chwalibog A.,
Sawosz E., Effect of Muscle Extract and Graphene Oxide on Muscle Structure of Chicken
Embryos. Animals, 2021, 11(12), 3467 méj indywidualny udzial w jej powstaniu polegal na
opracowaniu koncepeji i planu badaf, nadzorowanin przebiegu doswiadczen, a takze
pozyskaniu finansowania (10% udziatu).



Zalgeznik nr 9 — Wzor oswiadczenia o wspolautorstwie

17 0f 4077
Warszawa, dn. "¢ (/bp.d,,_‘_,

mgr inz. Jasmina Bataban
Jjasmin.balaban@gmail.com

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielifiska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P., Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 mdj indywidualny udzial w jej powstaniu polegal na opracowaniu planu badan,
opracowaniu metodyki, wykonaniu dodwiadczeni, analizie wynikdéw oraz przygotowaniu
manuskryptu (65% udziatu).

Podpis
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Zatgeznik nr 9 — Wzor oswiadczenia o wspolautorstwie

Warszawa, dn. 2 S‘ ) Of} (302 5

dr hab. Mateusz Wierzbicki
mateusz_wierzbicki@sggw.edu.pl

Rada Dyseypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym oswiadcezam, ze w pracy: Balaban J., Wierzbicki M., Zieliiska-Gérska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P.. Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 moj indywidualny udziat w jej powstaniu polegal na uczestniczeniu przy opracowaniu
wynikow (2% udziahu).

Podpis
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Zalgeonik nr @ W zor oswiadesenin o wspolaatorstwic

Warszawa, dn. 19.09,23r.

drinz. Marlena Zielinska-Gorska
narlena zielinska gorska@sggw.edu p!

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wicjskiego w Warszawie

Oswiadcezenie o wspilautorstwie

Niniejszym oswiadczam, ze w pracy: Balaban J., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P., Cysewski D., Chwalibog A.. Sawosz L.,
Graphene Oxide Decreases Pro-Inftammatory Proteins Production in Skeletal Muscle Cells
xposed 10 SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 maj indywidualny udzial w juj powstaniu polegal na uczestniczeniu wczgsc
doswiadczalnej zwigrzanc} 2 mikroskopig konfokalng (2% udaziatu).

HodonG Yol h e -Gt

Podpis



Zatgeznik nr9 - Wzdr odwiadezenia o wspolautorsiwie

] 0825

Warszawa, dn.

dr Malwina Sosnowska
malwina_ sosnowska@sggw .edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, z¢ w pracy: Balaban ., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P., Cysewski D., Chwalibog A., Sawosz [,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 mdj indywidualny udzial w jej powstaniu polegal na uczestniczeniu w opracowaniu
wynikéw dotyczacych analizy proteomicznej (2% udziah).

Podpis



Fatacnik nr 9 Weor oswiadczenia o wspdlautorstwic

Warszawa, dn.

mgr inz. Karolina Damluk
karolina danilukia sgew.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadezenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M.. Daniluk K., Jaworski S., Koczon P, Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 méj indywidualny udzial w jej powstaniu polegal na uczestniczenin w czgsc
doswiadczalne] zwiazanej z analizg bialek prozapalnych (2% udziatu).

Podpts



Zalgeznik nr 9 - Wzor oéwiadczenia o wspotautorstwie

Warszawa, dn, 18.05. [os %

dr hab. Stawomir Jaworski
slawomir_jaworski@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P., Cysewski D., Chwalibog A., Sawosz E..
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 mdj indywidualny udzial w jej powstaniu polegal na udostgpnieniu aparatury
niezbednej do wykonania badan (2% udziatu).

Podpis
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Zatgeznik nr 9 — Wzor oswiadczenia o wspélautorstwic

Warszawa, dn, 26 .‘ * ZO 2 Z

prof. dr hab. Piotr Koczon
piotr_koczon@sggw.edu.pl

Rada Dyscypliny Nauki Biologiczne

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S.. Koczon P., Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 mdj indywidualny udzial w jej powstaniy polegal na wykonaniu analizy tlenku grafenu
metoda spektroskopii w podczerwieni FTIR (3% udziatu).

il



Zidgeznik or ) Wedy odwindesenin o wipGlaniorsiwic
R Ve
Warszawa, dn. £ §

dr Dominik Cyscwski
dominikeysewski@gmail.com

Rada Dyscypliny Nauki Iiiulugicznc’

Szkoly Glownej Gospodarsiwa
Wicjskiego w Warszawie

Oswiadezenic o wspdlautorstwic

Niniejszym o$wiadczam, ze w pracy: Bataban J., Wierzbicki M., Ziclinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P., Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 mdj indywidualny udzial w jej powstaniu polegal na wykonaniu analizy
proteomicznej metoda spektrometrii mas (3% udzialu).

Podpis
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Zatacznik nr 9 — Wzdér o$wiadczenia o wspéltautorstwie

Warszawa, dn. 29, ({. 2 023

prof. dr hab. Andre Chwalibog
ach@sund.ku.dk

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Ofwiadczenie o wspélautorstwie

Niniejszym oféwiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczoa P., Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 méj indywidualny udzia} w jej powstaniu polegal na uczestnictwie w przygotowaniu
manuskryptu i jego korekcie, a takze pelnieniu funkcji autora korespondencyjnego (9%
udziatu).

Podpis



Zalgernik nr 9 — Wzér o$wiadczenia o wspolautorstwie

Warszawa, dn.

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

Rada Dyscypliny Nauki Biologiczne

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy: Bataban J., Wierzbicki M., Zielinska-Gorska M.,
Sosnowska M., Daniluk K., Jaworski S., Koczon P., Cysewski D., Chwalibog A., Sawosz E.,
Graphene Oxide Decreases Pro-Inflammatory Proteins Production in Skeletal Muscle Cells
Exposed to SARS-CoV-2 Spike Protein. Nanotechnology, Science and Applications, 2023,
16:1-18 méj indywidualny udzial w jej powstaniu polegat na przygotowaniu koncepcji 1 planu
badan, zdobyciu finansowania, a takze udziale w przygotowaniu manuskryptu i jego korekcie
(10% udziatu).



Wyrazam zgode na udostgpnienie mojej pracy w czytelniach Biblioteki SGGW

gz‘ytelny podpis autora)






