UNIVERZITA PALACKEHO V OLOMOUCI

DISERTACNI PRACE

Olomouc 2021 Mgr. Tomas Malina



UNIVERZITA PALACKEHO V OLOMOUCI
PRIRODOVEDECKA FAKULTA

KATEDRA FYZIKALNI CHEMIE

Toxicita nanomaterialu na bazi uhliku

Toxicity of carbon-based nanomaterials
DISERTACNI PRACE

Mgr. TOMAS MALINA

Studijni program: Chemie
Studijni obor: Fyzikalni chemie

Forma studia: prezen¢ni

Olomouc 2021 Skolitel: prof. RNDr. Radek Zboril, Ph.D.



r

Prohlaseni

ProhlaSuji, ze jsem disertacni praci vypracoval samostatné a ze veSkera literatura
jetadné citovana. Dale prohlasuji, Ze mam hlavni autorsky pfinos v publikacich [ii], [iii],
[v] a [iX] uvedenych v seznamu autorovych publikaci, které jsou popsany v

experimentalni ¢asti predkladané disertacni prace.

VOIomouCi dne .......oooooeees



Podékovani

V prvni fad¢ bych chtél velice pod€kovat svému skoliteli prof. RNDr. Radku
Zbotilovi, za odborné vedeni, cenné rady a konzultace, které mi poskytl nejen béhem
psani disertacni prace, ale také b&hem celého doktorského studia. Déle bych rad
podékoval Mgr. Katefin¢ Poldkové, Ph.D. a prof. Ing. BlahoSi Marsalkovi, Ph.D. za
veskerou pomoc a cenné rady ohledné¢ problematiky humanni a environmentalni
toxikologie uhlikovych nanomateriali. Dékuji také kolegiim z RCPTM a pfedevsim Mgr.
Martinu Petrovi, Ph.D. a Mgr. Ondteji Malinovi, Ph.D. za pfijemné pracovni prostiedi a
pohodu v kancelafi.

Obrovské podeékovani pak patii mé rodin€ a predevsim mé milované zené Lucii za
podporu, kterou mi po celou dobu studia poskytovala. Velice Vam dekuji a moc si toho

vazim.



Seznam publikaci, na nichZ se autor této disertacni prace podilel jako hlavni autor

nebo spoluautor v pribéhu doktorského studia (2017 - 2021) (sefazené

chronologicky)

[1]

[ii]

[iii]

[iv]

W

Balzerova, A.; Polakova, K.; Malina, T.; Belza, J.; Ranc, V.; Zboril, R. 2019.
Cellular uptake of graphene acid by HEL and HELA cells studied by UV raman
spectroscopy. NANOCON 2018 - Conference Proceedings, 10th Anniversary
International Conference on Nanomaterials - Research and Application, 566-571.
Malina, T.; Polakova, K.; Skopalik, J.; Milotova, V.; Hola, K.; Havrdova, M.;
Tomankova, K.; Cmiel, V.; Sefc, L.; Zboril, R. 2019. Carbon dots for in vivo
fluorescence imaging of adipose tissue-derived mesenchymal stromal cells.
Carbon, 152, 434-443.

Malina, T., Marsalkova, E., Hola, K., Tucek, J., Scheibe, M., Zboril, R. and
Marsalek, B. 2019. Toxicity of graphene oxide against algae and cyanobacteria:
Nanoblade-morphology-induced mechanical injury and self-protection mechanism.
Carbon 155, 386-396.

Sima, M.; Vrbova, K.; Zavodna, T.; Honkova, K.; Chvojkova, I.; Ambroz, A;
Klema, J.; Rossnerova, A.; Polakova, K.; Malina, T.; Belza, J.; Topinka, J.;
Rossner, P., Jr. 2020. The differential effect of carbon dots on gene expression and
dna methylation of human embryonic lung fibroblasts as a function of surface
charge and dose. International Journal of Molecular Sciences, 21, 1-23.

Malina, T., Marsalkova, E., Hola, K., Zboril, R. and Marsalek, B. 2020. The
environmental fate of graphene oxide in aquatic environment-Complete mitigation
of its acute toxicity to planktonic and benthic crustaceans by algae. Journal of

Hazardous Materials, 399, 123027.



[vi]

[vii]

Svoboda, L.; Bednar, J.; Dvorsky, R.; Panacek, A.; Hochvaldova, L.; Kvitek, L.;
Malina, T.; Konvickova, Z.; Henych, J.; Nemeckova, Z.; Vecerova, R.; Kolar, M.;
Matysek, D.; Vilamova, Z. 2021. Crucial cytotoxic and antimicrobial activity
changes driven by amount of doped silver in biocompatible carbon nitride
nanosheets. Colloids and Surfaces B: Biointerfaces, 202, 111680.

Panacek, D.; Hochvaldova, L.; Bakandritsos, A.; Malina, T.; Langer, M.; Belza, J.;
Martincova, J.; Vecefova, R.; Lazar, P.; Polakova, K.; Kolafik, J.; Valkova, L.;
Kolar, M.; Otyepka, M.; Panacek, A.; Zbotil, R. 2021. Silver Covalently Bound to
Cyanographene Overcomes Bacterial Resistance to Silver Nanoparticles and

Antibiotics. Advanced Science, 2003090.

[viii] Vanco, J., Travnicek, Z., Hosek, J., Malina, T., Dvorak, Z. 2021. Copper(Il)

[ix]

Complexes

Containing Natural Flavonoid Pomiferin Show Considerable in Vitro Cytotoxicity
and Anti-Inflammatory Effects. International Journal of Molecular Sciences, 22,
7626.

Malina, T.; Polakova, K.; Hirsch, C.; Svoboda, L.; Zbofil, R. 2021. Toxicity of
Carbon Nanomaterials—Towards Reliable Viability Assessment via New
Approach in Flow Cytometry. International Journal of Molecular Sciences, 22,

7750.



Prezentace na konferencich

1. Ustni prezentace:

International Conference on Nanomedicine and Nanobiotechnology — ICONAN 2018,
Rim, Italie 26 — 28. srpna 2018: ,,Positively charged carbon dots for mesenchymal stem

cells imaging“.

NanoSafe 2018, Grenoble, Francie 5 — 9. listopadu 2018: ,, Multimodal toxic mechanism

of Graphene Oxide to Algae and Cyanobacteria — The role of surface oxidation*.

Studentska védecka soutéz O cenu dékana, Olomouc, Ceska Republika 7. ¢ervence 2020:
» The environmental fate of graphene oxide in aquatic environment—Complete
mitigation of its acute toxicity to planktonic and benthic crustaceans by algae“. 1. misto

v doktorské kategorii sekce Biologie a ekologie.

2. Posterova prezentace:

Nanocon 2017, Brno, Cesk4 Republika 18 — 20. fijen 2017: ,,Graphene Acid - New

Biocompatible Nanocarrier for Bioapplication“.

Nanocon 2018, Brno, Ceska Republika 17 — 19. fijen 2018: ,, Comparison of Cytotoxicity

of Two Types of Carbon Dots on Lung Normal and Tumor Cells“.

European Federation of Biotechnology — EFB 2021, Virtual conference, 10 — 14 kvétna
2021: ,,Environmental fate of graphene oxide in aquatic environment — complete

mitigation of acute toxicity against planktonic and benthic crustaceans by algae*.



Bibliograficka identifikace

Jméno a pfijmeni autora:
Nazev prace:

Typ prace:

Pracovisté:

Vedouci prace:

Mgr. Tomas Malina

Toxicita nanomaterial na bazi uhliku
Diserta¢ni prace

Katedra fyzikalni chemie, UP v Olomouci

prof. RNDr. Radek Zbotil, Ph.D.

Rok obhajoby: 2021
Pocet stran véetné ptiloh: 174
Pocet ptiloh: 4
Jazyk: Cestina
Abstrakt

Ptedkladand disertacni prace je zamétfena na nové typy uhlikovych nanomateriala
(Carbon nanomaterials — CNMs), které diky svym mimotadnym vlastnostem nachazi
uplatnéni v Siroké Skéale biomedicinskych a environmentalnich aplikaci. S tim jde vSak
ruku Vv ruce otazka jejich bezpe¢ného pouziti v téchto oblastech, a proto se prace zabyva
jak humanni, tak environmentalni toxicitou CNMSs. V ¢asti humanni toxicity byla
demonstrovana klicova role in vitro testd akutni toxicity CNMs pro selekci bezpeéné
koncentrace, ktera miize byt nasledné vyuzita pro biomedicinskou aplikaci. Soucasné
byla studovana interference CNMs s metodami akutni in vitro toxicity a predevsim
moznost jejiho piekonani pro ziskani spolehlivych vysledki, coz je kli¢ové pro budouci
bezpe¢nou a udrzitelnou aplikaci CNMs v biomedicinské oblasti. Ve druhé ¢asti prace
byla zkoumana environmentalni toxicita grafen oxidu (GO) vuci organismiim z riznych
urovni trofického fetézce vodniho ekosystému. Byla pozorovéna silnd zévislost
povrchové oxidace na toxickém efektu GO. Na druhou stranu, i velmi jednoduché
organismy byly schopny se vii¢i Skodlivému tc¢inku GO UspéSné branit, coZ naznacuje,
ze GO nemusi byt pro organismy ve vodnim prostiedi nebezpecny i ve velmi vysokych

koncentracich (mg/L).



Bibliographic identification

Author: Mgr. Tomas Malina

Type of thesis: Dissertation thesis

Title of thesis: Toxicity of carbon-based nanomaterials

Department: Department of Physical Chemistry, UP in
Olomouc

Supervisor: prof. RNDr. Radek Zbofil, Ph.D.

The year of presentation: 2021

Number of pages incl.append.: 174

Number of appendices: 4

Language: Czech

Abstract

The dissertation thesis focuses on new types of carbon nanomaterials (CNMs),
which are used in a wide range of biomedical and environmental applications due to their
extraordinary properties. However, their usage goes hand in hand with the question of
their safety in these fields, therefore the thesis addresses both the human and
environmental toxicity of CNMs. In the human toxicity part, the key role of in vitro acute
toxicity tests of CNMs for the selection of safe concentrations that can be subsequently
used for biomedical application was demonstrated. Furthermore, the interference of
CNMs with acute in vitro toxicity assays was studied and, more importantly, the
possibility of overcoming interference was described to obtain reliable results. That is a
crucial premise for future safe and sustainable application of CNMs in the biomedical
field. In the second part, the environmental toxicity of graphene oxide (GO) towards
organisms from different trophic levels of the aquatic ecosystem was investigated. A
strong dependence of surface oxidation on the toxic effect of GO was observed. On the
other hand, even very simple organisms were able to defend themselves and successfully
mitigate harmful effect of GO, suggesting that GO may not be hazardous to organisms in

the aquatic environment even at very high concentrations (mg/L).



Seznam obrazka a tabulek

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

1

2

3

8

9

10

11

12

13

14

15

Hlavni typy uhlikovych nanomaterial

Proces syntézy GO

Proces syntézy GA a GCN a porovnani jejich
funkcionalizace s GO

Nejnovejsi sméry v bioaplikacich uhlikovych tecek
In vitro a In vivo fluorescen¢ni pozorovani
uhlikovych tecek

Ptiklad PTT in vivo aplikace uhlikovych tecek
Ptiklad technologii pro odsolovani vody vyuzivajici
GO

Komplexni charakterizace vzorku QCDs

In vitro cytotoxicita MSCs znacenych 24 h QCDs
Fluorescen¢ni mikroskopie MSCs znacenych 100
ng/ml QCDs

In vivo fluorescenéni pozorovani QCD-znac¢enych
MSCs

Mikroskopie a MTT test BJ bunck znacenych 24 h
CDs, g-C3sN4 a GA.

Ptekonani interference CDs v LIVE/DEAD analyze
prutokové cytometrie BJ bunék

Piekonani interference g-CsNs v LIVE/DEAD
analyze pritokové cytometrie BJ bunck

Ptekonani interference GA v LIVE/DEAD analyze

prutokové cytometrie BJ bunék



Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Obrazek ¢.

Schéma piipravy tfech systémti GOs s rliznym
stupném povrchové oxidace

Komplexni charakterizace tfech systémt GOs

Test ristové inhibice fas a sinic po znaceni GOs
Analyza mechanismu interakce mezi bunikami fas a
GOs pomoci priitokové cytometrie

Analyza adsorpce zivin GOs z média a
mikroskopicka analyza interakce mezi buiikami fas
a GOs

Zmény v produkei proteint a sacharida fas a sinic
po znaceni GOs

Viabilita vodnich kory$h po znaceni GOs
Mikroskopie vodnich korysti a Ramanova spektra
jejich stiev a vykalt po znaceni GOs

Analyza oxida¢niho stresu Daphnia magna po
znaceni GOs

Viabilita vodnich korysi po znaceni GOs s
piidanym krokem ptedinkubace GOs s fasami
Mikroskopie vodnich kory$i a Ramanova spektra
jejich stiev a vykalil po znac¢eni GOs s ptidanym
krokem ptedinkubace GOs s fasami

Analyza oxida¢niho stresu Daphnia magna po
znaceni GOs s pfidanym krokem ptedinkubace GOs
s fasami

Analyza potencialu fotosyntézy Lemna minor po

znacéeni GOs



Obrazek ¢. 29

Obrazek ¢. 30

Obrazek ¢. 31

Tabulka ¢. 1

Analyza ristu Lemna minor po znaceni GOs
Analyza aktivity antioxidacnich enzymii Lemna
minor po znaceni GOs

Elektronova mikroskopie interakce Lemna minor a
GOs

Vlastnosti materiali g-CsN4, CDs a GA



Seznam zKratek

CNMs uhlikové nanomaterialy

CDs uhlikové tecky

GO grafen oxid

GCN kyanografen

GA grafenova kyselina

PTT fototermalni terapie

PDT fotodynamicka terapie

IR infracervena

g-C3N4 exfoliovany grafiticky nitrid uhliku

CA kyselina chlorogenova

FA kyselina listova

DOX doxorubicin

CPT kamptotecin

DMEM Dulbecco Modified Eagle Medium

EMEM Eagle’s Minimum Essential Medium

NEAA neesencialni aminokyseliny

FBS fetalni hovézi sérum

TEM transmisni elektronova mikroskopie

AFM mikroskopie atomarnich sil

XPS rentgenova fotoelektronova spektroskopie

FTIR infraCervena  spektroskopie s Furierovou
transformaci

TGA termogravimetrickd analyza

ICP-MS hmotnostni spektrometrie s indukéné vazanym

plazmatem



Pl

CAT
SOD
QCDs
MSCs
ROS
H&E
NMs
PBS
NM PC
RFU
HO-GO
HU-GO
TO-GO
SEM

EPC

propidium jodid

katalaza

superoxid dismutaza

kvartérni uhlikové tecky
mezenchymalni kmenové buiky
reaktivni kyslikové radikaly
barveni hematoxylinem a eosinem
nanomaterialy

fosfatovy pufr

nanomaterialova pozitivni kontrola
relativni fluorescen¢ni hodnota
Hoffmantv grafen oxid
Hummerstv grafen oxid

Tourtv grafen oxid

skenovaci elektronova mikroskopie

extracelularni proteiny a sacharidy



Obsah

Lo UVOuiiiiiieci e 14
2. TEOTEHICKA CASE ....iiueiiiiiiiiic et 17
2.1. Typy a vlastnosti uhlikovych materialii.............cccooriniiiiiiiiiie, 17
2.1.1. 2D uhlikoveé materialy.......ccoovviiiiiiiiiiiiiie e 17
2.1.2. UhIKOVE teCKY (CDS) ..oiviiiiiiieiiiieiieiie i 21

2.2. Biomedicinské aplikace uhlikovych nanomaterialli...........ccoovevvvrnnne. 22

2.2.1. Zobrazovéani biologickych systémi, nadorovad terapie a detekce

biochemickych JEVIL......oiouiiiiiiic 23
2.2.2. Cilené doru€ovani [ECIV........ccviiviiiiiiiiiii 26

2.3.  Aplikace uhlikovych nanomateriali v zivotnim prostredi .................... 27
2.3.1. Cisténi 0dpadnich VOd........cccveeveeveeveererieisieeeeeeeseeseeseesee e 28
2.3.2. Odsolovani mofské vOdy........cceviiiiiiiiiiiiiiii e 28

3. Cile diSertaCng PraCe.........couviiiiiiiiiiiiiiiii et 31
4.  Experimentalni ¢ast — Materidly a metody .......c.cccovvviiieniiiiicicnce 32
4.1, MatrTAlY ..o 32
4.1.1. Uhlikové nanomaterialy ...........cccoviviiiiiiiiiiiiciece e 32
4.1.2. BUNCENE IINIC......coiiiiiiiiiiiiiiiciic e 32
4.1.3. VOdni OTANISINY .....ccviiiiiiiiieriieiieeie et 33

4.2, IMELOUY ..ottt bbbt 33
4.2.1. Metody charakterizace nanomaterialll ...........cccoovvvverveninieiiciennnn 34
4.2.2. In Vitro cytotoxické metody .........cccceveririiiiiiiiicceee e 35
4.2.3. 1N VIVO pozZorovaci MEtOY .........ccervervirieriiiiinieieiese e 37
4.2.4. Standardy pro testy akutni toxicity vodnich organismd.................... 37

5. Vysledky @ diSKUZE .......ccoooiiiiiiiiie 38



5.1. Interakce uhlikovych nanomaterialli s bunéénymi liniemi — humanni

100) A To] | ¢- WETRTT T TR T TR TR TR TR TR 38

5.1.1. Uhlikové te€ky pro in vivo fluorescenéni  pozorovani

mezenchymalnich kmenovych bunék ..........cccooiviiiiiii i 39

5.1.2. Toxicita uhlikovych materiald — spolehlivda metoda pro sledovéni

viability pomoci nového pfistupu v priitokové cytometrii.........cocveevrreennene. 51

5.2.  Interakce uhlikovych nanomateridlii s organismy ve vodnim prostiedi —

enVIroNMEeNtAlnd tOXICIEA .. ..eivveiiiriieiiere et e 68
5.2.1. Grafen oxidy s rozdilnym stupném povrchové oxidace ................... 69
5.2.2. Interakce GOS S fasami a SINICEMI.....uueruervereerireiesiesieeieseeseeereennes 74
5.2.3. Interakce GOS S vodnimi KOTYSI .ocvevveviiieiiienieie e, 86
5.2.4. Interakce GOS s vodnimi rostlinami..........cceceverereieniesenininiinnen, 99
ZLAVET 1ottt h b e nr e ne e 109
RETEIENCE ... 112



1.Uvod

Nanotechnologie je dynamicky a velmi rychle se vyvijejici obor. V soucasnosti
dochazi v celosvétovém méfitku k vyvoji nejriiznéjsich novych materialt se specifickymi
fyzikélnimi a chemickymi vlastnostmi. Uhlikové nanomaterialy (Carbon nanomaterials —
CNMs) predstavuji tiidu nizkodimenzionalnich material, ktera od objevu prvniho
alotropu, fullerent v roce 1985, vyvolala ve védecké komunité znaény rozruch.! Uvedeni
dvou dalsich alotropti CNMs, uhlikovych nanotrubi¢ek a grafenu v roce 1991 a 2004,
mélo podobny impakt.>3 Za objev a studium dvou ze ti alotropt byla dokonce udélena
Nobelova cena (fullereny — 1996 (Chemie) a grafen — 2010 (Fyzika)), coz nazorné
ilustruje vyznam a dilezitost t€chto materialii pro celou spole¢nost. Diky velikostem
vV nanometrickém méfitku tyto alotropy vykazuji mimofadné optické, elektronické,
magnetické a chemické vlastnosti, které se daji vyuZzit v Sirokém portfoliu aplikaci napf.
v elektronice, katalyze, fotonice, energetice a medicing.*®

V posledni dobé se pozornost védcti zamétuje na stale novéjsi typy CNMs
nachazejici uplatnéni pfedevSim v aplikacich spojenych s biomedicinou a Zzivotnim
prostiedi.>® Patii zde napiiklad uhlikové tecky (carbon dots — CDs), ¢&ili velice malé
fluorescenéni nanomaterialy (< 10 nm) s grafitovym jadrem a rlznymi povrchovymi
skupinami.!* Velice atraktivni jsou také materialy, vychéazejici ze struktury grafenu, které
jsou tvoteny jednou nebo nékolika uhlikovymi vrstvami, souhrnné nazvané 2D uhlikové
materialy.’® Struktura téchto materiali mize byt navic dale chemicky modifikovana pro
usnadnéni disperze ve vodnych roztocich, ktera je pro mnoho biomedicinskych a
environmentalnich aplikaci klicova.!® 17 Se stale rostouci aplikaci téchto materiald jde
vSak ruku v ruce také otazka jejich bezpecného pouziti. Pochopeni nasledkt in vitro

interakce CNMs s bunécnymi liniemi je dulezitym prvnim krokem a kli¢ovym
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predpokladem Kk jejich naslednému vyuziti V jakékoliv biomedicinské aplikaci.'®
Podobné je tomu také v piipadé Zzivotniho prostiedi, kde jsou vSak bunééné linie
nahrazeny organismy vyskytujici se ve vodnim prostiedi, do kterého se mohou materialy
v disledku aplikace uvoliiovat.®

Predkladand disertacni prace se zabyva pravé studiem interakce uhlikovych
nanomaterialil jak s bunéénymi liniemi, tak s organismy z ruznych trofickych urovni
vodniho ekosystému. Teoreticka ¢ast prace struéné priblizuje typy CNMSs se zamétenim
na nové, vychdzejici materidly a popisem jejich mimotradnych vlastnosti. Dale je
Vv literarnim pfehledu predstaveno nékolik aplikaci z oblasti biomediciny a zivotniho
prostiedi, ve kterych se zminéné materidly vyuzivaji. Experimentalni ¢ast je rozdélena na
dvé ¢asti, ve kterych hlavni kapitoly predstavuji védecké clanky, na nichz se autor podilel
jako prvni autor.

Prvni ¢ast se zabyva huménni toxicitou CNMs, ¢ili interakci s bunéénymi liniemi a
obsahuje dv¢ kapitoly. Prvni kapitola detailn€ popisuje sérii in vitro toxikologickych testa
uhlikovych tecek na mezenchymalnich kmenovych bunkach, které vedly k selekci
bezpecné koncentrace. Tato byla nasledné pouzita pro prvni in vivo monitoring
kmenovych bunék znacenych uhlikovymi te¢kami (Malina et al. 2019, Carbon).?° Druha
kapitola pfiblizuje téma interference CNMs s klasickymi testy pro vyhodnoceni
zékladniho parametru in vitro toxicity, kterym je Zivotnost bunék. Ignorace interference
muze vést v literatute k velkym problémim, jelikoz diky ni dochazi k publikovani
nespravnych toxikologickych in vitro dat. Na tfech typech modernich CNMs bylo diky
novému protokolu s dodate¢nymi kontrolami ukézano, jak lze interferenci prekonat a
ziskat tak spravné vysledky in vitro testa viability bunék (Malina et al. 2021, Int. J. Mol.

Sci.). %t
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Druhé hlavni sekce experimentalni ¢asti se soustfedi na environmentalni toxicitu
CNMs skrze pozorovani interakce s organismy ve vodnim prostiedi. Cela ¢ast se vénuje
studiu vlivu povrchové oxidace grafen oxidu (GO), nejrozsifenéjsiho derivatu grafenu,
na jeho potencidlni skodlivy u¢inek vic¢i organismim ze tiech riznych trofickych Grovni
vodniho ekosystému. Sekce je rozdélena na tfi kapitoly od nejjednodussich po

nejslozitéjsi organismy (fasy a sinice, vodni korysi a vodni rostliny) a jejich interakci

s grafen oxidy (Malina et al. 2020, Carbon; Malina et al. 2020, J. Hazard. Mater.).?% 2
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2. Teoreticka c¢ast

2.1. Typy a vlastnosti uhlikovych materiali

Jak jiz bylo zminéno v uvodu, mezi hlavni tii tfidy uhlikovych nanomaterialii se
tadi fullereny, uhlikové nanotrubic¢ky a materidly na bazi grafenu (Obrazek ¢. 1). Ponékud
mladsi, nové predstavenou tfidou jsou uhlikové teCky, diskrétni nanocéstice témér
sférické geometrie s velikosti pod 10 nm, které piidavaji nové moznosti do uz tak
véestrannych vlastnosti CNMs (Obrazek ¢. 1).24 % Jelikoz se v predkladané diserta¢ni
praci pracovalo pouze s uhlikovymi teCkami a 2D uhlikovymi materialy na bazi grafenu,

vénuji se nasledujici kapitoly pouze témto typtiim CNMs.

Fullerene Uhlikova nanotrubicka Grafen Uhlikova tecka

Obrazek ¢. 1. Uhlikové nanomaterialy, zahrnujici fullereny, uhlikové nanotrubicky,

materialy na bazi grafenu a uhlikové te¢ky. Pfevzato z * a upraveno.

2.1.1. 2D uhlikové materialy

Jako nové vznikajici tfida materidli, dvou dimenziondlni (2D) uhlikové materidly
se od objevu grafenu v roce 2004 staly teréem intenzivniho vyzkumu.?® Grafen se sklada
z uhlikovych atomii s sp? hybridizaci, které jsou uspoiadany do hexagonalni 2D struktury
poskytujici grafenu obrovskou plochu povrchu na obou stranach jeho planarni struktury.®

Diky svym mimotfadnym vlastnostem, které zahrnuji vynikajici mechanickou pevnost,
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vodivost a elektro-katalyticky vykon, nachazi grafen uplatnéni v mnoha energetickych,
elektronickych, a také biomedicinskych aplikacich.?” 1 grafen v8ak vykazuje n&kolik
znakl, které mohou byt v urCitém kontextu rlznych aplikaci nezddouci. Jednd se
naptiklad o hydrofobni chovani, nulovou magnetickou odezvu a nachylnost k oxida¢nimu
prostiedi. Proto se védci neustale snazi najit nové cesty k chemické modifikaci grafenu,
diky které vznikaji nové technologicky zajimavé derivaty.?®

Grafen oxid (GO) ptedstavuje nejrozsirenéjsi grafenovy derivat, ktery je ptipraven
silnou oxidaci povrchu grafitu a naslednou exfoliaci vzniklého grafit oxidu (Obrazek ¢.
2). Vznika tak vysoce oxidovany 2D material s negativnim nabojem a pocetnymi
oxidaénimi skupinami pfipojenymi k povrchu grafenové matrice.® V porovnani
s grafenem vykazuje GO lepsi koloidni chovani ve vodnych roztocich, vyssi reaktivitu
povrchu, a sou¢asné jeho vyroba a produkce nepiedstavuje velkou finanéni zatsz.30 3!

Proto ma GO zna¢ny potencial pro uplatnéni v Sirokém portfoliu aplikaci, zahrnujici

32-34

bioinzenyrstvi, biomedicinu a Zivotni prostiedi.

Oxidace Exfoliace
Grafit Grafit oxid Grafen oxid

Obrazek ¢. 2. Ukazka procesu syntézy grafen oxidu (GO).

Piima selektivni kovalentni funkcionalizace grafenu je komplikovany proces,
jelikoz je z velké &asti omezen velice nizkou chemickou reaktivitou jeho povrchu.®® 3

Dokonce 1 Siroce vyuzivany GO je pfipraven v drsnych oxidacnich podminkach, které
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vedou kezménam v jeho stechiometrii, defektim ve struktufe a predevsim
Kk neselektivnimu simultdnnimu navazani nékolika typad funkcnich skupin (Obrazek ¢.
3).3” Na druhou stranu, rozsahlé portfolio potencidlnich aplikaci spojenych s vlastnostmi
novych derivati ziskanych kovalentni tipravou povrchu, stale zvySuje potiebu novych
strategii, které by selektivni funkcionalizaci grafenu za vice kontrolovatelnych podminek
usnadnily. Jednou z takovych moznosti je vyuziti fluorografenu jako vychoziho
materialu. Fluorografen je stabilni, stechiometricky a dobfe definovany derivat grafenu,
ktery je pfipraven jeho fluoraci s naslednou exfoliaci.®® *° Skrze jeho kontrolovanou
substituci a defluorinaci lze ptipravit kyanografen (GCN), ¢ili grafenovy derivat
s vysokym stupném funkcionalizace a -CN skupinami na svém povrchu (Obrazek ¢. 3).%
Néslednd hydrolyza GCN vede k syntéze grafenové kyseliny (GA), coz je 2D
karboxylova kyselina, tedy derivat s karboxylovymi skupinami na svém povrchu
(Obrazek &. 3).7 Takto piipravené nové derivaty vykazuji silné hydrofilni charakter a
s tim spojené vynikajici koloidni chovani ve vodnych roztocich. Navic maji na svém
povrchu specifické funkéni skupiny (kyanidoveé pro GCN a karboxylové pro GA), diky
kterym predstavuji excelentni kandidaty pro potencidlni vyuziti v biomedicinskych

oblastech namisto neselektivné funkcionalizovaného GO (Obrazek ¢. 3).
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Fluorografen Substituce Kyanografen (GCN) Grafenova kyselina (GA)
g Hydroljza

axy defluorace H ! CIEN! l ;o_c=°i LE

C-F

X

Grafen oxid (GO)

Obrazek €. 3. Syntéza GCN a GA s vyuzitim fluorografenu jako vychoziho materiilu.
Ukazka selektivni funkcionalizace povrchu GCN a GA v porovnani s neselektivnim

povrchem GO.

Rostouci pocet studii zabyvajici se grafenem a jeho derivaty vyvolal velky zajem
také o dalsi, grafenu-podobné 2D uhlikové materidly, jako jsou napiiklad karbidy
prechodnych kovii (MXenes) nebo grafitické nitridy uhliku (g-CsN4).2® 4 U t&chto
materiald vykazujicich podobnou strukturu jako grafen, ktery je vSak slozen pouze
z uhliku, byla snaha o vyuziti vétsi flexibility a rozmanitosti ve fyzikalné-chemickych
uspéch v syntéze a funkcionalizaci téchto 2D ,nanolisti®, jelikoZ nabizi pfileZitosti
k vytvoteni slozit&jsich nanostruktur.” Nové atraktivni vlastnosti a soucasné grafenu-
podobna velka plocha povrchu tak ptinasi grafenu-podobnym 2D materidlim Siroké

potencidlni vyuziti v biomedicinskych a katalytickych aplikacich.* 42

20



2.1.2. Uhlikové te¢ky (CDs)

Uhlikové tecky byly objeveny nahodné pii elektroforetické purifikaci uhlikovych
nanotrubi¢ek v roce 2004.*3 Z pohledu struktury je pojem ,uhlikova te¢ka“ obecné
pouzivan pro fluorescen¢ni uhlikaté materidly s grafitovym jadrem obalenym slupkou
s riznymi chemickymi skupinami.’* A¢koliv uhlikové tecky obsahuji dominantné prvky
uhliku, vodiku, kysliku, dusiku ¢i siry, jejich procentualni zastoupeni silné€ zavisi na typu
syntézy a pouzitého prekurzoru.** V mnoha ohledech tak CDs ptipominaji grafen oxid,
ktery se také vykazuje pritomnosti funk¢nich skupin na svém povrchu (Obrazek ¢. 1 a
Obrazek ¢&. 3).*® Hlavni rozdil je vSak ve velikosti, ktera je u CDs ve vétsiné piipadt pod
10 nm ve vSech 3 dimenzich, diky ¢emuz jsou CDs povazovany za tzv. 0D uhlikovy
nanomaterial.*®

Nejvétsi piednosti uhlikovych teCek jsou jejich mimotadné fluorescencni
vlastnosti, ato v sirokém rozsahu spektra od ultrafialové,*” pies viditelné,*® az po blizké
infraervené oblasti.*> %0 Jejich fluorescence miize nebo nemusi byt piimo zavisla na
excitaci, a to podle druhu syntézy a vysledného slozeni a struktury te¢ek.>! Vrchol jejich
emisniho spektra navic mize byt dale ladén v rozsahu celé¢ho viditelného spektra (400 —
750 nm) s postupnym posouvanim vinové délky excitace.*® > CDs je také mozné snadno
funkcionalizovat pro vytvofeni stabilnich koloidnich roztokidi ve vodé€, dale vykazuji
silnou chemickou inertnost, véetné vysoké odolnosti proti ,,vybélovani‘ a maji mnohem
niz§i toxicitu ve srovnani s tradi¢nimi kvantovymi te¢kami na bazi polovodi¢a.}* 2
Vzhledem k vS§estrannym optickym vlastnostem s velkou plochou povrchu, spole¢nou pro
vSechny CNMs, nachazi CDs rozsahlé uplatnéni v biomedicinskych aplikacich zahrnujici

in vitro a in vivo zobrazovani, cilené doru¢ovani 1é¢iv, biosenzory a fotodynamickou

terapii (Obrazek ¢. 4).5% %
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Obrazek ¢. 4. Schéma znazornujici vlastnosti a nejnovéjsi sméry v bioaplikacich uhlikovych

teek. Pirevzato z * a upraveno.

2.2. Biomedicinské aplikace uhlikovych nanomateriali

Portfolio biomedicinskych aplikaci, kde nachazi CNMs vyuZiti je velice rozsahlé a
zahrnuje n¢kolik oblasti. Proto jsou v nasledujici kapitole popsany piiklady aplikaci
pouze téch CNMs, se kterymi se pracovalo v diserta¢ni praci v ¢asti popisujici humanni
toxicitu CNMs, a to uhlikovych tecek, grafenovych derivati a grafitickych nitridech

uhliku.
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2.2.1. Zobrazovani biologickych systémi, nadorova terapie a

detekce biochemickych jevu

Zobrazovani a detekce biologickych procesti v Zivych systémech patii mezi jedny
Z nejrozsifendjsich aplikaci CNMs, predev$im pak uhlikovych te¢ek.>® Nizk4 toxicita a
mimotéadné fluorescencni vlastnosti z nich totiz délaji idedlni kandidaty pro pozorovani
at’ bunérnych linii na Grovni in vitro, nebo in vivo na tirovni organd a organismi.*® In
Vitro pozorovani bylo provedeno na mnoha typech linii, zahrnujicich naptiklad rakovinné

60,61 v ramci

buiiky®’>® pro velmi dilezity vyzkum rakoviny nebo také kmenové buiiky’
studia regenerac¢ni mediciny. Na rakovinnych HeLa buiikdch byl naptiklad objasnén
mechanismus internalizace CDs do bun¢k, ktery se sklada ze dvou typi membranovych
transportd: i) na energii zavislé endocytozy a ii) pasivni difuze.? Z obrazku ¢. 5a lze
vidét, ze srostouci teplotou a cCasem dochdzi v bunikach k vyssi akumulaci CDs
V cytoplazmé, coz se projevuje siln€jsi intenzitou fluorescence. Bylo tak prokazano, ze
hlavni mechanismus internalizace CDs byla na energii zavisla endocytoza.

In vivo optické zobrazovani je v sou¢asnosti velmi perspektivni z pohledu moderni
diagnostiky, proto i zde mohou nalézt uhlikové tecky své jedine¢né uplatnéni. Liu et al
naptiklad sledovali in vivo biodistribuci CDs v téle mySi po intraven6znim podani
v nékolika ¢asovych bodech.®® Ze silného fluorescentniho signalu na obrazku ¢. 5b je
patrné, ze po 0,25 a 0,5 h byly CDs distribuovany v celém téle mysi, ale po 24 h od podani
castic fluorescencni signal vyrazné€ zeslabl. Nasledné byl proveden experiment, kdy byly
ve stejnych Casovych bodech odebrany orgdny mysi a fluorescence byla analyzovéana ex
vivo (Obrazek €. 5¢). Intenzity organu potvrdili zavér real-time pozorovani, jelikoz

nejvyssi hodnota byla namétena po 0,5 h a nasledné doslo k poklesu fluorescence

(Obréazek €. 5¢). Bylo tak prokézano, ze CDs dokazi velmi rychle skrze krevni fecisté
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vstoupit do celého téla mysi, ale nasledné dochazi k jejich rychlému vylouceni a ne

akumulaci v jednotlivych organech.%

a) .
IV Vv VI
Varlata

[0 Machyi

20h __40h_24.0h

b)
c)
Mozek
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Ledviny USRS

Obrazek ¢. 5. a) Fluorescen¢ni obrazky HeLa bunék inkubovanych s 50 pg/ml CDs po 0,5
(I), 1 (IT) a 2 h (ITI). Fluorescen¢ni obrazky HeLa bunék inkubovanych s 50 pg/ml CDs po
2 hv4 V), 25 (V)a37°C (VI). Excitaéni vinova délka byla 514 nm a méFitko je 50 pm. b)
In vivo a c) ex vivo real-time pozorovani mysi v riznych ¢asovych bodech s intravenozné

aplikovanymi CDs. PFevzato z > a upraveno.

In vivo distribuce CDs se vSak mlize vyrazné zménit v piitomnosti nadoru, jelikoz
byla u CDs popsana schopnost akumulace v nadoru skrze efekt zvySené permeability a
retence (EPR effect).% ® Soucasné se zobrazovanim tak mohou byt CDs vyuzity jako
nanoplatformy pro klinické biomedicinské aplikace, zahrnujici hlavné fototermalni (PTT)
a fotodynamickou terapii (PDT) nadori.®®"® Ge et al napiiklad pozorovali vyraznou
fluorescenci nadorové oblasti zpisobenou akumulaci CDs pravé skrze zminovany EPR
efekt (Obrazek &. 6a).”! Po potvrzeni specifické distribuce déle studovali terapeuticky
efekt CDs pomoci ozafovani 671 nm laserem s vykonem 2 W/cm? po dobu 10 minut. Byl
potvrzen fototermdalni efekt CDs, jelikoz doslo ke zvySeni teploty v oblasti nadoru
Vv pfitomnosti tecek na 50,4 °C uz beéhem prvnich 3 minut terapie. Po 10ti minutach teplota
stoupla dokonce az na 60 °C, zatimco teplota v kontrolni skupiné dosahla pouze 39,5 °C

pfi stejnych podminkach ozatovani, coz prokazalo kli¢ovou roli CDs pfi tvorbé tepla
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(Obrézek €. 6b). Pro finalni ovéfeni PTT ucinnosti CDs autofi jeste sledovali miru preziti
mysi a rychlost ristu nadoru po 16 dni (Obrazek €. 6¢). Pouze u mysi, které podstoupily
soucasné osetieni CDs s ozatenim bylo prokdzano vyznamné potlaceni ristu nadoru, a po
odstranéni tmavého strupu z kiize po 16 dnech doslo k jejich uplnému zotaveni (Obrazek

& 60).
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Obrazek €. 6. a) Real-time in vivo fluorescenéni pozorovani po intravenézni aplikaci CDs
v mysi a graf zobrazujici priimér fluorescencni intenzity oblasti nadoru v riznych ¢asovych
bodech; b) Graf zmény teploty v nadorové oblasti a IR termalni zobrazovani nadorovych
mist v éasech 0, 1, 3, 6 a 10 minut po ozaFeni 671 nm laserem s vykonem 2 W/cm?; ¢)
Fotografie mysi nesoucich nador v rizné dny po riznych oSetienich a relativni zména
V objemu nidoru mysi nesoucich nador z rtiznych skupin po aplikované 16¢bé&. Prevzato z "

a upraveno.

Exfoliovany grafiticky nitrid uhliku (g-C3N4), novy grafenu-podobny 2D uhlikovy

material, pfedstavuje dalSi materidl zrodiny CNMs, ktery diky svym optickym
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vlastnostem nachdzi uplatnéni ve fluorescenénim zobrazovéni biologickych systémd.™

Zhang et al naptiklad ptedstavili novou syntézu g-CaNs, diky které ziskali ultratenké 2D
materidly, které nésledné vyuzili k fluorescenénimu sledovani HeLa bunék.’
Biokompatibilni chovani materidlu bylo potvrzeno testy viability bunék a vysoky
kvantovy vytézek g-CsNs (19,6 %) byl prokazan in vitro fluorescenéni mikroskopii
bungk."

S fluorescencnim zobrazovanim biologickych systému je Uzce spojena také dalsi
aplikace CNMs, a to vyuziti materiali jako biosenzort pro detekci biochemickych jevi.
Proto neni ptekvapivé, ze CDs a g-C3N4 materidly patii mezi nejrozsitenéjsi CNMs také
Vv této oblasti, jelikoz se vyznacuji vybornou biokompatibilitou, chemickou stabilitou a
piedev$im laditelnymi optickymi vlastnostmi.” " Dochézi tak k vyvoji stale vétsiho
mnozstvi senzorti na bazi téchto materiald, které funguji na zakladé analytem vyvolaném
zhéaSeni nebo zvyseni fluorescence. Takto pfipravené senzory se pak vyuzivaji naptiklad
k detekci kovovych iontl, malych organickych molekul jako markert nemoci,

vnitrobunéénych zmén pH nebo environmentalnich polutant.t> >

2.2.2. Cilené dorucovani léciv

Dorucovani 1é¢iv a biomolekul (napf. proteinti, peptidii nebo genl) do konkrétnich
bunék nebo specifickych tkani organismu stale pfedstavuje primdrni oblast zajmu
medicinského vyzkumu.’® Pravé grafenové materialy mohou piispét svymi jedine¢nymi
vlastnostmi jako idealni platformy pro navazani riznych 1é¢iv. Od prvni zpravy o vyuziti
grafen oxidu (GO) jako uc¢inného ,,nanonosic¢e* pro doru¢eni analogu Kamptotecinu
(CPT) v roce 2008,”” doslo k rychlému vzristu zdjmu o GO a jiné derivaty grafenu pro
8

jejich vyuziti k dorudovani 1é¢iv, véetné antibiotik, peptidii, protilatek nebo geni.’

Rakovina stale predstavuje jeden z nejvétSich problémit moderni mediciny, jelikoz
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dosahnout efektivni protinadorové 1é¢by je komplikované kvuli faktorim zahrnujicim jak
nizkou biologickou dostupnost, tak také slabé specifické cileni chemoterapeutik.”® Je
proto logické, ze derivaty grafenu jsou diikladné testovany také jako platformy pro rizna
1é¢iva v protinadorovych terapiich.®

V jednom piipadé doslo k vytvoreni pH senzitivniho nanokompozitu GO a kyseliny
chlorogenové (CA), ktery slouzil pro pomalé uvoliiovani CA z platformy GO.8 Zatimco
pro rakovinné builky byl pozorovan vysoce toxicky ucinek kompozitu, vici zdravé
bun&né linii byla jeho toxicita zanedbatelnd.®* V dalsim p¥ipadé byl GO chemicky
funkcionalizovan aminovymi skupinami v kombinaci s karboxymethyl celulézou pro
vytvoteni systému, ktery byl nasledné vyuzit pro kontrolované a cilené uvoliovani
protinadorového 1éku Doxorubicinu (DOX).8? Zhang et al zase piipravili GO, ktery byl
funkcionalizovan skupinami kyseliny sulfonové (-SOsH) pro zvyseni jeho koloidni
stability ve fyziologickych podminkach.®® Nasledné byla ke kompozitu kovalentng
piipojena kyselina listova (FA) pro specifické zaméfeni rakovinnych bunék. Navic na GO
kompozit navazali soucasné dvé protinadorové 1é¢iva (DOX a CPT) a prokazali vyrazné
lepsi terapeutickou ucinnost tohoto dudlniho kompozitu ve srovnéani s G€innosti pouze

jednoho 1é¢iva.®

2.3. Aplikace wuhlikovych nanomateriali v Zivotnim

prostredi

Jednu z nejvétsich vyzev dnesniho svéta predstavuje otazka Cisté a pitné vody,
jelikoz se jedna o téma, které ma piimy vztah jak ke zdravi lidstva, tak volné€ Zzijicich
zivocichti. Vzhledem K rychlému rozvoji primyslu se do zivotniho prostfedi uvoliuje

stale vice zneciSt'ujicich latek, zatimco prudky rist populace zase neustile zvySuje
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poptavku po pitné vodé.®* Proto je nasledujici kapitola zaméfena na aplikace CNMs
souvisejici s Cisténim odpadnich vod a technologiemi zajistujici odsolovani moiské
vody. Podobné jako u kapitoly biomedicinskych aplikaci CNMs, je tato kapitola
zam&fena pouze na vyuziti grafen oxidu, jelikoz se s GO pracovalo v ¢asti disertacni

préace popisujici environmentélni toxicitu CNMs.
2.3.1. CiSténi odpadnich vod

Jak jiz bylo zminéno dfive, GO vykazuje dvoudimenzionalni vrstevnatou strukturu
s velkou plochou povrchu a funkénimi skupinami ukotvenymi ke svému povrchu
(Obrazek €. 2 a €. 3). Proto si GO ziskal vyraznou pozornost védecké komunity, jelikoz
jako nano-adsorbent muize pozitivné interagovat s riznymi polutanty v molekularni nebo
iontové formé skrze mechanismy zahrnujici elektrostatické, hydrofobni nebo patrové (-
) interakce.®> Efektivni strategie pro ¢isténi odpadnich vod vyuzivajici GO jsou tak
rozdéleny do dvou hlavnich kategorii: adsorpce a konverze polutantt.

Pravé diky funk¢énim skupinam obsahujicim kyslik na povrchu GO slouzici jako

86-88

aktivni mista byl jiz GO vyuzit pro adsorpci ionti tézkych kovi, polycyklickych

aromatickych uhlovodiki  nebo organickych barviv %0 %

z vody. Kromé piimého
adsorp¢niho efektu hraje GO roli také jako dalsi, avSak neméné vyznamny clanek
kompozitti umoziiujici chemickou nebo fotokatalytickou konverzi polutantt.®? Existuje
celd fada praci, kde vytvorené¢ kompozity obsahujici GO nalezly uplatnéni naptiklad
94,

k redukci vysoce toxického iontu Cr®* na Cré* % % pij degradaci organickych barviv,
y p g g y

% fenolt1,*® nebo herbicid®’ ve vodnim prostiedi.
2.3.2. Odsolovani morské vody

V souvislosti s objevem a vyrobou novych materialit zaznamenaly technologie

zabyvajici se odsolovanim motské vody v posledni dobé vyrazny pokrok. Jednad se
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predev§im o solarni odpafovani vody a filtraci pfes membranu.”® Schopnost vyrazné
absorpce, pordzni struktura, vysoka chemicka stabilita, hydrofilni chovani a vyborné
antivegetativni vlastnosti délaji z grafen oxidu velice atraktivni material prave pro vyuziti
v téchto technologiich.%: 1%

Na obrazku ¢. 7a je demonstrovano, jak dulezitou roli mize hrat GO b&éhem
mezifazového sluneéniho odpatovani. GO zde slouzi jako vynikajici absorbér,1021% ktery
ptijima sluneéni svétlo a zajistuje jeho preménu na tepelnou energii prostfednictvim
opticky excitovaného rozptylu elektrontl, ¢imz se sdm zahiiva a zptisobuje odpareni vody
(Obrazek ¢. 7a). Navic, vrstva GO obsahujici ,,nanokanaly* poskytuje cestu pro piivod
vody a unik par. Odsolovani je tak dosahnuto procesem fazové zmény, zatimco netékavé
ionty zdstavaji netknuty a Cerstva voda je nasledné ziskana kondenzaci. Technologie
solarniho odpafovani vody tak zahrnuje tfi hlavni rysy: 1) je pohanéna vyhradné slunecni
energii; 2) vykazuje extrémné vysokou ucinnost odstraiiovani iontti a 3) vyzaduje nizké
kapitalove investice. Pravé diky témto benefitim ma tato technologie velky potencial pro
vyuziti v rozvojovych zemich a obecné v oblastech s nizkou urovni infrastruktury.%

Obrazek ¢. 7b popisuje, jak Ize poskladat GO materialy pro vytvofeni ,,nanokanalu‘
mezi sousednimi GO ,,nanolisty*, skrz které Ize provadét odsolovani pomoci filtrace.®
106-111 y7zd4lenost mezi dvéma sousednimi GO listy je piiblizng 0,76 nm (hodnota mize
byt dale modifikovéana),'® takze umoziiuje pronikani vody, jelikoZ jeji molekuly maji
velikost pouze 0,275 nm. Na druhou stranu, ionty, jejichz molekuly jsou vétsi (Li*
(0,764 nm), Na* (0,716 nm), K* (0,662 nm), Mg?" (0,856 nm), Ca®* (0,824 nm), F~
(0,704 nm), C1~ (0,664 nm), Br~ (0,660 nm)),'? mohou byt z moiské vody odstranény
skrze velikostni separaci a elektrostatické interakce, ¢imZ je dosazeno odsolovani pomoci
filtra¢niho filmu GO (Obrazek ¢. 7b). I kdyz filtra¢ni technologie vyzaduje pomérné

vysoké kapitalové investice a je zaloZena na elektrické energii, 1ze timto zpisobem
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odsolovat obrovské mnozstvi motské vody, a proto je tato technologie zv1asté vhodna pro

centralizované fedeni ve vyspélych oblastech.%
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Obrazek €. 7. llustraéni schéma znazornujici a) solarni odpafovani moi'ské vody zaloZenou

na GO a b) filtraci moi'ské vody pres GO filtraéni membranu. Pievzato z '%° a upraveno.
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3. Cile disertac¢ni prace

Hlavnim cilem piedkladané disertacni prace bylo studium interakce novych
uhlikovych nanomaterialt, zahrnujicich uhlikové tecky, grafenové derivaty a piibuzné
materialy na bazi grafenu S riznymi bunécnymi liniemi a organismy z riznych vrstev
trofického fetézce vodniho ekosystému.

Jednotlivé specifické cile prace pak 1ze shrnout do téchto bodu:

e Stanoveni bezpecné koncentrace uhlikovych tecek, ktera neovlivituje
viabilitu, buné¢né procesy a charakter mezenchymalnich kmenovych bun¢k
anasledné pouziti této koncentrace uhlikovych tecek pro in vivo pozorovani
mezenchymalnich kmenovych bunék.

e Analyza interference novych uhlikovych nanomateriali s klasickymi in
vitro testy viability a optimalizace nové metody pro pickonani této
interference.

e Studium environmentalniho osudu grafen oxidu ve vodnim prostfedi a jeho
mechanismu potencialniho toxického ucinku vua¢i riznym vodnim
organismiim v zavislosti na: i) irovni povrchové oxidace grafen oxidu, ii)
komplexnosti a morfologii vodnich organismti a iii) zZivotni strategii

vodnich organismi.
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4, Experimentalni ¢ast — Materialy a metody

4.1. Materialy

4.1.1. Uhlikové nanomaterialy

V piedkladané disertacni praci se pracovalo celkem se Sesti uhlikovymi

113 grafenovou kyselinu,'” grafiticky nitrid

nanomateridly. Jednalo se o uhlikové tecky,
uhliku (material oznadeny jako NS500)!* a tfi typy grafen oxidu lisici se v mife
povrchové oxidace.!® Za syntézu materialti dékuji kolegfim a kolegynim Mgr. Katefing
Hol¢, Ph.D. (uhlikové tecky), Mgr. Davidu Panackovi (grafenova kyselina), Ing.
Ladislavu Svobodovi, Ph.D. (grafiticky nitrid uhliku) a Mgr. Sarce Adamkové (tii

systémy grafen oxidu). Detaily ohledné syntézy vSech zminénych materiali mohou byt

nalezeny v pfislusnych publikacich.
4.1.2. Bunécné linie

V disertacni praci byly ve dvou riznych studiich vyuzity dvé bunécné linie: lidské
mezenchymalni kmenové buniky (MSCs — mesenchymal stem cells) a lidské kozni
fibroblasty (BJ). MSCs byly izolovany z tukové tkané tii zdravych darcii, ktefi
podstoupili kosmetickou liposukci (jeden muz, dv€ Zeny). Izolace byla zalozend na
inkubaci lipoaspirati s kolagenazou. MSCs byly nasledné kultivovany v kompletnim
modifikovaném Dulbecco Eagle médiu (DMEM), doplnéném 5% lyzatem trombocytii a
1% penicilinem.?’ Lidské kozni fibroblasty BJ byly pofizeny z ATCC databaze bunék
(ATCC, CRL-2522) a byly kultivovany v EMEM (Eagle’s Minimum Essential Medium)

médiu doplnéném o (v zavorce jsou uvedeny findlni koncentrace latek v médiu): L-
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Glutamin (2 mM), neesencialni aminokyseliny (NEAA, 1x), fetalni hovézi sérum (FBS,

10%), PenStrep (5 U penicilin, 50 pg streptomycin/ml) a hydrogenuhli¢itan sodny (2 g/1).
4.1.3. Vodni organismy

V ramci ttech riiznych studii bylo celkem studovano Sest zastupci péti typt vodnich
organismil: fas, sinic, planktonnich a bentickych koryst a vodnich rostlin. Jako zastupci
fas a sinic byly pouzity zelené fasy Raphidocelis subcapitata (Korshikov) a Chlorella
kessleri (Fott & Novakova) a sinice Synechococcus elongatus (Négeli), které byly
potizeny z kolekce CCALA (Ttebon, Czech Republic). Jejich kultivace probihala v ZBB
médiu - 1:1 kombinace Z-média (Zehnder and Staub médium) a BB-média (Bristol and
Bold médium).?? Pro testovani vodnich kory$t byla vybrana lasturnatka (ostracoda)
Heterocypris incongruens jako zastupce bentickych korysu a Thamnocephalus platyurus
a Daphnia magna jako zastupci planktonnich korysu. Korysi byli vylihnuti z cyst
dodanych soucasti kit: Ostracodtoxkit F, Thamnotoxkit F a Daphtoxkit F, vSe od firmy
Microbiotests, Belgie a jejich kultivace probihala v M4 médiu.?® Pro studium vodnich
rostlin byla vybrana modelova rostlina okiehek Lemna minor, ktera byla kultivovana ve

Steinbergoveé médiu.
4.2. Metody

V predkladané disertacni praci bylo vyuzito velké mnoZstvi laboratornich metod.
Ja jsem byl osobné zodpovédny za vSechny in vitro cytotoxické metody. Za méfeni a
vyhodnocovani ostatnich metody bych chtél v této ¢asti podékovat mym kolegiim a
kolegynim. Pfesné se jedna o Mgr. Klaru Cépe, Ph.D. (TEM a SEM), Mgr. Arianu
Opletalovou, Ph.D. a Magdalenu Scheibe, Ph.D. (AFM), Mgr. Katetfinu Holou, Ph.D.

(Zetasizer Nano Zs a FTIR), Mgr. Katefinu Stymplovou (Raman), Ing. Vojtécha Kupku,
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Ph.D. (TGA), Mgr. Martina Petra, Ph.D. (XPS), RNDr. Radku Pechancovou, Ph.D. (ICP-
MS), Mgr. Véru Milotovou (Bruker BioSpin Xtreme In Vivo), Martinu Sadilkovou a Mgr.

Ad¢élu Lamaczovou (standardy akutni toxicity vodnich organismu).
4.2.1. Metody charakterizace nanomateriali

Nanomaterialy pouzité Vv ptredkladané disertacni praci byly podrobeny rozsahlé
charakterizaci pomoci velkého mnozstvi charakterizacnich technik. Informace ohledné
velikosti, tvaru a morfologie nanomateriald byla zjistovana pomoci mikroskopickych
technik zahrnujicich transmisni elektronovou mikroskopii (TEM), skenovaci
elektronovou mikroskopii (SEM) a mikroskopii atomarnich sil (AFM). Elektronové
mikroskopie byly provedeny za pomoci HITACHI SU 6600 skenovaciho elektronového
mikroskopu a TEM JEOL 2010 transmisniho elektronového mikroskopu s LaB6 typem
emisniho déla, operujiciho pii 160 kV. Povrchova morfologie byla zkoumana pomoci
AFM kombinovaného systému NTEGRA (NT-MDT), s vyuzitim semikontaktniho médu
a konzoly NSG_30 (NT-MDT) se silovou konstantou 22-100 N/m a rezonan¢ni frekvenci
240-440 kHz. Chovani nanomateridld a jejich velikost v riiznych roztocich byla
studovana také pomoci méfeni dynamického rozptylu svétla za pomoci instrumentu
Zetasizer Nano Zs.

Ptitomnost funk¢nich skupin a chemické slozeni nanomaterialt bylo studovano za
pomoci tfech spektroskopickych technik: 1) rentgenové fotoelektronové spektroskopie
(XPS); ii) infracervené spektroskopie s Furierovou transformaci (FTIR) a iii) Ramanovy
spektroskopie. XPS s vysokym rozlisenim byla provedena pomoci spektrometru PHI
VersaProbe Il se zdrojem Al Ka (15 kV, 50 W). FTIR spektra a spektra z Ramanovy
spektroskopie byla ziskana pomoci spektrometru 1S5 Thermo Nicolet (s technikou Smart

Orbit ZnSe ATR) a DXR Ramanova mikroskopu. Chemické slozeni materiali a
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pfitomnost organickych zbytki po syntéze materialli byla analyzovana také pomoci
termogravimetrické analyzy (TGA) s vyuzitim Netzsch STA 449 C Jupiter analyzatoru a
hmotnostni spektrometrie s indukéné vazanym plazmatem (ICP-MS) pomoci ICP-MS
Agilent 7700x. TGA experimenty byly provadény v otevieném o-Al2O3 kelimku
v dynamické atmosfére syntetického vzduchu (100 cm3/min) a v teplotnim rozsahu 45 —
1000 °C, pfi rychlosti ohfevu 5 °C/min. Zeta potencidl materiali byl méfen s vyuzitim
instrumentu Zetasizer Nano Zs. Fluorescencni spektrum uhlikovych tec¢ek bylo ziskano

pomoci laserového skenovaciho konfokalniho mikroskopu Leica TCS SP8 X.
4.2.2. In vitro cytotoxické metody

V piedkladané disertaéni praci byly pro analyzu in vitro cytotoxicity CNMs vyuzity
metody zahrnujici predev§im tfi hlavni instrumenty: i) pratokovy cytometr; ii)
multifunkéni reader pro méteni desti¢ek bunéénych kultur a iii) mikroskopické techniky.

Pritokovy cytometr BD FACSVerse™ byl vyuzit pro studium bunék po interakci
s riznymi CNMs. Analyzy, které byly provadény, zahrnovaly viabilitu (LIVE/DEAD®
viability/cytotoxicity kit (Thermo Fisher Scientific), znaceni propidium jodidem (PI) a
calceinem), bunécny cyklus (BD CycletestTM Plus DNA kit (Becton Dickinson)), méteni
markert kmenovych bunék (CD73, CD90, CDI105) a studiu internalizace CNMs,
endocytdzy a exocytdzy. Pritokovy cytometr Sysmex Partec GmbH byl zase pouzit pro
analyzu fas po interakci s CNMs. Byla sledovana membranova integrita fasovych bunék
(znaceni (PI) (Sigma)), autofluorescence chlorofylovych barviv a oxidacni stres za
pomoci sondy H-DCFDA (Thermo Fisher Scientific).

Pomoci multifunkéniho readeru Tecan Infinite PRO M200 byl také méfen oxidacni
stres sondami H>-DCFDA (Thermo Fisher Scientific) a CM-H2DCFDA (Thermo Fisher

Scientific). Oxida¢ni stres byl analyzovan také pomoci kitd pro stanoveni aktivity
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antioxida¢nich enzymu Katalaza (CAT) a Superoxid Dismutazy (SOD) (oba od Thermo
Fisher Scientific). Dale byla na tomto readeru stanovovana koncentrace proteini ve

vzorcich pomoci Bradfordovi metody, 1

studovana viabilita pomoci MTT testu, a také
méfena mira hemolyzy Cervenych krvinek po interakci s uhlikovymi teCkami.
Multifunkéni reader Tecan GENios byl zase pouzit pro méteni koncentrace zivin v médiu
(Mg, N a P) a pro stanoveni mnozstvi extracelularnich proteinti a sacharidu.
Mikroskopické techniky byly vyuZzity pro detailni pfiblizeni interakce CNMs
s bunéénymi liniemi nebo organismy. Mikroskopie zahrnovala jak jednoduchy opticky
mikroskop (Olympus 1X 70), tak laserovy skenovaci konfokalni mikroskop (Leica TCS
SP8 X). Konfokalni mikroskopie byla déale pouzita také pro fluorescenéni pozorovani
mikroskopickych fezll nadoru, studium diferenciacnich vlastnosti kmenovych bunék (kit
pro Osteogenezi, Adipogenezi, Chondrogenezi (vSe Invitrogen)), migracniho potencialu
kmenovych bunék, vnitrobunééné distribuce uhlikovych teéek a jejich fotostability.
Absolutni detaily ohledné interakce CNMs s Zivymi systémy byly opatfeny pomoci
skenovaci elektronové mikroskopie (HITACHI SU 6600 SEM) a mikroskopie
atomarnich sil (AFM kombinovany systétmu NTEGRA (NT-MDT)) po fixaci a
dehydrataci vzorkd. V neposledni fad€, informace ohledné ptitomnosti CNMs uvnitt
vodnich koryst byla ziskana méfenim Ramanovych spekter stiev a vykalid s vyuZzitim
DRX Ramanova mikroskopu. Metoda analyzy komet (Comet assay) byla pouzita pro
studium genotoxicity CNMs a Bruker BioSpin Xtreme In Vivo pozorovaci systém byl
vyuzit k zjisténi fluorescence kmenovych bunék znacenych uhlikovymi teckami ve

zkumavkach.
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4.2.3. In vivo pozorovaci metody

Zobrazovaci systém Bruker BioSpin Xtreme In Vivo byl soucasné vyuzit také pro
in vivo fluorescen¢ni pozorovani athymické imunodeficientni nahé (Nu/Nu) mysi (CD-1-
Foxnlnu), které byly subkutanné aplikovany kmenové bunky znaceny uhlikovymi
teCkami. Pomoci stejného systému byl nasledné zkouman také in vivo migracni potencial
uhlikovymi teckami znacenych kmenovych bunéck, které byly tentokrat aplikovany

intravenozné.
4.2.4. Standardy pro testy akutni toxicity vodnich organismu

Hodnoceni interakce CNMs s vodnimi organismy bylo provadéna podle
prislusnych standardd akutni toxicity. Inhibice riistu fas a sinic byla studovana podle
modifikované verze ISO 8692 procedury, 1’ kdy byl z divodu interference CNMs test
vyhodnocen pfimou metodou pocitdni bun¢k pomoci fluorescen¢niho mikroskopu,
namisto méfeni pomoci readeru Tecan GENios. Akutni toxicita CNMs vic¢i vodnim
korystim byla stanovena pomoci téchto standardii: i) ISO 6341 pro Daphnia magna,*8 ii)
ISO 14380 pro Thamnocephalus platyurus,'t® a iii) 1SO 14371 pro Heterocypris
incongruens.'?® Fytotoxicita CNMs vii¢i vodni rostliné Lemna minor byla provedena dle

121,122

prislusnych standardi pomoci tiech parametrii: 1) pocet listki rostliny, ii) hmotnosti

vysusenych rostlin a iii) fotosyntetické aktivity skrze kvantovy vytézek Fotosystému II.
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5. Vysledky a diskuze

5.1. Interakce uhlikovych nanomateriali s bunéénymi
liniemi — humanni toxicita

Jak jiz bylo zminéno v literarni ¢asti prace, CNMs piedstavuji mimoradné materialy
nachazejici uplatnéni v mnoha odvétvich biomedicinské oblasti. Soucasné se vSak
dostava do povédomi otazka potencialnich neptiznivych Géinki téchto materiall na lidské
zdravi, coz muze v souvislosti s vyuzitim téchto materiald vyvolavat zna¢né obavy.
Pochopeni disledkit CNMs po ptimém kontaktu s bunéénymi liniemi in vitro je proto
klicovym prvnim krokem a zcela zdsadnim piedpokladem pro jejich nasledné bezpecné
a uspéné vyuziti predevsim Vv biomedicinskych aplikacich.®® Mimoto, paradigma
toxikologie 21. stoleti se zamétuje na spolehlivé a rychlé testovani at’ uz nanomaterialti
¢i jinych latek na bunéénych in vitro kulturach, aby dochazelo k co nejvyssi redukci in
Vivo testll vyuzivajici zvitata.!?® 124 In vitro toxikologické metody tak predstavuji velice

dilezitou ¢ast vyzkumu spojeného prakticky s jakymkoliv aplikaénim odvétvim.
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5.1.1. Uhlikové tecky pro in vivo fluorescencni pozorovani

mezenchymalnich kmenovych bungk”

Regeneracni terapie zalozené na cileném doruovani mezenchymalnich
kmenovych bun¢k (MSCs — mesenchymal stem cells) patii mezi jedny z nejslibné&jsich
technik v souc¢asné mediciné. Kmenové buniky totiz dokazi interagovat s mikroprostiedim
poskozeného mista, diferenciovat se na pozadované typy bun¢k a tim ptispivat k hojeni a
tvorb& nové tkané.!?> 126 Jedn4 se viak o pomérné slozity proces, a proto se o ném védci
neustdle snazi ziskdvat co nejvice detailnich informaci zavadénim novych strategii pro
jeho sledovani. Jednu takovou piedstavuje i optické fluorescencni zobrazovani, které
umoznuje neinvazivni in Vivo pozorovani kmenovych bun¢k dokonce az na bunééné
trovni.*?” 1 tato strategie ma vs$ak své nedostatky zahrnujici autofluorescenci tkani a
vybélovani tradi¢nich organickych fluoroforti. Proto byly vybrany uhlikové tecky jako
idedlni kandidati pro studium jejich uplatnéni v této oblasti. CDs totiZ vykazuji vyrazné
lepsi fluorescencni vlastnosti nez klasické fluorescenéni sondy, vybornou fotostabilitu a
rezistenci proti vybélovani, a soucasné také vynikajici biokompatibilitu v porovnani s

toxickymi polovodi¢ovymi kvantovymi te¢kami, 4 128 129

5.1.1.1. Uhlikové tec¢ky s kvartérni amoniovou skupinou na povrchu

V na$i studii byly pouzity uhlikoveé tecky pfipraveny tepelnym rozkladem
nizkonakladovych prekurzori tris(hydroxymethyl)aminomethanu (Tris) a betain

hydrochloridu. Podrobnosti o syntéze mohou byt nalezeny v pfisluiné studii.**® Uhlikové

A Publikovano jako: Malina, T.; Polakova, K.; Skopalik, J.; Milotova, V.; Hola, K.; Havrdova,
M.; Tomankova, K.; Cmiel, V.; Sefc, L.; Zboril, R. 2019. Carbon dots for in vivo fluorescence
imaging of adipose tissue-derived mesenchymal stromal cells. Carbon, 152, 434-443. Ptiloha
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tecky na svém povrchu obsahovaly kvartérni amoniové skupiny, a proto dostaly nazev
kvartérni uhlikové tecky (QCDs — quaternary carbon dots).

Nanogastice vykazovaly typickou na excitaci zavislou emisi,''® avsak pro jejich in
vitro a in vivo vyuziti byla pouzita pouze ¢ervena oblast jejich fluorescenéniho spektra
(Obrazek ¢. 8a). Podle elektronové mikroskopie mély QCDs velice uzkou velikostni
distribuci (2 — 4 nm, Obrazek ¢. 8b), coz bylo potvrzeno také méfenim jejich
hydrodynamického priiméru, ktery byl 5 nm.?° Diky p¥itomnosti kvartérniho amonia mély
navic QCDs velmi dobrou koloidni stabilitu, jelikoz jejich velikost ve fyziologickém
roztoku vzrostla pouze na 8 nm podle méfeni DLS.?°

Charakterizace pomoci XPS odhalila ptitomnost uhliku (78,2 %), kysliku (9,7 %),
dusiku (9,2 %) a rezidualni zbytek iontového chloru (2,9 %), pochézejiciho z prekurzorti
syntézy.?’ Soucasné pak XPS spektrum uhliku a dusiku ve vysokém rozligeni ukazalo
siln¢ zastoupeni jak C=C uhlikové vazby, tak vyskyt kvartérni amoniové skupiny
(Obrazek ¢. 8c, d). Stejny vysledek byl potvrzen také infraervenou spektroskopii
(Obrazek ¢. 8e). Vysoké zastoupeni kvartérniho amonia bylo navic zodpovédné za silné
pozitivni naboj vyslednych QCDs (+ 40 mV)(Obrazek ¢. 8f). Komplexni charakterizace
vzorku QCDs tedy potvrdila, Ze syntéza vedla k vytvofeni velmi malych, uniformnich,
velmi dobfe karbonizovanych uhlikovych tecek se silné pozitivnim nabojem diky

pfitomnosti kvartérniho amonia.
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Obrazek ¢. 8. Komplexni charakterizace vzorku QCDs: a) Excita¢né-emisni spektrum
ziskané konfokalnim mikroskopem; b) TEM obrazek s vloZenym detailem o velikostni
distribuci, méfitko je 50 nm; c) XPS spektrum uhliku ve vysokém rozliSeni S vloZenym
detailem o prehledovém spektru XPS; d) XPS spektrum dusiku ve vysokém rozliSeni; e)

FT-IR spektrum a f) Zeta potencial materialu. P¥evzato z ° a upraveno.
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5.1.1.2. QCD:s in vitro toxicita vii¢i mezenchymalnim kmenovym
buiikim

Je dobie znamo, Ze mira preziti transplantovanych kmenovych bun¢k je obvykle
velmi nizka."*® Proto prvni krok pro potencialni vyuziti QCDs V regenerativni medicing
pro in vivo sledovani mezenchymalnich kmenovych bunék piedstavoval selekci vhodné
a bezpetné koncentrace QCDs, ktera neovliviiuje viabilitu, ale ani charakter MSCs.
Provedli jsme tak komplexni baterii in vitro testdt MSCs, které byly po 24 h inkubovany
s riznymi koncentracemi QCDs (50, 100, 200 a 400 ug/ml).

V literatute byva silné pozitivni ndboj nanomateridlli Casto spojovan s vyssi
cytotoxitou.®! V piipadé QCDs vsak testy viability MSCs prokazaly jejich siln&
biokompatibilni charakter, jelikoz i MSCs znacené po 24 h snejvyssi testovanou
koncentraci QCDs (400 pg/ml) mély viabilitu pies 90 % (Obrazek ¢. 9a). Pouze 10%
pokles v zivotnosti bun€k znafenych maximalni testovanou koncentraci QCDs navic
piedstavuje lepsi vysledek, nez byl dosazen v dalSich studiich, které testovali in vitro
toxicitu jinych CDs vii¢i kmenovym buiikdm.®21% Agkoliv viabilita bunék nebyla
vyznamné poznamenana ani maximalni testovanou koncentraci, koncentrace 200 a 400
pg/ml negativné ovlivnily dal$i testované bunétné procesy MSCs. Tyto koncentrace
zpusobily jak vyrazné zmény v bunééném cyklu MSCs, tak poskozeni DNA bunék
(Obrazek ¢. 9b a d). Pfedevsim potencialni genotoxicita QCDs v téchto koncentracich
muZe byt rizikova, jelikoz 1 kdyZ poSkozeni DNA nebylo natolik zadvazné, aby ovlivnilo
viabilitu bun&k, mohlo by eventualné vést k mutagenezi a rakovinnému ristu bundk.'%
Od koncentrace 200 pg/ml byl také detekovan nejvétsi narust reaktivnich kyslikovych
radikali (ROS — reactive oxygen species), ktery mohl indikovat oxidacni stres (Obrazek

¢. 9¢). Proto byla pro pokracovani studie vybrana koncentrace 100 upg/ml, ktera
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nezpusobila zadné vyznamné zmény ani v jednom testovaném bunééném procesu
(Obrazek ¢. 9).

Nasledné byla tato koncentrace pouzita pro testovani charakteru MSCs podle
standardnich kritérii stanovenych Mezindrodni spole¢nosti bunééné terapie.’®” Kritéria
zahrnovala: 1) schopnost MSCs adherence K plastu pii kultivaci za standardnich
podminek, ii) schopnost migrace, iii) schopnost diferenciace do adipocytti, chondroblastii
a osteoblastil In vitro a iv) schopnost exprese specifickych povrchovych markerti (CD105,
CD73 a CD90). MSCs vykazovaly vS§echny schopnosti ze zminénych kritérii i po 24 h
znaceni koncentraci 100 pg/ml, coz potvrdilo spravnou selekci bezpecné koncentrace

QCDs.20
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Obrazek €. 9. In vitro cytotoxicita MSCs znacenych po 24 h riznymi koncentracemi QCDs:
a) bunécéna viabilita MSCs; b) analyza bunécéného cyklu MSCs; c) oxidacni stres skrze
generaci ROS a d) detekce poskozeni DNA. V panelu b) predstavuji popisky G2/M, S a
GO0/G1 faze bunééného cyklu a v panelu d) popis Ocas a Hlava mnoZstvi DNA v ocasu nebo

hlavé komety buiiky, podle které se uréuje poskozeni jeji DNA. Pfevzato z *° a upraveno.

5.1.1.3. Internalizace a distribuce QCDs v kmenovych buiikach

Vnitrobunéna distribuce 100 pg/ml QCDs v kmenovych bunkach byla
analyzovéana pomoci fluorescencni a konfokalni mikroskopie. Fluorescenéni mikroskopie
prokazala ptitomnost QCDs v bunikach uz po 4 h inkubace (Obréazek ¢. 10a). Obrazky po
24 h inkubace nasledné ukazaly vétsi mnozstvi internalizovanych QCDs, jelikoz doslo
K vyraznému zvySeni v intenzité¢ fluorescence (Obrazek ¢. 10b). Dopliiujici méfeni
Casové zavislosti internalizace QCDs tyto vysledky potvrdila, jelikoz nejvyssi
fluorescencéni signal byl detekovan pravé po 24 h, kdy byly buiky plné saturovany

QCDs.? Distribuce QCDs v MSCs byla zkoumana také pomoci nékolika fluorescenénich
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horizontéalnich skenii kmenové bunky, které jednoznacné vyloucily penetraci QCDs do
jadra a opét naznacily jejich pritomnost v bunécnych vezikuldch uvniti bunky (Obrazek
¢. 10c, d). Doplnujici analyzy nasledné ukazaly, ze QCDs do kmenovych bunék opravdu
vstupovaly pomoci procesu endocytdozy a nasledné doslo Kk jejich akumulaci

v lyzozomech.?
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Obrazek ¢. 10. Obrazky MSCs z fluorescencni mikroskopie zna¢ené 100 pg/ml QCDs po
dobu a) 4 h a b) 24 h. Vlevo — obrazky v rezimu svétlého pole. Vpravo — obrazky ve
fluorescenénim rezimu s pouzitim filtru U-MWG2 (ex. 510-550 nm/em. >590 nm) porizené
mikroskopem Olympus IX70. Obrazky reprezentativni mezenchymalni kmenové buiky
portizené konfokalnim mikroskopem: c) Obrazky ¢tyir horizontalnich vrstev ziskané
prekryvem reZimi svétlého pole a fluorescence (Setup ex. 488/em. 590 nm); d) Obrazky
tiech horizontalnich vrstev ziskané piekryvem dvou rezimu fluorescence (Setup ex. 490/em.
600-650 nm pro QCDs a ex. 490/em. 500-525 nm pro ActinGreen™ 488). P¥evzato z *° a

upraveno.
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5.1.1.4. Exvivo ain vivo sledovani a migrac¢ni vlastnosti QCD-

znacenych MSCs

Pomoci komplexni baterie in vitro testi jsme tedy byli schopni selektovat
koncentraci QCDs, ktera davala vyrazny fluorescenéni signal uvniti MSCs a zaroven
zadnym zpuisobem neovliviiovala jak viabilitu a dal§i bunééné procesy MSCs, tak jejich
charakter. Soucasné byla ovéfena in vivo kompatibilita QCDs pomoci testu hemolyzy a
také otestovan spravny pocet QCD-znaenych MSCs, ktery daval maximalni
fluorescenéni signal ex vivo.?® Pro posouzeni, zda je signal QCD-znaéenych MSCs
dostate¢ny i uvnitf organismu in vivo a lze takto oznacené burky sledovat, byla nasledné
provedena jejich subkutanni aplikace do zadni koncetiny mysSi. Aplikované buiky
oznacené QCDs byly jasn¢ detekovany pomoci in vivo fluorescen¢niho pozorovani
(Obrazek €. 11a). Tento vysledek tak potvrdil premisu, ze QCDs mohou byt vyuzity pro
sledovani kmenovych bunék v rtiznych terapiich regeneracni mediciny, zahrnujici napf.
procesy hojeni koZznich ran.

Potvrdili jsme tedy, ze QCD-zna¢ené MSCs davaji dostate¢ny signal pro jejich in
vivo fluorescenéni detekcei. Soucasné byly pomoci in vitro testd potvrzeny jejich migra¢ni
vlastnosti, které zlistaly i po oznadeni QCDs neménné.?’ Zivy organismus vsak
piedstavuje kompletné odlisné prostiedi od in vitro testl, a proto je pro potencialni vyuziti
V regeneracnich terapiich nezbytné, aby schopnost navddéni do zanétlivého mista
organismu MSCs, byla po znac¢eni QCDs ovéfena také in vivo. Proto byly QCD-znacené
MSCs intravendzné aplikovany do mysi nesouci tumor, ktery zastupoval misto vykazujici
zanétlivou reakci (Obrazek €. 11b). Po 24 h od aplikace byly odebrany vybrané organy
mysi (jatra, ledviny, slinivka a tumor) a byla provedena jejich fluorescenéni detekce ex
vivo. V porovnani s kontrolni mysi, které byly aplikovany neznacené MSCs, byl

fluorescencni signdl detekovan hlavné v tumoru a ¢astecné také v jatrech mysi, které byly
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aplikovany QCD-znacené MSCs (Obrazek ¢. 11c). Soucasné byla provedena konfokalni
mikroskopie tenkych fezl nejprve samotné tumorové tkané a nasledné také tumorové
tkan¢ po barveni hematoxylinem a eosinem (H&E). U obou pozorovani byla potvrzena
ptfitomnost QCD-znac¢enych MSCs v tumorové tkani ve formé cervenych fluorescen¢nich
klastrii (Obrazek ¢. 11d a 11e). Bylo tedy potvrzeno, ze znaceni pomoci QCDs neménni
schopnost navadéni MSCs do zanétlivého mista organismu ani pii in vivo aplikaci, coZ je

klicové zjisténi pro jejich potencialni aplikaci v bunécné a regeneracni terapii.
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Slezina

Tumor

Obrazek ¢. 11. a) In vivo fluorescenéni sledovani MSCs znacenych QCDs po subkutanni
aplikaci do zadni kon¢etiny mysi. b) In vivo fluorescen¢ni sledovani mysi nesouci tumor po
intraveno6zni aplikaci neznacenych MSCs (horni mys) a po aplikaci MSCs znacenych QCDs
(spodni mys). ¢) Ex vivo fluorescenc¢ni sledovani vybranych organu (slezina, jatra, ledviny,
tumor) z mysi po 24 h intraveno6zni aplikace neznacenych MSCs (vlevo) a MSCs zna¢enych
QCDs (vpravo). d) Obrazek tenkého Fezu tumoru porizeny konfokalnim mikroskopem. e)
Tumorova tkan po H&E barveni: obrazek v reZimu svétlého pole (vlevo), obrazek ve
fluorescenénim rezimu (uprosticed) a obrazek zobrazujici piekryv obou rezimi (vpravo).
Pro vSechna fluorescenéni méfeni byl pouzit setup ex. 520 nm/em. 600 nm. Pievzato z 2 a

upraveno.
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5.1.1.5. Shrnuti studie

V této praci jsme poprvé predstavili pouziti uhlikovych tecek pro bezpecnou in vivo
aplikaci mezenchymalnich kmenovych bunék. Po komplexnich testech in vitro toxicity
byla selektovana koncentrace, ktera byla vyuzita jako fluorescenéni sonda pro kmenové
buiky bez potieby dalSich podpiirnych sloucenin, jako jsou transfekéni ¢inidla nebo do
bun¢k pronikajici fluorescencni proteiny. QCDs tedy piedstavuji velice slibny material

pro nové strategie v regeneracnich terapiich vyuzivajici kmenové bunky.
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5.1.2. Toxicita uhlikovych materiali — spolehliva metoda pro
sledovani viability pomoci nového pristupu v pritokové

cytometrii®

vvvvvv

toxicity nanomaterialt (nanomaterials — NMs) pro jejich jakoukoliv dalsi aplikaci. Na
zéklad¢ tohoto vysledku je totiz mozné stanovit kiivku zavislosti odezvy na davce (dose-
response) a dale se zaméfit na pochopeni mechanismi interakce mezi NMs a bunéénymi
liniemi.®® Jiz bylo nékolikrat popsano, ze NMs mohou interferovat se standardnimi testy
viability.13% 140 O to vice alarmujici je zjisténi, ze stale existuje velké mnozstvi studi,
které tuto informaci neberou v potaz. Diisledkem toho dochazi v literatuie k publikovani
faleSnych vysledkl akutni toxicity NMs, které jsou zpiisobeny interferenci a ne u¢inkem
NMs, coz mize predstavovat obrovsky problém pro budouci bezpecnou a udrzitelnou
aplikaci specifickych nanomaterialt.’*® Uhlikové nanomateridly nejsou vyjimkou a
Vv literatufe uz byly publikovany zpravy o jejich interferenci s béZnymi testy viability jako
je napf. barveni alamarovou modii a neutralni ¢erveni nebo MTT a WST-1 test,141-146
Proto se pouziti téchto metod pro studium viability CNMs doporucuje pouze s velkou
opatrnosti.

Priitokova cytometrie je rychld a vysoce pfesna technika poskytujici informaci o
jednotlivych buiikach v celé populaci,}*’ takze predstavuje vhodnou alternativu pro in
Vvitro testovani viability bunék. Na druhou stranu, jiz bylo zjisténo, ze NMs mohou

interferovat dokonce i s vyhodnocenim pomoci této metody.'*® Proto se nabizi otazka,

vvvvv

B Publikovano jako: Malina, T.; Polakova, K.; Hirsch, C.; Svoboda, L.; Zbofil, R. 2021. Toxicity
of Carbon Nanomaterials—Towards Reliable Viability Assessment via New Approach in Flow
Cytometry. International Journal of Molecular Sciences, 22, 7750. Ptiloha B.
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jestli existuje zplisob, jak interferenci piekonat a ziskat tak spolehlivé vysledky akutni
toxicity CNMs.

Pro demonstraci, jak rozdilné vlastnosti materialit mohou ovlivnit jejich interferenci
sin vitro testy, byli vybrani tfi zastupci novych CNMs: grafenova kyselina (GA),
exfoliovany grafiticky nitrid uhliku (g-C3N4) a uhlikové tecky (CDs). Detaily o syntéze
jsou uvedeny v ptislugnych publikacich: GA,'" g-CsN4 (material oznagen jako NS50014
a NS'*%) a CDs.? Jelikoz je interference materiali izce spojena s pouzitou koncentraci,
byly vybrany dvé koncentrace (50 a 300 pug/ml), kterymi byly po 24 h znaceny lidské
kozni fibroblasty (BJ) a nasledné studovéna interference jak s klasickym testem viability

MTT, tak s metodou LIVE/DEAD pritokové cytometrie.
5.1.2.1. Vlastnosti vybranych CNMs

Hlavni vlastnosti nanomaterialt, které hraji hlavni roli nejen pfi in vitro testovani,
jsou velikost, ndboj a tvar materialti, proto jsou tyto vlastnosti pro tfi CNMs piehledné
popsany v Tabulce ¢. 1. GA vykazovala zaporny naboj (- 32 mV) a obsahovala mono
nebo nékolikravrstevné listy o velikosti kolem 200 nm (Tabulka €. 1). Navic u ni nebyly
popsany fluorescenéni vlastnosti.}” Na druhou stranu, CDs a g-CsNa maji schopnost
fluorescence, a piedevs§im uhlikové tecky jsou zndmy pro jejich Siroké emisni spektrum
a silny fluorescenéni signal.’* U obou materidli byl prokazan pozitivni néboj (+ 40 mV
pro CDs a +24 mV pro g-C3N4) (Tabulka ¢. 1), ale mély kompletné odlisnou velikost i
tvar. Zatimco CDs byly slozeny z velmi malych nanokuli¢ek (5 nm), g-C3N4 obsahovaly
volné aglomeraty s nepravidelnym tvarem, které mély podle DLS velikost 880 nm

(Tabulka €. 1).
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Tabulka ¢&. 1. Charakterizace uhlikovych nanomateridli g-C3Na, CDs a GA. Pievzato z %

a upraveno.
g-C3N4114’ 149 CDSZO GA17
Velikost
880 5 200
(DLS, nm)
Zeta potencial
+ 24 + 40 -32
(mV)
Volné aglomeraty
Mono/nékolikavrstevné
Tvar S nepravidelnym kulicky
listy
tvarem
Fluorescen¢ni
Ano Ano Ne
vlastnosti

5.1.2.2.  Svételna mikroskopie a interference CNMs se standardnim

testem MTT

Prvnim dulezitym faktorem, ktery mize ovliviiovat moZznou interferenci CNMs je
jejich chovani a stabilita v kultivaénim médiu. Ackoliv jsme jiZ méli informace o
rychle zménit kvili interakci s proteiny pfitomnych v kultivaénim médiu (pfesnéji ve
fetalnim hovézim séru - FBS).1® Z obrazki svételné mikroskopie na obrazku ¢&. 12 je
patrné, ze chovani CNMs v médiu se velice liSilo pfedev§im v zédvislosti na jejich
povrchovém naboji (zobrazeny jsou pouze vzorky znacené koncentraci 300 pug/ml). Je
tieba také poznamenat, Ze vzorky byly pied pozorovanim svételnou mikroskopii promyty

fosfatovym pufrem (PBS — Phosphate Buffered Saline), ve kterém byly také nasledné
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zobrazovany. Ve vzorcich znacenych pozitivné nabitymi CDs a g-C3N4 byla pozorovana
pfitomnost velkych aglomeratli nanomaterialti (Obrazek ¢. 12b a c), i kdyz bylo velké
mnozstvi volnych aglomeratli jiz odebrano spolecné se supernatantem. Piestoze byly
urcité aglomeraty detekovany také u vzorkl znacenych GA s negativnim nabojem, jejich
velikost byla mnohem mensi nez v ptipadé vzorkii CDs a predevsim g-C3N4 (Obrazek €.
12d). Divodem vzniku aglomeratii je predev§im naboj CNMs, jelikoz pozitivn€ nabité
NMs vykazuji mnohem vyssi interakci s proteiny v FBS (pfedevsim s abundantnimi
albuminy a globuliny),! které nesou za fyziologického pH negativni naboj.®? Divodem
pro vétsi velikost a vy$si mnozstvi aglomeratii u vzorku znaceného g-C3N4 nez CDs byl
vyrazny rozdil ve velikosti CNMs (Tabulka ¢. 1), jelikoz je pochopitelné, ze vétsi
materialy budou po interakci S proteiny vytvafet vétsi aglomeraty. Z pozorovani
svételnou mikroskopii jsme tak vyvodili dva zavéry. Zaprvé, absence mrtvych bunék a
nezménéna morfologie bunék znacenych CNMs naznacovala, ze by vybrané materialy
V pouzité koncentraci nemély mit vyrazny cytotoxicky u¢inek vici BJ bunkdm. Za druhé,
mimo rizného mnozstvi a velikosti aglomeratli, vS§echny vybrané materialy interagovaly
s bunkami, jelikoz byly detekovany at uz uvnitié buné¢k nebo v kontaktu s jejich
membranami. Existoval tedy pfedpoklad, ze CNMs budou interferovat s vyhodnocenim
viability.

Pro ukéazku, jak vyrazné¢ muze interference CNMs ovlivnit vyhodnoceni béZzného
testu toxicity, jsme provedli klasicky pouzivany test MTT pro nase vybrané CNMs
(Obrazek ¢. 12e). Test byl proveden podle standardniho protokolu, kdy bylo odecteno
pozadi vzorkt, které by mélo slouzit prave k prekonéani interference materialti. Bohuzel,
nas pokus dokdzal, ze tento postup neni dostatecny, jelikoz doslo k silné interferenci
zejména materiali GA a g-C3Ns (Obrazek ¢. 12¢). Piedevsim vzorek g-CsN4 zpusobil

vyrazny pokles MTT viability pod 50 %, coz by indikovalo obrovsky cytotoxicky efekt
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(Obrazek ¢. 12e). Duvodem vsak byla pravé interference materialu, jelikoz obrazky ze
svételného mikroskopu neukézaly skoro zadné mrtvé nebo poskozené buniky (Obrazek ¢.
12c¢). Soucasné zasobni roztok g-C3Ns4 mél bilou barvu, coz zptisobilo, Ze jamky znacené
timto vzorkem mély mnohem jasngjsi barvu neZ jamky s kontrolnimi buitkami.?! U
vzorku GA nedoslo k tak vyraznému poklesu MTT viability, jako v ptipadé g-C3Ng, ale i
tak byly hodnoty pro obé& koncentrace pod 90 % (73 % a 89 % pro koncentraci 50 a 300
pg/ml, resp.). Mikroskopicka analyza opét neukézala skoro zadné poskozené bunky, za
to vSak bylo detekovano velké mnozstvi GA ¢astic uvniti bunék nebo pokryvajicich jejich
povrch (Obrazek ¢. 12d). Pravé tyto materialy tak mohou byt zodpovédné za pokles
v MTT signalu skrze interakci s Krystaly formazanu podobné, jako bylo prokazano u
jinych uhlikovych nanomateridld.'** 14 Z vysledki naseho pokusu jsme nebyli schopni
urcit, zda i posledni vzorek CDs zpusobil interferenci, jelikoz MTT hodnoty viability byly
srovnatelné s kontrolnim vzorkem, a navic nebyla pozorovana zadna zména barvy MTT
roztoku (Obrazek ¢. 12e).%

Bylo tedy prokazano, ze pouziti klasického MTT testu viability neni pro vybrané

CNMs vhodné, jelikoz i ptes vyuziti postupu uréeného K piekonani interference vedlo

k falesnym vysledkiim viability BJ bunék.
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Obrazek €. 12. Obrazky BJ bunék pofizené svételnou mikroskopii v PBS po odebrani
supernatantu pod mensim (vlevo — objektiv 10x) a vétSim (vpravo — objektiv 40x) zvétSeni.
a) Neznacené kontrolni BJ buiiky. BJ buiiky znac¢ené po 24 h 300 png/ml b) CDs, c) g-C3Ns a
d) GA. Méfitka jsou 500 pm (obrazky vlevo) a 100 pm (obrazky vpravo). Vysledky viability
BJ bunék znacenych 24 h koncentracemi 50 a 300 pg/ml CNMs podle standardniho MTT

testu. PFevzato z 2! a upraveno.
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5.1.2.3. Dodatecné kontroly pro LIVE/DEAD analyzu pomoci

pritokové cytometrie

V LIVE/DEAD analyze prutokové cytometrie se standardné vyuzivd negativni
(neznacené bunky) a pozitivni (buniky umrtvené teplem 15 min v 60 °C) kontrola. Pro
pfekonani potencidlni interference jsme vSak v nasem testu zavedli také dvé dodatecné
kontroly.

Prvni typ se jmenoval spike-in kontrola a byl zaloZen na typu kontroly pfedstavené
v ¢lanku Bohmer et al.'®® Jelikoz pii piipravé vzorku k analyze pomoci pritokové
cytometrie dochazi ke kolekci veskerého objemu do jedné zkumavky, abychom pfi
méfeni méli informaci o vSech burikach ve vzorku (sbira se supernatant, PBS pro promyti
a nasledné buiky), byly nanomaterialy pfitomny pii znaceni fluorescen¢nimi barvivy
(P1/Calcein). Proto jsme ve spike-in kontrole t€sné pfed métenim piidali stejny objem ze
zasobnich roztokt CNMSs, ktery odpovidal nejvyssi koncentraci v celém sesbiraném
objemu zkumavky (300 upg/ml). Takto jsme napodobili situaci, kdy by zadné
nanomaterialy nebyly internalizovany do bunék a skoncily volné ve vzorku, kde mohly
potencialn¢ interferovat s fluorescenénimi barvivy. Spike-in kontroly pfedstavuji
vynikajici nastroj a mély by byt vyuzivany v jakémkoliv méfeni prutokové cytometrie,
kde by mohla byt ofekavana interference nanomaterialti. Umoziuji totiz ziskat profil
volnych nanomateridlti v roztoku, a proto je diky ni proveden spravné proces vybéru
populace bunék tzv. gatovani. Pfi vyhodnoceni je totiz klicové, aby byla provedena
analyza pouze populace bunék ve vzorku a ne volnych materiali.

Piestoze pouziti spike-in kontrol pomohlo s vybérem spravnych gatt pro vybér
populace bunék, neposkytly ndm bohuzel Zadnou informaci o chovani a mozné
interferenci CNMs uvnitf nebo na membranach bunék. Pti spike-in kontrolach jsou totiz

NMs pridavany do vzorku tésné pfed méfenim a nestihnou tak pfimo s buiikami
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interagovat. Proto bylo dulezit¢ zavést dalsi dodateCnou kontrolu, kterou jsme
pojmenovali nanomaterialova pozitivni kontrola (NM PC — nanomaterial positive
control). V této kontrole byly buiiky znaéeny CNMs po 24 h stejné jako testované vzorky,
ale pfed méfenim byly bunky umrtveny teplem (60 °C, 20 min). Byla tak vytvofena
kontrola, ktera piedstavovala situaci, kdy by CNMs zabily veskeré bunky ve vzorku a my
tak ziskali profil mrtvych bunék, které mély CNMs uvnitf nebo na svych membranach.

V nasledujicich kapitolach budou piedstaveny dot ploty LIVE/DEAD analyzy
pratokové cytometrie, které popisuji intenzitu dvou fluorescen¢nich barviv: propidium
jodidu (PI — ¢erveny detektor, FL-1 A setup: ex. 488/em. 586 nm), ktery pronika pouze
do mrtvych bun¢k s poSkozenou membranou a calceinu (zeleny detektor, FL — 2 — A
setup: ex. 488/em. 527 nm), ktery je fluorescencni pouze poté, co je metabolizovan
aktivnimi esterdzami uvnitt zivych bunék.

Budou uvedeny podrobné informace nejprve o tom, jak mohou rozdilné typy
interference vybranych CNMs negativné ovlivnit vysledky LIVE/DEAD analyzy
provedené podle standardniho postupu zahrnujiciho pouze negativni a pozitivni kontrolu.
Nasledné bude popséano, jak lze pomoci nového protokolu zahrnujiciho dodatecné
kontroly vybrat spravné gatovani, diky kterému je mozné piekonat interferenci CNMs a
ziskat spolehlivé vysledky v LIVE/DEAD analyze pritokové cytometrie. Standardni
postup zahrnoval dobfe zndmy protokol vybéru gatli pouze podle negativni (viabilita pfes
90 %) a pozitivni (viabilita pod 10 %) kontroly. V naSem novém postupu podle
dodate¢nych kontrol byly gaty vybrany nasledovné: viabilita negativni a spike-in kontroly
pfes 90 % a viabilita pozitivni a NM PC kontroly pod 10 %. Jelikoz vSechny typy
interferenci byly vyrazngjsi pro vys$si koncentraci, jsou ukazany reprezentativni dot ploty

z prittokové cytometrie pouze pro vzorky znacené koncentraci 300 pg/ml CNMs. 2
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5.1.2.4. CDsa LIVE/DEAD analyza BJ bunék — pi‘ekonani

interference fluorescenénich vlastnosti

V metod¢ vyuzivajici standardni gatovani byly detekovany dva typy interference
CDs s LIVE/DEAD analyzou (Obrazek ¢. 13a-e). Prvni a mnohem vyrazn&jsi typ
predstavovala interference skrze fluorescenéni vlastnosti CDs.?° Body interferujici timto
typem interference jsou na obrazku ¢. 13b zvyraznény fialovym ovalem a miizeme vidét,
ze interakce CDs s buiikkami zpisobila posun fluorescen¢ni intenzity bodt reprezentujici
buiky zna¢ené CDs v ¢erveném detektoru (FL —2 — A) (Obrazek €. 13b). Nartst intenzity
byl natolik vyrazny, ze zpusobil posun ur¢itého procenta bodu reprezentujicich bunky
Z gatu pro zivé bunky (alive) do gatu pro mrtvé buiky (dead) (Obrazek ¢. 13b). Druhym
typem interference byla ptitomnost volnych aglomerati CDs. Ackoliv byl tento typ
interference mén¢ vyrazny, jelikoz jsme se snazili pro vyhodnoceni LIVE/DEAD analyzy
gatovat pouze populaci bunék,?* zpisobil pokles viability spike-in kontroly na 86 %
(Obrazek ¢. 13d a 13e). Body pfedstavujici volné aglomeraty jsou na obrazku ¢. 13
zvyraznéné hnédym ovalem (Obrazek ¢. 13d). I kdyz byl pokles viability zaznamenan u
spike-in kontroly mirny, indikoval, ze vzorek CDs mulze zpusobovat dalsi typ
interference, jelikoz spike-in kontrola by méla mit porovnatelnou viabilitu s negativni
kontrolou, tedy ptes 90 %. Bylo tedy prokazano, ze vysledna viabilita vzorkd zna¢enych
50 a 300 pg/ml CDs (70 a 32 %, resp.) vyhodnocena podle standardniho postupu nebyla
spolehliva, jelikoz byla ovlivnéna dvéma typy interference CDs.

Abychom ukézali, jak pfekonat interferenci CDs v LIVE/DEAD analyze pritokoveé
cytometrie, vyhodnotili jsme stejnou datovou sadu podle nového protokolu gatovani
vyuzivajiciho dodate¢né kontroly (Obrazek ¢. 13f-]). S vyuzitim téchto gat zustala
nejprve cela populace Zivych bunék obsahujicich CDs v gatu pro zivé buriky (alive) i pies

zvySenou intenzitu fluorescence (fialovy oval v Obrazku ¢. 13g). Soucasné se také body
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reprezentujici volné aglomeraty CDs pfesunuly do gatu pro neoznacené bunky
(unstained) a nebyly tak zahrnuty do vyhodnoceni viability, diky ¢emu méla spike-in
kontrola viabilitu ptes 90 % (hnédy oval v Obrazku ¢. 13i a Obrazek ¢. 13j). Podle nového
protokolu tak znaceni BJ bunék po 24 h koncentracemi 50 a 300 pg/ml CDs vyustilo ve

vyslednou viabilitu 98 a 80 %, resp. (Obrazek €. 13;).
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Obrazek ¢. 13. Dot ploty LIVE/DEAD analyzy: (a, f) negativni a pozitivni kontroly BJ bunék

a (b - d, g - i) BJ bunék zna¢enych vzorkem CDs a vyhodnoceny podle (a - d) standardniho

gatovani a (f — i) nového protokolu gatovani. b, g) vzorky znac¢ené 300 pg/ml CDs po 24 h. c,

h) NM PC 300 pg/ml pro vzorek CDs. d, i) Spike-in kontroly pro vzorek CDs. e, j)

Vyhodnoceni viability BJ bunék zna¢enych po 24 h CDs a dodate¢nych kontrol (n = 3). Body

VvV gatu alive (Zivé) jsou oznaceny zelené, body v gatu dead (mrtvé) ¢ervené a body v gatu

unstained (neoznacené) jsou uvedeny modie. Body interferujicich volnych agglomerati jsou

zvyraznény hnédym ovialem a body interferujicich bunék s fluorescenénimi CDs uvniti

nebo na membrang fialovym ovalem. Pievzato z > a upraveno.
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5.1.25. ¢-C3Ns a LIVE/DEAD analyza BJ bunék — piekonani

interference volnych aglomerati

Pro vzorek g-CsNs byly podle standardniho postupu detekovany stejné typy
interference jako u vzorku CDs, av$ak jejich vliv na vyhodnoceni se vyrazné lisil. Posun
ve fluorescenéni intenzit¢ bodt bunék obsahujici g-CsN4 nebyl ani zdaleka natolik
vyrazny jako v piipadé¢ CDs, jelikoz zptsobil posun pouze zlomku bodi (fialovy oval
v Obrazku ¢. 14b). Intenzivnéj$i interferenci pfedstavovala pfitomnost volnych
aglomeratli ve vzorcich, které se piekryvaly s body reprezentujici populaci bunék, a proto
je pii prvotnim gatovani neslo odlisit a musely byt do vyhodnoceni zahrnuty, aby nedoslo
ke ztraté informace o populaci bun&k.?! Tyto body se pii pouziti standardniho gaotvani
nachazely v gatu pro mrtvé bunky (dead) jak ve vzorku znaceném 300 pg/ml g-CsNs
(hnédy oval v Obrazku ¢.14b), tak ve spike-in kontrole, kde byly zodpovédné za jeji
pokles na 88 % zivych bunék (hnédy oval v Obrazku ¢. 14d a Obrazek ¢. 14e). Pokles
viability u vzorku znacenych 24 h 50 a 300 pug/ml g-C3N4 na 86 a 63 %, resp. tak nebyl
zpusoben pusobenim materidlu, ale interferenci jeho volnych aglomeratt (Obrazek ¢.
14e).

Vyuzitim nového protokolu s dodate¢nymi kontrolami jsme byli schopni pfekonat
tuto interferenci, jelikoz vybérem specifickych gati byla vyhodnocovana pouze populace
bunék a body reprezentujici volné aglomeraty byly pfesunuty do gatu pro neoznacené
bunky (unstained) (hnédé ovaly v Obrazku ¢. 14g a 14i). Soucasné také body bunék
obsahujicich g-C3N4 se zvysenou intenzitou se nyni nachazely v gatu pro zivé bunky
(alive) (modry oval v Obrazku ¢. 14g). Vysledna viabilita BJ bun€k znacenych 24 h 50 a

300 pg/ml g-C3Nastak byla 94 a 83 %, resp. (Obrazek ¢. 14j).
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Obrazek ¢. 14. Dot ploty LIVE/DEAD analyzy: (a, f) negativni a pozitivni kontroly BJ bunék
a(b-d, g-i) BJ bunék znacenych vzorkem g-C3N4 a vyhodnoceny podle (a - d) standardniho
gatovani a (f — i) nového protokolu gatovani. b, g) vzorky znacené 300 pg/ml g-CsN4 po 24
h. ¢, h) NM PC 300 pg/ml pro vzorek g-CsNa. d, i) Spike-in kontroly pro vzorek g-CsNa. €, j)
Vyhodnoceni viability BJ bunék znac¢enych po 24 h g-C3N4 a dodateénych kontrol (n = 3).
Body v gatu alive (Zivé) jsou oznaleny zelené, body v gatu dead (mrtvé) Eervené a body v gatu
unstained (neoznacené) jsou uvedeny modie. Body interferujicich volnych agglomerati jsou
zvyraznény hnédym ovilem a body interferujicich bunék s fluorescenénimi g-CsNs uvniti

nebo na membrang fialovym ovalem. PFevzato z 2 a upraveno.
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5.1.2.6. GA a LIVE/DEAD analyza BJ bunék — prekonani

interference zhasSeni fluorescence PI

Pro vzorky CDs a g-CsN4 nebyla ovlivnéna kontrola NM PC (Obrazek ¢. 13 a €.
14) a k detekci interference byla vyuzita predevsim spike-in kontrola, jelikoz CDs a g-
C3Ns zpusobovaly vznik volnych aglomerati (Obrazek ¢. 12b a 12c). Vzorek GA
nevytvarel tak velké aglomeraty, na druhou stranu vSak mikroskopie ukdzala, Ze bunky
znacené GA mély velké mnozstvi materialti bud’ v intracelularnim prostoru, nebo na své
membrané (Obrazek ¢. 12d). LIVE/DEAD analyza provedena podle standardniho
gatovani odhalila, Ze GA zptisobuje kompletné jiny typ interference nez zbylé dva CNMs
(Obrazek ¢. 15a-e). Ackoliv spike-in kontrola nebyla ovlivnéna (viabilita pies 90 %),
vzorek GA zpusoboval zhaseci efekt, ktery mél za nasledek vyrazny pokles intenzity
fluorescence PI a tedy bodt predstavujici mrtvé buiiky. Zatimco v pozitivni kontrole mély
body reprezentujici mrtvé buiiky intenzitu fluorescence okolo 10* RFU v &erveném
detektoru (FL — 2, Obrazek ¢. 15a), v kontrole NM PC 300 pg/ml byla intenzita bodtu
silné redukovana na hodnoty kolem 10?> RFU v &erveném detektoru (Serny oval v
Obrazku €. 15¢). Jelikoz v obou kontrolach (PK a NM PC 300 pg/ml) byly teplem
umrtvené burnky a jediny rozdil byla pfitomnost GA ve vzorku NM PC 300 pg/ml, je
jasné, ze interference byla zpilisobena pravé interakci GA s fluorescencni znackou PIL.
ZhaSeci efekt GA mé¢l za nésledek posun bodu reprezentujici bunky z gatu pro mrtvé
(dead) bud’ do gatu pro zivé (alive) nebo neoznacené (unstained) bunky (Cerny oval
v Obrazku ¢. 15¢). Tato interference tak vedla k falesnému zvyseni viability vzorki NM

PC 50 pg/ml a NM PC 300 pg/ml na 26 % a 85 %, resp., i kdyZ v obou vzorcich byly

pouze umrtvené bunky (Obrazek ¢. 15¢). Proto ackoliv vzorky znac¢ené 50 a 300 ug/ml
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GA mély viabilitu pfes 96 %, vyhodnoceni nebylo kvili interferenci GA spolehlivé,
jelikoz by mrtvé buniky mohly byt chybné zahrnuty v gatu pro zivé bunky (alive).
Prostiednictvim nového protokolu podle dodate¢nych kontrol byla interference
pfekonana selekci vhodnych gati, které vedly k viabilit¢ v NM PCs vzorcich mensi nez
10 % (Cerny oval v Obrazku ¢. 15h a Obrazek ¢. 15j). M¢li jsme tak jistotu, Ze i ptes
zhaseci efekt GA budou ptipadné mrtvé bunky ve vzorcich znacenych 50 a 300 pg/ml
GA ve spravném gatu pro mrtvé bunky (dead). Vysledna viabilita BJ bun¢k znacenych

24 h 50 a 300 pg/ml GA tak byla 94 a 92 %, resp. (Obrazek ¢. 15j).
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Obrazek ¢. 15. Dot ploty LIVE/DEAD analyzy: (a, f) negativni a pozitivni kontroly BJ bunék
a (b -d, g - i) BJ bunék zna¢enych vzorkem GA a vyhodnoceny podle (a - d) standardniho
gatovani a (f — i) nového protokolu gatovani. b, g) vzorky znaéené 300 ug/ml GA po 24 h. c,
h) NM PC 300 ug/ml pro vzorek GA. d, i) Spike-in kontroly pro vzorek GA. e, j)
Vyhodnoceni viability BJ bunék zna¢enych po 24 h GA a dodatecnych kontrol (n = 3). Body
Vv gatu alive (Zivé) jsou oznaceny zelené, body v gatu dead (mrtvé) ¢ervené a body v gatu
unstained (neoznacené) jsou uvedeny modie. Body interferujicich bunék s GA uvniti¥ nebo
na membrané, ktery zhasi fluorescenci PI, jsou zvyraznény ¢ernym ovalem. Pievzato z %! a

upraveno.
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5.1.2.7. Shrnuti studie

V této studii bylo cilem upozornit na dulezitost spolehlivé techniky pro
akutni in vitro toxicity. U vybranych CNMs jsme poukazali, ze pouziti klasickych testl
viability jako je napt. MTT u téchto materiald neni vhodné, jelikoz kvuli interferenci
muze vést k falesSnym vysledkiim. Proto byla navrzena metoda priitokové cytometrie jako
alternativa s vyuzitim LIVE/DEAD analyzy. [ kdyz vybrané CNMs interferovaly i s touto
metodou, dokézali jsme diky nasemu novému protokolu s vyuzitim dodate¢nych kontrol
tuto interferenci identifikovat a nasledné ptekonat. Podatilo se nam tak ziskat spolehlivé
vysledky viability BJ bun¢k po znaceni vybranymi CNMs. Proto doporucujeme pouziti
naseho protokolu s dodateénymi kontrolami pro jakékoliv testovani in vitro toxicity

uhlikovych nanomaterialti vyuzivajici pritokovou cytometrii.
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5.2. Interakce uhlikovych nanomateriali s organismy ve

vodnim prostiedi — environmentalni toxicita

Jak jiz bylo zminéno v literarnim ptehledu prace, diky svym vlastnostem je grafen
oxid (GO) jednim znejvyuzivangjSich CNMs v aplikacich v zivotnim prostiedi.
Uplatnéni nachézi piedevSim v technologiich zabyvajici se sanaci vody. Vzhledem
kzajmu o vyzkum GO v této specifické oblasti a rozmachu jeho vyroby, ktery
zaznamenal v poslednich letech, je vysoce pravdépodobné, ze nakonec dojde
k ¢astecnému Gniku nebo jeho uvolnéni do Zivotniho prostiedi, zejména vodnich
ekosystémi.’> V takovém piipadé tak mimotadné vlastnosti jako hydrofilni chovani,
mobilita ve vod¢ a vysoka reaktivita povrchu, které z GO délaji zadany material v mnoha
aplikacich, mohou GO rychle proménit v ekologicky problém pro organismy v Zivotnim
prostfedi. Z dlouhodobého hlediska by také mohla ptfedstavovat problém stabilita GO,
jelikoZ by uvolnujici GO mohl byt distribuovan na velmi Sirokém uzemi a pfetrvavat po
znaénou dobu. ™

Jiz diive bylo popsdno, ze materidly na bazi grafenu maji silnou tendenci
akumulovat se v télech organismid a ovliviiovat tak potravni fetézec vodniho
ekosystému.% 1% Podobné chovani Ize odekédvat také u GO, jelikoz by diky zminénym
vlastnostem intenzivn¢ interagoval s vodnimi organismy. Existuji tak opodstatnéné
obavy o bezpecnost pouziti GO v environmentalnich aplikacich, které jsou spojeny s jeho
potencidlni environmentélni toxicitou a osudem ve vodnim prostfedi. Proto je naprosto
nezbytné pochopit interakci GO s vodnimi organismy a identifikovat potencialni toxicky
mechanismus, kterym by je mohl poSkozovat. Ac¢koliv studii zabyvajici se GO a jeho

ekotoxicitou v posledni dobé¢ stale piibyva, stale neni objasnén piesny mechanismus,
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kterym GO interaguje s organismy zriznych urovni potravniho fetézce vodnich

ekosystému.1®
5.2.1. Grafen oxidy s rozdilnym stupném povrchové oxidace

V predlozené disertani praci jsme pracovali se tfemi GO systémy, které¢ byly
pfipraveny podle tfech rozdilnych syntéz. Syntéza podle Hoffmanova protokolu vedla
k vytvoteni Hoffmanova grafen oxidu (HO-GO), pfiprava sledujici Hummersiv postup
k Hummersové grafen oxidu (HU-GO) a posledni syntéza podle Tourova procesu
vyustila v Tourtiv grafen oxid (TO-GO). Detaily ohledné jednotlivych syntéz jsou
uvedeny v publikaci Chng et al.}*® Hlavni rozdil mezi tfemi riznymi syntézami spo&iva
V pouziti rozdilnych oxidacnich ¢inidel: i) Hoffmanova metoda vyuziva chlore¢nan
draselny a kyselinu dusi¢nou,®’ ii) Hummerstv postup pouziva manganistan draselny a
kyselinu dusiénou®®® a iii) v protokolu podle Toura se vyuzivd manganistan draselny a
kyselina fosfore¢na generovana in situ.'®® Tyto tfi riizné procedury tedy mély poskytnout
listy GO s podobnou velikosti a tloustkou, ale s kompletné riiznou povrchovou oxidaci a

distribuci kyslik-obsahujicich funkénich skupin (Obrazek €. 16).
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Obrazek ¢. 16. Ilustraéni schéma piipravy grafen oxidu z grafitu podle Hoffmanova,
Hummersova a Tourova protokolu. PouZiti riznych oxidantii vedlo k pripravé tiech
riznych grafen oxidovych systémii s podobnou velikosti, ale rozdilnou mirou povrchové

oxidace. PFevzato z  a upraveno.

Pro ovéteni vysledkl syntéz byla provedena rozsahla charakterizace materiald, jejiz
vysledky jsou uvedeny na obrazku €. 17. Analyza reprezentativnich SEM a AFM obrazka
materidlii odhalila, Ze vSechny tfi GO systémy mély opravdu podobnou velikost (az do 5

um) (Obrazek ¢. 17a), a také jednovrstevnou strukturu, jelikoz vyska listit GO byla kolem
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1 nm (Obrazek ¢. 17b). Soucasné jsme provedli také velikostni distribuci a rozdéleni
vyskovych profill, které tyto vysledky potvrdilo (velikost listd byla priimérné 2x4 um a
vyska listd fluktuovala mezi 0,8 a 1,2 nm).?

Povrchova chemie GOs byla studovana pomoci ti spektroskopickych technik, které
potvrdily rozdilnou povrchovou oxidaci GO v zavislosti na syntéze a pouzitych
oxidacénich ¢inidlech. Ziskana spektra materialtt z XPS, FTIR a Ramanovy spektrometrie
jsou uvedena na obrazku ¢. 17c-g. XPS méfeni ukazalo, ze C/O pomér, ktery je
indikatorem miry oxidace, byl 2,60 pro HO-GO, 1,95 pro HU-GO a 1,72 pro TO-GO
material.?2 TO-GO tedy obsahoval nejvyssi procento kysliku, zatimco HO-GO nejniZsi.
Razna mnozstvi funkénich skupin obsahujicich kyslik ve vzorcich GOs se odrazila v XPS
uhlikovych (C 1s) spektrech s vysokym rozlienim (Obrazek &. 17c-e)??> Epoxidové
skupiny, které jsou reprezentovany piky detekovany pii 286,8 eV (Obrazek ¢. 17¢), a byly
nejvyrazngj$i funkéni skupiny u HO-GO vzorku, jsou ¢asto pozorovany ve vzorcich GO
piipravenych oxidaci chlore¢nanem, coz odpovida postupu piipravy HO-GO.° Naopak
vzorky HU-GO a TO-GO, které byly oxidovany manganistanem, vykazovaly vyrazné
zastoupeni hydroxyloveé (285,9 eV), karbonylové (287,5 eV) a karboxylové skupiny
(288,8 eV) (Obrazek ¢. 17d a 17e).  kdyz byly tyto skupiny ptitomné u obou vzorktt HU-
GO a TO-GO, mira jejich zastoupen se ligila.?

Rizné stupné oxidace GO vzorkd byly patrné také v jejich FTIR spektrech
(Obrazek ¢. 17f). Charakteristicky pas na 1615 cm™ odpovidajici aromatickym systémiim
s vazbou C=C byl viditelny u vSech tii vzorkd. Spektru HO-GO vs$ak chybél pas na 1735
cm?, ktery je charakteristicky pro karbonylové a karboxylové skupiny, byly vsak
detekovany silné symetrické a asymetrické C-O-C deformaéni pasy na 1041 a 956 cm™

1

charakteristické pro epoxidové skupiny,’®! coz dobfe odpovidalo vysledkiim z XPS.

Pozorovany byly také dva pasy hydroxylovych skupin: §iroky pas C-O-H na 1392 cm™ a

71



pas C—C-0 na 1223 cm™. Spektra HU-GO a TO-GO vzorkt obsahovala dominantni pasy
odpovidajici C=0 pii 1735 cm™, stejné jako pasy charakteristické pro epoxidové a
hydroxylové skupiny (Obrazek €. 17f). Pozorovana intenzita téchto pasi vSak byla vyssi
pro vzorek TO-GO.

V Ramanovych spektrech viech materiali byly detekovany dva piky pti 1330 cm™
a 1596 cmL, které odpovidaji grafenovym D a G pastim (Obrazek ¢. 17g). G pas je spojen
s uhlikovymi atomy v sp? hybridizaci v grafenové miizce, zatimco G pas je zptisoben sp®
defekty v sp? hybridizaci uhlikovych atomi.®? Pomér mezi intenzitou D a G pasu (ID/IG)
proto indikuje miru defektd a neuspotfaddani v grafenové miizce vlivem mnozstvi
navazanych funk¢nich skupin, €ili stupen oxidace systému GO. Ziskané Ip/lg poméry pro
vzorky HO-GO, HU-GO a TO-GO byly 0,75, 0,98 a 1,16, resp. (Obrazek ¢. 17g), coz je
v souladu s vysledky z FTIR a XPS.

Doplnujici analyzy zahrnujici TGA a ICP-MS méteni déle potvrdily, Ze ve vzorcich
GO nezistavaji zadna anorganicka rezidua ze syntézy a jakykoliv pozorovany efekt je
tedy definitivné zptisoben vlivem materialt.?? Z vysledki charakterizace bylo tedy jasné,
ze TO-GO byl nejvice oxidovan GO ze tfech vzorkl, zatimco HO-GO nejméné. Jelikoz
mél HO-GO nejniZsi stupen oxidace, obsahoval také nejméné karboxylovych skupin,
které se obvykle nachézeji na hranach GO. Tento jev se vzhledem k ekotoxicit¢ GO
ukézal jako klicovy a bude detailnéji popséan dale.

V nésledujicich kapitolach bude popséna interakce tfech zminénych GO
s organismy z rtiznych urovni potravinového fetézce vodniho prostredi, kdy byl studovan
potencidlni toxicky uc€inek GO vic¢i vodnim organismim pravé v zavislosti na
chemickém slozeni jeho povrchu. Soucasné€ jsme se také snazili pfinést nové informace
ohledné otazky osudu GO ve vodnim prostiedi, kterd je kliCovd pro jeho vyuziti

Vv aplikacich Zivotniho prostredi.
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Obriazek ¢. 17. Reprezentativni obrazky ze a) SEM a b) AFM analyzy materiali (zleva
doprava) HO-GO, HU-GO a TO-GO. XPS spektra uhliku (C 1s) s vysokym rozliSenim
materidlu a) HO-GO, b) HU-GO a c) TO-GO. Detaily v panelech c¢), d) a e) ukazuji
pirehledova XPS spektra prisluSnych GO. f) FTIR spektra a g) Ramanova spektra vzorku
HO-GO (zelena linie), HU-GO (oranzZova linie) a TO-GO (€ervena linie). Nejdiilezitéjsi
vibraéni pasy ve FTIR spektru jsou zvyraznéna riznymi barvami (sC-O-C: symetricka
epoxidova vibrace; aC-O-C: asymetricka epoxidova vibrace). V Ramanovych spektrech
jsou uvedeny Ip/lc poméry, které jsou uvedeny vedle linii pfisluSnych GOs. Prevzatoz # a

upraveno.
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5.2.2. Interakce GOs s Fasami a sinicemi®

Prvni studie se zabyvala interakci GOs se zéstupci jednobunéénych organismu:
zelenych fas (Raphidocelis subcapitata) a sinic (Synechococcus elongatus). Rasy a sinice
jsou fotoautotrofni organismy, které¢ hraji ve vodnim prostiedi podobnou roli s tim
rozdilem, Ze sinice jsou prokaryota, zatimco zelené fasy eukaryota. Jako primarni
producenti organickych sloucenin reprezentuji klicovou slozku vodnich ekosystému a
budou vystaveny jakémukoliv materialu nebo ¢asticim uvolnénych do vodniho prostredi
(v€etné GO). Jelikoz jsou navic v ekosystému zdrojem zékladnich procesti zahrnujici
produkei kysliku a biomasy, fixaci CO2 a N2 a samo¢isténi znecisténé vody,%> 14 je
nezbytné, aby byla analyzovana jejich citlivost vi¢i potencidlni ekotoxicit¢ GO. Pro
studium mechanismu interakce tfech GO s riznou mirou povrchové oxidace s fasami a

sinicemi byla vybrana koncentra¢ni fada 0,39, 6,25, 25, 100 a 200 mg/L.
5.2.2.1. Inhibice ristu fas a sinic po znaceni GO materialy

Inhibi¢ni efekt téi vzorki GO na rust fasy Raphidocelis subcapitata a sinice
Synechococcus elongatus byl pozorovan po dobu 24, 48 a 72 h a vysledky jsou uvedeny
na obrazku ¢. 18. Soucasné jsme provedli test inhibice ristd filtratd vzorkt GO, ktery
prokézal, ze rezidua ze syntézy nemély zadny vliv a jakykoliv G€¢inek byl tak definitivné
zpusoben efektem GOs.?? Test inhibice ristu GOs ukazal tii velice zajimavé jevy.

Za prvé, bunky sinice Synechococcus byly mnohem citlivéjsi viaci vzorkiim GOs
nez buiiky zelené fasy Raphidocelis. Bylo to patrné piedevS§im z miry inhibice po 24 h,

kdy vSechny GOs inhibovaly riist sinic o 50 % nebo vyse u vyssich koncentraci, zatimco

€ Publikovano jako: Malina, T., Marsalkova, E., Hola, K., Tucek, J., Scheibe, M., Zboril, R. and
Marsalek, B. 2019. Toxicity of graphene oxide against algae and cyanobacteria: Nanoblade-
morphology-induced mechanical injury and self-protection mechanism. Carbon 155, 386-396.
Ptiloha C.
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u fas nedosahl zadny GO inhibi¢niho efektu 50 % ani u nejvyssi pouzité koncentrace 200
mg/L (Obrazek ¢ 18a a 18d, EC 50 hodnoty jsou uvedeny v ?2). Vyssi citlivost sinice
byla pravdépodobné zplisobena jednodussi prokaryotickou bunécnou strukturou (v
porovnani s eukaryotickou buiikkou fasy), a také dobfe znamymi antibakteridlnimi
vlastnostmi GO.1% Vysledky po 48 a 72 h pfinesly podobny vysledek citlivosti organismii
predevsim u vyssich koncentraci, i kdyz vSechny systémy GO jiz mély vysoky toxicky
ucinek, jelikoz zpisobily inhibici ristu 50 % a vysSe pro vyrazné niz$i koncentrace nez
v piipadé 24 h (Obrazek & 18).22 Tyto vysledky jsou v souladu s jiz publikovanymi

studiemi o toxickych uéincich materialéi na bazi grafenu, véetné GO, na fasy.166-169

Za druhé, byla pozorovana silnéjsi inhibice v ptipad¢ nejméné oxidovaného vzorku
HO-GO, nez vice oxidovanych HU-GO a TO-GO. To by naznacovalo, Ze interakce mezi
GO a fasami a sinicemi jsou citlivé na fyzikalné-chemické vlastnosti GO. U S. elongatus
byl pozorovan rozdil mezi materialy jen u nizsich koncentraci, zatimco u R. subcapitata
se rozdilna povrchové oxidace projevila ve vSech testovanych koncentracich (Obrazek ¢.
18). Z toho vyplyva, ze GO ovlivituje oba organismy urcitym mechanismem, ktery silné
zavisi na jeho povrchovém slozeni. U vys$Sich koncentraci GO vsak u sinic doslo k tak
silnému inhibi¢nimu Uc¢inku, Ze se zminény mechanismus GO nestacil projevit.

Posledni pozorovanym jevem byla rozdilna velikost u¢inki ristové inhibice béhem
casovych bodl pro nizsi koncentrace GOs (pod 100 mg/L). Zatimco u vysledkl po 24 a
48 h doslo k vyraznému nardstu miry inhibice riistu, rozdil nartistu mezi 48 a 72 h jiz
nebyl tolik vyznamny (Obréazek ¢. 18). Tento rozdil byl navic mnohem vice markantni
pro bunky fas nez bunky sinic. Takové chovani naznacovalo aktivaci ur¢itych obrannych

mechanismi, které by organismim umozZnily pfitomnost GO v kultivaénim médiu

tolerovat.
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Obrazek ¢. 18. Test ristové inhibice (a-c) zelené Fasy Raphidocelis subcapitata a (d-f) sinice
Synechococcus elongatus po znaéeni riiznymi koncentracemi tiech systémia GO po (a,d) 24
h, (b, ) 48 h a (c, f) 72 h. Data byla normalizovana definovanim 100 % ristu pro kontrolni
neznacené buiiky a rozdil od 100 % byl stanoven jako mira inhibice (nap¥. vzorek s 60%

riistem ve srovnani s kontrolnim vzorkem mél miru inhibice 40 %). Prevzato z > a

upraveno.

5.2.2.2. Analyza mechanismu interakce mezi GOs a buiiky Fas pomoci

pritokové cytometrie

Pro objasnéni mechanismu interakce mezi GOs a bunkami fas v zavislosti na
povrchové oxidaci GO byla studovana integrita membrany buné¢k, generace ROS a obsah
pigmentovych barviv Chlorofylu a a b zelené fasy R. subcapitata po inkubaci s riznymi
koncentracemi GOs po 2, 24 a 48 h. Vysledky jsou pfedstaveny na obrazku ¢. 19.
inkubace se vzorky GOs (Obrazek €. 19a). HO-GO zptisobil nejvyraznéjsi poskozeni,

jelikoZ byla pozorovana ztrata az 50 % integrity membrany jiz pii koncentraci 50 mg/L.
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HU-GO a TO-GO systémy byly vyrazné mén¢ Skodlivé, jelikoz byla detekovéana ztrata
integrity pouze u nejvyssi testované koncentrace 200 mg/L (13 a 29 % pro HU-GO a TO-
GO, resp.). Vzorek HO-GO byl také zodpovédny za nejvyssi nartust ROS po 2 h (Obrazek
¢. 19d), coz bylo pochopiteln¢ zptisobeno reakci bun€k na poskozeni membrany. Naproti
tomu hodnoty ROS ve vzorcich zna¢enych materialy HU-GO a TO-GO byly na podobné
urovni jako neznaceny kontrolni vzorek (Obrazek ¢. 19d). Vysledky analyzy integrity
membrany fasovych bunék po 24 a 48 h silné naznacuji urcitou formu regenerace
membrany a aktivaci obranného mechanismu proti ptisobeni GOs (Obrazek ¢. 19b a 19¢).
Jediné vyrazné poSkozeni membrany bylo totiz pozorovano pro nejvyssi koncentraci HO-
GO po 24 a 48 h (55 a 50% ztrata integrity, resp.) a TO-GO vzorku po 24 h (30% ztrata
integrity). Tuto skutecnost podporuji také vysledky tvorby ROS v pfislusnych ¢asovych
bodech, jelikoz vyznamné hladiny ROS byly detekovany pouze u nejvyssich koncentraci
HO-GO a TO-GO vzorkt (Obrazek ¢. 19¢ a 19f).

Tyto vysledky naznacuji, Ze mechanismus interakce GO s fasami vysoce zavisi na
poctu oxidovanych funkénich skupin na jeho povrchu. Nejméné oxidovany systém HO-
GO totiz zpuisobil nejvyraznéjsi poskozeni fasové membrany spolu s nejvyssim nartistem
ROS, coz indikuje piimou interakci s buiitkami fas, ktera vede k mechanickému poskozeni
membrany a naslednému oxidaénimu stresu. Na druhou stranu, nejvice oxidovany
material TO-GO zplsobil oxidacni stres, aniz by vyrazné narusil integritu fasové
membrany. Tyto vysledky tedy naznacuji, ze TO-GO neinteragoval s buiikami fas pfimo,
ale skrze své hojn¢ zastoupené funkcni skupiny na povrchu, ¢imz zpiisobil nartist ROS,
ale neposkodil pfitom membranu bun¢k. HU-GO jako stfedné€ oxidovany systém GO mél
pravdépodobné dostatek povrchovych funkénich skupin k interakci bez piimého
poskozeni membrany, ale ne tolik, aby zplisobil oxida¢ni stres. Poprvé jsme tak

komplexné popsali interakci GO s bunikami fas v zévislosti na jeho povrchové oxidaci.
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Predchozi studie v této oblasti navic pfinesly pouze takové vysledky, kdy byl toxicky
ucinek GO nejvyrazngj$i pti nejdelsi inkubacni dobé a neposkytly zddnou zminku o
potencialni obranné reakci organism. %% 167.170

Meéfeni obsahu pigmentovych barviv je u fas obvykle vyuzivana pro doplnéni test
toxicity, jelikoz pfinasi informace o metabolickém a fyziologickém stavu bunék.l’
Z vysledkti na obrazku 19g-i lze vidét, ze zmény v obsahu chlorofylu a a b bun¢k
znacenych GOs dobfe koreluji s pozorovanymi zménami membranové integrity a
oxidacniho stresu. Hodnoty totiz prudce poklesly po prvnich dvou hodinach expozice,
piedevsim pro nejvyssi koncentrace GOs (pokles 0 44, 20 a 25 % pro HO-GO, HU-GO a
TO-GO 200 mg/L, resp.), coz opét indikuje, poskozeni bunék béhem prvnich nékolika
hodin (Obrazek ¢. 19g). Po 24 h vsak doslo k nariistu hladiny chlorofylu u v§ech vzorkt
v souladu s regenera¢nimi procesy a aktivaci obranného mechanismu, které vedou ke
zvySené metabolické aktivité (Obrazek ¢. 19h). Bylo jiz prokdzano, Ze fasy mohou za
stresovych podminek zvysit jejich hladiny chlorofylu.'’? Toto tvrzeni navic podpofil také
vysledek po 48 h inkubaci, kdy byl obsah chlorofylu v bunkéach fas vystavenych
nejvysSim koncentracim GOs vyssi nez hladiny na zac¢atku experimentu (Obrazek €. 191).

Analyza mechanismu interakce mezi GOs a builkami fas pomoci pritokové
cytometrie tak odhalila, ze nepfiznivé UCinky GO silné zdvisi na stupni povrchové
oxidace GO, jelikoz mohou byt zplsobeny jak pfimou mechanickou interakci, tak
oxida¢nimi procesy. Namétené vysledky také dokladaji, ze nejvyssi toxicky ucinek GOs
byl pozorovan po kratkodobé expozici, zatimco po delsi inkubaci doslo ke zmirnéni
toxicity GO. Za zmirnéni jsou pravdépodobné zodpovédné regeneracni procesy a
aktivace obrannych mechanisml po expozici GO, které buitkdm odebiraji energii, coz
zpusobuje jejich pomalejsi rdst v porovnani s neznaenymi kontrolnimi bunikami

(Obrazek ¢. 18).
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Obrazek ¢. 19. Analyza rasovych bunék po inkubaci s riznymi koncentracemi GOs pomoci

priitokové cytometrie. a-c) Analyza ztraty membranové integrity po a) 2 h, b) 24 h a c) 48

h. d-f) Naruast ROS po d) 2 h, e) 24 h a f) 48 h. g-i) Hladiny chlorofyluaa b po g) 2 h, h) 24

h a i) 48 h. Data byla normalizovana definovani 100 % membranové integrity, hladinou

ROS 1 a obsahu chlorofylu 100 % jako odpovidajici hodnoty pozorované v neznacenych

kontrolnich vzorcich. Pievzato z 2> a upraveno.

efekt adsorpce zivin na GO a tim jejich vyc€erpani z kultivacniho média,

5.2.2.3.

mikroskopické hodnoceni interakce iras s GOs

Vycerpani zivin z kultiva¢niho média vlivem GOs a detailni

Jelikoz bylo v literatufe popsano, Ze za neptimou toxicitu GO mize byt zodpovédny

167 provedli jsme

podobny test, abychom zjistili, zda mize povrchova oxidace hrat roli i v tomto efektu.
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Koncentrace 100 mg/L tfech systéma GOs tak byla kultivovéna v kultivaénim médiu 24
h, nasledné byla ziskana suspenze pomoci centrifugace v kombinaci s filtraci a méfena
koncentrace zivin: vapnik (jako Ca2"), hot¢ik (jako Mg?"), dusik (jako NO* a NH*) a
fosfor (jako celkova koncentrace P a POs%). Vysledky jsou uvedeny na obrazku ¢. 20a.
Nejvyssi adsorpce byla pozorovana pro ziviny Ca a Mg a v obou piipadech mira
odstranéni zavisela na stupni oxidace GO, jelikoz nejvyssi vycerpani téchto zivin zplsobil
vzorek TO-GO (88 a 89 % pro Ca a Mg, resp). Jelikoz vapnik a hoi¢ik hraji klicovou
fyziologickou roli v bunéné signalizace, fotosyntetické asimilaci a biosyntéze
chlorofylu, jejich vycerpani vlivem GO mohlo vyrazn¢ ptispét k celkové ekotoxicité¢ GO
vici fasdm a sinicim. Pozoruhodnym zjisténim bylo to, Ze sorp¢ni kapacita systémt GO
siln¢ korelovala s obsahem jejich kyslik-obsahujicich funkénich skupin a tedy s jejich
hydrofilnimi vlastnostmi.'"®

Pro detailni informace o interakci mezi GOs a buiikkami fas byly vyuzity rizné
druhy mikroskopie. Uz prvni pozorovani pomoci optické mikroskopie s malym
zvétSenim jasn€ ukézaly, Ze vSechny ti1 systtmy GO vykazovaly urCitou interakci
s buiikami fas, jelikoz byly buiiky obklopeny velkym mnozstvim &astic.?? P¥itomnost
GOs v blizkosti bun¢k fas mohla omezit ptistup bunék ke svétlu a vést tak k jevu, ktery
je Vv literatufe znamy jako efekt stinéni uhlikovych nanomaterialti.}’* Tyto experimenty
tedy definovaly dalsi neptimy efekt, ktery mohl ovlivnit potencialné toxicitu GOs vuci
fasam, ale ktery nebyl zéavisly na povrchové oxidaci GO. Obrazky fixovanych bun&k
ziskané optickou mikroskopii nasledné odhalily, ze bunky fas byly v mnohem
intenzivnéjsi interakci ¢i kontaktu se vzorkem HO-GO, nez se zbylymi GOs.?? Toto
chovani tak bylo dalsi indikaci nasi hypotézy, ze HO-GO je schopen s bunikami fas

interagovat piimo a miZe tak zpisobovat mechanické poskozeni.
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Pro detailni pozorovéni interakce mezi GOs a fasovymi bunkami byly vyuZity
techniky AFM a SEM. Obrazky z AFM potvrdily ptimy kontakt mezi bunikou fasy a HO-
GO, jelikoz byla bunka obklopena listy HO-GO a navic vykazovala znamky vyrazného
poskozeni (Obrazek ¢. 20b). Naopak bunky inkubované s HU-GO a TO-GO sice byly
taktéz obklopeny listy GO, ale jejich morfologie zlistala nezménéna (Obrazek ¢. 20c a
20d). Zejména vsak u vzorku TO-GO bylo pozorovano velké mnozstvi materialti okolo
bunky fasy, které pravdépodobné interagovaly skrze funkéni skupiny, co by vysvétlovalo
nariist oxida¢niho stresu pozorovany u tohoto vzorku (Obrazek ¢.19¢). Obrazky
z elektronové mikroskopie (SEM) tyto zaveéry potvrdily. I kdyz oba materialy (HO-GO a
TO-GO) opét viditelné interagovaly s bunikou fasy, na buiice znacené materialem HO-
GO byla pozorovana vyrazna poSkozeni ve formé fezné rany a také HO-GO listy
pronikajici do bunky (Obrazek ¢. 20e). Na druhou stranu, u vzorku TO-GO byly listy GO
pozorovany pouze Vv tésné blizkosti bunky a predevsim bunky fasy nevykazovaly
jakékoliv znamky poskozeni (Obrazek ¢. 20f). Bylo tak prokazano, ze listy GO mohou
pusobit jako ,,nano-ziletky* a zptisobovat mechanické poskozeni bunék tas. Tento jev je
v8ak vysoce citlivy na povrchovou funkcionalizaci GO, jelikoz byl pozorovan pouze u
nejméné oxidovaného vzorku HO-GO. Relativni nedostatek karboxylovych skupin na
hranach HO-GO se tak jevi jako klicovy pro jeho schopnost mechanicky ,,fezat* fasové

membrany.
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Obraizek ¢. 20. a) MnoZstvi vy¢erpanych Zivin z 50% ristového média ZBB po 24 h inkubace
100 mg/L GOs. Mira vy€erpani kazdé zZiviny je vyjadiena v procentech a udava se jako
pomér koncentrace Zivin v médiu obsahujicim GO ku koncentraci v kontrolnim médiu. b-
d) Obrazky z AFM bunék Fasy po 24 hodinach inkubace s 200 mg/L b) HO-GO, ¢) HU-GO
a d) TO-GO. e, f) Obrazky ze SEMu bunék iasy po 24 hodinach inkubace s 200 mg/L e)
HO-GO a f) TO-GO. Bile $ipky v panelech ozna¢uji jednotlivé listy GO a ¢ervena Sipka

Vv panelu e) znazoriuje Feznou ranu na povrchu Fasové buiiky. Pievzato z 2 a upraveno.
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5.2.24. Obranna reakce organismu na pritomnost GOs — stanoveni

extracelularnich proteinii a sacharidi

Jelikoz dosavadni vysledky indikovaly urcity obranny mechanismus organismil
vuci pritomnosti GOs, provedli jsme experiment na stanoveni extracelularnich proteind a
sacharidii (EPCs — extracellular proteins and carbohydrates) po 2, 24 a 48 h inkubace
s GOs. Nase vysledky ukézaly, ze oba studované organismy zacaly produkovat EPCs jiz
po nejkratsi 2 h inkubaci s GOs (Obrazek ¢. 21). Produkce EPCs navic prudce vzrostla
s délkou inkubace: zatimco po 2 h inkubace byla mira produkce EPCs pouze mirné vyssi
nez v kontrolnim vzorku, inkubace po 24 a 48 h vedla k vyraznému nartistu v produkci
EPCs (Obrazek ¢. 21). Nejvyssi nartust v produkci proteini u tfas byl pozorovan pro
vzorek HO-GO (59 %), ale vice oxidované vzorky HU-GO a TO-GO taktéz indukovaly
vyznamné zvyseni (30 a 35 % pro HU-GO a TO-GO, resp. Obrazek ¢. 21a). Produkce
sacharidi byla u fas méné vyraznda, avsak trend byl stejny jako u proteind, tedy vice
oxidované systémy vyvolaly niz§i nartist nez nejméné oxidovany HO-GO (Obrazek ¢.
21b). Tyto vysledky potvrzuji zjisténi ziskané z analyzy pratokovou cytometrii, jelikoz
vzorek HO-GO, ktery mechanicky poskozoval bunky fas, vyvolal nejsiln€j$i obrannou
reakci a regeneracni aktivitu, zatimco méné toxické vzorky HU-GO a TO-GO indukovaly
slab8i odezvu. U bunék sinic inkubovanych s GOs byly pozorovany podobné vysledky,
jelikoz intenzita nartstu produkce EPCs byla zavisla na stupni oxidace GO. Soucasné
byla opét vyraznéjsi odpoveéd’ detekovéna u proteinti (53%, 30% a 21% pro HO-GO, HU-
GO a TO-GO, resp.; Obrazek ¢. 21¢), nez u sacharida (32%, 21% a 11% pro HO-GO,
HU-GO a TO-GO, resp.; Obrazek ¢. 21d).

Navzdory obavam ohledn€ potencialni ecotoxicity GO, které byly vyjadieny
Vv literatuie, nase vysledky naznacuji, ze GO opravdu dokdze zptsobit poskozeni populaci

fas a sinic, ale pouze v kratkodobém méfitku. 24 h po expozici GOs jiz totiz za¢nou tyto
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mikroorganismy produkovat EPCs , kterymi jsou schopni se chranit proti dlouhodobym
neptiznivym ucinkiim systémi GO, mezi které patii predevsim schopnost mechanicky

poskozovat membranu (,,nano-ziletky”) syst¢émid GO s nizkym stupném povrchové

oxidace.
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Obrizek ¢. 21. Zmény v produkci (a, ¢) proteini a (b, d) sacharidi ve srovnani s produkei
v kontrolnich nezna¢enych buiikach organismu (a, b) R. subcapitata a (c, d) S. elongatus po
2, 24 a 48 h inkubace s materialy HO-GO, HU-GO a TO-HO vyjadiené v proteinech.

Prevzato z % a upraveno.

5.2.2.5. Shrnuti studie

V této studii byla provedena podrobna analyza interakce sinice Synechococcus
elongatus a zelené tasy Raphidocelis subcapitata se tiemi systémy GO vykazujicimi
rizny stupen povrchové oxidace. Vysledky ukazuji, ze GO miiZze inhibovat rlst téchto

organismi nékolika zplisoby. Mimo znamé nepiimé efekty, mezi které patii schopnost
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vycCerpat ziviny z média a efekt stinéni, byl popsan zcela novy mechanismus pozorovany
u R. subcapitata, kdy listy GO s nizkym stupném oxidace pisobily jako ,,nano-ziletky* a
mechanicky poskozovaly membranu fasovych bunék. Soucasné byl piedlozen také prvni
ditkaz o dynamické obranné reakci téchto mikroorganismt proti toxickym ucinkiim GOs
skrze produkci extracelularnich proteinti a sacharidt. Tyto vysledky tedy naznacuji, ze
stupenn oxidace GO hraje klicovou roli vjeho potencidlni ekotoxicité vuci
mikroorganismim ve vodnim prostfedi. Pozorované obranné mechanismy vSak také
naznacuji, ze dlouhodoba environmentalni rizika GO mohou byt vyznamné nizsi, nez je

V soucasnosti prezentovano v literatufe.
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5.2.3. Interakce GOs s vodnimi korysiP

Ve studiu environmentdlniho osudu GO ve vodnim prostiedi a jeho potencialni
toxicity v zavislosti na povrchové oxidaci jsme pokracovali sledovanim interakce mezi
ttemi GOs a zastupci planktonnich a bentickych koryst.?® Vodni korysi byli vybrani ze
dvou hlavnich divodi: za prvé hraji dalezitou roli jako primarni konzumenti
V potravinovém fetézci sladkovodnich rybnikii a jezer; a za druhé se v posledni dobé¢ staly
také modelovymi druhy pro studium potencialnich skodlivych uc¢inkli noveé vyvinutych
material®.l” Celkova délka t&l koryst byva vrozmezi od 1 do 5 mm a je uzaviena
krunyfem, ktery je tvofen bud z velké casti z polysacharidového chitinu (planktonni
korysi) nebo z kalcifikovaného karapaxu, ktery obklopuje celé jejich télo (benticti
korysi).1® Z divodu jejich velikosti miize GO interagovat jak s vnéjsimi ¢astmi téla, tak
S vnitinim prostfedim po pohlceni GO organismy. Dulezitou roli v pfipadné ekotoxicité
GO tak miize hrat také rozdilna strategie ziskdvani potravy zminénych organismi.
Planktonni korysi ke krmeni vyuzivaji filtraci prakticky ¢ehokoliv, co se ve vodnim
sloupci nachazi (proto se oznacuji za tzv. filter-feeders), pfiCemz ftasy predstavuji
nejbéznéjsi typ jejich potravy.l”® Naproti tomu bentiéti korysi se zivi riiznymi druhy
potravy v sedimentech!’® a existuji dokonce prace prokazujici schopnost téchto
organismii Vybrat si svilj preferovany typ potravy.}’’ Jako zastupci planktonnich korysi
byli vybrani Daphnia magna (nejcastéji pouzivany kory$s pii testovani ekotoxicity
latek)’® 17® a Thamnocephalus platyurus (korys vysoce citlivy viiéi environmentalnim
toxikanttim),'8% 18! zatimco Heterocypris incongruens (hojné rozsifeny sladkovodni

kory$ pouzivany pii monitorovani pidy a sedimenti)!®? 18 zatupoval bentické koryse.

D Publikovano jako: Malina, T., Marsalkova, E., Hola, K., Zboril, R. and Marsalek, B. 2020.
The environmental fate of graphene oxide in aquatic environment-Complete mitigation of its
acute toxicity to planktonic and benthic crustaceans by algae. Journal of Hazardous
Materials, 399, 123027. Ptiloha D.
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Interakce tii systémt GO vii€i zminénym organismiim byla pozorovédna pro koncentrace

0,39, 1,56, 6,25 a 25 mg/L.

5.2.3.1. Akutni toxicita GOs vii¢i vodnim kory$tim dle prisluSnych

standarda

Prvni experimenty jsme provedli dle standardd pro akutni toxicitu pfisluSnych
organismd. Viabilita D. magna a T. platyurus byla vyhodnocena po 48 h, zatimco H.
incongruens po 6 dnech inkubace sruznymi koncentracemi GOs. Pied samotnym
testovanim byl proveden test stability tfech systémt GOs v Kultiva¢nim médiu pomoci
UV-VIS méfeni. Ten ukazal vysokou agregaci v§ech tfi GO jiz po 4 hodinach.?® Pro tak
velké materialy se jednalo o docela ocekavany jev, kdy vSak i velmi jemné protiepani
disperzi GO vedlo k posunuti agregace asi o 30 min. Vzhledem k tomu, Ze inkubace GOs
s organismy byla doprovdzena neustalym provzdusnovanim ze dna zkumavek,
sedimentace materialti tak nebyla pii testovani tak dramaticka. Je vhodné zminit, ze i kdyz
uz byla urcitd sedimentace pozorovana, planktonni organismy nésledné plavaly ke dnu
testovaci zkumavky, aby mohly material pozfit. Sedimentace materialti tak na expozici
vodnich korysia viiéi GOs neméla zadny vliv.?® Vysledky akutni toxicity GOs uvedené na
obrazku ¢. 22 ukazaly, ze H. incongruens byl nejodolnéj$im organismem, jelikoz
vykazoval zivotnost pies 79 % i pro nejvyssi koncentrace GOs (Obrazek ¢. 22¢). Na
druhou stranu oba planktonni organismy mély viabilitu pod 73 % pro nejvyssi
koncentraci (25 mg/L) vSech tfi GOs (Obrazek ¢. 22a a 22b, EC 50 hodnoty jsou uvedeny
v 2). Hlavnim dfivodem byla uréité rozdilna potravni strategie korysi, jelikoz planktonni
korysi filtrujici vSe ve vodnim sloupci se dostali do kontaktu s GO mnohem vice nez pfi
pfijimani potravy mnohem vice selektivni bentiéti korysi.? Projevit se mohlo také odlisné

sloZzeni krunyfe organismd, jelikoZ chitinovy obal planktonnich organismi mize byt
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citlivéj$i na vnéjsi poSkozeni nez kalcifikovany karapax bentickych korysi. Rozdilné
slozeni vné&jsiho krunyfe je také jasn¢ ukazano na obrazcich z optické mikroskopie
vyobrazenych na obrazku ¢. 23, kde byly GOs zietelné¢ viditelné uvniti stfeva Dafnie,
zatimco u Heterocypris nebylo mozné rozpoznat ani vnitini strukturu téla (Obrazek ¢.
23a). Ramanova méfeni vzorki znacenych GOs vSak prokazala ptitomnost vSech tfi GOs
uvnitf obou organismi, jelikoz ve sttevech a vykalech obou organismil byly detekovany
typické 1330 cm™ a 1596 cm™ pasy odpovidajici D a G pasim GO (Obrazek ¢&. 23b).
Spektra neznacenych kontrolnich vzorkd zadné typické pasy GO neobsahovala.? Bylo
tak potvrzeno, ze vSechny tii systémy GO interagovaly jak s vn&jSimi ¢astmi téla, tak
S travicim systémem planktonnich a bentickych korysa.

Ze zastupcu planktonnich kory$t zpisoboval GO vyssi toxicky ucéinek vici
Thamnocephalus platyurus nez Daphnia magna, ale pouze u nize oxidovanych HO-GO
a HU-GO vzorkt. Tyto materialy totiz zpisobily pokles viability na 50 % nebo nize pro
nejvyssi pouzitou koncentraci (29 % a 50 % pro HO-GO a HU-GO, resp.), zatimco dafnie
znacené témito materidly vykazovaly zivotnost vyssi nez 50 % (52 % pro HO-GO a 62
% pro HU-GO) (Obrazek ¢. 22a a 22b). Vysoce oxidovany TO-GO mét témét totozny
ucinek na oba planktonni organismy a soucasné¢ byl nejméné toxicky ze tti GOs (71 % u
Daphnia a 72 % u Thamnocephalus pro 25 mg/L) (Obrazek ¢. 22a a 22b). Vyssi citlivost
thamnikd v porovnani s dafniemi vSak neni zadnou novinkou a byla uz v literatufe
popséna u jinych nanomaterialé.'8*

Vysledky akutni toxicity vodnich koryst dle ptislusnych standardt tak odhalily, ze
GO je vice toxicky vici organismim, kteti ziskdvaji potravu filtraci, nez vici tém, ktefi
si potravu selektivné vybiraji ze sedimentu. Soucasné byl pozorovan také vyrazny efekt
povrchové oxidace GO, jelikoz nejvyssi umrtnost vSech organismil zptsobil nejméne

oxidovany vzorek HO-GO. S malym poctem funkénich skupin na hranach listi GO a
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nejvyssi hydrofobicitou HO-GO mohl interagovat piimo s organismy, zejména
s filtraénim aparatem planktonnich koryst, a zptisobovat mechanické poskozeni, které ve

vysledku vedlo K vy$§imu tthynu organismi.??
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Obrazek ¢. 22. Viabilita planktonnich kory$u a) Daphnia magna a b) Thamnocephalus
platyurus po 48 h inkubace s riznymi koncentracemi HO-GO, HU-GO a TO-GO. Viabilita
bentického KkorySe c¢) Heterocypris incongruens po 6 denni inkubaci s riznymi
koncentracemi HO-GO, HU-GO a TO-GO. Vysledky byly normalizoviany definovanim

100% viability pro kontrolni neznadeny vzorek. *p < 0.05; **p < 0.01. P¥evzato z ** a

upraveno.
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Obrazek ¢. 23. a) Reprezentativni obrazky z optické mikroskopie Daphnia magna (vlevo) a
Heterocypris incongruens (vpravo) inkubované s 25 mg/L HO-GO po 24 h (Daphnia) a 96 h
(Heterocypris). Méritko je 200 pm. b) Ramanova spektra Daphnia magna (vlevo) a

Heterocypris incongruens (vpravo) po 24 h a 96 h inkubaci s 25 mg/L HO-GO (modra linie),
HU-GO (&ervena linie) a TO-GO (zelena linie). Pirevzato z 2° a upraveno.

5.2.3.2.  Analyza oxidac¢niho stresu Daphnia magna po inkubaci s GOs

dle standardniho protokolu

Oxidacni stres dafnii po inkubaci s GOs byl sledovan po 48 h pro koncentrace 1 a
25 mg/L GOs pomoci tfech riaznych biomarkeri podle standardniho protokolu. Nejprve

jsme mefili nartst v kyslikovych radikalech (ROS) za minutu pomoci fluorescencni
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sondy Hz2-DCFDA. Zjistili jsme, ze obé koncentrace vSech tii systémid GO zpusobily
vyraznou generaci ROS, jelikoz byly zaznamenany hodnoty piesahujici 1,7 hladiny
ROS/min kontrolniho vzorku (Obrazek ¢. 24a). Opét byl pozorovan uréity efekt
povrchové oxidace, jelikoz vice oxidované vzorky HU-GO a piredevsim TO-GO
generovaly vice radikalt (2,3 a 2,8 zvyseni hladiny ROS/min pro HU-GO a TO-GO 25
mg/L) nez nejméné¢ oxidovany HO-GO (2,2 zvySeni hladiny ROS/min pro 25 mg/L).
V literatute jiz byl popséan vliv stupné oxidace CNMs a zejména GO na jeho schopnost
produkovat ROS,!8 186 ¢o7 se shoduje snaméfenymi vysledky. Jednalo se viak o
prekvapivy vysledek, jelikoz oxidaéni stres byl v literatufe naznacen jako hlavni
mechanismus ecotoxicity GO viiéi dafniim.'®’ Podle nasich vysledki viak byla u vzorku
HO-GO, zpusobujiciho nejnizsi nartst hladiny ROS, pozorovéna nejvys$i umrtnost
(Obrazek ¢. 22a).

Proto jsme nésledné studovali obrannou odpovéd’ datnii proti GOs pomoci aktivity
dvou dalsich biomarkerti, a to aktivity hlavnich antioxida¢nich enzymu: superoxid
dismutazy (SOD) a katalazy (CAT), které ptedstavuji prvni linii obrany organismu proti
nejrozsifendjsim radikalim jako je superoxid (O2) a peroxid vodiku (H20).188 18
Zatimco aktivita superoxid dismutazy byla vyznamné zvySena pouze pro vice oxidované
HU-GO a TO-GO (Obrazek ¢. 24b), u katalazy doslo stejné jako u analyzy nartstu ROS
K vyznamnému zvySeni aktivity pro obé koncentrace vSech tfi GOs ve srovnani
s kontrolnim vzorkem. | zde vsak bylo zvySeni mnohem intenzivnéjsi pro HU-GO a TO-
GO ve srovnani s HO-GO vzorkem (Obrazek €. 24c). Vice oxidované HU-GO a TO-GO
vzorky vsak puisobily odlisné pro jednotlivé enzymy. Zatimco HU-GO zptsobil nejvyssi
efekt u katalazy (2,4 a 2,2 zvyseni irovné kontroly CAT pro 1 a 25 mg/L HU-GO), u
superoxid dismutazy to byl vzorek TO-GO, pro ktery byl pozorovan vyraznéjsi efekt (1,4

a 2 urovné kontroly SOD pro 1 a 25 mg/L TO-GO). Tento jev byl pravdépodobné
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zpusoben rozdilnym sloZenim funk¢nich skupin, protoze zatimco TO-GO mél ze vzorki
celkové nejvice kyslik obsahujicich skupin, HU-GO obsahoval vice karboxylovych
skupin (Obrazek ¢&. 17).22 Nejniz§i aktivita antioxidaénich enzymi byla pozorovéana u
vzorku HO-GO, coz se dobie shoduje s vysledky narstu ROS.

Z uvedenych vysledki vyplyva, Ze i kdyz oxidacni stres hraje dilezitou roli
v ekotoxicité GO, nejedna se o hlavni mechanismus, protoze dafnie se dokazi s naristem
radikalli vypotadat skrze intenzivnéjsi antioxidacni reakci prostiednictvim hlavnich

antioxida¢nich enzymd.
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Obrazek ¢. 24. Analyza oxida¢niho stresu Daphnia magna po 48 h inkubace s 1 a 25 mg/L
HO-GO, HU-GO a TO-GO. a) Narist ROS/min, b) SOD aktivita a ¢) CAT aktivita urovné

kontrolniho vzorku. *p <0.05; **p < 0.01. PFevzato z % a upraveno.
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5.2.3.3. Akutni toxicita a analyza oxida¢niho stresu korysi znacenych

GOs s 24h predinkubaci s Fasami

V ptedchozi studii jsme poprvé popsali schopnost jednoduchych jednobunécnych
zelenych fas generovat obranou reakci proti GO prostiednictvim produkce bilkovin a
sacharidil (Obrazek ¢&. 21a a 21b).22 Abychom zjistili, zda tento jev miize ovlivnit také
akutni toxicity GOs vii¢i vodnim korystim, provedli jsme stejné testy znovu s modifikaci,
kterou predstavoval prvni krok, kdy byly GOs piedinkubovany po 24 h se zelenou fasou
Chlorella kessleri. Tato uprava soucasné 1épe odrazela podminky ve skuteénych vodnich
ekosystémech, jelikoz zelené tfasy predstavuji nejcastéjsi druh potravy vodnich korysu.

Vysledky na obrazku ¢. 25 jasn¢ ukazuji, Ze tato jednoducha modifikace
standardnich testl dramaticky ovlivnila toxicky u¢inek GO na vodni korySe. Obranna
vodni organismy. Bylo pozorovano Uplné potlaceni akutni toxicity GOs pro planktonni a
bentické koryse, jelikoZ Zivotnost vSech tii organismi neklesla pod 90 % ani pti nejvyssi
pouzité koncentraci vSech tti GO (25 mg/L, Obrazek ¢. 25). Sou€asné vnitini a vnéjsi
expozice organismit GOs zUstala stejnd i s touto modifikaci, jelikoz byly vS§echny systémy
GO detekovany jak optickou mikroskopii, tak Ramanovym méfenim stfev a vykall, kde
byly pro systémy GOs opét detekovany typické D a G pasy (Obrazek &. 26).% Navic se
vliv obranné reakce tas projevil nejen ve viabilité korysi, ale také v analyze oxida¢niho
stresu dafnii u vSech tfi pozorovanych biomarkert (ROS, SOD a CAT) (Obrazek ¢. 27).
Ob¢ koncentrace vSech tii systétmu GOs byly zodpovédné za takové exprese téchto
biomarkerti, které byly na podobné trovni jako neznatené kontrolni vzorky. Zadny
vzorek nezplsobil nartist ROS/min vyssi nez 1,5 nebo nérust aktivity SOD a CAT 1,2

urovné kontrolniho vzorku (Obrazek ¢. 27). Pro lepsi predstavu o mife tohoto efektu je
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na obrazku 27 uvedena stejna stupnice jako na obrazku 24, kde byly siln¢ zvyseny
vSechny tfi biomarkery oxida¢niho stresu (ROS, SOD a CAT). Jesté dilezitéjsi fakt byl
ten, ze zavedeni kroku pfedinkubace s fasami zcela vymytilo vliv koncentrace a miry
povrchové oxidace GOs jak na Zivotnost, tak na oxida¢ni stres a naslednou antioxida¢ni
reakci, kterou jsme pozorovali bez modifikace s fasovymi bunkami (Obrazek ¢. 22 a 24).

Upraveni podminek laboratornich testil S vyuzitim fas, které mnohem lépe reflektuji
podminky ve skute¢nych vodnich ekosystémech tak podle vysledkt vytvotilo bezstresové
prostiedi pro vodni koryse v ptitomnosti GO i1 ve velmi vysokych koncentracich (25
mg/L). V soucasnosti neni V literatufe Zadna studie, ktera by zohlediovala faktor potravy
pro vodni korySe a jeho vliv na akutni toxicitu GOs. Tato modifikace tak piinasi zcela
novy pohled na celkovy osud GO v Zivotnim prostiedi. Fenomén potlaceni ecotoxicity
(mg/L), které jsou milionkrat vyssi, nez v soucasnosti ocekavané koncentrace materiall
na béazi grafenu v Zivotnim prostiedi.!®® Tyto vysledky tak naznacuji, Zze i v piipadé
masivniho zvyseni koncentrace GO ve vodnim prostiedi v nasledujicich letech, nebude

GO predstavovat nebezpecny material pro vodni organismy.
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Obrazek ¢. 25. Viabilita planktonnich kory$a a) Daphnia magna a b) Thamnocephalus
platyurus po 48 h inkubace sriznymi koncentracemi HO-GO, HU-GO a TO-GO
s pridanym krokem 24 h piedinkubace GOs s Fasami. Viabilita bentického korySe c)
Heterocypris incongruens po 6 denni inkubaci s riznymi koncentracemi HO-GO, HU-GO a
TO-GO spridanym krokem 24 h predinkubace GOs s fFasami. Vysledky byly
normalizovany definovanim 100% viability pro kontrolni neznaceny vzorek. *p < 0.05; **p

< 0.01. Pitevzato z 2® a upraveno.
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Obrazek ¢. 26. a) Reprezentativni obrazky z optické mikroskopie Daphnia magna (vlevo) a
Heterocypris incongruens (vpravo) inkubované s 25 mg/L HO-GO po 24 h (Daphnia) a 96 h
(Heterocypris) s pfidanym krokem 24 h predinkubace s Fasami. MéFitko je 200 um. b)
Ramanova spektra Daphnia magna (vlevo) a Heterocypris incongruens (vpravo) po 24 h a
96 h inkubaci s 25 mg/L HO-GO (modra linie), HU-GO (¢ervena linie) a TO-GO (zelena

linie) s pFidanym krokem 24 h piedinkubace s Fasami. Pievzato z ° a upraveno.
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Obrazek ¢. 27. Analyza oxida¢niho stresu Daphnia magna po 48 h inkubace s 1 a 25 mg/L
HO-GO, HU-GO a TO-GO s pridanym krokem 24 h piedinkubace s Fasami. a) Narust
ROS/min, b) SOD aktivita a ¢) CAT aktivita urovné kontrolniho vzorku. *p < 0.05; **p <

0.01. Pfevzato z 2 a upraveno.

5.2.3.4. Shrnuti studie

V této studii byla dikladné¢ popsana interakce mezi tiemi systémy GO a
planktonnimi a bentickymi korysi. Prokazali jsme, Ze podle standardnich testl toxicity
hraje v ekotoxicit¢ GO vici vodnim korysim dulezitou roli jak strategie ziskavani
potravy organismi, tak mira povrchové oxidace GO, ktera se projevuje v rozdilném
mechanismu ptlisobeni. Kromé toho jsme se pokusili pfinést novy pohled na osud GO

Vv prosttedi vodnich ekosystému tim, Ze jsme do interakce ptidali fasy jako faktor, ktery
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predstavuje nejbéznéjsi zdroj potravy pro vodni koryse. Predlozili jsme prvni ditkkaz o
kompletnim potlaceni akutni toxicity GO vici vodnim koryStiim po tGprave laboratornich
podminek, které presnéji odrazi podminky v redlnych ekosystémech. Potlaceni bylo
pozorovano jak na Urovni viability organismil, tak na Grovni oxida¢niho stresu a navic
zcela eliminovalo vliv povrchové oxidace GO na jeho mechanismus pasobeni. Nase
vysledky ukazaly, ze faktor potravy organismii mize hrat zasadni roli v potencialnim
Skodlivém uc¢inku materidlti, a proto musi byt bran v Gvahu pfi posuzovani jejich
ekotoxicity ve vodnim prostiedi. Soucasné stejné jako zavery predchozi studie na fasach
a sinicich, 1 zde vysledky potvrzuji, ze GO neptedstavuje vyrazné ekologické riziko pro

organismy v komplexnim vodnim prostiedi.
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5.2.4. Interakce GOs s vodnimi rostlinami

Posledni skupinou organismi, u kterych byla studovana interakce se tfemi systémy
GO s rozdilnou povrchovou oxidaci, byly vodni rostliny. Tyto organismy byly vybrany
ze zjevného divodu, jelikoz Vv soucasnosti neexistuji v literatuie témét zadna
toxikologicka data o potencialnim Skodlivém ucinku GO na tyto organismy s vyjimkou
prace Castra et al, ktery vSak popisoval uc¢inek GO na nékolik organismu z riznych
trovni potravniho fetézce.!® Déle pak existuji uz jen dvé studie, které se zabyvaly
problematikou, jak mtize GO ovlivnit stres vodnich rostlin zptisobeny t&zkymi kovy.1%
198 74dn4 ze zminénych studii viak nepiinesla detailni informace o mechanismu piisobeni
GO, zejména s ohledem na slozeni jeho povrchu, protoze byl v kazdé studii studovan
pouze jeden systém GO. Jelikoz vodni rostliny ptfedstavuji organismy patfici k trofické
urovni producentli Vodniho ekosystému a jeho zivotné diilezitou soucast, je nezbytné
ziskat vice tdaji ohledné mechanismu potencidlniho skodlivého u¢inku GO. Soucasné

jiz byla prokazana uréita ekotoxicita GO pro suchozemské rostliny,%% 19

coz klade jesté
veétsi diiraz na potiebu ziskani udaju o interakci GO s rostlinami ve vodnim prostiedi.
Jako zastupce vodnich rostlin byl vybran okiehek Lemna minor, ktery patii mezi
nejmensi volné plovouci rostliny rostlinné fise.1% Jeho mala velikost, jednoduché slozent,
asexualni rozmnozovani, kratk4 generacni doba a Siroké rozsifeni v riznych zemeépisnych
oblastech z néj navic ¢ini idealniho kandidata pro testovani toxicity rtiznych polutantu,

t&zkych kovii nebo nanomateriali.'®” Interakce mezi okfehkem a tfemi systémy GOs byla

pozorovana pro koncentrace 0,25, 2,5 a 25 mg/L.
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5.24.1. Fotosynteticka aktivita, pocet listkii a hmotnost suSiny Lemna

minor zna¢enych GOs

Nejprve jsme pozorovali, zda znaceni systémy GO muze ovlivnit fotosynteticky
potencial okfehku. Na obrazku ¢. 28 jsou uvedeny hodnoty maximalniho potencialu
kvantového vytézku fotosystému II (Fv/Fm) Lemna minor pozorované po 3, 5 a 7 dni
kultivace s materialy GOs. U vSech vzorki se hodnoty po 3 dnech pohybovaly kolem 0,8
(Obrazek ¢. 28a) a po 5 a 7 dnech se potencialy kvantového vytézku snizily na hodnotu
kolem 0,78 (Obrazek ¢. 28b a 28c). Ackoliv nékteré koncentrace GOs po 3 dnech
inkubace zpusobily statisticky vyznamné rozdily ve srovnani s kontrolnim neznacenym
vzorkem, odchylka byla jen nepatrnd, jelikoz se vSechny hodnoty pohybovaly v rozmezi
od 0,75 do 0,82. Stejné jako u jinych druhd rostlin se optimalni hodnoty potencialu
kvantového vytézku fotosystému II okiehku pohybuji mezi 0,7 a 0,83 a pouze ucinek,
ktery zptisobi pokles hodnot pod 0,6 Fv/Fm je povazovan za stresujici a ovliviiujici
fotosynteticky potencial.}?®2% Proto jsme dle naméfenych hodnot vyvodili zavér, ze
povrchova oxidace GO nema vliv na stres rostlin, protoze zadny ze tii systému GO

nezpusobil inhibici fotosyntetického potencialu Lemna minor.
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Obrazek ¢. 28. Maximalni potencial kvantového vytézZku (Fv/Fm) fotosystému II Lemna
minor znaceného raznymi koncentracemi HO-GO, HU-GO a TO-GO po dobu a) 3 dni, b) 5
dni a ¢) 7 dni. *p < 0.05.

Analyza vlivu GOs na rist okfehku je uvedena na obrazku ¢. 29 a byla provedena
pomoci dvou parametrii: po¢tu listkii a hmotnosti susiny okiehku po 7 denni inkubaci
S GOs. Pocet listkti nezna¢eného kontrolniho vzorku se za dobu inkubace ztrojnasobil,
z ptivodnich 12 na 36 (Obrazek ¢. 29a). Déle z vysledkt vyplyva, ze zadny GO
nezpusobil inhibici rastu, jelikoz vSechny vzorky znacené riiznymi koncentracemi tfech
systémti GO po dobu 7 dni mély pocet listkli vyssi nez 36 (Obrazek €. 29a). Piestoze jsme
nezaznamenali zddnou vyraznou koncentracni zavislost, pozorovali jsme vliv miry
povrchové oxidace GO. Jediny vzorkem, ktery nezpusobil statisticky vyznamny rozdil
Vv poctu listkli ve srovnani s kontrolou, byl totiz nejméné¢ oxidovany HO-GO, u né&jz pocet

listk neptekrocil 40 pro zadnou koncentraci (Obrazek ¢. 29a). Na druhou stranu oSetteni
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okfehku vice oxidovanymi systémy HU-GO a TO-GO vedlo k ptekroceni 40 listkli pro
vSechny koncentrace materialti (Obrazek ¢. 29a).

Vézeni suSiny okiehkli po 7 dnech inkubace s GOs pftineslo podobné vysledky
(Obrézek €. 29b). Znaceni vSemi vzorky GO mélo opét za nasledek vyssi hodnoty nez
neznaceny kontrolni vzorek, u kterého bylo po 7 dnech navazeno 52 mg susiny. Nejméné
oxidovany HO-GO opét zpiisobil nejslabsi efekt, jelikoz pouze znaceni nejvyssi
koncentraci (25 mg/L) vedlo k nardstu na 62 mg susiny, zatimco vzorky osetfené niz§imi
koncentracemi HO-GO m¢ély hmotnost biomasy pod 60 mg (Obrazek ¢. 29b). U vzorki
HU-GO a TO-GO byl pozorovan vyrazn¢jsi stimula¢ni u¢inek podobné jako u poctu
listki. Sucha biomasa okfehku oSetifeného vzorkem HU-GO byla pro vsechny
koncentrace vyss$i nez 62 mg (Obrazek ¢. 29b), zatimco systém TO-GO byl zodpovédny
za jeste silngj$i odezvu s vyslednou susinou pies 69 mg u vsSech koncentraci (Obrazek €.
29b). Ani v tomto piipad¢€ nebyla zjisténa vyrazna zavislost na koncentraci materiald.

Dle naméfenych vysledku tedy konstatujeme, Ze GOs neinhibovaly rist okiehku,
naopak GOs s vyssim poctem funkénich skupin byly zodpovédné za pozitivni Gcinek a
dokonce riast oktehku stimulovaly. V literatufe se prozatim ohledné vlivu GO na rist
okfehku objevuji rizné zavéry, kdy dvé studie uvadéji podobné vysledky a do
koncentrace 5 mg/L nebyl pozorovan zadny vliv na riist okfehku.'%% 1% Tieti studie
zabyvajici se okfehkem a GO v8ak uvedla vyrazné snizeni suché biomasy jiZ u vzorka
znacenych koncentraci 2,59 mg/L, akoliv nebyl pozorovan zadny vliv GO na pocet listkli

Lemna minor.1%!
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Obrazek ¢. 29. Analyza vlivu GOs na rist Lemna minor. a) Pocet listkii a b) hmotnost susiny

Lemna minor inkubované 7 dni s riznymi koncentracemi HO-GO, HU-GO a TO-GO. *p <

0.05.

5.2.4.2. Aktivita antioxida¢nich enzymi Lemna minor po zna¢eni GOs

Pro ziskani dalSich informaci o mechanismu interakce GO s okifehkem byla
stanovena aktivita dvou hlavnich antioxida¢nich enzymi (superoxid dismutazy (SOD) a
katalazy (CAT)) po 3 a 7 dnech inkubace s 25 mg/L vzorkti GOs. I kdyzZ po tiech dnech
inkubace doslo k mirnému poklesu aktivity obou enzymu u vzorkt HO-GO i TO-GO,
rozdil byl statisticky vyznamny pouze u vzorku HO-GO (0,8 20,7 pro CAT a SOD tirovné
kontrolniho vzorku, resp.) (Obrazek ¢. 30). 7 denni inkubace s materialy vsak vedla ke
zvyseni aktivity obou enzymi, ackoliv Zadn4 hodnota neptesahla 1,6 urovné kontrolniho
vzorku (Obrazek €. 30). Systém TO-GO pak zptsobil nejvyssi zvySeni U obou enzymii
(1,5 a 1,4 pro CAT a SOD turovn¢ kontrolniho vzorku, resp.), které bylo soucasné jako
jediné statisticky vyznamné ve srovnani s kontrolnim vzorkem.

Z vysledkt aktivity antioxida¢nich enzymt vyplyva, Ze mira povrchové oxidace
GO ovliviiyje interakci GO a okiehku, jelikoz nejvice oxidovany TO-GO zpusobil po 7

dnech nejvyssi nartst v aktivité obou enzymil. Na druhou stranu, pouze vyrazné odchylky
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(pokles nebo nartst) hladin SOD a CAT jsou povazovany za indikatory vystaveni
rostlinného organismu poskozujicimu stresu.?02% Pfestoze byl po 3 dnech inkubace
okiehku se systtmem HO-GO pozorovan statisticky vyznamny pokles v antioxida¢ni
aktivit¢ obou enzymt, po 7 dnech doslo k jejich obnoveni zpatky na hodnotu podobnou
kontrolnimu vzorku, coz potvrzuje schopnost rostliny vypotadat se s i¢inkem GO po
delsi inkubaci. Statisticky vyznamné zvySeni obou enzymu po 7 dnech u vzorku TO-GO
zase dobfe koreluje s pozorovanou stimulaci rustu (Obrazek €. 29), protoze hodnoty
aktivit nebyly natolik vysoké, aby zpiisobily stres vyvolavajici toxicitu. Ze tiech
zminénych studii zabyvajici se GO a okfehkem pouze jedna zkoumala efekt GO na
antioxidaéni enzymy, pficemz do 5 mg/L nebyl zjistén zadny uéinek na jejich aktivitu.'%
Ziskané vysledky analyzy aktivity antioxida¢nich enzymu tedy prokazaly, ze ani jeden ze

zkoumanych systémi GO nevyvolal oxidac¢ni stres vedouci k toxickému efektu.

2,0+ 2,0 1 — = = =
a) Control I HO-GO [L_JHU-GO [ T0-G b) 3 Control [EJHO-GO |L_JHU-GO I T0-GO)

1,84 3 1,8

1,6
14
1,24
1,0
0,8
0,6

04-

Hladina SOD aktivity kontroly
Hladina CAT aktivity kontroly

0,24

0,0 4

3dny 7 dni 3dny 7 dni

Obrazek ¢. 30. Aktivita a) Katalazy a b) Superoxid dismutazy Lemna minor po 3 a 7 dnech
inkubace s 25 mg/L HO-GO, HU-GO a TO-GO. Data byla normalizoviana definovanim

aktivity 1 pro kontrolni neznaceny vzorek. *p < 0.05.
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5.24.3. Detailni pozorovani interakce mezi GOs a kofenem Lemna

minor pomoci SEM

Pomoci skenovaci elektronové mikroskopie byly ziskany obrazky kotenti okiehku
po 7 dnech inkubace se systémy GOs pro co nejpodrobnéjsi popis mechanismu interakce
GO v zavislosti na jeho povrchovém slozeni. Na obrazku ¢. 31 jsou zobrazeny jak
ptehledové snimky interakce, tak snimky pfinasejici detailni pohled na interakci mezi
GOs a kotfenem. Prvni zavér, vyvozeny z pichledovych snimkid byl ten, ze mnozstvi
materialu, ktery je v pfimém kontaktu s kofeny, bylo u vzorku HO-GO mnohem vyssi
nez u dalSich dvou materiala (Obrazek ¢. 31b vlevo). Soucasné byla z detailniho pohledu
skute¢né patrna piima interakce hydrofobniho vzorku HO-GO, jelikoz listy GO byly
fyzicky zaseknuté do kotfene okiehku (Obrazek ¢. 31b vpravo). Naopak vzorky HU-GO
a TO-GO vykazovaly zcela odlisné chovani. Jednak byly oba materialy na prehledovych
snimcich pozorovany spise ve formé souvislé vrstvy na povrchu kotene okiehku, nez ve
formé jednotlivych listi GO (Obrazek ¢. 31c a 31d vlevo). Detailni snimky navic
odhalily, ze listy HU-GO a TO-GO spise lezi na povrchu kotfene diky svym hydrofilnim
vlastnostem a ptednostni interakci prostfednictvim povrchovych funkénich skupin
(Obréazek €. 31c a 31d vpravo). Pfimé interakce pozorovand u systému HO-GO navic také
dobie vysvétluje, pro€ byl po 3 dnech inkubace pozorovan pokles aktivity antioxida¢nich
enzymi (Obrazek €. 30), jelikoz rostlina potfebovala delsi ¢as, aby se vypotadala se
zaseklymi listy HO-GO ve své struktufe.

Snimky z elektronové mikroskopie tak jasn€é prokazaly schopnost GO piimo
interagovat s kofenem okiehku prostfednictvim jak jeho hran, tak také jeho bazalni ¢asti
s funkénimi skupinami v zavislosti na stupni povrchové oxidace GO. Mnohem zasadné;jsi
zjisténi v8ak bylo to, Ze tato pfiméd mechanicka interakce nevyvolala Zddnou vyznamnou

toxicitu, jelikoz Lemna minor byla schopna obnovit svou antioxida¢ni aktivitu béhem
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delsi inkubace. Tyto vysledky tak potvrdily, Ze ochranna vnéjsi vrstva nebo bariéra
vodnich organismii hraje zdsadni roli v ekotoxict¢ GO, protoze béhem interakce
s jednobunéénymi fotoautotrofnimi organismy a vodnimi korysi byl HO-GO schopen
pfimym kontaktem zptisobit mechanické poSkozeni organismi prostfednictvim svych
ostrych hran.?? 2 U vodnich rostlin se viak obranna bariéra ve formé kotene ukazala jako
dostate¢n¢ pevna a silnd, jelikoz se piima fyzicka interakce materiali s kofenem

neprojevila Zadnym Skodlivym G¢inkem studovanych GO (Obrézek €. 28, €. 29 a €. 30).
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Obrazek ¢. 31. Obrazky ze SEM a) neznafeného kofenu Lemna minor a kofena Lemna
minor zna¢enych po 7 dni 25 mg/L b) HO-GO, c) HU-GO, d) TO-GO. Uvedeny jsou

prehledové snimky (vlevo) a detailni snimky (vpravo) korenii.
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5.2.4.4. Shrnuti studie

V této studii byla monitorovana interakce modelového organismu Lemna minor
vodnich rostlin se tfemi rizné oxidovanymi systémy GO. Podle namétenych vysledkl
nevyvolal ani jeden systém GO po 7 dnech inkubace s okiehkem toxicky efekt. U vice
oxidovanych systéma byl dokonce pozorovan urcity stimulaéni efekt na rdst vodni
rostliny. Podrobné mikroskopické analyzy prokazaly, ze mechanismus interakce byl silné
zavisly na povrchové oxidaci GO. Hydrofobni (mén¢ oxidovany) GO interagoval
s kofenem okfehku prosttednictvim ostrych okraji listd GO, které byly ptimo zaseknuty
Vv kofenu rostliny. Hydrofilngjsi (vice oxidované) GOs pak byly zodpovédné za slabsi
interakci skrze povrchové funkéni skupiny, ¢imz pokryvaly kofen v niz§im mnozstvi.
Zaveéry tedy ukazuji, Ze GO neni materidlem, ktery by byl nebezpecny pro rostliny ve
vodnim prostredi, jelikoz ani ve vysokych koncentracich (25 mg/L) nezptisobuje zadny

Skodlivy tcinek.
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6.Zaveér

V ramci predlozené disertacni prace byla diskutovdna humanni a environmentalni
toxicita uhlikovych nanomaterialti skrze interakci s bunéénymi liniemi a organismy ve
vodnim prosttedi.

Prvni ¢ast zahrnujici humanni toxicitu byla rozdélena na dv¢ kapitoly, kdy v obou
ptedstavovalo testovani in vitro akutni toxicity klicovy krok pro evaluaci potencialniho
Skodlivého U¢inku CNMs a jejich nasledné bezpecné pouziti v biomedicinskych
aplikacich. Prvni kapitola se zabyvala kvartérnimi uhlikovymi teckami a studiem jejich
interakce s mezenchymalnimi kmenovymi buiikami. Pomoci komplexni baterie in vitro
testli toxicity byla definovana bezpeéna koncentrace QCDs, ktera neovliviiovala viabilitu,
bunécéné procesy a charakter kmenovych bunék a soucasné davala silny fluorescenéni
signal uvnitt bunék. Kmenové buiikky znacené touto koncentraci pak byly aplikovany
nejprve subkutdnné do zadni koncetiny mysi, coz potvrdilo dostate¢ny fluorescencni
signal in vivo. Nasledn¢ byly znacené buiky aplikovany intravenézné do mysi nesouci
nador, ktery v tomto ptipadé zastupoval misto vykazujici zanétlivou reakei, a pomoci in
Vvivo pozorovaciho systému v kombinaci s konfokalni mikroskopii tenkych ez tumoru
byla potvrzena neménna migracni schopnost kmenovych bunék po znafeni QCDs i
v podminkach in vivo. Bylo tak prokazano, ze QCDs mohou byt v budoucnu vyuzity jako
sondy pro pozorovani kmenovych buné€k v terapiich regenera¢ni mediciny.

Ve druhé kapitole byla zkoumdna interference uhlikovych nanomateridlu
s klasickymi in vitro testy pro vyhodnoceni viability bun¢k. Bylo prokazano, ze nové typy
CNMs interferuji s klasickym testem MTT a mohou tak vést k faleSnym vysledkiim
viability bunék. Pro spolehlivé vyhodnoceni cytotoxicity CNMs proto byla navrzena

analyza LIVE/DEAD pomoci pritokové cytometrie. Pokud vSak byl uplatnén standardni
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postup, byly pro CNMs pozorovany rizné typy interference i v této metod¢ v zavislosti
na rozdilnych vlastnostech materiald, které vedly k faleSnym vysledkim cytotoxicity. Byl
proto definovan novy postup s vyuzitim dodate¢nych kontrol, diky kterému jsme byli
schopni vSechny typy interference piekonat a ziskat tak spolehlivé vysledky cytotoxicity
CNMs.

Cast popisujici environmentalni toxicitu CNMs se celd vénovala studiu
environmentalniho osudu systémii grafen oxidu s riznym stupném povrchové oxidace ve
vodnim prostiedi. Nejprve jsme provedli komplexni charakterizaci materialti, ktera
potvrdila, ze rizné syntézy vedou k ptipraveé systémt GO s podobnou velikosti a vyskou
listd, ale kompletné odliSnou mirou povrchové oxidace a riznym mnozstvim kyslik-
obsahujicich funk¢nich skupin. Nasledné¢ byl studovan vliv povrchové oxidace na
mechanismus interakce GO s organismy z riznych trofickych urovni vodniho
ekosystému, a to fasami a sinicemi, vodnimi korysi a vodnimi rostlinami.

U vSech organismti bylo prokazano, ze mechanismus interakce GO je vysoce
zavisly jak na jeho povrchové oxidaci, tak na zivotni strategii zivoCichi a jejich
ochrannych vrstvach. GO snejniz§im mnozstvi kyslik-obsahujicich povrchovych
funkénich skupin totiz puasobil jako tzv. ,nano-Ziletka® a dokazal pfimo interagovat
organismy a mechanicky je poskozovat. Vice oxidované systémy GO schopnost
mechanicky interagovat nemély, jelikoZz vét§i mnozstvi povrchovych funkénich skupin
zabranilo pfimému kontaktu jejich hran s organismy. Vyznamnéjsi zjisténi vsak bylo, ze
jsme jako prvni pfedlozili diikaz o dynamické obranné reakci fas a sinic vici €inku GO,
kterd se navic projevila ve sniZzeni dlouhodobého Skodlivého u€inku GO pro tyto
organismy. Tento jev byl potvrzen také u vodnich korysu, kdy pfedinkubace se zelenymi
fasami, jako nejbéznéjSiho zdroje potravy koryst vedl ke kompletnimu potlaceni akutni

toxicity GO vuci témto organismim. Jedinymi organismy, které nedokézal malo
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oxidovany GO mechanicky zranit, byly vodni rostliny, jelikoz se jejich ochranna vrstva
ve form¢ kotene ukdzala byt pfilis silnd na to, aby ji GO pronikl a zptsobil poskozeni.
Nase vysledky tak ukazaly, ze environmentalni rizika GO ve vodnim prostfedi nemusi
byt zdaleka tak vyrazné, jak bylo v posledni dobé popsano v literatute, jelikoz si vodni
organismy dokazi z dlouhodobého hlediska s ptitomnosti GO poradit.

V predlozené disertacni praci tak bylo nejprve v ¢asti humanni toxicity prokazano,
jak dualezitou roli hraji spolehlivé in vitro testy, které umoznuji nejen vybrat vhodnou
koncentraci CNMs pro jejich budouci biomedicinskou aplikaci, ale také ptekonat
interferenci materiall a zabranit tak publikovani faleSnych vysledkt cytotoxicity téchto
materiald. V environmentalni ¢asti prace pak bylo ukézéano, ze laboratorni testy vzdy
nedévaji kompletni informaci o osudu grafen oxidu ve vodnim prostiedi a detailni pohled
na jeho interakci s riznymi organismy vice reflektujici podminky realné expozice mtize
vyrazné snizovat potencialni rizika GO v zZivotnim prostiedi, coz je klicové pro aplikace,

které vlastnosti GO vyuzivaji.
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ABSTRACT

Tissue regeneration based on stem cell therapy is one of the most rapidly developing fields of modern
medicine. Several properties of human mesenchymal stromal cells (MSCs), such as tropism toward a
tumor or injury site, make them promising candidates for regenerative medicine, targeted therapy, or
treating injured tissues. However, to fully understand the role of stem cells in therapeutic function, their
visualization in vivo is essential. Here, we describe, for the first time, the use of biocompatible quater-
nized carbon dots (QCDs) as a novel stem-cell tracking probe for in vivo fluorescence imaging of
transplanted human MSCs. By studying the in vitro cytotoxicity, intracellular distribution, and precise
uptake mechanism, we showed that QCDs had a high biocompatibility and excellent fluorescence
properties after 24 h incubation with MSCs. Further to demonstrate the in vivo feasibility of the system,
QCD-labeled MSCs (100 pg/mL of QCDs, 24 h incubation time) were transplanted subcutaneously into an
immunodeficient mouse and visualized by optical in vivo imaging. The labeled cells were strongly
fluorescent, allowing their semi-quantitative detection. Moreover, the homing of intravenously trans-
planted QCD-labeled MSCs into the solid tumor was clearly shown. The results demonstrated that QCD-

labeling of human MSCs is a highly promising approach for in vivo tracking during stem cell therapy.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Regeneration based on stem cell delivery is one of the most
promising approaches in current medicine. Stem cells interacting
with a tissue microenvironment (niche) differentiate into required
cell types, and thus contribute to healing and tissue formation [1,2].
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Activation of cytokine production and extracellular matrix protein
secretion may also contribute to the regeneration process [3]. He-
matopoietic stem cell transplantation has been used as a stem cell
therapy in routine clinical practice for decades [4]. Stem cell
treatments for cardiology and neurology diseases, diabetes and
other disorders have also been clinically tested [5]. Mesenchymal
stromal cells (MSCs) are one of the most promising types of stem
cells used in applications of regenerative medicine; they can be
easily obtained from lipoaspirate and can differentiate in various
tissues, including bone, cartilage, and fat [6]. Stem cells are either
introduced directly into the target organ or, more often, infused
intravenously. After their introduction, stem cells must find the
target tissue, followed by homing, i.e., interaction with cellular
components of their niches [7].

To understand how stem cells contribute to healing, detailed


mailto:katerina.polakova@upol.cz
mailto:radek.zboril@upol.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2019.05.061&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2019.05.061
https://doi.org/10.1016/j.carbon.2019.05.061
https://doi.org/10.1016/j.carbon.2019.05.061

T. Malina et al. / Carbon 152 (2019) 434—443 435

knowledge of the homing process is important. This dynamic
process can be revealed by the noninvasive in vivo visualization of
stem cell accumulation. To date, there is no single imaging tech-
nique capable of observing all relevant aspects of stem cell therapy
[8]. Several techniques for stem cell tracking, such as radionuclide
imaging, magnetic resonance imaging (MRI), magnetic particle
imaging (MPI), ultrasound, and optical imaging, are already being
used in clinical practice, each with their own advantages and dis-
advantages [9,10]. Among these techniques, optical fluorescence
imaging offers real-time tracking and excellent detection sensi-
tivity with the ability to image and track stem cells at a cellular level
[11]. On the other hand, background tissue fluorescence and pho-
tobleaching of fluorescent probes pose limitations when imaging
stem cells. Compared with organic fluorophores or fluorescent
proteins, metal chalcogenide-based quantum dots (QDs) show
almost 100 times brighter fluorescence and 100 to 1000 times
higher fluorescence stability against photobleaching [12]. Owing to
these benefits, there have already been reports of using QDs for
in vitro and in vivo stem cell imaging [13—15]. However, one of the
major drawbacks of metal-containing quantum dots hampering
their bioapplication is their cytotoxicity [16]. Thus, the develop-
ment of novel non-toxic fluorescence imaging probes allowing
stem cell tracking is highly desirable.

Carbon dots are a promising group of materials that exhibit
superior biocompatibility compared to metal chalcogenide-based
QDs [17]. The term carbon quantum dots (CDs) generally de-
scribes fluorescent small carbon nanoparticles (<10 nm) with a
graphitic core modified with various surface functional groups
depending on the synthetic route [18]. Whereas metal
chalcogenide-based QDs reduce the viability of cells even at low
concentrations (10 pg/mL) [19—21], CDs exhibit first significant
toxic effects at concentrations at least 10 times higher, usually
several times higher than the concentrations needed for potential
biological applications (10—100pug/mL) [22,23]. Furthemore,
several studies have suggested that CDs cause lower or similar
cytotoxic effects to polymers used as passivation agents (PEI, PEG,
etc.) [24,25]. Importantly, the photoluminescence of CDs can be
precisely tuned via the properties of the surface shell and suitable
doping in the graphitic core [26,27].

Even though CDs exhibit extraordinary properties that make
them suitable for potential use in regenerative medicine, there are
only few papers reporting stem cell labeling by CDs. Shao et al.
reported acid-based CDs showing biocompatibility in rat bone
mesenchymal stem cells (rBMSCs) up to a concentration of 50 pg/
mL of CDs [28]. At this concentration, the CDs also promoted
osteogenic differentiation of the rBMSCs. Liu et al. reported on the
selectivity of rat stem cells toward different CD surface function-
alities compared to cancer cell lines [29]. In another study, the in-
fluence of the surface charge on the cytotoxicity and uptake of CDs
into human umbilical cord-derived mesenchymal stem cells
(hUCMSCs) was investigated [30]. Chen et al. combined two
different imaging modalities and developed a multimodal nanop-
robe comprising gadolinium CDs (Gd-CDs). They showed that Gd-
CDs promoted the proliferation of stem cells by tracking them
with fluorescence/magnetic resonance imaging [31]. Although CDs
have already been used in stem cell research, to the best of our
knowledge, no report has yet described use of CD-labeled stem cells
for in vivo applications.

In this study, we showed for the first time, highly efficient in vivo
imaging of MSCs by stable and water dispersible positively charged
quaternized carbon dots (QCDs) together with complex analysis of
the cytotoxicity, biodistribution, and mechanism of uptake of QCDs
within the cells. In vivo migration and homing of intravenously
administered QCD-labeled MSCs into a tumor of an immunodefi-
cient mouse was proved. The results showed that QCDs may serve

as a suitable and biocompatible imaging probe for understanding
the therapeutic mechanism of stem cells. Thus, we demonstrate the
high application potential of CD-labeled MCS for in vivo tissue
regeneration.

2. Materials and methods
2.1. Mesenchymal stromal cells (MSCs)

Human adipose tissue-derived MSCs were isolated from the
fatty tissue of three healthy donors who had undergone cosmetic
liposuction (one male, two females). Isolation of the MSCs was
based on incubation of lipoaspirates with collagenase. MSCs were
expanded in complete Dulbecco's modified Eagle's (DMEM) me-
dium supplemented with 5% platelet lysate and 1% penicillin for
three weeks. Details of the isolation and incubation procedures are
described in Supplement 1. Adipose tissue was obtained from
healthy patients undergoing abdominal liposuction (collected
waste tissue) after signature of written informed consent, which is
in accordance with the Czech Republic law 372/2011 and Declara-
tion of Helsinki.

2.2. Preparation and physical-chemical properties of QCDs

QCDs with a fluorescent surface were synthesized by thermal
decomposition of the biocompatible low-cost precursors tris(hy-
droxymethyl)aminomethane (Tris) and betaine hydrochloride.
Details of the synthesis are described in our previous study [32].
The synthesized nanoparticles were highly water dispersible and
colloidally stable owing to the presence of quaternary ammonium
groups on their surface. Their fluorescence was measured by laser
scanning confocal microscopy (Leica TCS SP8 X, Leica Micro-
systems), whereas the size and shape of the QCDs were charac-
terized by transmission electron microscopy (TEM, JEOL 2100
operating at 160 kV). Their size distribution was determined using
Image] software and fitted a Gaussian distribution curve. X-ray
photoelectron spectroscopy (XPS) was performed using a PHI
VersaProbe II (Physical Electronics) spectrometer equipped with an
Al Ko, source (15 kV, 50 W). The spectra were referenced to the C 1s
peak at 284.80 eV. Fourier transform infrared spectroscopy (FT-IR)
was recorded on an iS5 Thermo Nicolet spectrometer using the
Smart Orbit ZnSe ATR technique. The zeta potential and hydrody-
namic size were recorded at neutral pH on a Zetasizer Nano Zs
instrument (Malvern, UK).

2.3. In vitro cytotoxicity of QCDs

For in vitro tests, MSCs were seeded in 24-well plates
(2 x 10% cells/well) to analyze viability and cell cycle or 96-well
plates (5 x 103 cells/well) to analyze reactive oxygen species
(ROS) and genotoxicity in Dulbecco's modified Eagle's medium
(DMEM) (low glucose) and cultivated overnight. The cells were
then exposed to QCDs of various concentrations (50—400 pug/mL)
for 24 h or longer.

2.3.1. Viability, reactive oxygen species (ROS), cell cycle, and
genotoxicity analyses

Cell viability and cell cycle analyses were performed using a BD
FACSVerse flow cytometer (BD Biosciences, USA). Cell viability was
measured after 24 h incubation with QCDs, the supernatant was
removed and the cells were gently washed with phosphate-
buffered saline (PBS) solution (0.1 M, pH 7.4). The cells were then
detached with trypsin (0.25% in ethylenediaminetetraacetic acid
(EDTA), Sigma-Aldrich) and resuspended in 300 pL of medium.
Viability analysis of the treated cells was performed using a LIVE/
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DEAD® viability/cytotoxicity kit (Thermo Fisher Scientific). The cells
were incubated with 2 pL of ethidium bromide (2 mM) and 2 pL of
calcein-AM (50 uM), diluted in dimethyl sulfoxide (DMSO) for
30 min in the dark. Fluorescence signal was then measured on a
flow cytometer (red: ex. 488/em. 700 nm, green: ex. 488/em.
527 nm). A red signal due to ethidium bromide revealed dead cells
that had lost membrane integrity, whereas a green signal indicated
live cells with active intracellular esterases that could catalyze the
non-fluorescent calcein-AM to highly fluorescent green calcein.

A cell cycle analysis was performed using a DNA kit (BD
Cycletest™ Plus DNA kit, Becton Dickinson, USA) according to the
BD protocol. The cell cycle was analyzed using ex. 488/em. 586 nm
for detection of propidium iodide (PI).

Oxidative stress caused by QCDs was investigated using two
different types of ROS analysis as published previously [17]. Firstly,
MSCs were treated with 50—400 pg/mL of QCDs and incubated for
24 h. Afterwards, 2 pL of fluorescent ROS probe (general oxidative
stress indicator CM-H2DCFDA, Thermo Fisher Scientific) pre-
dissolved in DMSO was added to each well (final concentration
10 umol/L). The plate was placed in a CO; incubator for 45 min and
the fluorescent signal was measured using an Infinite PRO M200
microplate reader (Tecan, Austria) with ex. 505/em. 529 nm. In
parallel, the development of ROS was also observed in a ROS kinetic
study, in which cultivated cells were treated with various concen-
trations of QCDs (50, 100, 200, 300, and 400 pug/mL), 2 uL of ROS
probe was added to each well immediately after the treatment and
the amount of oxygen radicals was measured using a microplate
reader after 45 min of incubation.

The comet assay was used in the same way as already reported
[33]. Briefly, microscope slides were precoated with 1% HMP
agarose. The cells were trypsinized, rinsed with DMEM containing
10% fetal bovine serum (FBS) and centrifuged (6 min, 1000 g). 85 pL
of 1% LMP agarose was added to the pellet, the cells were resus-
pended and 85 puL of the cell suspension was placed on a micro-
scope slide with agarose gel. The microscope slides were immersed
in a lysis buffer for 1 h, then placed in a slide electrophoretic tank
and dipped into a cool electrophoresis solution for 40 min. Elec-
trophoresis was run at 0.8V/cm and 380 mA for 20 min. After
neutralization in buffer (0.4 M Tris, pH=7.5), the samples were
stained with SYBR® Green and immediately scored using the SW
Comet Score. All the measurements were performed at least in
triplicate and the mean + standard deviation (SD) was calculated.

2.4. Uptake efficiency and distribution of QCDs within the cells

Visual determination of the cell uptake and incorporation of
QCDs was performed on a IX70 optical fluorescent microscope
(Olympus, Japan) using a U-MWG2 FILTER BLOCK (ex. 510—550 nm/
em. < 590 nm). Before imaging, the cells were washed twice with
PBS.

For detailed analysis of the intracellular distribution of QCDs, a
Leica TCS SP8 X laser scanning confocal microscopy (Leica Micro-
systems) was used. The excitation beam of the confocal unit was
vertically propagated (the objective was positioned under the
bottom of the culture cup) and imaging data of fluorescence in a
series of parallel x-y horizontal cross-sections (z stack) were
collected (typical settings: x-y plane 500 x 500 um, z distance be-
tween planes 5 um). A 3D overview was constructed using Leica
LAS X software, which allowed selection of a zoom overview and
visualization of cross-sections of cells at different sites and angles.
As QCDs exhibit non-traditional and relatively wide peak fluores-
cence spectra, the effect of varying the wavelength of the excitation
beam was tested over the range 430—630 nm (based on previously

tested excitation and emission spectral characteristics [32]). Based
on this test, the excitation wavelength was set to 490, 530, or
630 nm for subsequent experiments. For better visualization of the
QCDs distribution and orientation in the intracellular space, the
cells were visualized using ActinGreenTM 488 (Thermo Fisher
Scientific, ex. 490 nm/em. 500—525 nm). A final 3D overview of the
cells was prepared by combining time-independent scans on the
green channel (actin visualization) and red channel (QCDs visuali-
zation). The signal of the cells after labeling was also compared to
the signal from non-labeled cells to confirm their minimal auto-
fluorescence. Furthermore, the co-localization of QCDs with lyso-
somes using Cell Navigator™ Lysosomal Staining Kit (ABD Bioquest,
USA) was performed.

2.5. In vitro and in vivo imaging of QCD-labeled MSCs

QCD-labeled MSCs were prepared as described above using a
non-toxic labeling concentration of QCDs of 100 pug/mL for 24 h. The
cells were collected, then resuspended in amounts of 1.3, 2.6, 10, 27,
54 x 10* in microtubes, washed in PBS, and diluted in 100 pL PBS.

The fluorescence intensity was measured on an Xtreme In Vivo
Imaging System (Bruker BioSpin, Ettlingen, Germany) using an
excitation filter of 520 nm, emission filter of 600 nm, and acquisi-
tion time of 10 s. Bruker Molecular Imaging Software (Bruker Bio-
Spin, Ettlingen, Germany) was used for image processing. The
correlation coefficient between the number of QCD-labeled MSCs
and the fluorescence intensity was calculated with Fiji software
[34].

Athymic immunodeficient nude (Nu/Nu) mice (CD-1-Foxn1™)
bred under specific-pathogen-free (SPF) conditions in the animal
facility of the Center for Experimental Biomodels, First Faculty of
Medicine, Charles University, Prague were used for all the animal
experiments. Three mice were used per group and the experiment
was repeated twice. The breeding core was purchased from Charles
River, Germany. The mice were housed in a controlled environment
(12 h light/dark cycles at 22 °C) with ad libitum access to water and
a standard chow diet. The experiments were performed in accor-
dance with the Act on the Protection of Animals Against Cruelty No.
246/1992 (latest amendment No. 359/2012) of the Czech Republic,
which is fully compatible with the corresponding European Union
directives.

Prior to imaging, the mice were anesthetized with 2% isoflurane
(Aerrane, Baxter, UK) in air. QCD-labeled MSCs (2.6 x 10°) in PBS
(50 puL) were then subcutaneously injected into the Nu/Nu mice.
Fluorescence images and intensities of the mice were obtained
using an Xtreme In Vivo Imaging System (Bruker BioSpin, Ettlingen,
Germany) with excitation filter of 520 nm, emission filter of
600 nm, and acquisition time of 10s. The images were processed
with Bruker Molecular Imaging Software.

2.6. Migration properties of QCD-labeled MSCs in vitro and in vivo

In vitro migration assays were carried out in a 24-well plate with
Transwell permeable inserts and 8 um pore polycarbonate mem-
branes (Corning Costar, Cambridge, MA, USA). MSC-CXCR4/Fluc2
cells at a density of 1 x 10° cells in 500 pL of serum-free medium
were placed in the upper chambers of the Transwell assembly. The
lower chambers contained 2% FBS. After incubation at 37 °C under
5% CO, for 20 h, the upper surface of the membranes was scraped
gently to remove non-migrating cells and washed with PBS. Then,
the migrated cells on the lower surface of the membrane were fixed
in 4% paraformaldehyde for 15min and stained with Hoechst
33258 (Sigma-Aldrich) for 10 min for visualization of the nucleus.
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The number of migrating cells per one wide field was measured
using a fluorescence microscope and the percentage of migrated
cells was calculated.

The in vivo homing potential of QCD-labeled MSCs was checked
after intravenously administering 2.6 x 10° cells into an immuno-
deficient Nu/Nu mouse bearing subcutaneous PaTu (human
pancreatic adenocarcinoma tumor) cells. After 24 h, the mouse was
anesthetized with 2% isoflurane (Aerrane, Baxter, UK) in air and its
organs (tumor, spleen, kidney, and liver) were removed and fixed
with 4% paraformaldehyde. The organs were imaged ex vivo using
an Xtreme In Vivo Imaging System and then microsections of the
tumor were examined by confocal microscopy using the same
excitation/emission wavelengths (520/600 nm) as used for the
in vivo studies. Microsections of tumor were additionally stained by
hematoxylin and eosin (H&E).
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3. Results and discussion
3.1. Characterization of QCDs

The prepared particles exhibited typical excitation wavelength
dependent emission [32]. However, only the red-shifted part of
their fluorescence (Fig. 1A) with excitation at 490—520 nm and
emission at 600 nm was used for their further in vitro and in vivo
applications. The particles exhibited a very narrow particle size
distribution of 2—4 nm according to TEM (Fig. 1B). The hydrody-
namic size of the particles was established as 5 nm in water and
8 nm in physiological saline solution according to DLS measure-
ments (Fig. S9). The high degree of colloidal stability and stability
on physiological media is highly beneficial for any kind of in vivo
experiments. XPS characterization revealed the presence of carbon
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Fig. 1. (A) Excitation—emission color map of QCDs measured by confocal microscopy. (B) TEM image of QCDs with size distribution in the inset; the scale bar is 100 nm. (C) High
resolution C 1s XPS spectrum of QCDs with survey XPS spectrum in the inset. (D) High resolution N 1s XPS spectrum. (E) Zeta potential of QCDs. (F) FT-IR spectrum of QCDs. (A

colour version of this figure can be viewed online.)
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(78.2%), oxygen (9.7%), nitrogen (9.2%), and residual amounts of
ionic chlorine (2.9%) originating from the precursors (see Table S1).
A high resolution C 1s XPS spectrum of the particles showed a high
amount of C=C bonds located at 284.8 eV, indicating a very well
carbonized core of the particles. C—O/C—N bonds, carbonyl and
carboxyl groups were also present (Fig. 1C). A high resolution N 1s
XPS spectrum (Fig. 1D) revealed the presence of pyrrolic and pyr-
idinic nitrogen groups. Importantly, the characteristic peak for
quaternary ammonium located at 401.5 eV was also significant [35].
FT-IR spectroscopy of the QCDs (Fig. 1E) showed similar results as
the XPS characterization. There was a very strong peak at
1650 cm™~! typical for C=C bond vibrations of aromatic regions in
the core of the particles. Characteristic C—H stretching and C—H
bending vibrations at 2930cm~! and 1448 cm~!, respectively,
confirmed the presence of methyl groups of quaternary ammonium
originating from the betaine precursor [36]. The peak at 1379 cm™!
was assigned to C—N=C vibration, which is often observed in
samples of carbon nitride and corresponds to pyridinic nitrogen
[36]. The peak at 1291 cm™' was characteristic of an amide/lac-
tame/pyrrolic nitrogen (O = )C—NH—C stretching mode [36]. The
last significant peak at 1058cm~! was assigned to a C—OH
stretching mode. However, there was also strong overlap with the
antisymmetric NCs stretching of quaternary ammonium [36]. The
low amount of carboxyl groups (Fig. 1C) and high amount of surface
quaternary ammonium resulted in a high positive surface charge, as
reflected by the strong positive value of the zeta potential
(Fig. 1F; +40 mV). The results clearly showed that the particles were
very well carbonized and had quaternary ammonium (positively
charged) groups on their surface.

3.2. In vitro cytotoxicity — ROS, viability, cell cycle, and comet
assay

For the viability analysis, we used the LIVE/DEAD cytotoxicity/
viability kit because the classical MTT test (metabolic activity of
esterases) is not recommended for establishing the viability of cells
treated with carbon-based materials owing to potential false-
positive or false-negative signals [37]. The percentage of live and
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dead cells after 24 h MSCs incubation with QCDs (50, 100, 200, and
400 pg/mL) was measured by flow cytometry and compared with
control unlabeled cells (Fig. 2A). It was evident that the QCDs did
not cause cytotoxicity even at the highest concentration tested
(400 pg/mL), for which the percentage of live cells was higher than
90%. A high positive charge on nanoparticles has been linked to
high toxic effects in all cell lines studied [38]. However, in our case,
the QCDs did not appear to be cytotoxic because the largest
decrease in viability of the MSCs was only about 10% in comparison
with the control, showing better biocompatibility than stem cells
treated with other CDs [28,30,39,40]. The data in Figs. S1-S3 and
Fig. 5 also demonstrate that the MSCs treated with QCDs did not
lose their ability to adhere, migrate, differentiate into typical cell
types, and express specific surface markers of MSCs. These results
verify the unchanged character of the MSCs; even after QCDs
treatment, they met the standard criteria for MSCs set by The In-
ternational Society of Cellular Therapy [41]. Moreover, unaffected
secretion activity and paracrine immunomodulative activity were
also confirmed by pilot tests (results not shown) and are subjects of
ongoing study. It is well known that the survival rate of trans-
planted stem cells is usually very low [42]. Thus, the unchanged
viability and character of the MSCs after treatment with QCDs are
important for their potential application in regenerative medicine.

The effect of QCDs on ROS formation, i.e., production of
hydrogen peroxide (H20>), hydroxyl radical (*HO), and superoxide
(032), in the MSCs was determined after 45 min and 24 h of treat-
ment with 25, 100, 200, 300, and 400 pg/mL of QCDs (Fig. 2C).
Immediately after treatment for 45min, a time- and dose-
dependent increase in ROS was observed up to 200 pg/mL of
QCDs, reaching up to 2.2 times the ROS levels of the control. No
further increase was registered at higher concentrations. After 24 h,
a similar trend in ROS production was observed, with the QCDs
concentration of 200 ug/mL generating the highest ROS levels.
However, after 24 h, ROS levels had increased to only 1.5 times
those of the control. Therefore, the QCDs generated only negligible
ROS levels in MSCs after treatment for 24 h, suggesting that they
may even protect cells from oxidative stress and have antioxidant
properties [43,44].
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Fig. 2. Cell viability (A), cell cycle (B), ROS generation (C), and DNA fragmentation assay (D) after 24 h MSCs incubation with various concentrations of QCDs. (A colour version of this
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100 um
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Nucleus

Fig. 3. Images of MSCs labeled with 100 pg/mL of QCDs after 4 h (A) and 24 h (B) incubation. Left - bright field images; Right - fluorescence images with filter U-MWG2 (ex. 510—550
nm/em. >590 nm) obtained using an Olympus IX70 microscope. Confocal microscopy scans of a representative mesenchymal stromal cell. (C) Bright field images overlain with
fluorescent images of QCDs (ex./em. 488/590 nm) of four horizontal layers. (D) Dual fluorescence images of three horizontal layers showing localization of QCDs (ex. 490/em.
600—650 nm) within the cell and fibrin dyed with ActinGreen™ 488 (ex. 490/em. 500—525). (A colour version of this figure can be viewed online.)

For analysis of the QCDs effect on the cell cycle of MSCs, flow
cytometry using PI DNA staining was used. Whereas concentrations
of 50 and 100 pg/mL of QCDs caused no significant difference in the
Go/G1 phase (74.43 and 77.57% compared with control untreated
cells 73.88%), for concentrations of 200 and 400 pg/mL, the number
of cells in the Go/G1 phase slightly increased (80.19 and 79.44%),
mainly at the expense of the S phase (Fig. 2B). The slightly pro-
longed delay in the Go/G; phase may reflect slower proliferation of
the cells, i.e., they remained longer in G; in order to reach sufficient
mass for doubling and entering the S phase or arresting the cells in
the Gq restriction point due to DNA damage [45,46].

The comet assay can be used for determination of genotoxicity.
We tested the fragmentation of DNA after 24 h of treatment with
QCDs. The percentage of DNA in the tail is depicted as histograms in
Fig. 2D. The comet length started to increase significantly at con-
centrations of 200 and 400 pg/mL, where the damage of DNA in the
tail was 28% and 35%, respectively. Thus, we concluded that care
should be taken at high concentrations of QCDs. Even though the
DNA damage was not high enough to decrease the viability of the
MSCs, it may eventually lead to the mutagenesis and cancerous
growth of cells [47]. The genotoxic effect of higher concentrations
of QCDs may explain the accumulation of MSCs in the Go/G1 phase if

the cells were arrested in the G restriction point.

It is well known that after interaction with negatively charged
cellular membranes, positively charged nanoparticles are usually
taken up and internalized into cells by a process called endocytosis
[48]. In the case of our QCDs, we confirmed this by analyzing the
fluorescence intensity of MSCs treated with QCDs incubated under
different conditions. MSCs incubated at 4 °C and with depleted ATP,
for which endocytosis is inhibited [49], showed a significant
decrease in the fluorescence intensity (over 70%) in comparison
with MSCs incubated at 37°C (Fig. S5A). The uptake of nano-
particles was concentration dependent but only up to a QCDs
concentration of 200 pg/mL. Higher concentrations caused only a
negligible increase in the fluorescence intensity, implying that
maximum saturation of the MSCs with QCDs had already occurred
by 200 pg/mL (Fig. S4A). QCDs were detected in MSCs after 4 h in-
cubation and the intensity of fluorescence increased to a maximum
value after 24 h. With longer incubations (48 and 72 h), there was
no further increase in fluorescence intensity, confirming that the
MSCs were already fully saturated by QCDs (Fig. S4B). A study of
exocytosis showed that the cells were able to get rid of the QCDs
naturally over time as the fluorescence intensity of the QCDs
significantly decreased after 72 h (Fig. S5B).
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3.3. Uptake efficiency and distribution of QCDs within the cells

The intracellular distribution of 100 pg/mL of QCDs in MSCs was
analyzed by fluorescent and confocal microscopy. Fluorescent mi-
croscopy showed red fluorescent clusters of QCDs, demonstrating
the presence of QCDs inside the cells after 4 and 24 h incubation
(Fig. 3A and B). We suggest that these clusters were contained
within endosomes and their formation was a consequence of
endocytosis. The distribution of the fluorescent clusters inside the
MSCs cells was also checked by confocal microscopy. Images of four
and three different horizontal layers (z stack optical cross-sections
of cells) are depicted in Fig. 3C and D, respectively. The confocal
microscopy scans and analysis of fluorescence intensity confirmed
that the intracellular deposit of QCDs increased during the time
period from 4 h to 24 h incubation. The fluorescence intensity of the
clusters was more than 100 times higher than the autofluorescence
of unlabeled cells. Moreover, in our labeling procedure, we only
used bare CDs without a surface polymer, transfection agent, or
cell-penetrating peptides that can enhance CDs internalization.

The confocal images also confirmed the long-time stability of
the intracellular QCDs fluorescence after labeling during the testing
period of 1—2 weeks by monitoring the intensity of fluorescence
per um? plan view for 50 randomly selected scans of cells using
data sets from the image analysis of 3D confocal snapshots (Fig. S6).
We observed the decrease in fluorescence intensity of QCDs inside
the MSCs that correlated well with the rate of cell division. As
another stability test, we examined the resistance of QCDs to
photobleaching during long-time laser irradiation (Fig. S7). The
results from independent samples showed that the average
decrease in the red fluorescence of the QCDs in the “bleaching area”
was negligible (4.2%).

An important issue when treating cells with nanomaterials is
the possibility of penetration of small particles (<10 nm) into the
cell nucleus. The presence of material inside the nucleus poses a
risk of long-term distortion of the genome or proliferation [47].
Both the fluorescence and confocal microscopy images showed no
penetration of 100 ug/mL of QCDs into the nucleus of MSCs. Instead,
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97.4% of all QCDs positive pixels inside MSCs displayed co-
localization with lysosome area (Fig. S10).

3.4. In vitro and in vivo imaging efficacy and homing potential of
QCD-labeled MSCs toward a human pancreatic adenocarcinoma
tumor (PaTu)

To examine whether MSCs labeled with 100 pg/mL of QCDs were
optically visible and quantifiable, a series of samples with varying
numbers of QCD-labeled MSCs (1.3 x 104, 2.6 x 104, 1 x 10°,
2.6 x 10°, and 5.4 x 10°) were prepared and imaged by an Xtreme
In Vivo Imaging System. The labeled cells were centrifuged in 1.5 mL
microtubes and then quantitatively detected at high levels of
fluorescence intensity (Fig. 4A). The relationship between fluores-
cence intensity and number of QCD-labeled MSCs was fitted using
regression analysis (Fig. 4B). The results indicated that the fluo-
rescent intensity of the QCD-labeled MSCs was sufficient for cell
visualization by in vivo fluorescence imaging using at least 10% cells.

Before the in vivo testing, the hemolysis assay was performed to
analyze the in vivo compatibility of QCDs. The 100 pg/mL of QCDs
had the hemolysis rate at 2.9%, which was comparable with the
negative control used (2.3%) (see Fig. S11). This result proved
harmless interaction of QCDs with blood components and its
suitability for in vivo testing. To assess whether transplanted QCD-
labeled MSCs were able to be visualized in mice, we subcutaneously
administered 2.6 x 10° MSCs to the hind limb of a mouse. The
transplanted QCD-labeled MSCs were clearly detected by in vivo
fluorescence imaging (Fig. 4C), confirming that it was possible to
track the location of the QCD-labeled MSCs after transplantation.
These results suggest that QCDs could be used to track stem cells in
future investigations of regeneration medicine, e.g., in cutaneous
wound healing processes.

In addition to the need for high fluorescence and viability of
labeled stem cells, their non-affected migration capacity is another
important requirement for applications in stem cell therapy. The
homing potential of MSCs was first checked by an in vitro experi-
ment before and after labeling them with 100 pg/mL QCDs for 24

1.0e+003

Fig. 4. (A) In vitro fluorescence imaging of different numbers of MSCs (1.3 x 10% 2.6 x 1041 x 10°, 2.7 x 10°, 5.4 x 10° cells) labeled with QCDs (100 pg/mL) and a plot of regression
analysis (B) (ex. 520 nm/em. 600 nm). (C) In vivo fluorescence imaging of MSCs (2.6 x 10°) labeled with QCDs (100 pg/mL) after subcutaneous transplantation into a mouse hind limb

(ex. 520 nm/em. 600 nm). (A colour version of this figure can be viewed online.)
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and 48 h. Confocal microscopy images from 50 fields of views were
recorded. The results in Fig. 5A show that the transmigration po-
tential and migration velocity of the QCD-labeled MSCs were
almost unaffected compared with non-labeled MSCs.

To confirm that the homing potential of the QCD-labeled cells
was not influenced under in vivo conditions, the targeting of stem
cells into a tumor bearing mouse was analyzed. Twenty four hours
after intravenous administration of 2.5 x 10° labeled cells through
the tail vein (Fig. 6A), isolated organs (liver, kidney, spleen, and
tumor) were removed and imaged ex vivo by an Xtreme In Vivo
Imaging System. Compared to a control mouse with non-labeled
MSCs, mainly the tumor and partially the liver in the mouse
treated with the QCD-labeled MSCs were significantly more fluo-
rescent (Fig. 6B). When microsections of the tumor were imaged by
confocal microscopy, red fluorescent clusters representing the
QCD-labeled MSCs were clearly detected (Fig. 5B). Furthermore, the
confocal microscopy images of tumor after hematoxylin and eosin
(H&E) staining also confirmed the presence of QCD-labeled MSCs
inside tumor (Fig. 5C). These results confirm that the QCDs had no
influence on the migration and homing of the MSCs into the
pathologic area in vivo conditions. An unaffected homing potential
and chemotaxis of MSCs after QCDs treatment are critically
important for their potential use in tissue regeneration and cellular
therapy. The targeting of MSCs to specific pathologies in the nearest
tissue (chemotactic migration to wound and inflammation [50],
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ischemic muscle region [51], and tumors [52]) is a normal process.
Furthermore, transplanted stem cells may serve as a source for
tissue-forming progenitors and also trigger tissue regeneration by
endogenous cell recruitment. Tissues with a high endogenous
regeneration activity show an increased rate of regeneration and
formation of new tissue [53]. Monitoring the dynamic process of
the migration and homing of the stem cells after their intravenous
transplantation could aid understanding of their potential thera-
peutic use in the management of life-threatening diseases and
treatment of cancer [54]. By using optical fluorescent imaging
techniques, currently the most sensitive non-invasive techniques
enabling cellular level resolution, and by using CDs as a biocom-
patible fluorescent marker for stem cells without the need for other
supporting compounds, such as transfection agents or cell-
penetrating fluorescent proteins, this work demonstrates a novel
strategy for extending the knowledge of stem cell therapies.

4. Conclusions

For the first time we report use of carbon dots for safe in vivo
application of adipose tissue-derived MSCs in tumor bearing
mouse. We found that the QCDs were highly biocompatible even at
the highest concentration tested (400 ug/mL). Moreover, up to a
concentration of 100 pg/mL, QCDs did not cause any negative effect
on the native function and behavior of the cells. Using the optimal

Fig. 5. (A) MSCs migration ability (top) and velocity (bottom) averaged from 50 fields of view. (B) Homing of cells into tumor tissue 24 h after cell transplantation. Transplanted cells
(red circles) were visualized by fluorescence microscopy in a thin microsection of the tumor tissue (setup — ex. 520/em. 600 nm, further details on the animal experiment on the
mouse are provided in the Materials and methods section). (C) Tumor tissue image after H&E staining (left), fluorescence image showing orange fluorescence spots of QCD-labeled
MSCs (middle, setup — ex. 520/em. 560—640 nm) and merged image showing distribution of QCD-labeled MSCs in tumor (right). The tissue was fixed by 4% paraformaldehyde. (A

colour version of this figure can be viewed online.)
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Fig. 6. Images acquired using an Xtreme In Vivo Imaging System after intravenous application of 10> MSCs to athymic immunodeficient nude (Nu/Nu) mice. (A) In vivo fluorescence
imaging of control mouse with non-labeled MSCs (top) and mouse treated with MSCs labeled by QCDs (bottom). (B) Ex vivo fluorescent imaging of selected organs from the control
mouse (left) and mouse treated with MSCs labeled by QCDs (right) after 24 h of transplantation. Note that the intensity of fluorescence is especially high in the tumor and partly in
the liver of the mouse treated with QCD-labeled MSCs. (A colour version of this figure can be viewed online.)

non-toxic conditions (100 ug/mL of QCDs and 24 h incubation),
QCDs were clearly visible inside MSCs and the standard migration
character of MSCs was preserved. Strong fluorescence of QCD-
labeled MSCs was detected first in vitro and then in vivo after
subcutaneous administration of MSCs cells into a mouse hind limb.
The unaffected chemotaxis capability of QCD-labeled MSCs
administered intravenously into a tumor bearing mouse was also
confirmed. Taken together, these results demonstrate that this type
of positively charged QCDs, being highly water dispersible, uniform,
stable, and biocompatible, represents a promising material for
in vivo optical imaging and monitoring of MSCs used in regenera-
tive medicine (e.g., in wound healing processes).
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Abstract: The scope of application of carbon nanomaterials in biomedical, environmental and
industrial fields is recently substantially increasing. Since in vitro toxicity testing is the first essential
step for any commercial usage, it is crucial to have a reliable method to analyze the potentially
harmful effects of carbon nanomaterials. Even though researchers already reported the interference
of carbon nanomaterials with common toxicity assays, there is still, unfortunately, a large number
of studies that neglect this fact. In this study, we investigated interference of four bio-promising
carbon nanomaterials (graphene acid (GA), cyanographene (GCN), graphitic carbon nitride (g-C3Ny)
and carbon dots (QCDs)) in commonly used LIVE/DEAD assay. When a standard procedure was
applied, materials caused various types of interference. While positively charged g-C3N, and QCDs
induced false results through the creation of free agglomerates and intrinsic fluorescence properties,
negatively charged GA and GCN led to false signals due to the complex quenching effect of the
fluorescent dye of a LIVE/DEAD kit. Thus, we developed a new approach using a specific gating
strategy based on additional controls that successfully overcame all types of interference and lead to
reliable results in LIVE/DEAD assay. We suggest that the newly developed procedure should be a
mandatory tool for all in vitro flow cytometry assays of any class of carbon nanomaterials.

Keywords: carbon nanomaterials; flow cytometry; cell viability; cytotoxicity; interference

1. Introduction

Carbon nanostructures rank among the most promising materials in the field of nan-
otechnology. They include the well-known fullerenes and carbon nanotubes; however,
the attention of researchers has recently shifted more towards 2D carbon nanomaterials
(CNMs) and carbon dots [1,2]. As for 2D materials, the discovery of graphene in 2004 [3]
was the key point, which led to the syntheses of a large number of new emerging deriva-
tives [4]. These derivatives possess several extraordinary properties that are promising for
a broad spectrum of applications [4,5]. This applies mostly to those derivatives that over-
come graphene’s hydrophobicity through selective functionalization. Highly hydrophilic
derivatives are especially attractive for various fields of biomedical research [4-7]. Further-
more, graphitic carbon nitrides (g-C3Ny) are a new class of graphene-like materials that
offer desirable optical properties similar to another type of emerging carbon nanomaterial
of the last decade—carbon dots (CDs) [8,9]. Both of these materials are highly promising
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for applications in biosensing and bioimaging because, compared to the fluorescent inor-
ganic semiconductors, they consist mainly of environmentally friendly elements such as
carbon (C), hydrogen (H) and nitrogen (N), giving them a tremendous advantage in their
biocompatibility [8,10-12].

The potential adverse effects of nanomaterials (NMs) on human health have been of
general concern in recent years. An understanding of the cellular consequences of NMs
after direct contact in vitro is the first important step and a crucial premise for their safe
and successful use in biomedical applications [13]. Furthermore, the paradigm for the
toxicology of the 21st century is to reliably test on the basis of high throughput in vitro cell
culture-based models to minimize animal use [14,15]. One of the most important endpoints
of in vitro NMs testing is acute cytotoxicity. Based on this result, it is possible to define the
dose-response characteristics of nanomaterials and further focus on the understanding of
the NMs’ cellular interactions with additional assays [16]. Therefore, it is crucial to have a
working methodology for this endpoint to produce reliable and justified results.

It is widely known that NMs cause interference with standard viability assays [17-20],
which further highlights the need for a reliable and valid procedure for NMs in vitro
testing. What is alarming is that studies referring to nanomaterial toxicity do not generally
take this information into account (over 85% of papers) [18,20,21]. This fact can cause a
huge problem for future safe and sustainable applications of specific nanomaterials and
therefore needs to be addressed as soon as possible because different NMs can cause
various types of interference [20]. Carbon nanomaterials are no exception, and interference
of CNMs with common toxicity assays such as Alamar blue, neutral red, MTT and WST-1
assay has already been reported [22-27]. Therefore, for CNMs, using assays based on
spectroscopic detection is recommended only with great caution. Flow cytometry is a
fast and highly accurate technique providing information about individual cells in the
whole population [28,29]. Thus, it represents a suitable alternative to in vitro viability
testing. The LIVE/DEAD assay uses two fluorescence probes (Propidium Iodide (PI) and
Calcein-AM) to distinguish between the population of dead and alive cells. PI is able to
intercalate into the DNA of dead cells with a ruptured membrane, while active esterases in
alive cells transform the non-fluorescent calcein-AM to highly fluorescent calcein. On the
other hand, there is already a report showing interference of nanomaterials even with
flow cytometry [30]. Therefore, a question should be raised whether CNMs can also cause
interference with flow cytometry and, more importantly, if there is a way to overcome it.

In this study, we investigated potential interference reactions of new promising CNMs
such as 2D graphene acid (GA), cyanographene (GCN), graphitic carbon nitride (g-C3Ny4)
and 0D carbon dots (QCDs) in a basic flow cytometry assay (LIVE/DEAD). The first inter-
ference reaction was triggered by the interaction of the material with the used fluorescence
probes. The second and more complicated was the interference of nanomaterials inside of
the cells that caused changes in the fluorescence properties of the probes. In the case study
with human skin fibroblast cells (BJ), we overcame both of these interferences and obtained
reliable results for the LIVE/DEAD assay of these CNMs with a newly developed protocol
using additional controls.

2. Results and Discussion
2.1. Properties of Materials

The four representatives of CNMs were selected to demonstrate how different proper-
ties of materials could influence their interference with in vitro testing. The size, surface
charge and shape of materials are known to generally influence not only in vitro assays.
The characterization of materials is summarized in Table 1. It should be noted that Table 1
only presents information given in our previous papers. GA and GCN had similar proper-
ties in the surface charge (zeta potential of —32 and —30 mV for GA and GCN, respectively),
size (<500 nm according to DLS) and shape (both GA and GCN were mono/few layer
sheets) (Table 1). Furthermore, neither of them exhibited fluorescence properties. On the
other hand, as mentioned before, both QCDs and g-C3Ny are known for their fluorescence
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qualities and especially QCDs as representatives of carbon dots have wide emission spectra
with strong fluorescence signals [9]. Both QCDs and g-C3Ny exhibited positive surface
charge (+40 mV for QCDs and +24 mV g-C3Ny), but they had a completely different size
and shape. While QCDs were very small sphere nanodots (5 nm) [12], the g-C3Ny4 were
loose agglomerates with irregular shapes with the Z-average of 880 nm (according to
DLS) [31,32]. To have a greater awareness of the shape of NMs, we included our own TEM
images, which are displayed in Figure 1.

Table 1. Characterization of carbon nanomaterials g-C3N4, QCDs, GA and GCN.

g-C3Ny [31,32] QCDs [12] GA [7] GCN [7]
Size (DLS, nm) 880 5 200 300
Zeta potential (mV) +24 +40 —-32 -30

loose agglomerates with

Shape irregular shape

sphere mono/few layer sheets

Figure 1. Transmission electron microscopy images of (a) QCDs (scale 20 nm); (b) g-C3Ny (scale
500 nm); (c) GA and (d) GCN (both scales 100 nm).

2.2. Optical Microscopy Imaging and MTT Interference

The first important factor influencing possible interference of nanomaterials is their
behavior in cell culture media. Although we had information about physico-chemical
properties of studied nanomaterials (Table 1), these can quickly change due to the inter-
action with proteins present in the culture medium (precisely in FBS) [33]. Simple optical
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microscopy images presented in Figures S1 and S2 showed that the colloidal behavior of
NMs in culture media differed greatly, depending mainly on the surface charge of carbon
nanomaterials. For the positively charged g-C3Ny and QCDs, free agglomerates of NMs
were observed for samples treated with 300 pug/mL (Figure S1b,c). For the g-C3N4 sample,
agglomeration also occurred at a concentration of 50 g /mL (Figure Slc). It should be noted
that prior to optical microscopy imaging, the samples were washed and observed in PBS,
meaning that a huge amount of free agglomerates was already washed away. When we
observed the BJ cells treated with QCDs and g-C3N, in more detail, we found that both
materials at both concentrations were either internalized or attached to the membrane of
the cells (Figure S2b,c). On the other hand, in the samples treated with negatively charged
GA and GCN, there were fewer agglomerates seen outside of the cells (mostly only in
samples treated with 300 pg/mL), but more importantly, the size of the agglomerates
was much smaller than in the case of g-C3N4 and QCDs (Figure S1d,e). However, again,
both materials were seen uptaken or attached to the membrane of the cells even for a
concentration of 50 pg/mL and cells were completely covered with GA and GCN for the
concentration of 300 ug/mL (Figure S2d,e).

At the beginning of our study, we wanted to show the inappropriateness of using
the common toxicity assay for CNMs. In Figure S3, it is clearly shown that especially
in the samples treated with GA and GCN, the nanomaterials could massively interfere
with any type of spectrophotometric or spectrofluorometric evaluation as the supernatants
are completely dark when compared to control samples. Even for the g-C3Ny and QCDs
samples, the color in supernatants is different from the control samples. To assess the
potential interference, we performed an MTT assay as an example. We included Blank
controls (empty wells with the same treatment as for wells with cells) to try to avoid
interference, as it is a standard protocol for this type of assay. From the result presented
in Figure S4, it is clear that GA, GCN and g-C3N, samples caused interference, as their
MTT viability values were all below 90% of control (Figure S5). The most pronounced
drop was observed for the g-C3Ny4 sample, as the MTT viabilities were under 50% for
both concentrations, which normally indicates a huge cytotoxic effect. However, it was
definitely due to the strong interference. The white color of the stock solution interfered
with the blue/purple color of the dissolved formazan crystals because the microscopy
imaging showed almost no dead or damaged cells (Figures S1 and 52). Additionally,
Figure 54 shows that cells treated with the g-C3N4 sample were much brighter than the
untreated control. For the GA and GCN samples, we again observed almost no dead cells
in microscopy images (Figures S1 and S2). On the other hand, we saw many NMs either
covering the cells” surface or being inside of the cells, which could potentially cause a
decrease in the MTT signal through interaction with formazan crystals, as was already
reported for other CNMs [25,27]. We could not determine any interference for the QCDs
sample, as all the values were similar to the untreated control and there was no change
observed in the color (Figures 54 and S5).

2.3. Interference of CNMs in Forward and Side Scatter Profiles in Flow Cytometry

Different colloidal behavior of CNMs in culture media was confirmed by flow cytom-
etry in the forward and the side scatter profiles as well (Figure 2). The extra population
of events, besides populations of cells and debris, occurred only in those samples treated
with g-C3Ny4 and QCDs, which can be solely assigned to agglomerated NMs (Figure 2b,c).
We proved this hypothesis by using spike-in controls, the first crucial controls that have to
be definitely used, where a similar population of events was observed especially for the
g-C3Ny and slightly also for the QCDs sample (Figure 2d). Spike-in controls are meant to
mimic the highest possible concentration of free NMs in samples by adding the appropriate
volume of NMs stock solutions in water to the negative control sample right before the
measurement. There was also a clear shift in the cells” population scatter profile compared
to the untreated sample, which indicates either internalization or membrane attachment of
both g-C3Ny and QCDs samples. Even though we did not see for the samples treated with
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GA and GCN any events representing free agglomerates in scatter profiles (including spike-
in controls), the cells” population shifted again greatly, compared to the untreated sample
(Figure 2). These results agreed well with observations from optical microscopy images.

Negative control
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Figure 2. Forward and side scatter profiles for samples: (a) negative control of BJ cells (4 x same sam-
ple with specific gates for each NMs); BJ cells treated for 24 h with (b) 50 ug/mL and (c) 300 pg/mL
of carbon nanomaterials and (d) spike-in controls (from left to right: g-C3Ny4, QCDs, GA and GCN).
The population of cells is highlighted in red, the population of debris is marked blue and the
remaining black population in samples g-C3N,4 and QCDs is considered NMs agglomerates.

As it is known from the literature [34], positively charged NMs show significantly
higher interaction with proteins (especially albumin and globulins that are present in
FBS) than negatively or neutral charged NMs. The reason behind this phenomenon is
most probably the fact that the most abundant proteins in FBS (albumin and globulins)
carry a negative net charge at physiological pH [35]. Therefore, a nanomaterial with
positive zeta potential would preferentially interact with such proteins. It was already
reported that the zeta potential of NMs with the protein corona is negative in most cases,
which further supports the hypothesis of higher adsorption of proteins on NMs with
a positively charged surface [35,36]. Regarding g-C3Ny, it was understandable that the
interaction of large positively charged NMs with proteins resulted in the formulation of
agglomerates of a size significant enough to be seen in microscopy images and scatter
profiles (Figures 2, S1 and S2). Surprisingly, even 5 nm QCDs produced agglomerates with
proteins big enough to be detected by those techniques. As mentioned before, one of the
reasons is definitely the strong positive surface charge of QCDs (+40 mV) resulting in a
massive interaction with proteins. However, as Glancy et al. recently reported, the protein
corona of sub-10 nm nanoparticles is more complex and nanoparticles can serve more as
cargo on a protein rather than as a carrier of the protein, as is usually the case of larger
NMs [37]. Hence, the agglomerates of QCDs in the culture medium could be a mix of
several nanoparticles in combination with various proteins, which could explain the size of
those agglomerates.
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2.4. Interference of CNMs in Spike-in Controls

Having in mind a formation of agglomerates of g-C3N4 and QCDs in culture media
these CNMs are famous for their extraordinary fluorescence properties [12,32]. Logically,
it was crucial to check if those agglomerates could interfere with the fluorescence probes (PI,
Calcein) used in the LIVE/DEAD assay. This was carried out using spike-in controls again.

First, we measured the spike-in controls for all NMs and analyzed them in a dot plot
of red channel (FL 2: ex. 488/em. 700 nm) for Pl-positive cells against green channel
(FL 3: ex. 488/em. 527 nm) of calcein positive cells. To see if the free NMs can interfere
with the fluorescence probes, we gated out the population of debris shown in Figure 2
(blue population of events). The dot plots of the LIVE/DEAD assay are shown in Figure 3.
The first important thing to observe is that even after we discarded the debris population of
events, there were still some events of unstained cells (unstained gate) with the fluorescence
intensity in both channels lower than 10% in the log scale in negative and positive control
samples (Figure 3a). This was not included in the evaluation of viability. Then, we created
gates according to the positive and negative control samples for dead (red, PI-positive)
and alive (green, calcein positive) cells (Figure 3a) and used them for evaluation of the
viability of spike-in controls for NMs (Figure 3d). As expected for the negatively charged
GA and GCN, no population of free agglomerates of NMs was present to interfere with
the results (Figures 2d, 3b and S7b), as the viability of spike-in controls for both of these
materials remained over 90%, similar to the negative control (Figure 3d). However, for pos-
itively charged g-C3Ny and QCDs, an additional population of events appeared in the
scatter profiles (Figure 2d) as well as in the dot plots (Figures 3c and S7c). This population
represents the agglomerates of NMs because the only difference between those samples
and the negative control (or positive control in the case of spike-in PC samples) was the
addition of NMs right before the measurement. The spike-in control for g-C3N, generated
a huge number of agglomerates, comparable to the amount we saw in the sample after
24 h of treatment (Figure 2¢,d). Furthermore, the agglomerates interfered greatly with
the evaluation as the viability of the g-C3Ny spike-in sample dropped to 42% (Figure 3d).
On the other hand, in spike-in control for QCDs, the amount of agglomerates was signifi-
cantly lower than after 24 h (Figure 2¢,d). This is most probably due to the difference in the
size of g-C3Ny and QCDs because the formulation of agglomerates takes more time with
ultra-small nanoparticles and the spike-in controls are measured immediately after adding
the NMs. However, even a lower amount of agglomerates was responsible for the decrease
in viability of the QCDs spike-in control sample to 74% (Figure 3d).

Spike-in controls are a necessary tool in flow cytometry and should be used in every
measurement, where any interference of NMs is expected. Only when spike-in controls
are used, gating—the most important step in flow cytometry—is performed properly. It is
crucial that we have information only about the population of cells in the sample. Neverthe-
less, spike-in controls cannot give information about cells” scatter profiles, characterizing
the cell size and granularity (complexity) [38]. Of course, the size and granularity of cells
are influenced after 24 h of treatment with NMs. However, this is not the case with spike-in
controls as the NMs are added just before the measurement.

Even though spike-in controls helped massively with choosing the specific gates
correctly (Figure 2), they did not give us any information about the behavior of NMs
inside the cells or on their membrane. Given that all NMs somehow influenced the cells’
scatter profiles (Figure 2), we needed to introduce another important type of control named
nanomaterial positive control (NM PCs). In these controls, we mimicked the situation
where all the cells treated with NMs for 24 h would be dead to get information about the
profile of dead cells with NMs on their membrane or inside. We heat-killed the cells treated
with NMs for 24 h before the measurement. We did not need any control for alive cells
treated with NMs for 24 h as, according to the optical microscopy, the majority of the cells
were alive in all samples (Figure S2).

In the next chapters, we will give detailed information on how it is possible to se-
lect correct gating, avoiding different types of interference, and get reliable results in
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LIVE/DEAD assay for all four types of our chosen CNMs following our newly developed
approach using a combination of both additional controls. For a standard procedure, we ap-
plied the well-known method of gating using negative (over 90% viability) and positive
control (under 10% viability). In our new approach, gates were set as follows: viability of
negative and spike-in controls over 90%, the viability of positive and nanomaterial positive
controls (NM PCs) under 10%.

NC PC
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Figure 3. Dot plot showing LIVE/DEAD assay of: (a) negative and positive control of BJ cells; (b) BJ
cells spike-in controls for GA (left) and GCN (right) and (c) BJ cells spike-in controls for g-C3Ny (left)
and QCDs (right). Gates were selected according to the NC and PC samples. (d) The evaluation of
the viability of spike-in controls” samples (1 = 3). The events in the alive gate are shown in green,
events in the dead gate in red and events in the unstained gate are highlighted in blue.
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2.5. Interference of QCDs in LIVE/DEAD Assay

As it is seen in Figure 2, for samples treated with QCDs, there was a clear change in the
scatter profiles and another population of agglomerates emerged for the samples treated
with 50 ug/mL and especially 300 pg/mL. That is why it was quite challenging to gate only
the population of cells as agglomerates might also intermingle to some extent. Using the
spike-in control, we could observe the profile of free agglomerates in the dot plot of red
against green channels (Figures 3c and S7c). Therefore, when there were almost no events
in the dot plot of the sample after 24 h, which correlated with the free agglomerates in the
dot plot of spike-in control, we knew we had the correct gate, as it displayed the population
of cells with as few agglomerates as possible (Figure 2). With this gating, we performed
LIVE/DEAD assay evaluation using dot plots of two fluorescent channels.

First, we analyzed the samples with standard gating using only negative and positive
control. From Figure 4a—e, it is clear that there was the interference of optical properties of
QCDs [12,31,32] even though the viability of NM PCs was under 10%, which was correct
for heat-killed cells (Figure 4e). Interaction of QCDs with cells resulted in the shift in
the fluorescence intensity in the red detector (FL 2: ex. 488/em. 700 nm), which was
strong enough to move some of the cells from the alive gate to the dead gate (Figure 4b).
Additionally, although we carefully tried to gate only the population of cells (Figure 2),
there were still some events representing free agglomerates left in the samples, as the via-
bility of spike-in control for QCDs decreased to 86% (Figure 4d,e). Therefore, there was an
interference with the evaluation as the fluorescence shift and the presence of agglomerates
in gating according to the control samples resulted in decreasing the viability to 70 and
32% for samples treated with 50 and 300 ng/mL of QCDs, respectively (Figure 4e).

Thus, there were two challenges for the LIVE/DEAD assay of BJ cells treated with
QCDs. First was the influence of the optical properties of QCDs, and, second was the
presence of free agglomerates in culture media that were not gated out of evaluation.
To show how to overcome these challenges, we analyzed the same dataset with a new
gating protocol according to the additional controls, which is displayed in Figure 4f-.
Using these gates, the whole population of alive cells remained in the alive gate despite the
fluorescence shift (Figure 4g) and the events representing free agglomerates were now in
the unstained gate, and were not included in the evaluation (Figure 4i). This setup resulted
in 98 and 80% of the viability of BJ cells after 24 h of incubation with 50 and 300 pg/mL of
QCD, respectively (Figure 4j).

Therefore, due to the interference in the analysis according to standard gating, QCDs
could be falsely considered toxic to BJ cells, although the reliable viability of BJ cells did
not drop under 80% even for concentration 300 ng/mL of QCDs.

2.6. Interference of g-C3Ny in LIVE/DEAD Assay

For the g-C3Ny4 sample, even before the LIVE/DEAD assay itself, we observed another
challenge. The interaction of cells with 50 ug/mL and especially 300 pg/mL of g-C3Ny
caused the side scatter values of these samples to shift out of the defined scale (Figure 2).
We have not observed this phenomenon with any other material before. As for the right
evaluation, we needed only the population of cells (parameters of measurement were set
according to the controls and those cannot be changed during the measurement). That is
why we used a dot plot profile of forward scatter values against values of the fluorescent
channel (FL-1: ex. 405/em. 528 nm) for gating the population of cells where we did not
expect any increase in the fluorescence intensity for calcein and PI (Figure S6). Even with
the use of another detector, there was an overlap between some events of the populations of
free NMs and events from the population of cells (Figure S6b). We used the same procedure
as we did for the QCDs samples to try to gate only the population of cells without any free
agglomerates of g-C3Ny (Figure S6a). However, at a concentration of 300 ug/mL, some of
g-C3Ny free agglomerates had to be gated as well as there was no clear line that would
separate them from the cells (Figure S6b).
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In the standard gating, even though the fluorescence intensity of g-C3N4 was not
as distinctive as for QCDs, there was a shift in some cells from the alive to the dead gate
in the sample treated with 300 ug/mL (Figure 5b). A more serious problem was free
agglomerates that were gated in the population of cells, as was mentioned above, and were
now presented in the dead gate. This was pronounced in the spike-in control g-C3Njy
sample, which had 88% viability (Figure 5d,e). Although the decrease in viability was
slighter than for QCDs, it was another indication that there was interference in the sample.
Furthermore, the events presented in Figure 5d showed a dot plot profile comparable to the
one in the spike-in control for g-C3Ny displayed in Figure 3c. Nevertheless, because of the
mentioned overlap of agglomerates with cells in the samples after 24 h (Figure S6), we had
to include them, as we could not afford to lose information about those cells. Thus, due to
the standard gating according to the positive and negative control, events representing
free agglomerates in the dead gate were responsible for the drop in the viability of samples
treated with 50 and 300 pg/mL of g-C3Ny to 86 and 63%, respectively (Figure 5e).
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Figure 4. Dot plot showing LIVE/DEAD assay of: (a,f) negative and positive control of BJ cells
and (b—d,g—i) BJ cells treated with QCDs samples with (a-d) standard gating and (f-i) new gating
approach. (b,g) Samples treated with 50 pug/mL (left) and 300 ug/mL (right) of QCDs for 24 h;
(c,h) Samples treated with NM PC 50 pg/mL (left) and NM PC 300 pg/mL (right); (d,i) Spike-in
control for QCDs. (e,j). The evaluation of the viability of BJ cells treated with QCDs and additional
control samples (1 = 3). The events in the alive gate are shown in green, events in the dead gate in red
and events in the unstained gate are highlighted in blue.

By applying new gating according to additional controls presented in Figure 5f-,
we managed to avoid this interference. Using specific gates in the LIVE/DEAD dot plot,
we evaluated only the population of cells. Events representing free agglomerates of g-C3Ny
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were now in the unstained gate and the spike-in control viability was over 90% (Figure 5i,j).
Therefore, the reliable results of the viability of B] cells after 24 h of incubation were 94 and
83% for 50 and 300 pg/mL of g-C3Ny, respectively (Figure 5j).
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Figure 5. Dot plot showing LIVE/DEAD assay of: (a,f) negative and positive control of BJ cells
and (b-d,g—i) BJ cells treated with g-C3Ny4 samples with (a—d) standard gating and (f-i) new gating
approach. (b,g) Samples treated with 50 pug/mL (left) and 300 ug/mL (right) of g-C3Ny for 24 h;
(c,h) Samples treated with NM PC 50 ug/mL (left) and NM PC 300 ug/mL (right); (d,i) Spike-in
control for g-C3Ny. (e,j) The evaluation of the viability of BJ cells treated with g-C3Ny4 and additional
control samples (1 = 3). The events in the alive gate are shown in green, events in the dead gate in red
and events in the unstained gate are highlighted in blue.

2.7. Interference of GA and GCN Samples in LIVE/DEAD Assay

Both GA and GCN samples formed much smaller agglomerates in culture media,
which did not interfere with gating in the scatter profiles, as the population of cells was
still clearly distinguishable (Figure 2). On the other hand, there was still a notable shift in
scatter profiles, and optical microscopy showed the cells either filled with NMs or with
NMs attached to the membrane after 24 h of incubation (Figures 2 and S2). Therefore,
there was a high probability that both materials would interfere with the dyes of the
LIVE/DEAD assay. As the interference was the same for both materials, we used a similar
methodology including gating to avoid it. That is why only the example of GA is presented
in Figure 6, while the results of GCN were moved to SI (Figure S8).

The evaluation with standard gating displayed in Figure 6a—e confirmed the interfer-
ence of the GA sample. However, it was a completely different type of interference than
the one observed for QCDs and g-C3Ny4 materials. There was a decrease in the fluorescence
intensity of PI in the red channel (FL 2) caused by a quenching effect of the GA sample.
This phenomenon was clearly manifested in NM PCs. While events representing dead
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cells in positive control showed the fluorescent intensity of around 10* in the FL 2 chan-
nel (Figure 6a), there was a slight decrease even in the events’ intensity for the NM PC
50 ug/mL (fl. intensity between 10° and 10*, Figure 6c). For the NM PC 300 p1g/mL sample,
the reduction was distinctly more pronounced as events representing the dead cells showed
fluorescent intensity values of around 10? (Figure 6c). Therefore, although samples treated
with 50 pg/mL and 300 pug/mL had viability over 96%, the evaluation was not reliable
as the quenching effect of the GA sample towards PI caused the events representing the
dead cells to drop from the dead gate to the alive or unstained gate (Figure 6b,c,e). This inter-
ference led to a false increase in the viability of NM PCs to 26% and 85% for the NM PC
50 pug/mL and the NM PC 300 pug/mL, respectively, when standard gating was applied
(Figure 6e). For GCN, the quenching effect was even more profound as the viability of NM
PC 300 pg/mL was 95% (Figure S8e).
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Figure 6. Dot plot showing LIVE/DEAD assay of: (a,f) negative and positive control of BJ cells and
(b—d,g—i) BJ cells treated with GA samples with (a-d) standard gating and (f-i) new gating approach.
(b,g) Samples treated with 50 pg/mL (left) and 300 ug/mL (right) of GA for 24 h; (c,h) Samples
treated with NM PC 50 ug/mL (left) and NM PC 300 ug/mL (right); (d,i) Spike-in control for GA.
(e,j). The evaluation of the viability of BJ cells treated with GA and additional control samples (1 = 3).
The events in the alive gate are shown in green, events in the dead gate in red and events in the
unstained gate are highlighted in blue.

Through a new gating procedure according to the additional controls, we managed
to avoid the negative influence of quenching, which resulted in the viability of NM PCs
samples dropping below 10% (Figure 6h,j). We thus knew that even with the quenching
of GA, events representing dead cells would be in the dead gate in the samples treated
with 50 ug/mL and 300 pg/mL of GA (Figure 6g). Therefore, reliable viabilities of the B]
cells treated for 24 h with 50 pg/mL and 300 pg/mL of GA were 94 and 92%, respectively
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(Figure 6j). The treatment with GCN resulted in viabilities of 96 and 93% for 50 pug/mL
and 300 pg/mL, respectively (Figure S8j).

3. Materials and Methods
3.1. Materials and Characterization

For this study, we have chosen four emerging CNMs: (1) new graphene derivatives
graphene acid and cyanographene, (2) positive carbon dots with quaternary ammonium
groups on their surface, and (3) exfoliated carbon nitride. Details about the synthesis and
characterization of the mentioned materials can be found in the following papers: GA and
GCN [7], QCDs [12] and g-C3Ny (material labeled as NS500 [31] and NS [32]). Samples
were also characterized by transmission electron microscopy (TEM, JEOL 2100 operating
at 160 kV).

3.2. Cell Culture

Human skin fibroblasts B] (ATCC, CRL-2522) were used for this study. Cells were culti-
vated at 37 °C under a 5% CO; atmosphere in EMEM—Eagle’s Minimum Essential Medium
(Sigma Aldrich, St. Louis, M1, USA) supplemented with (final concentrations in medium):
L-Glutamine (2 mM), Non-essential amino acids (NEAA, 1x), fetal bovine serum (FBS,
10%), PenStrep (5 U penicillin, 50 pg streptomycin/mL) and sodium bicarbonate (2 g/L).

3.3. Flow Cytometry Scatter Profiles and LIVE/DEAD Assay

The LIVE/DEAD assay was performed using a BD FACSVerse flow cytometer (BD
Biosciences, San Jose, CA, USA). First, the BJ cells were seeded into a 96-well plate at a
density of 10,000 cells/well. Then we treated the cells with 50 and 300 ug/mL of GA,
GCN, QCDs and g-C3Ny diluted in 100 pL of culture media and incubated for 24 h.
After 24 h, we collected the supernatant (100 pL), washed the cells with phosphate-buffered
saline (PBS; 0.1 M, pH 7.4; 25 uL), detached the cells with 0.25% trypsin-EDTA solution
(Sigma Aldrich; 25 uL), and, after 5 min, we resuspended the cells in 150 pL of a culture
medium (final volume 300 puL). There was no volume discarded during the preparation
(even PBS for washing was collected), so we obtained information about all cells in our
samples. Then, the cells were incubated with PI (10 ug/mL) and calcein-AM (50 uM)
diluted in a culture medium for 30 min in the dark. Finally, the fluorescence signal was
measured on a flow cytometer using the first two scatters (Forward scatter channel vs.
Side scatter channel intensity using linear scale—0, 50, 100, 150, 200, 250 RFU) and then two
fluorescence channels (red FL 2: ex. 488/em. 700 nm and green FL 3: ex. 488/em. 527 nm
intensity using logarithmic scale—0, 102, 103, 10%, 10° RFU). Heat-killed cells that were
incubated at 60 °C for 30 min before measurements were used as a positive control. As we
worked with materials with fluorescence properties, we turned off automatic compensation
and compensated fluorescence channels two and three manually. Three independent
experiments were performed and mean and standard deviation & (SD) were calculated.

3.4. Flow Cytometry Controls

As there was an interference of carbon nanomaterials with the flow cytometry mea-
surement, the use of only one positive control was not enough. That is why we used two
types of additional controls. The first type of control was called spike-in control and was
based on a type that was already presented in Bohmer et al. [30]. Because of the particular
cell harvesting procedure that collects everything (supernatants, PBS, cells) in the same
tube, the nanomaterials were present in the staining solution. Therefore, we added the
same volume of stock solutions, equaling the highest concentration (300 pg/mL) right
before the measurement in order to mimic the situation where no NMs were uptaken
and ended up free in the staining solution, potentially interfering with free fluorescence
probes. The second type of control was named nanomaterial positive control (NM PC).
The preparation of the NM PCs was the same as for the cells treated with NMs, but the
NM PCs were heat-killed (60 °C for 30 min) right before the measurement in the same way
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as the positive control. This way, we obtained information about the possible interference
of internalized NMs with fluorescence probes.

4. Conclusions

In this study, we showed that carbon nanomaterials caused different types of interfer-
ence in flow cytometry LIVE/DEAD assay, and correct gating was identified as a crucial
step in the evaluation of real viability. We carefully performed gating in scatter profiles
to display only the population of cells, along with specific gating in a LIVE/DEAD dot
plot distinguishing between the alive and dead population of cells. When a standard
gating procedure according to negative and positive control was applied, CNMs’ optical
properties, together with the ability to form agglomerates and the quenching of fluores-
cence of commercial probes, led to false results. Here, we demonstrated how to overcome
CNMs’ interference using a new gating procedure with careful selection of specific gates
according to spike-in and nanomaterial positive controls. Our reliable approach improved
the false toxic effect caused by interference by 28 and 48% for QCDs (50 and 300 pg/mL,
respectively) and by 8 and 20% for g-C3Njy (50 and 300 png/mL, respectively). Moreover,
our procedure overcame the quenching effect and correctly decreased the viability of dead
cells in NM PC 50 pug/mL NM PC 300 ug/mL by 26 and 84% for GA and by 22 and 92%
for GCN.
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ABSTRACT

Graphene oxide (GO) is the most extensively studied two-dimensional material and has many potential
applications in biomedicine, biotechnologies, and environmental technologies. However, its toxicological
effects on aquatic organisms have not been properly investigated. Here, we compare the toxicity of
differently oxidized graphene oxide systems towards the green alga Raphidocelis subcapitata and the
cyanobacterium Synechococcus elongatus. The cyanobacterium exhibited higher GO sensitivity and more
rapid growth inhibition than the alga, in keeping with the established antibacterial properties of GO. The
toxic effects of GO included shading/aggregation of GOs and nutrient depletion; however a detailed
mechanistic study revealed that GO acted against R. subcapitata via an additional, new mechanism.
Remarkably, lightly oxidized GO samples induced significantly greater membrane integrity damage than
more heavily oxidized GO samples. Flow cytometry and microscopy experiments revealed that lightly
oxidized GO can act as a “nano-blade” that causes mechanical damage to algal cells, probably because of
the comparatively low coverage of oxygen-bearing functionalities at the edges of such GO sheets. The
degree of oxidation of GO samples thus affects their ecotoxicity. Interestingly, longer incubations acti-
vated stress-induced defense reactions involving extracellular protein and carbohydrate biosynthesis in
both algae and cyanobacteria.

© 2019 Published by Elsevier Ltd.

1. Introduction

surfaces, and their amenability to functionalization/activation [1].
Graphene consists of sp? hybridized carbon atoms arranged hex-

Nanotechnology is a very dynamic and rapidly evolving field;
new nanomaterials with unique physical and chemical properties
tuned for diverse applications are regularly introduced. Two-
dimensional nanomaterials such as graphene and its derivatives
have attracted particular interest because of their remarkable
properties, which originate from confinement-related phenomena,
their very high surface area:volume ratios, the flatness of their
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agonally in a 2D structure, resulting in a large surface area on both
sides of the planar structure [1]. Because of its unique character-
istics, which include excellent mechanical strength, conductivity,
and electrocatalytic performance, it has many potential applica-
tions in fields such as energy storage, electronics, and biomedicine
[2]. However, it also has some properties that are unfavorable in
certain contexts (e.g., zero bandgap, hydrophobicity, no magnetic
response, and susceptibility to oxidative environments). Therefore,
graphene is frequently chemically modified, giving rise to many
technologically interesting derivatives [3]. One such derivative,
graphene oxide (GO), is a highly oxidized, negatively charged 2D
material with numerous carboxyl, hydroxyl, carbonyl and epoxide
functional groups attached to the graphene backbone [4].
Compared to graphene, GO exhibits superior colloidal behavior and
higher surface reactivity while also being cheap to produce [5].
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Consequently, it has considerable potential for use in bioengi-
neering, medicine, and industrial applications [6].

Unfortunately, the surface reactivity of GO gives rise to signifi-
cant toxicity [7]; several studies have shown GO to be toxic to
bacteria, animals, and human cells [8—10]. In the long term, GO
could present significant ecological problems: because of its
excellent stability, GO released into the environment could end up
distributed over a very wide area and persist for a considerable time
[11]. More importantly, graphene family materials have been
shown to have a high bioaccumulation potential in the bodies of
organisms and could also play a role in the food chain of aquatic
ecosystem [12,13]. The extent to which graphene-based nano-
systems have been released into the environment is largely un-
known at present [ 14]. Additionally, many companies are expected
to make commercial use of GO-based materials in the near future
(in applications such as water desalination and environmental
filtration) [ 15—17], making their release into aquatic, terrestrial, and
atmospheric environments highly probable [18]. Consequently,
there is an urgent need to understand how GO and other graphene-
based materials interact with living cells, and to assess their toxicity
[19].

Algae and cyanobacteria are photoautotrophic organisms that
play similar roles in the environment, although they differ in that
cyanobacteria are prokaryotic while algae are eukaryotes. As pri-
mary producers of organic compounds, they are both key compo-
nents of aquatic ecosystems and are highly exposed to particulate
matter in the aquatic environment (including GO). Because they
provide many essential ecosystem services, including oxygen evo-
lution, biomass production, CO, and N, fixation, and self-
purification of polluted water [20,21], their sensitivity to GO re-
leases must be evaluated.

Only a few publications have examined the toxicity of GO to-
wards algae, and its effects on cyanobacteria have not been
addressed at all. GO has been shown to cause growth inhibition,
reactive oxygen species (ROS) production, and oxidative stress in
two algal genera (Raphidocelis [22] and Chlorella [23]), and to
induce changes in cell division in Chlorella [24]. Moreover, Zhao
et al. found that GO may have indirect ecotoxic effects resulting
from nutrient adsorption and shading [23]. However, entrapment
of Chlorella in GO layers did not result in any discernible toxicity or
reduce the viability of the algae [25].

The few published studies on the ecotoxicological effects of GO
[26,27] have not elucidated the mechanisms responsible for its
toxicity towards photoautotrophic organisms. Here we address this
knowledge gap by using flow cytometry and various microscopy
techniques to study the ecotoxic effects of GO systems with
different degrees of oxidation on algae and cyanobacteria. GO
systems were synthesized using three different synthetic methods
(the Hofmann, Hummers, and Tour protocols) that afford different
degrees of oxidation. After structural and chemical characterization
of the resulting materials, we evaluated their potential for nutrient
adsorption, their shading effects, their influence on the growth of
cyanobacteria and algae, and their impact on the production of
extracellular proteins and carbohydrates by these microorganisms.
The results presented here constitute the first evaluation of the
toxicity of differently oxidized GO systems towards algae and cya-
nobacteria. Cyanobacteria were found to be more sensitive to GO
toxicity, in keeping with the known antibacterial properties of GO.
Additionally, GO was found to exert toxic effects on algae via
multiple mechanisms including shading, nutrient adsorption, and
most importantly, a previously unrecognized “nano-blade” effect
that causes direct physical damage to cell membranes. However,
these mechanisms were only effective during the first few hours of
interaction with GO materials. Over longer periods of time, the
microorganisms were able to activate resistance mechanisms and

mitigate these adverse effects by producing extracellular proteins
and carbohydrates. The existence of distinct short- and long-term
GO toxicity effects and their dependence on the degree of oxida-
tion of the GO must be taken into account when considering large
scale applications of GO in water and technologies that may lead to
the release of graphene oxide into aquatic environments.

2. Materials and methods
2.1. GOs preparation and characterization

All chemicals were purchased from Sigma-Aldrich unless stated
otherwise. Potassium chlorate was obtained from Lach-Ner.
Graphite powder with a particle size below 20 um was used as
the graphitic precursor for GO synthesis. Graphene oxides were
synthesized using the methods of Hofmann [28] (HO-GO), Hum-
mers [29] (HU-GO), and Tour [30] (TO-GO). All three methods were
implemented using a variant of the protocol developed by Chng
et al. [31] in which the final filtration step was replaced by repeated
centrifugation. The materials were then re-dispersed in pure water
and exfoliated by ultrasonication for 3 h. It should be noted that the
main difference between the three methods of GO preparation lies
in the oxidants they use: Hofmann's method uses potassium
chlorate and nitric acid [28], Hummers' method uses permanganate
and nitric acid generated in situ [29], and Tour's method uses
permanganate and phosphoric acid generated in situ [30]. These
synthetic procedures yielded GO samples with different degrees of
oxidation and distributions of oxygenated functional groups. After
the synthesis, the GOs were lyophilized and fresh stock solutions
were prepared before measurements. We weighed the lyophilized
powder of each GO (10 mg) and dissolved it in 5 mL of ultrapure
water for a final concentration of 2 mg/mL. Then the stock solutions
were sonicated in the Sonication bath (Bandelin, Germany; 160 W,
35 kHz) with ice for 60 min and also using probe Sonoplus Ultra-
sonic homogenizers HD 2070 (BANDELIN electronic GmbH & Co. KG
HeinrichstraBe 3—4 e D-12207 Berlin) amplitude setting 70%,
pulsing ultrasonic operating mode three times for five seconds.
From these stock solutions, the relevant volumes were used for all
tests.

Electron microscopy was performed using a HITACHI SU 6600
scanning electron microscope (SEM) and for Atomic force micro-
scopy (AFM), combined system NTEGRA Spectra (NT-MDT, Russia)
was utilized to acquire sample topography (software Nova Px. 3.4.0
rev. 19040). The surface morphology was obtained by the means of
semi-contact mode (height) with a NSG_30 (NT-MDT, Russia)
cantilever having a force constant of 22—100 N/m and resonant
frequency of 240—440 kHz. The scanning rate was 0.3 Hz. Detailed
surveys and high-resolution X-ray photoelectron spectroscopy
(XPS) were performed using a PHI VersaProbe II (Physical Elec-
tronics) spectrometer with an Al Ka source (15 kV, 50 W). The ob-
tained spectra were analyzed using the MultiPak program (Ulvac-
PHI, Inc.) and referenced against a peak at 284.80 eV in the high-
resolution C 1s spectrum. The materials were also characterized
by Fourier transform infrared spectroscopy (FTIR) using an iS5
Thermo Nicolet spectrometer (with ZnSe ATR technique) and
Raman spectroscopy using a DXR Raman microscope.

2.2. Algae and cyanobacteria culturing

The green alga Raphidocelis subcapitata (Korshikov) and the
cyanobacterium Synechococcus elongatus (Nageli) were chosen as
test organisms. Cultures of both species were obtained from the
Algal Culture Collection CCALA, Trebon, Czech Republic. The or-
ganisms were incubated in 100 mL Erlenmayer flasks at 24+ 1°C
under continuous illumination (90 pmol m?/s) by fluorescent lamps
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(Phillips, TLD 36 W/33) in growth media. The chosen cultivation
medium was ZBB medium—a 1:1 combination of Z-medium
(Zehnder and Staub medium) and BB-medium (Bristol and Bold
medium).

2.3. Growth inhibition test

The growth inhibition of unicellular green algae and cyano-
bacteria by GO in the growth medium was evaluated using a
modified variant of the ISO 8692 test procedure. The GO concen-
trations used in these experiments were 0.39, 6.25, 25, 100, and
200 pg/mL.

The purpose of these tests was to determine the effects of GOs
on the growth, metabolism, and reproduction of freshwater
microalgae or cyanobacteria. The growing test organisms were
exposed to the three selected GOs in 24-well cell culture plates
from Thermo Fisher Scientific containing 750 pL of media per well
over a period of 24—72 h. The growth rate in the first experiments
(data not shown) was evaluated by performing in vivo fluorescence
measurements using a microplate fluorescence reader GENios
(Tecan, Switzerland). This method produced distorted results
because of the interaction of GO with algal cells and the shading
effect, so we subsequently used an alternative direct method based
on counting cells using a fluorescence microscope. Growth inhibi-
tion by different concentrations of GO was used as the end point,
with cells not exposed to GO serving as controls, and was expressed
as the number of cells during the exposure period [32,33].

The growth media and inoculum cultures were prepared and
used according to EN ISO 8692:2012 (Table S4). Three independent
experiments were performed for each GO concentration and con-
trol. The initial cell concentrations for the alga and cyanobacterium
were 50 000 cells per mL and 200 000 cells per mL, respectively. To
minimize evaporation of the medium, the plates were covered with
a transparent film and incubated under standard light and tem-
perature conditions without shaking/mixing. At the end of the test
period (i.e., after 24—72 h), a drop of Lugol solution was added (to
algal cultures) or the culture was cooled to 4 °C (for cyanobacterial
cultures). The cultures were then topped up with media to a final
volume of 2 mL and homogenized by sonication. The sonication of
the cultures was done using probe Sonoplus Ultrasonic homoge-
nizers HD 2070 (BANDELIN electronic GmbH & Co. KG
Heinrichstrafle 3—4 e D-12207 Berlin) amplitude setting 70%,
pulsing ultrasonic operating mode for 5s to break aggregations/
flocks of algae and GO. Because of the short sonication time, there
was no impact on the cells. Cell number was measured using
fluorescence microscopy Olympus BX60 with power supply unit U-
RFL-T to avoid the artefacts generated by the automatic fluores-
cence reader.

2.4. Flow cytometry analysis

To further investigate the mechanism of GO toxicity, flow
cytometry (Sysmex Partec GmbH, Germany) was used to measure
membrane integrity loss, reactive oxygen species (ROS) generation,
and cellular autofluorescence. Because of practical difficulties, these
measurements could not be performed for the cyanobacterium;
consequently, only the alga R. subcapitata was studied (see Sup-
plementary material). The algal cells were incubated with different
concentrations of GOs (1, 6.25, 25, 50,100, and 200 ug/mL) for 2, 24,
or 48 h under specific conditions (see section 2.2 Algae and cya-
nobacteria culturing) before performing flow cytometric analyses.
During these analyses, the flow rate was set to 2 puL/s and at least
20000 events (algal cells) were measured in each case.

Propidium iodide (PI) was used as a fluorescent probe to
determine changes in the algal cells’ membrane integrity of the

algal cells. PI can enter cells with damaged membranes and stain
their nucleic acids, generating a strong fluorescence signal. How-
ever, it cannot enter cells with intact membranes, and thus does not
generate a fluorescence signal in such cases. The excitation and
emission wavelengths for PI fluorescence are 488 and 575 nm,
respectively. PI is a good probe for analyzing cell membrane
integrity because it clearly discriminates between cells with
membrane damage and those with intact membranes. PI was
added to the cells at a concentration of 5 ug/mL after they had been
incubated with GO for the prescribed length of time. They were
then incubated in darkness for 15 min, after which their mean
fluorescence intensity was measured (setup — exc. 488/em.
565—585 nm).

Because they are photoautotrophs, algae produce multiple pig-
ments that absorb visible light. An appreciable proportion (1—3%)
of the photons not used in photosynthesis are re-emitted by these
pigments as fluorescence [34]. The main pigments in algae are
chlorophyll a and b, which emit in the UV-blue (<450 nm) and far-
red (>650 nm) spectral ranges [35]. The fluorescence intensity of
chlorophylls reflects their metabolic activity and physiological state
[36]. Chlorophyll fluorescence measurements require no exogenous
probes, so they were simply performed by collecting the cells in
suitable tubes and measuring their mean fluorescence intensity
(setup — exc. 488/em. 660—680 nm).

The last parameter investigated by flow cytometry was ROS
formation and oxidative stress. The probe used in this case was
2',7'-dichlorofluorescein diacetate (also known as DCFDA or
H2DCFDA), which is a fluorescent dye that indicates the presence of
hydroxyl and peroxyl radicals and other ROS in cells. DCFDA dif-
fuses into cells, where it is deacetylated by cellular esterases to a
non-fluorescent compound that can be oxidized by ROS to the
highly fluorescent 2’,7’-dichlorofluorescein (DCF). The excitation
and emission wavelengths of DCF are 495 and 529 nm, respectively.
A fresh 1 mM stock solution of DCFDA was prepared prior to each
measurement and then added to the algal cell culture to a final
concentration of 20 uM. The cells were then incubated in darkness
for 45 min, after which their mean fluorescence intensity was
measured (setup — exc. 488/em. 517—537 nm).

To confirm that the choices of probe and labeling conditions
were suitable, control experiments were performed using 3% H,0,
(v/v) and heat-killed cells for the ROS generation measurements
and membrane integrity analyses, respectively (Fig. S3).

2.5. Nutrient depletion by GOs and microscopy evaluation of algae
after the treatment with GOs

Nutrient depletion from the growth medium by GOs was eval-
uated by adding 100 pg/mL of GOs to 50% algal ZBB medium and
shaking it with a FalcF205 (FALC INSTRUMENTS, Italy) culture ro-
tator for 24 h. The suspension was then filtered using nylon LUT
syringe filters (0.45 mm). The concentration of Ca (as Ca®*) in the
supernatant and algal media without GO was determined by
titration, while the concentrations of Mg (as Mg?*), N (as N-NO3~
and N-NH**), and P (P-total and P-PO3~) were determined using
the spectrophotometric phosphomolybdate method.

Various microscopy techniques were used to study the in-
teractions of algae with GOs. For this purpose, algae were first
incubated with 200 pg/mL of HO-GO, HU-GO, and TO-GO for 24 h
and then prepared for imaging. Optical microscopy was used to
investigate the shading effect of GOs, and scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) were used to
analyze their interactions with the algal cells in detail. Only HO-GO
and TO-GO samples were studied by SEM. These samples were
fixed with a solution of 0.25% glutaraldehyde and 4% para-
formaldehyde for 24 h, then washed three times with PBS and
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dehydrated with increasing concentrations of ethanol (30, 50, 70,
90, and 100%). Finally, the samples were coated with 15 nm layer of
gold nanoparticles and observed by SEM. For AFM imaging, samples
were dropped onto a fresh cleaved muscovite mica substrate and
air dried. Images were then obtained in the amplitude-modulated
semi-contact mode using an NT-MDT NTegra system equipped
with an NSG10_DLC AFM probe with a typical tip-curvature radius
of 1-3 nm. The amplitude set point was adjusted to 62% of the
cantilever free amplitude, and the scanning speed was 0.3 Hz per
line.

2.6. Determination of extracellular proteins and carbohydrates

The total extracellular carbohydrate content of the culture me-
dia after centrifugation of the algal cells (4000 RPM, 10 min) was
determined using the phenol-sulfuric acid procedure [37]. The
quantities of the reagents were chosen based on the volume of cells
in the plates used for the absorbance measurements; a 33 puL
sample was mixed with 33 uL of a 5% phenol solution and
170 uLH,SOg4. After adding the reagents, the mixture was left to
stand for 15 min and then its absorbance was measured at 490 nm.
The resulting data were analyzed using STATISTICA 12.0. A cali-
bration curve was generated using glucose as a standard by starting
with a 1000 pg/mL solution and performing a two-fold serial
dilution.

The production of extracellular proteins by the algal cells
exposed to 100 pg/mL of GOs for 2, 24, and 48 h was evaluated
using the protocol of Lowry et al. [38]. Briefly, extracellular proteins
in 50mL of algal suspension were collected by centrifugation
(10 min at 4000 RPM at 4 °C). The concentration of protein in the
supernatant was then measured by spectrophotometric detection
(680 nm) of the colored complex formed by the reaction of the
Folin-Ciocalteu phenol reagent with the proteins. Bovine serum
albumin was used as a standard for protein calibration.

2.7. Statistical analysis

For all measurements, three independent experiments were
performed at least in duplicates, and the mean + standard devia-
tion (SD) was calculated.

3. Results and discussion
3.1. Structural and chemical characterization of GOs

The GO systems synthesized using the protocols of Hofmann,
Hummers, and Tour are denoted HO-GO, HU-GO, and TO-GO,
respectively. Analyses of representative SEM and AFM images
revealed that all of the prepared GO samples had similar sheet sizes
(up to 5um; see Fig. 1a) and similar mono layer sheet height
(around 1 nm; see Fig. 1b). The size distribution and AFM height
profile distribution for all the prepared samples are given in Fig. S4.
However, X-ray photoelectron spectroscopy (XPS) measurements
showed that they differ in their degree of oxidation: the C/O ratio,
which is a measure of the degree of oxidation, was 2.60 for HO-GO,
1.95 for HU-GO, and 1.72 for TO-GO. TO-GO thus had the highest
oxygen content and HO-GO the lowest. The different abundances of
oxygen-containing functional groups in the GO samples were re-
flected in their high-resolution C 1s XPS patterns (see Fig. 1c—e and
Tables S1 and S2). Epoxide groups, which give rise to C 1s XPS peaks
at 286.8 eV were the most abundant functional groups in HO-GO;
they are frequently observed in GO samples prepared by chlorate
oxidation like HO-GO [39]. Conversely, the HU-GO and TO-GO
samples were oxidized with permanganate; their most abundant
surface functionalities were hydroxyl (285.9eV), carbonyl

(287.5eV), and carboxyl (288.8eV) groups. However, surface
carboxyl groups were more abundant in HU-GO (see Table S2).
The GO samples’ different levels of oxidation were also apparent
in their Fourier transform infrared (FT-IR) spectra (see Fig. 1f). The
characteristic band at 1615 cm ™! due to aromatic C=C systems was
visible in the spectra of all three samples. However, in keeping with
the XPS results, the spectrum of HO-GO lacked the C=0 band at
1735 cm™! characteristic of carbonyl and carboxyl groups. However,
it did feature strong symmetric and asymmetric C—O—C ring
deformation bands at 1041 and 956 cm™!, which are characteristic
of epoxy groups [40]. Two bands characteristic of hydroxyl groups
[40] were also clearly observed: the broad C-O-H bending band at
1392 cm~ !, and the C—C—O stretch band at 1223 cm ™. The spectra
of both HU-GO and TO-GO feature very dominant C=0 bands at
1735cm™ ", as well as bands characteristic of epoxy and hydroxyl
groups. However, the intensity of these bands was greater in the
spectrum of the TO-GO sample, which was oxidized using per-
manganate. The Raman spectra (see Fig. 1g) of the GO samples
feature two peaks at 1330 cm ™! and 1596 cm™ !, corresponding to
the graphene D and G bands, respectively. The G band is associated
with sp? hybridized aromatic carbon atoms in the graphene lattice,
while the D band is associated with sp> defects in the sp? lattice
[41]. The Ip/Ig ratio (see Fig. 1g) therefore indicates the level of
disorder in the sp? lattice and the degree of oxidation of the GO
system. The ratios for HO-GO, HU-GO, and TO-GO are 0.75, 0.98,
and 1.16, respectively, in accordance with the FTIR and XPS mea-
surements. It is thus clear that TO-GO was the most extensively
oxidized of the samples, and HO-GO the least, with HU-GO having
an intermediate degree of oxidation. Because it had the lowest
degree of oxidation, HO-GO also had the lowest content of carboxyl
groups, which are usually located at GO edges; this proved to be
important in relation to its ecotoxicity, as discussed below.

3.2. Growth inhibition test

The GO samples' inhibitory effects on the proliferation of the
green alga Raphidocelis subcapitata and the unicellular cyanobac-
terium Synechococcus elongatus were observed over periods of 24,
48, and 72 h. There was almost no influence on the growth by the
byproducts of the syntheses of GOs (Fig. S5), so the observed in-
hibition was caused only by materials. Fig. 2a, d shows the sensi-
tivity of the alga and cyanobacterium to the GO systems after 24 h.
The GO systems inhibited the growth of S. elongatus more strongly
than that of R. subcapitata: all three GOs inhibited the cyanobac-
terium's growth by at least 50% but none achieved this level of
inhibition for the alga. The greater sensitivity of the cyanobacte-
rium is probably due to its simple prokaryotic cellular structure
(compared to the eukaryotic alga) and the established antibacterial
properties of GO [9]. Fig. 2b,c,e,f shows the growth inhibition
observed after 48 and 72 h. All three GO systems induced higher
levels of growth inhibition in both organisms over these longer
periods; growth inhibition of around 50% or higher occurred at a
significantly lower GO concentration than in the 24 h case (EC50
values are presented in Table S3). These results are consistent with
previous reports on the toxic effects of graphene-based materials,
including GO, on algae [22—24,42]. However, most earlier studies
only considered the effects of one material on one organism, or
compared completely different carbon nanomaterials (e.g., CNTs,
graphene, and graphene oxide). Conversely, we exposed two
different photoautotrophic microorganisms to three GO samples
with similar particle sizes and structures but different surface
charges and levels of oxidation in order to systematically analyze
their responses to this material. Two new conclusions were drawn
from the growth inhibition data. First, the least oxidized GO sample
(HO-GO) inhibited the growth of both organisms more strongly
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Fig. 1. Representative SEM images (a) and AFM images (b) of (from left to right) HO-GO, HU-GO, and TO-GO. Deconvoluted high-resolution C 1s XPS spectra of (c) HO-GO, (d) HU-
GO, and (e) TO-GO. The insets in panels (c), (d), and (e) show the survey XPS spectra for the corresponding GO samples. (f) FTIR and (g) Raman spectra of HO-GO (green), HU-GO
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epoxy vibration). The Raman Ip/I¢ ratios for HO-GO, HU-GO, and TO-GO are shown next to their Raman spectra. (A colour version of this figure can be viewed online.)

than the more highly oxidized HU-GO and TO-GO. This suggests
that the interactions between GO and algae and cyanobacteria are
sensitive to the physicochemical features of the GO. However, all
three GO materials inhibited the growth of S. elongatus to a similar
degree when applied at higher concentrations (from 100 pg/mL).
Conversely, HO-GO inhibited the growth of R. subcapitata more
strongly than HU-GO or TO-GO at all tested concentrations. This
suggests that HO-GO (the least oxidized of the GO samples) affects
the alga by some mode of action that does not occur with the
cyanobacterium and higher concentrations of GOs (from 100 pg/
mL) and which depends strongly on its surface properties. Second,
the magnitude of the growth inhibiting effects for lower

concentrations (below 100 ug/mL) increased markedly when the
incubation period was increased from 24 to 48 h, but not when it
was increased from 48 h to 72 h, especially for algal cells. This could
be due to the activation of defense mechanisms that allow the or-
ganisms to tolerate the presence of GOs in the culture medium.

3.3. Flow cytometry

No specific mechanism explaining the toxicity of carbon nano-
materials and graphene derivatives towards algae has yet been
proposed. Instead, their toxicity has been attributed to a combi-
nation of several factors [43]. To clarify this issue, we used flow



T. Malina et al. / Carbon 155 (2019) 386—396

391

—~~

100 —=—H0.GO| 100 100
S (@) HU.G0 (b) (c)
N— —a—TO-GO
o 80 80+ 80+
-— A
@
~ 60 60 60
S
= 40 401 40
e
‘T 20 201 201
£

0- 0- 0-

0 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Concentration (ug/mL)

~~
o> 100 —+—HO-GO|| 100 . 100
g @ 750] 100{(g) 0
o 80 TO-GOJ} gy 80+
-—
@
~ 60 60- 60+
5
S 40 40- 40+
o)
T 20 20- 201
£

0- 0- of 1

250 0 50 100 150 200 250 0 50 100 150 200 250

Concentration (ug/mL)

Fig. 2. Growth inhibition of (a—c) the alga R. subcapitata and (d—f) the cyanobacterium S. elongatus induced by incubation with GO systems at various concentrations over (a,d) 24 h,
(b,e) 48 h, and (c,f) 72 h. The data were normalized by defining the growth rate of 100% for control cells not exposed to GO and the difference from 100% were used as an inhibition
rate (e.g. the sample with 60% growth rate compared to control sample had the inhibiton rate of 40%). (A colour version of this figure can be viewed online.)

cytometry to study the membrane integrity, ROS generation, and
chlorophyll a and b contents of the alga R. subcapitata after incu-
bation with GOs. Fig. 3 shows the results of the membrane integrity
(panels a—c) and ROS generation (panels d—f) measurements. The
most severe losses of membrane integrity occurred during the first
2h of incubation with GOs (see Fig. 3a). HO-GO had stronger
adverse effects on membrane integrity than the other GO systems,
causing an integrity loss of around 50% at a concentration of 50 pg/
mL. HU-GO and TO-GO were markedly less harmful: they only
caused significant losses of integrity (13 and 29% for HU-GO and
TO-GO, respectively) at the highest tested concentration (200 pg/
mL). HO-GO also induced the highest level of ROS generation (see
Fig. 3d), which is probably due to the algal cells’ responses to
membrane damage. In contrast, levels of ROS generation in cells
exposed to HU-GO and TO-GO were similar to those for control
cells. The membrane integrity measurements performed after in-
cubations of 24 and 48 h (see Fig. 3b and c) strongly suggest a de-
gree of membrane regeneration and the activation of some defense
mechanism against GO toxicity. The only appreciable changes in
membrane integrity after the first 2 h of incubation occurred when
using the highest concentrations of HO-GO after 24 and 48 h (55
and 50% integrity loss, respectively) and TO-GO after 24h (30%
integrity loss). These data are consistent with the ROS formation
measurements at the corresponding time points: significant levels
of ROS were only detected at the highest concentrations of HO-GO
and TO-GO (see Fig. 3e and f). This suggests that the mechanism of
GO toxicity depends on the number of oxidized functional groups
on its surface. The least oxidized GO system, HO-GO, caused the
greatest degree of algal membrane damage and the highest levels
of ROS generation, suggesting a direct interaction with the algal

cells that causes membrane damage and subsequent ROS genera-
tion. Conversely, the most oxidized GO system, TO-GO, imposed
oxidative stress without significantly affecting membrane integrity;
in this case, ROS generation was attributed to interactions between
the algae and oxygen-containing groups on the GO surface. The
intermediate GO system, HU-GO, presumably had sufficient surface
functional groups to interact with the algae without damaging cell
membranes, but too few surface functional groups to cause
oxidative stress. To our knowledge, this is the first report describing
such complex interactions between algae and graphene oxide
materials. Furthermore, previous studies in this area found that the
toxic effects of GO on algae were most pronounced after long in-
cubation times, and did not reveal any evidence of an algal defense
reaction during the first few hours of GO exposure [22,23,44].
Measurements of chlorophyll a and b levels in algal cells can
complement cytotoxicity studies by shedding light on changes in
the cells' metabolic and physiological state. As shown in Fig. 3g—i,
the changes in the chlorophyll a and b levels of R. subcapitata cells
exposed to GO correlated well with the observed changes in
membrane integrity and oxidative stress, supporting our hypoth-
esis that algae can regenerate and defend themselves against the
detrimental effects of GOs in the growth medium. The cells' chlo-
rophyll levels declined sharply during the first 2 h of exposure to
the highest GO concentrations (by 44, 20, and 25%, respectively, for
HO-GO, HU-GO, and TO-GO at 200 pg/mL), suggesting that the cells
were adversely affected during the first few hours of GO exposure.
However, chlorophyll levels rose after 24 h at almost all GO con-
centrations, in keeping with the activation of a defense mechanism
and regeneration processes resulting in elevated metabolic activity.
It has been reported that algae can increase their chlorophyll
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Fig. 3. Flow cytometric analysis of algal cells after incubation with different concentrations of GOs. (a—c) Membrane integrity loss after (a) 2 h, (b) 24 h, and (c) 48 h. (d—f) ROS
generation after (d) 2 h, (e) 24 h, and (f) 48 h. (g—i) Chlorophyll a and b levels after (g) 2 h, (h) 24 h, and (i) 48 h. The data were normalized by defining a membrane integrity of 100%,
an ROS level of 1, and a chlorophyll content of 100% as the corresponding values observed in control cells not exposed to GO. (A colour version of this figure can be viewed online.)

content under stressful conditions [45]. This claim is supported by
the fact that the chlorophyll levels of algal cells exposed to the
highest tested GO concentrations for 48 h were higher than those at
the start of the experiment. Therefore, we can conclude that the
higher concentration of GOs, the longer it takes algal cells to
develop tolerance towards GOs. The flow cytometry data thus
revealed that the toxic effects of GO are due to both mechanical and
oxidative processes, and depend on the GO's degree of surface
oxidation. The results presented here also indicate that the short-
term effects of interactions between GO and algal cells differ from
those observed after longer incubations. Presumably, the activation
of defense mechanisms and regeneration processes to mitigate the
detrimental effects of GO exposure reduces the amount of energy
available to the cells for growth, causing them to proliferate more
slowly than control cells.

3.4. Nutrient depletion by GOs and microscopic evaluation of algae
after GO treatment

GOs with different degrees of oxidation removed nutrients from
the algal growth medium (see Fig. 4a). The GO system with the
lowest sorption capacity for phosphate and total phosphorus was
HO-GO (i.e., the GO system with the lowest oxidation level),

possibly because of its hydrophobicity and tendency to aggregate.
The most highly oxidized GO system, TO-GO, exhibited a substan-
tially higher P sorption capacity (9.5% for total P). The sorption
capacities of all three GOs for nitrate were higher than those for
phosphate but lower than those for ammonium, and the nutrients
exhibiting the highest removal from the algal growth medium were
Ca and Mg. In both cases, the extent of removal correlated with the
degree of oxidation of the GO system: the rates of Ca and Mg
removal were highest (88 and 89%, respectively) for TO-GO. These
results support the findings of Zhao et al., who concluded that K
removal by graphene-family nanomaterials was very inefficient but
the extent of Ca and Mg removal correlated positively with the
oxygen content of GO [23]. Calcium and magnesium play key
physiological roles in cell signaling, photosynthetic assimilation,
and chlorophyll biosynthesis, so indirect toxicity resulting from
their depletion (and that of other nutrients) could contribute
significantly to the overall toxicity of GO towards algae and cya-
nobacteria. Notably, the sorption capacity of the GO systems
correlated strongly with their content of oxygenated functional
groups (and thus with their hydrophilicity) [46].

Microscopy was used to further probe the mechanisms of GO
toxicity towards algae. Even low magnification optical micrographs
clearly showed that all three GO systems interacted with algal cells,
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causing them to be surrounded by GO flakes (see Figs. S2a,c.e).
Thus, during the incubations, GO flakes were in close contact with
algal cells. This may have restricted the cells’ access to light, which
is known as the shading effect of carbon nanomaterials [47]. In
addition, optical micrographs of fixed samples revealed that the
algal cells were more extensively coated with HO-GO flakes than
with flakes of HU-GO or TO-GO (see Figs. S2b,d,f). This confirmed
our hypothesis that HO-GO interacts directly and physically with
algal cells in a way that could cause mechanical damage. AFM im-
aging yielded deeper insight into this phenomenon, revealing that
algal cells incubated with HO-GO were surrounded by GO flakes,
and their shapes indicated that they were severely damaged (see
Fig. 4b). Conversely, cells incubated with HU-GO or TO-GO were in
close contact with GO sheets but their shapes were unaffected (see
Fig. 4c and d). Cells incubated with TO-GO in particular were sur-
rounded by many GO sheets, which presumably interact with the
cells via the oxygenated functional groups on their surface; this
may explain the relatively high ROS generation observed in algal

cells incubated with TO-GO (see Fig. 3e). The micrographs strongly
suggest that the shading effect of GO contributes significantly to its
toxicity because the presence of any large nanosheets in close
proximity to the algal cells must appreciably reduce their access to
incoming light. This would be expected to reduce the efficiency of
photosynthesis and thus inhibit growth (see Fig. 2a—c) [22]. The
SEM observations also confirmed that both the most and the least
oxidized GO systems (i.e., TO-GO and HO-GO) form direct physical
interactions with algal cells GO (see Fig. 4e and f). However, while
cells incubated with HO-GO exhibited visible surface scarring, with
HO-GO sheets penetrating into the cell membrane (see Fig. 4e),
cells incubated with TO-GO were observed to be in close proximity
to the GO sheets but undamaged (see Fig. 4f). HO-GO sheets can
thus act as “nano-blades,” causing mechanical damage to algal cells.
This phenomenon appears to be highly sensitive to the surface
functionalization of the GO: the relative lack of carboxyl groups at
the edges of HO-GO appears to be central to its ability to “cut” algal
cell membranes in this way.
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3.5. Determination of extracellular proteins and carbohydrates

Algae and cyanobacteria have lived in the presence of natural
carbon nanoparticles for millions of years, resulting in the evolu-
tion of natural defense mechanisms that prevent long-term injury
of phytoplankton and phytobenthic populations in real aquatic
ecosystems. Our experimental data show that both the cyanobac-
terium S. elongatus and the alga R. subcapitata started producing
extracellular proteins and carbohydrates (EPCs) within an hour of
GO exposure. Moreover, EPC production increased with the length
of the incubation: the EPC production of both the algae and the
cyanobacteria after 2 h’ exposure was only slightly above that in
control cells, but incubations of 24 h or 48 h resulted in very pro-
nounced increases in EPC production (see Fig. 5). The largest in-
crease in algal protein production (59%) was induced by exposure to
HO-GO, but HU-GO and TO-GO also induced significant increases
(30 and 35%, respectively; see Fig. 5a). The increases in carbohy-
drate production were less pronounced, but the trends were
identical to those for proteins, with more highly oxidized GO sys-
tems inducing lower levels of production (see Fig. 5b). These
findings are fully consistent with the conclusions drawn from the
flow cytometry data (see Fig. 3): algal cells exposed to HO-GO
suffered mechanical damage and thus exhibited a stronger de-
fense reaction and more intense regeneration activity than cells
exposed to other GO systems, resulting in greater production of
proteins and carbohydrates. HU-GO and TO-GO did not cause me-
chanical damage to the cells, but their high content of oxygenated
surface groups promoted oxidative damage, activating the algal
defense response. In cyanobacteria, exposure to more highly
oxidized GO systems caused lower increases in the production of
extracellular proteins (53%, 30%, and 21% for HO-GO, HU-GO, and
TO-GO, respectively; Fig. 5¢) and carbohydrates (32%, 21%, and 11%
for HO-GO, HU-GO, and TO-GO, respectively; Fig. 5d). This is
consistent with the comparative weakness of the defense mecha-
nisms in cyanobacteria and the stronger inhibition of their growth
by GO systems (see Fig. 2). As noted above, this outcome is un-
surprising because cyanobacteria are prokaryotes with simpler
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cellular structures than algae, and GO is known to have significant
antibacterial activity [9].

Recent studies on the mechanisms of GO ecotoxicity have
neglected their effects on EPC production, which is a major draw-
back because EPC biosynthesis is vital for the long-term survival of
phytoplankton assemblages in aquatic ecosystems. Despite the
concerns that have been expressed about the potential ecotoxicity
of GO, our results indicate that GO causes only short-term damage
to algal and cyanobacterial populations, and that within 24 h of GO
exposure, these microorganisms start producing EPCs that protect
them against the detrimental effects of GO systems and particularly
the membrane-damaging “nano-blade” activity of GO systems with
low levels of surface oxidation. EPC production thus enhances the
recovery capacity of algal populations but may lead to the incor-
poration of GO-organic aggregates into the aquatic food web.

4. Conclusion

We have thoroughly described the interactions of the cyano-
bacterium Synechococcus elongatus and the green alga Raphidocelis
subcapitata with three GO systems having different degrees of
oxidation. This is the first study on GO ecotoxicity to examine
cyanobacteria and to show that cyanobacteria may be more sen-
sitive to GO than algae. The results obtained reveal that GO exerts
growth-inhibiting effects via several mechanisms of action. These
mechanisms include known indirect processes such as nutrient
absorption and shading, as well as an entirely new mechanism
observed in R. subcapitata whereby GO sheets with a low degree of
surface oxidation act as “nano-blades” that cause mechanical
damage to cell membranes. More highly oxidized GO systems do
not cause damage in this way because their extensive surface
functionalization prevents direct physical interaction with algal cell
membranes. We also present the first evidence that algae can
dynamically protect themselves against the toxic effects of GOs by
secreting extracellular proteins and carbohydrates into the culture
media. These results show that the chemical composition of GO,
and particularly its degree of oxidation, must be taken into account
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Fig. 5. Changes in (a,c) protein and (b,d) carbohydrate production (%) relative to that in control cells of (a,b) R. subcapitata and (c,d) S. elongatus after 2, 24, and 48 h of incubation
with HO-GO, HU-GO, and TO-GO material. (A colour version of this figure can be viewed online.)
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when considering its likely ecotoxicity in aquatic environments.
However, the observed self-defense mechanisms indicate that the
general long-term environmental risks of GO may be significantly
lower than has been suggested.
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periments proved that GO is not a hazardous material in complex aquatic environments because its acute toxicity
can be successfully mitigated through the interaction with algae even at very high concentrations (25 mg/L).

1. Introduction

Graphene oxide (GO) represents one of the most studied two-di-
mensional carbon nanomaterials over the last decade. GO is a dominant
derivate of graphene with a similarly high surface area and numerous
hydroxyl, epoxide, carboxyl, and carbonyl functional groups on its
basal planes and edges (Chen et al., 2012; Zhu et al., 2010). In addition
to the two-dimensional structure and exceptional physicochemical
properties, the presence of oxygen-containing groups on the surface
gives GO excellent dispersibility in many solvents, particularly in water
(Compton and Nguyen, 2010). That makes GO an attractive material for
fundamental research as well as for many applications including ad-
sorption, filtration, desalination, and biomedicine (Abraham et al.,
2017; Celebi et al., 2014; Zhou et al., 2018). Given the interest in GO
research and the boom in its production in recent years, it is inevitable
that it will eventually leak or be released into the natural environment,
aquatic ecosystems in particular (Zhu et al., 2018). Therefore, one of
the biggest advantages of GO, which is its high hydrophilicity and
mobility in water, can quickly turn into an ecological challenge. It has
been previously reported that graphene family materials have a strong
tendency to accumulate in bodies of organisms and influence the food
chain of aquatic ecosystem (Lu et al., 2017; Mao et al., 2016). Similar
behavior can be expected in GO as it would intensively interact with
aquatic organisms. In order to tackle the concerns regarding GO eco-
toxicity and its fate in aquatic environment, it is essential to understand
its potential toxic mechanism against aquatic organisms. However, the
interaction of GO with organisms in freshwater ecosystems has barely
been investigated.

Once the graphene oxide enters the water environment, it will
eventually get in contact with both planktonic and benthic crustaceans.
Due to the crustaceans’ size (mm range), the GO nanoflakes can interact
either with the body, skin, and gills or get ingested and affect the inside
of those organisms. Crustaceans have an important role as primary
consumers in the food chain of freshwater ponds and lakes, but they
have also recently become model species for the potential behavior and
toxicology effects of newly developed materials (Ebert, 2005). Their
bodies have an overall length ranging from 1 to 5 mm and are enclosed
by an uncalcified shell, which is largely made of the polysaccharide
chitin (planktonic crustaceans) or by calcified carapax that envelops
their whole body (benthic crustaceans) (Martens et al., 2008). The
other important behavior is their feeding strategy. While planktonic
crustaceans are suspension feeders (filter-feeders) that feed on small,
suspended particles in the water, with planktonic algae being the most
common type of food (Ebert, 2005), the benthic crustaceans feed on
different types of food in the sediments (Martens et al., 2008). There are
even reports that benthic crustaceans are able to select their preferable
food (Schmit et al., 2007).

Even though the awareness of graphene oxide’s potential ecotoxicity
has been raised in recent years, there is still lack of studies dealing with
the interaction of GO with the aquatic crustaceans, which represent an
essential component of freshwater food web (Freixa et al., 2018). There
are several studies investigating the possible ecotoxicity of GO towards
Daphnia magna. Lv et al. found that GO caused acute toxicity after 72 h
to D. magna at a concentration of 45 mg/L, which is most likely caused
by oxidative stress. They have also demonstrated that there is a direct
link between bioaccumulation of GO and oxidative stress in Daphnia's
guts (Lv et al., 2018). Other studies have shown that GO can cause a
chronic toxicity to D. magna and Ceriodaphnia dubia even at very low
concentrations (1 mg/L), significantly inhibiting both growth and re-
production (Liu et al., 2018; Souza et al., 2018). Despite an indication

that oxidative stress plays a role in the acute toxicity of GO towards
crustaceans, further details about its toxic mechanism are still required.

We have evaluated acute toxicity of three GO systems synthesized by
combining three different methods of synthesis (the Hofmann, Hummers,
and Tour protocols) that resulted in three different levels of oxidation (HO-
GO, HU-GO, and TO-GO sample) against planktonic crustaceans Daphnia
magna (the most commonly used crustacean in toxicity testing (Adema,
1978; Liu et al., 2019)) and Thamnocephalus platyurus (crustacean with high
sensitivity to toxicants (Blinova et al., 2018; Tarczynska et al., 2001)) and
benthic crustacean Heterocypris incongruens (widespread freshwater crusta-
cean used in soil and sediment monitoring (Hamdi et al., 2006; Manzo
et al., 2008)). Detailed information about the synthesis and characterization
of the materials were shown in our previous work (Malina et al., 2019). We
tested the GO’s effect on the viability of crustaceans, used Raman mea-
surements of guts and feces to observe the potential difference in the ex-
position, and evaluated the potential of GO to cause oxidative stress to
Daphnia magna by three biomarkers (reactive oxygen species—ROS; su-
peroxide dismutase—SOD; and catalase—CAT activity). The results pre-
sented here are the first evaluation of differently oxidized GO ecotoxicity
against planktonic and benthic crustaceans, especially Thamnocephalus and
Heterocypris, that have never been used in a study on GO before.

We have previously shown that even the unicellular organisms
(Algae and Cyanobacteria) are able to successfully mitigate the GO’s
toxic mechanisms through protein and carbohydrate production
(Malina et al., 2019). Hence, we wanted to obtain additional informa-
tion regarding this theory on the level of multicellular organisms.
Furthermore, algae are the most common type of food for both aquatic
and benthic crustaceans; therefore, this study can bring a new and vital
insight into the fate of graphene oxide in complex aquatic environments
as these conditions realistically simulate the interaction of GOs in an
aquatic food web. Thus, we performed the same assays, but we added a
first step in which GOs were incubated for 24 h with the alga Chlorella
kessleri. We found that this simple addition, which better imitated the
conditions in real aquatic ecosystems, would result in the mitigation of
GOs’ acute toxicity (both in viability and oxidative stress) to the tested
organisms (both planktonic and benthic).

2. Materials and methods
2.1. Test organisms

From Ostracods, a class of the Crustacea, species Heterocypris in-
congruens was used for tests. These organisms were hatched from cysts
that were included in Toxkit Ostracodtoxkit F (Microbiotest, Belgium).
The test species Thamnocephalus platyurus, a freshwater crustacean, was
hatched from cysts from Thamnotoxkit F (Microbiotests, Belgium).
Daphnia magna, a small planktonic crustacean originated from
Daphtoxkit F (Microbiotests, Belgium) Daphnia magna ephippia.
Nowadays, we have our own test organisms cultured and maintained
according to ISO and OECD standards (stock animals were cultured in
M4 medium, see Supporting Information for medium composition).
Alga Chlorella kessleri, a synonym for Parachlorella kessleri (Fott &
Novékovd) Krienitz, E.H.Hegewald, Hepperle, V.Huss, T.Rohr &
M.Wolf, strain LARG/1 originated from CCALA Tiebonn (Czech
Republic) as a representative of common coccal algae was used in tests.

2.2. Acute toxicity tests

The acute toxicity tests of all organisms were performed for con-
centrations of 0.39, 1.56, 6.25, and 25 mg/L of GOs. The modifications
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made for each organism are described below in greater detail.
Daphnia magna: A modified acute toxicity test (ISO 6341 (2018))
was used for Daphnia magna. A medium for a routine culture of daph-
nids was used for the test (M4 medium, see Supporting Information for
composition). Then young daphnids, aged less than 24 h at the start of
the test, were exposed to GOs. Test tubes were used instead of multiwell
test plates. Fifteen daphnids were exposed to 30 mL of each solution. To
keep GOs in a water column, the aeration from the bottom of test tubes
was used. The test included the room temperature and 12/12 h day/
night light period. The viability was scored after 48 h and compared
with control samples (samples without GOs exposition).
Thamnocephalus platyurus: To test acute toxicity of GOs against
Thamnocephalus platyurus, Thamnotoxkit F (MicroBioTests, Belgium),
which has been approved by the International Organization for
Standardization (ISO 14380 (2011)), was used. This assay is usually per-
formed in a multiwell test plate composed of 6 X 4 wells. Thamnotoxkit F
contains all the necessary materials including cysts from which
Thamnocephalus platyurus was hatched. Standard freshwater was prepared
from deionized water and the 5 vials of concentrated salt solution were
prepared according to standard operational procedure. Modification of

Journal of Hazardous Materials 399 (2020) 123027

this assay was used. The exposition was prolonged from 24 to 48 h, for this
reason aeration was applied to the test tubes, which were used instead of
multiwell plates. Ten individuals per 10 mL in each test tube were in-
cubated with GOs for 48 h under the room temperature, day and night
light conditions. Subsequently, the viability of organisms was evaluated.

Heterocypris incongruens: Modification of Ostracodtoxkit F
(MicroBioTests, Belgium), which has been approved by the
International Organization for Standardization (ISO 14371 (2012)),
was used to test acute toxicity of GOs against Heterocypris incongruens.
Multiwell test plates were used for the standard operational procedure
as well as for hatching the organisms from cysts. The viability of os-
tracods was determined after 6 days of exposure. The difference from
the standard test consisted in the fact that the wells were filled only
with GOs and not with the sediments. Multiwell plate with 10 ostracods
in each well was incubated at 25 °C in darkness.

2.3. Oxidative stress assay

The oxidative stress production in Daphnia magna was determined
after 48 h of incubation with 1 and 25 mg/L concentrations of HO-GO,

Graphite
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Fig. 1. Schematic of Hofmann, Hummers, and Tour protocols for synthesis of graphene oxides from graphite. Different oxidants used resulted in the three graphene

oxide systems with similar size, but with different level of surface oxidation.
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HU-GO, and TO-GO. We chose three biomarkers for the oxidative stress
determination. The first biomarker was the fluorescence probe Hs-
DCFDA (Thermo Fisher Scientific, USA), which indicated the presence
of hydroxyl, peroxyl radicals and other types of ROS. After 48 h of
incubation with each material, we put two individuals in the well of 96-
well plate, added 200 pL of medium with the H,-DCFDA (final con-
centration 10 uM), and incubated the plate for 2 h at room temperature
in the dark. After that we replaced the medium by the fresh cultivation
one without the probe and measured fluorescence on the plate reader
(setup: excitation 485 nm/emission 520 nm). The setup was designed to
measure the fluorescence every 5 min for the 2 h to get the value of the
increase in the ROS level per minute. We used 10 individuals for one
experiment.

The other two biomarkers were the antioxidant enzymes superoxide
dismutase (SOD) and catalase (CAT) that gave information about the
response of Daphnia to the oxidative stress. We incubated 15 individuals
per sample for 48 h with 1 and 25 mg/L of HO-GO, HU-GO, and TO-GO.
Then, we homogenized the samples in 150 pL of cold PBS, centrifuged
samples at 10,000 g for 10 min (4 °C), measured the protein level using
Bradford assay (Bradford, 1976) and performed SOD and CAT activity
colorimetric assays according to the manufacturer’s protocol (Thermo
Fisher Scientific, USA).

2.4. Optical microscopy and Raman measurements after GO treatment

For optical microscopy, the organisms were incubated for 24 h
(Daphnia) and 96 h (Heterocypris) with 25 mg/L of HO-GO to obtain
representative image of GO exposition. Then, the organisms were
dropped on the slide and optical microscopy images were taken
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(Olympus, Japan). The optical microscopy was conducted also on the
samples with 24 h algae pre-treatment. For Raman measurements, or-
ganisms were incubated for 24 h with 25 mg/L of HO-GO, HU-GO, and
TO-GO. Then, the feces of organisms were collected and also the SZX7
stereo microscope Olympus was used to dissect guts by entomology
tools. After collection, 10 pL the mixture of guts and feces was dropped
on the CaF, Raman grade 13 mm dia by 0.5 mm polished disc and the
measurement was performed on DRX Raman microscope of Raman
spectroscopy. To check if the introduction of the pre-treatment of ma-
terials with algae would change the exposition of organisms to mate-
rials, we have incubated 25 mg/L of the materials with the Chlorella
kessleri (3 x 10° cells, 24 h) and then followed the same protocol as
described above.

2.5. Assays with algae-GO pre-treatment

For acute toxicity assays of all organisms and oxidative stress assay
of Daphnia magna, we added a first step, which was a pre-treatment of
the materials with alga Chlorella kessleri. We incubated the samples with
Chlorella (3 x 10° cells/mL, 24 h) for 24 h using culture rotator
FalcF205 (FALC INSTRUMENTS, Italy). Further, the tested organism
was added and we performed the same protocol as described above.
Thamnocephalus playturus and Daphnia magna were exposed to the 25%
ZBB medium (see Supporting Information for composition) for 48 h
before the experiment. No impact of the change of the media was found
(data not shown).
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Fig. 2. The viability of planktonic crustaceans a) Daphnia magna and b) Thamnocephalus platyurus after 48 h of incubation with various concentrations of HO-GO, HU-
GO, and TO-GO. The viability of benthic crustacean c) Heterocypris incongruens after 6 days of incubation with various concentrations of HO-GO, HU-GO, and TO-GO.
The results were normalized for control sample to have 100% viability. *p < 0.05; **p < 0.01.
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2.6. Statistical analysis

We performed three independent experiments for each measure-
ment and the mean = standard deviation (SD) was calculated. Dixon’s
Q test was performed for outlier values. Student t-test was performed
using Statistica software (TIBCO, 2018). Any difference was considered
significant and very significant at p < 0.05 and p < 0.01, respectively.

3. Results and discussion
3.1. Synthesis and characterization of GOs

The synthesis and characterization of the materials used in this
study was described in detail in our previous study (Malina et al.,
2019). Briefly, the GOs were synthesized by three different methods of
synthesis that resulted in three GOs with a different level of surface
oxidation. According to the synthesis, we named the materials HO-GO
(Hofmann protocol), HU-GO (Hummers synthesis), and TO-GO (Tour
protocol) (Fig. 1). The materials were similar in size (up to 5 um) and
monolayer sheet height (around 1 nm) (Fig. S1a,b)(Malina et al., 2019).
The main difference was the number of oxygen-containing groups on
the surface, which resulted in three different oxidation rates, confirmed
by various characterization methods (Fig. Slc,d)(Malina et al., 2019).
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TO-GO was the most extensively oxidized sample and HO-GO the least,
with HU-GO having an intermediate degree of oxidation (Fig. 1)(Malina
et al., 2019).

The XPS spectra also did not show any peaks typical for impurities
originated from the synthesis (manganese chlorate for HU-GO and TO-
GO and potassium chlorate for HO-GO samples) (Malina et al., 2019).
We additionally performed TGA to further confirm there are no in-
organic residues from synthesis that could affect the toxicity of GO
samples (under 1% of residual mass for all three GOs) (Fig. S2). To
further access the complete chemical composition of GO samples, we
also performed the ICP measurements of GOs. The only element that
significantly differed between GO samples was manganese, where there
was 0.6, 64, and 3061 ppm for HO-GO, HU-GO, and TO-GO, respec-
tively (Table S11). According to the study by Barbolina et al., purified
graphene oxide sample containing 1734 ppm of manganese is already
pure and does not possess the antibacterial activity anymore. On the
other hand, the sample with manganese level of 7872 ppm can cause
“false positive” antimicrobial activity of the sample (Barbolina et al.,
2016). From this perspective, the HU-GO sample and its 64 ppm of
manganese should not determine the measurement. On the other hand,
the significantly higher amount in the TO-GO sample could potentially
increase the toxicity of the sample. However, the toxicity profile for
both of these samples was very comparable. Nevertheless, we also
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Fig. 3. a) Representative optical microscopy images of Daphnia magna (left) and Heterocypris incongruens (right) after 24 (Daphnia) and 96 h (Heterocypris) with 25
mg/L of HO-GO. The scale bar is 200 pm. b) The Raman spectra of Daphnia magna (left) and Heterocypris incongruens (right) after 24 h incubation with 25 mg/L of HO-

GO (blue), HU-GO (red), and TO-GO (green).
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performed the acute toxicity test of filtrate controls of GO samples for
Daphnia magna. There was no influence of the filtrates on viability of
Daphnia magna and therefore all the toxic effects we observed for the
GOs are definitely caused by materials (Fig. S5).

3.2. Acute toxicity tests

In the first experiments, we tested acute toxicity of selected con-
centrations of GOs to planktonic and benthic crustaceans according to
the relevant toxicity standards. The viability of Daphnia magna and
Thamnocephalus platyurus was evaluated after 48 h of incubation, while
Heterocypris incongruens after 6 days of incubation. The UV-Vis stability
test in culture media showed high aggregation of all three GOs after 4 h
(Fig. S3). It is quite expectable phenomenon for this kind of large
samples. However, even very gentle shaking of the water dispersions
resulted into another 30 min before another aggregation. Given the
aeration from the bottom of test tubes was used for incubation of or-
ganisms, the sedimentation of materials was not so dramatic.
Interestingly though, when we observed some sedimentation of mate-
rials, planktonic organisms swam to the bottom of the testing tube to
feed with material. Therefore, the sedimentation did not affect the ex-
posure organisms. The results displayed in Fig. 2 show that benthic
crustacean Heterocypris incongruens was the most resilient organism in
this study. Its viability did not drop under 79% even for the highest
concentration used (25 mg/L), while for the two planktonic organisms
Daphnia and Thamnocephalus, the viability after 48 h was under 73% for
all three materials at this concentration (EC 50 values are presented in
Table S1). One of the reasons is definitely the different composition of
the shell because Heterocypris has a strong calcified carapax, while
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Daphnia and Thamnocephalus’ outer shell is made only of the poly-
saccharide chitin (Dole-Olivier et al., 2000; Ebert, 2005), so it can be
more sensitive to potential external damage. The different composition
of outer carapax is clearly shown in the optical microscopy images in
Fig. 3a, where GOs inside the Daphnia’s guts were clearly visible, while
with Heterocypris it was very hard to see the inner structure of the body.
However, Raman measurements of both organisms showed that all
three GOs were present inside the guts and feces. Fig. 3b features
Raman spectra of the guts and feces with the typical two peaks at 1330
em™ and 1596 cm™, corresponding to the GO D and G bands, respec-
tively, for samples treated with GOs. Raman spectra of untreated
samples did not show any typical peak of GO (Fig. S4). This proved that
all three GOs interacted with the internal digestive system of both
planktonic and benthic crustaceans. Therefore, we state that according
to the results obtained from acute toxicity tests conducted under re-
levant toxicity standards, GO is more hazardous for aquatic crustaceans
with the filter-feeding strategy than for the crustaceans that selectively
feed on the food sources in the sediment. From planktonic crustaceans,
Thamnocephalus platyurus was more sensitive to GOs than Daphnia
magna, but, surprisingly, only to the lower oxidized HO-GO and HU-GO.
These GOs caused the viability to drop after 48 h to 50% or lower at a
concentration of 25 mg/L for Thamnocephalus (29% for HO-GO and
50% for HU-GO), while for Daphnia, the viability remained to be over
50% for this concentration (52% for HO-GO and 62% for HU-GO). The
highly oxidized TO-GO had an almost identical effect for both Daphnia
and Thamnocephalus; furthermore, the viability remained over 70% for
25 mg/L after 48 h (71% for Daphnia and 72% for Thamnocephalus).
This higher sensitivity in the case of Thamnocephalus than in the case of
Daphnia has already been reported for the ecotoxicity of other
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nanomaterials (Heinlaan et al., 2008). As mentioned before, the effect
of surface oxidation of GO has strongly been manifested in the acute
toxicity assays because HO-GO caused the highest mortality of all the
tested organisms (Fig. 2). With the lowest number of oxygen-containing
functional groups and the highest hydrophobicity, HO-GO can interact
directly especially with the filtration apparatus of planktonic crusta-
ceans and inflict a mechanical damage resulting into higher mortality
(Malina et al., 2019).

3.3. Oxidative stress assay

The potential oxidative stress of Daphnia magna to the GOs was
again checked by three biomarkers strictly according to the protocols
without any modification. Firstly, we measured the generation of ROS
per minute in Daphnia after 48 h of incubation with GOs by the H-
DCFDA probe. We found that both concentrations (1 and 25 mg/L) of
all the three GOs induced pronounced oxidative stress (over 1.7 in-
crease in the ROS level/min compared to the control sample) (Fig. 4a).
More importantly, the ROS number was dependent on the oxidation
level of GO, especially for the higher concentration of GO (25 mg/L).
The higher oxidized HU-GO and TO-GO generated more ROS (2.3 and
2.8 increase in ROS level/min for HU-GO and TO-GO, respectively)
than the HO-GO, which caused 2.2 increase in ROS level/min. There are
reports indicating the influence of oxidation degree on the ROS pro-
duction of carbon nanomaterials and especially GO (Kong and Zepp,
2012; Zhao et al., 2019), which is in a good agreement with these re-
sults. These were still interesting findings though, given that the HO-GO
inflicted the highest loss in viability (Fig. 2a), and oxidative stress had
been identified as the main mechanism of GO toxicity before (Lv et al.,
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2018). Therefore, we additionally studied the defense response of
Daphnia against GOs using the activity of the main antioxidant enzymes
SOD and CAT that are in the first line of defense against the most
common ROS as superoxide (O, ) and hydrogen peroxide (H,05)
(Fridovich, 1995; Gebicka and Krych-Madej, 2019). Again, there was a
relevant increase in the activity of both enzymes for both concentra-
tions of all three GOs when compared to the control sample (Fig. 4b,c).
However, the higher oxidized HU-GO and TO-GO were responsible for
the more intensive antioxidant response and, surprisingly, both GOs
increased the activity of different enzyme. While HU-GO inflicted a
significant increase of catalase (2.4 and 2.2 increase in the CAT level of
control for 1 and 25 mg/L of HU-GO), the highest increase in the SOD
level of control was caused by TO-GO (1.4 and 2.0 for 1 and 25 mg/L of
TO-GO). This is more likely due to the difference in the functional
groups because while TO-GO had an overall higher number of oxygen-
containing groups, surface carboxyl groups were more abundant in the
HU-GO sample (Fig. S1d)(Malina et al., 2019). The antioxidant enzymes
activity of HO-GO samples was lowest, which is in good agreement with
the increase in the ROS level. Therefore, we state that even though the
oxidative stress is important factor in the ecotoxicity of GOs, it is not
the main mechanism because Daphnia can deal with the increasing
generation of ROS by more intensive antioxidant response through the
main antioxidant enzymes.

3.4. Assays with algae pre-treatment
We have already reported the ability of algae to generate defensive

reaction against GO through protein and carbohydrate production
(Malina et al., 2019). To see whether this behavior can also affect the
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acute toxicity of GOs towards crustaceans, we performed the same as-
says including a first step during which the GOs samples were incubated
for 24 h with alga Chlorella kessleri. This modification also more pre-
cisely reflected the conditions in real aquatic ecosystems, yielding more
accurate information about the environmental fate of graphene oxide.

The results shown in Fig. 5 clearly demonstrate that this simple
adjustment of the protocol dramatically influenced the GOs’ toxic effect
on the crustaceans. Therefore, the algae’s protein and carbohydrate
production during the 24 h of incubation with GOs is essential even for
the acute toxicity of GO to much more complex organisms. We observed
complete mitigation of GO’s acute toxicity to both planktonic and
benthic crustaceans, because the viability of all the three organisms did
not drop under 90% even for highest concentration (25 mg/L) of the
three GO samples and did not significantly differ from control sample
(Fig. 5). Fig. 6 demonstrates that both internal and external exposition
of organisms to GOs remained the same after algae pre-treatment as
was proved again by optical microscopy and Raman measurements of
guts and feces (typical D and G bands were present for all three GOs).
Furthermore, the influence of algae has been manifested not only in the
viability of organisms, but also in the oxidative stress of Daphnia magna
(ROS, SOD, and CAT activity). Both concentrations of all the three GOs
were responsible for the expression levels that were on the similar level
as the control samples (no sample caused 1.5 or higher increase in ROS
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and 1.2 or higher increase in SOD or CAT level of control) (Fig. 7). The
scales in Fig. 7 are the same as in Fig. 4, where the oxidative stress
parameters (ROS, SOD and CAT activity) were strongly elevated. This
was further evidence for the significant difference between the results
with and without algae pre-treatment. More importantly, the in-
troduction of algae completely eradicated the influence of the GO’s
concentration and oxidation rate on the viability and oxidative stress,
followed by subsequent antioxidative response, which was seen without
an algae pre-treatment (Figs. 2 and 4) and created a stress-free en-
vironment for organisms even for as high concentrations of GO as 25
mg/L.

No report has taken into consideration acute toxicity protocols with
algae, as the most common source of food for aquatic crustaceans, and
their influence on the toxicity of GO. This modification brings a com-
pletely new insight into the overall environmental fate of GO. The
phenomenon of algae mitigating GO ecotoxicity is even more remark-
able with respect to the fact that the concentrations used in this study
were within the range of mg/L, which is a million times higher than the
concentration of graphene-family materials expected in the environ-
ment (ng/L) (Goodwin et al., 2018). Therefore, we state that even in
case of a massive boost in the GO concentration in the environment, GO
will not pose a threat for aquatic organisms since nature, through
millions of years of experience with natural carbon nanoparticles,
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Fig. 6. a) Representative optical microscopy images of Daphnia magna (left) and Heterocypris incongruens (right) after 24 (Daphnia) and 96 h (Heterocypris) with 25
mg/L of HO-GO with 24 h of algae pre-treatment. The scale bar is 200 um. b) The Raman spectra of Daphnia magna (left) and Heterocypris incongruens (right) after 24 h
incubation with 25 mg/L of HO-GO (blue), HU-GO (red), and TO-GO (green) with 24 h of algae pre-treatment.
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evolved mechanisms that successfully mitigate any potentially sig-
nificant GO ecotoxicity in aquatic ecosystem.

4. Conclusion

We have thoroughly described the interaction between planktonic
and benthic crustaceans and GO systems at different levels of the sur-
face oxidation. Additionally, we tried to bring a new insight into the
GO’s environmental fate in aquatic ecosystems by adding algae, as a
factor that represents the most common source of food for crustaceans,
to the interaction. This is the first study showing higher sensibility of
Thamnocephalus platyurus and Daphnia magna to GO’s acute toxicity
than Heterocypris incongruens, which was most likely caused by a filter-
feeding strategy of planktonic crustaceans. We also demonstrated the
difference in the GOs’ mechanism of action on the basis of their level of
oxidation. While the least oxidized HO-GO caused major injury to all
organisms through mechanical damage, the more oxidized HU-GO and
TO-GO acted through their oxygen-containing functional groups and
generated higher oxidative stress. However, the increased ROS gen-
eration by HU-GO and TO-GO was successfully suppressed by more
intense activity of antioxidant enzymes; therefore, oxidative stress did
not have significant effect on the viability. More importantly, we pre-
sented a first evidence of complete mitigation of GO’s acute toxicity
against aquatic crustaceans after introducing their pre-treatment with
algae, which more accurately reflected the conditions in the real eco-
systems. Furthermore, this alleviation was observed at both the viabi-
lity and oxidative stress level, and completely eradicated the effect of
surface oxidation of GO on its ecotoxicity. We proved that the factor of
organisms’ food plays a crucial role in the potential hazardous effect of

materials, and must be taken into account when considering their
ecotoxicity in aquatic environments. Therefore, we state that the en-
vironmental risk of GO in complex aquatic environment may be sig-
nificantly lower than the data recently suggested in literature.
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1. Uvod

Nanotechnologie je dynamicky a velmi rychle se vyvijejici obor. V soucasnosti dochazi
Vv celosvétovém méfitku k vyvoji nejriznéjsich novych materiala se specifickymi fyzikélnimi a
chemickymi vlastnostmi. Uhlikové nanomaterialy (Carbon nanomaterials — CNMs) piedstavuji
tiidu nizkodimenzionalnich materialt, ktera od objevu prvniho alotropu, fullerend v roce 1985,
vyvolala ve védecké komunité zna¢ny rozruch.! Uvedeni dvou dalsich alotropti CNMs,
uhlikovych nanotrubiek a grafenu v roce 1991 a 2004, mé&lo podobny impakt.>® Za objev a
studium dvou ze tii alotropti byla dokonce udélena Nobelova cena (fullereny — 1996 (Chemie)
a grafen — 2010 (Fyzika)), coz nazorn¢ ilustruje vyznam a dulezitost téchto materiald pro celou
spole¢nost. Diky velikostem v nanometrickém méfitku tyto alotropy vykazuji mimotradné
optické, elektronické, magnetické a chemické vlastnosti, které se daji vyuzit v Sirokém portfoliu
aplikaci napt. v elektronice, katalyze, fotonice, energetice a medicing.* °

V posledni dobé se pozornost védcti zaméfuje na stale novéjsi typy CNMs nachazejici
uplatnéni predeviim v aplikacich spojenych s biomedicinou a Zivotnim prostiedi.5*2 Pat¥i zde
napiiklad uhlikové tecky (carbon dots — CDs), ¢ili velice malé fluorescen¢ni nanomaterialy (<
10 nm) s grafitovym jadrem a riznymi povrchovymi skupinami.'* Velice atraktivni jsou také
materidly, vychdzejici ze struktury grafenu, které jsou tvofeny jednou nebo néckolika
uhlikovymi vrstvami, souhrnné nazvané 2D uhlikové materialy.™ Struktura téchto materialt
muze byt navic dale chemicky modifikovdna pro usnadnéni disperze ve vodnych roztocich,
kterd je pro mnoho biomedicinskych a environmentélnich aplikaci klicova.'® 1’ Se stale rostouci
aplikaci té€chto materialt jde vSak ruku v ruce také otazka jejich bezpeéného pouziti. Pochopeni
nasledk in vitro interakce CNMs s bunéénymi liniemi je dilezitym prvnim krokem a klicovym
predpokladem K jejich naslednému vyuziti v jakékoliv biomedicinské aplikaci.® Podobné je

tomu také v piipadé Zivotniho prostiedi, kde jsou vSak buné&¢né linie nahrazeny organismy



vyskytujici se ve vodnim prostfedi, do kterého se mohou materialy v dasledku aplikace
uvoliovat.’® Piedkladana disertaéni prace se zabyva pravé studiem interakce uhlikovych
nanomaterialt jak s bunéénymi liniemi, tak s organismy z rtuznych trofickych Grovni vodniho

ekosystému.



2. Teoreticka c¢ast

[o)

2.1. Typy a vlastnosti uhlikovych materialu

Jak jiz bylo zminéno v uvodu, mezi hlavni tfi tfidy uhlikovych nanomaterialti se radi
fullereny, uhlikové nanotrubicky a materialy na bazi grafenu (Obrazek ¢. 1). Pon¢kud mladsi,
nov¢ piedstavenou tfidou jsou uhlikové tecky, diskrétni nanocastice témeét sférické geometrie
s velikosti pod 10 nm, které pfidavaji nové moznosti do uz tak vSestrannych vlastnosti CNMs
(Obrazek & 1).2% 2 Grafen se sklddd z uhlikovych atomifl ssp? hybridizaci, které jsou
uspofaddany do hexagonalni 2D struktury poskytujici grafenu obrovskou plochu povrchu na
obou stranach jeho planarni struktury.® I grafen v§ak vykazuje nékolik znak, které mohou byt
Vv urcitém kontextu riznych aplikaci neZadouci. Proto se védci neustéle snazi najit nové cesty
k chemické modifikaci grafenu, diky které vznikaji nové technologicky zajimavé derivaty, mezi
které patii predevsim grafen oxid (GO), derivaty vzniklé ptimou kovalentni funkcionalizaci
grafenu'’ 22 nebo dalsi, grafenu-podobné 2D uhlikové materidly.?® 2* Uhlikové tecky
predstavuji fluorescenéni materidly s grafitovym jadrem obalenym slupkou s rliznymi
chemickymi skupinami,** které maji ve vétsing pripadi velikost pod 10 nm ve vsech 3

dimenzich, diky éemu jsou CDs povazovany za tzv. 0D uhlikovy nanomaterial. %

Fullerene Uhlikova nanotrubicka Grafen Uhlikova tecka

Obrazek ¢. 1. Uhlikové nanomaterialy, zahrnujici fullereny, uhlikové nanotrubicky, materialy na

bazi grafenu a uhlikové te¢ky. PFevzato z * a upraveno.



2.2.  Aplikace uhlikovych nanomateriald Vv biomediciné a
Zivotnim prostredi

Portfolio biomedicinskych aplikaci, kde nachazi CNMs vyuziti je velice rozsahl¢ a
zahrnuje nékolik oblasti. Zobrazovani a detekce biologickych procesii v zivych systémech patii
mezi jedny z nejrozsifendjsich aplikaci CNMs, ptedeviim pak uhlikovych tecek.?® Nizka
toxicita a mimofadné fluorescen¢ni vlastnosti z nich totiz délaji idealni kandidaty pro
pozorovani at’ uz in vitro bunéénych linii, nebo in vivo na urovni organti a organismi.?’
Distribuce CDs v organismu se v§ak mize vyrazné zménit v piitomnosti nadoru, jelikoz byla u
CDs popsana schopnost akumulace v nadoru skrze efekt zvySené permeability a retence (EPR
effect).?® 29 Soucasné se zobrazovanim tak mohou byt CDs vyuzity jako nanoplatformy pro
klinické biomedicinské aplikace, zahrnujici hlavné fototermdlni (PTT) a fotodynamickou
terapii (PDT) nadort.’®3 S fluorescenénim zobrazovanim biologickych systémi je tuzce
spojena také dalsi aplikace CNMs, a to vyuziti materiald jako biosenzort naptiklad k detekci
kovovych iontl, malych organickych molekul jako markerii nemoci, vnitrobunécnych zmén pH
nebo environmentélnich polutantd.’™ ** Posledni hlavni smér aplikace CNMs v biomedicing
ptredstavuje cilené dorucovani 1é¢iv nebo biomolekul, kde zase grafenové derivaty mohou
prispét svymi jedinednymi vlastnostmi jako idealni platformy pro navazani riznych 1é¢iv.®

V Zivotnim prostiedi pfedstavuje jednu z nejvétsich vyzev dnesniho svéta otazka Cisté a
pitné vody, jelikoz se jedna o téma, které ma pfimy vztah, jak ke zdravi lidstva, tak volné
zijicich Zivocichl. Vzhledem k rychlému rozvoji priimyslu se do Zivotniho prostiedi uvoliuje
stale vice znecist'ujicich latek, zatimco prudky riist populace zase neustale zvySuje poptavku po
pitné vodé.®” V tomto piipadé si grafen oxid (GO) ziskal vyraznou pozornost védecké
komunity, jelikoz jako nano adsorbent byl jiz vyuzit naptiklad pro adsorpci iont tézkych

42, 43

kovi, 4 polycyklickych aromatickych uhlovodika*®' nebo organickych barviv pii



aplikacich spojenych s ¢isténim odpadnich vod. Druhd hlavni technologie pro ziskavani Cisté
vody je odsolovani moiské vody. I zde jiz byl GO vyuzit at’ uz v technologiich solarniho
odpafovani vody, kde GO slouzi jako vynikajici absorbér (Obrazek ¢&. 2a),** tak
Vv technologiich filtrace pfes membranu, kdy GO materidly vytvareji ,,nanokanaly* mezi

sousednimi GO ,,nanolisty*, skrz které lze provadét odsolovani pomoci filtrace (Obrazek ¢.

Zb).lo, 49-54
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Obrazek ¢. 2. Ilustracni schéma znazornujici a) solarni odparovani moiské vody zaloZenou na GO

a b) filtraci moiské vody pres GO filtraéni membranu. P¥evzato z *° a upraveno.



3. Cile disertacni prace

Hlavnim cilem ptedkladané disertacni prace bylo studium interakce novych uhlikovych

nanomaterialli, zahrnujicich uhlikové tecky, grafenové derivaty a piibuzné materialy na bazi

grafenu s riznymi bunéénymi liniemi a organismy z rtuznych vrstev trofického fetézce vodniho

ekosystému.

Jednotlivé specifické cile prace pak 1ze shrnout do téchto bodii:

Stanoveni bezpecné koncentrace uhlikovych tecek, kterd neovliviiuje viabilitu,
bunécné procesy a charakter mezenchymalnich kmenovych bunék a nasledné
pouziti této koncentrace uhlikovych tecek pro iIn Vvivo pozorovani
mezenchymalnich kmenovych bunék.

Analyza interference novych uhlikovych nanomaterialti s klasickymi in vitro testy
viability a optimalizace nové metody pro piekonani této interference.

Studium environmentdlniho osudu grafen oxidu ve vodnim prostfedi a jeho
mechanismu potencialniho toxického ucinku vici riznym vodnim organismiim
Vv zavislosti na: 1) Grovni povrchové oxidace grafen oxidu, i1) komplexnosti a

morfologii vodnich organism a iii) zivotni strategii vodnich organism.



4. Vysledky a diskuze

4.1. Interakce uhlikovych nanomateriali s bunéénymi
liniemi — humanni toxicita

Jak jiz bylo zminéno v literarni ¢asti prace, CNMs predstavuji mimotfaddné materidly
nachazejici uplatnéni v mnoha odvétvich biomedicinské oblasti. Soucasn¢ se vSak dostava do
povédomi otdzka potencialnich nepfiznivych u¢inkl téchto materialii na lidské zdravi, coz
mize v souvislosti s vyuzitim téchto materialti vyvolavat zna¢né obavy. Pochopeni disledku
CNMs po piimém kontaktu s bunéénymi liniemi in vitro je proto klicovym prvnim krokem a
zcela zésadnim predpokladem pro jejich nasledné bezpecéné a UspéSné vyuziti predevsSim
v biomedicinskych aplikacich.!® Mimoto, paradigma toxikologie 21. stoleti se zamé&fuje na
spolehlivé a rychlé testovani at’ uz nanomaterialt ¢i jinych latek na bunécnych in vitro
kulturach, aby dochazelo k co nejvyssi redukei in vivo testi vyuzivajici zvitata.>® %' In vitro
toxikologické metody tak predstavuji velice dalezitou cast vyzkumu spojeného prakticky

S jakymkoliv aplika¢nim odvétvim.
4.1.1. Uhlikové tecky pro in vivo fluorescencni pozorovani

mezenchymalnich kmenovych bunék

Regeneraéni terapie zaloZzené na cileném dorucovani mezenchymadlnich kmenovych
bun¢k (MSCs — mesenchymal stem cells) patii mezi jedny z nejslibnéjsich technik v soucasné
mediciné. Kmenové bunky totiz dokazi interagovat S mikroprostiedim poSkozeného mista,
diferenciovat se na pozadované typy bunék a tim ptispivat k hojeni a tvorbé nové tkang.>® %

Jedna se vSak o pomérné sloZzity proces, a proto se o ném védci neustale snazi ziskavat co

nejvice detailnich informaci zavadénim novych strategii pro jeho sledovani. Jednu takovou

9



piredstavuje i optické fluorescenéni zobrazovani, které umoznuje neinvazivni in vivo pozorovani
kmenovych bunék dokonce az na bun&éné tirovni.?® I tato strategie ma vsak své nedostatky
zahrnujici autofluorescenci tkani a vybélovani tradi¢nich organickych fluoroford. Proto byly
vybrany uhlikové tecky jako idealni kandidati pro studium jejich uplatnéni v této oblasti. CDs
totiz vykazuji vyrazné lepSi fluorescencni vlastnosti nez klasické fluorescencni sondy,
vybornou fotostabilitu a rezistenci proti vybélovani, a soucasné také vynikajici biokompatibilitu
Vv porovnani s toxickymi polovodi¢ovymi kvantovymi te¢kami.'* 6162

V nasi studii byly pouzity uhlikové tecky, které na svém povrchu obsahovaly kvartérni
amoniové skupiny (proto QCDs — quaternary carbon dots). Komplexni charakterizace vzorku
QCDs nésledné potvrdila, Ze syntéza vedla k vytvofeni velmi malych, uniformnich, velmi dobie
karbonizovanych uhlikovych tecek se siln¢ pozitivnim nabojem diky pfitomnosti kvartérniho
amonia.®® Poté byla provedena baterie in vitro testll, pomoci které jsme byli schopni selektovat
koncentraci QCDs (100 pg/ml), ktera davala vyrazny fluorescenéni signal uvnitt MSCs a
zaroven Zadnym zplisobem neovliviiovala jak viabilitu a dalSi bunééné procesy MSCs, tak
jejich charakter.®® Soucasné byla ovéfena in vivo kompatibilita QCDs pomoci testu hemolyzy
a také otestovan spravny pocet QCD-znafenych MSCs, ktery ddval maximalni fluorescencni
signal ex vivo.%®

Pro posouzeni, zda je signal QCD-znacenych MSCs dostate¢ny i uvnitf organismu in vivo
a lze takto oznacené builky sledovat, byla nasledné provedena jejich subkutanni aplikace do
zadni koncetiny mysi. Aplikované bunky oznacené QCDs byly jasné detekovany pomoci in
vivo fluorescenéniho pozorovani (Obrazek ¢. 3a). Tento vysledek tak potvrdil premisu, ze
QCDs mohou byt vyuzity pro sledovani kmenovych bun¢k v riiznych terapiich regeneracni
mediciny, zahrnujici napf. procesy hojeni koZnich ran.

Potvrdili jsme tedy, ze QCD-znacené MSCs davaji dostatecny signal pro jejich in vivo

fluorescencni detekci. Soucasné byly pomoci in vitro testti potvrzeny jejich migracni vlastnosti,
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které zustaly i po oznaéeni QCDs neménné.®® Zivy organismus viak piedstavuje kompletné
odlisné prostiedi od in vitro testd, a proto je pro potencidlni vyuziti v regenera¢nich terapiich
nezbytné, aby schopnost navadéni do zanétlivého mista organismu MSCs, byla po znaceni
QCDs ovétena také in vivo. Proto byly QCD-znacené MSCs intravendzné aplikovany do mysi
nesouci tumor, ktery zastupoval misto vykazujici zanétlivou reakci (Obrazek ¢. 3b). Po 24 h od
aplikace byly odebrany vybrané organy mysi (jatra, ledviny, slinivka a tumor) a byla provedena
jejich fluorescencni detekce ex vivo. V porovnani s kontrolni mysi, které byly aplikovany
neznacené MSCs, byl fluorescen¢ni signal detekovan hlavné v tumoru a ¢astecné také v jatrech
mysi, které byly aplikovany QCD-znacené MSCs (Obrazek €. 3c). Soucasné byla provedena
konfokalni mikroskopie tenkych fezli nejprve samotné tumorové tkané a nasledné také
tumorové tkané po barveni hematoxylinem a eosinem (H&E). U obou pozorovani byla
potvrzena piitomnost QCD-znacenych MSCs v tumorové tkani ve formé& cervenych
fluorescenénich klastri (Obrazek ¢. 3d a 3e). Bylo tedy potvrzeno, Ze znaceni pomoci QCDs
neménni schopnost navadéni MSCs do zanétlivého mista organismu ani pii in vivo aplikaci,

coz je klicové zjisténi pro jejich potencialni aplikaci v bunécné a regeneracni terapii.

11



Slezina

Obrazek ¢. 3. a) In vivo fluorescenéni sledovani MSCs znacenych QCDs po subkutanni aplikaci
do zadni koncetiny mysi. b) In vivo fluorescenéni sledovani mysi nesouci tumor po intravenozni
aplikaci neznacenych MSCs (horni mys) a po aplikaci MSCs zna¢enych QCDs (spodni mys). ¢) Ex
vivo fluorescencni sledovani vybranych organu (slezina, jatra, ledviny, tumor) z mys$i po 24 h
intraveno6zni aplikace neznacenych MSCs (vlevo) a MSCs znacenych QCDs (vpravo). d) Obrazek
tenkého fezu tumoru porizeny konfokalnim mikroskopem. ¢) Tumorova tkai po H&E barveni:
obrazek v reZimu svétlého pole (vlevo), obrazek ve fluorescenénim reZimu (uprostired) a obrazek
zobrazujici pirekryv obou reZimi (vpravo). Pro vSechna fluorescen¢ni méreni byl pouZit setup ex.

520 nm/em. 600 nm. PF¥evzato z % a upraveno.
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4.1.2. Toxicita uhlikovych materiali — spolehliva metoda pro
sledovani viability pomoci nového pristupu v prutokové

cytometrii

vvvvvv

toxicity nanomaterialti (nanomaterials — NMSs) pro jejich jakoukoliv dalsi aplikaci. Na zaklad¢
tohoto vysledku je totiz mozné stanovit kiivku zavislosti odezvy na davce (dose-response) a
dale se zaméfit na pochopeni mechanismii interakce mezi NMs a bunéénymi liniemi.®* Jiz bylo
n&kolikrat popsano, ze NMs mohou interferovat se standardnimi testy viability.®> % O to vice
alarmujici je zjisténi, ze stale existuje velké mnozstvi studii, které tuto informaci neberou
Vv potaz. Disledkem toho dochazi v literatute k publikovani faleSnych vysledkt akutni toxicity
NMs, které jsou zpusobeny interferenci a ne u¢inkem NMs, coz mlize predstavovat obrovsky
problém pro budouci bezpe&nou a udrzitelnou aplikaci specifickych nanomateriali.®® Uhlikové
nanomateridly nejsou vyjimkou a v literatuie uz byly publikovany zpravy o jejich interferenci
S béznymi testy viability jako je napf. barveni alamarovou modii a neutralni ¢erveni nebo MTT
a WST-1 test.®”-"? Proto se pouziti téchto metod pro studium viability CNMs doporucuje pouze
s velkou opatrnosti. Priitokova cytometrie je rychld a vysoce piesna technika poskytujici
informaci o jednotlivych buiikach v celé populaci,’® takZe piedstavuje vhodnou alternativu pro
in vitro testovani viability bun€k. Na druhou stranu, jiz bylo zji§téno, ze NMs mohou
interferovat dokonce i s vyhodnocenim pomoci této metody.’”* Proto se nabizi otazka, zda
existuje zpusob, jak interferenci piekonat a ziskat tak spolehlivé vysledky akutni toxicity
CNMs.

V nasi studii byli vybrani tfi zastupci novych CNMs s rozdilnymi fyzikalné-chemickymi

vlastnostmi: grafenova kyselina (GA), exfoliovany grafiticky nitrid uhliku (g-C3N4) a uhlikové
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tecky (CDs), u kterych byla nasledné studovana interference jak s klasickym testem viability
MTT, tak s metodou LIVE/DEAD pritokové cytometrie.”

Mikroskopicka analyza ukazala, ze hlavni rozdil mezi testovanymi vzorky byl predevsim
ten, ze zatimco vzorky CDs a g-C3Ns vytvaiely v médiu velké agglomeraty nanomaterial,
vzorek GA tak velké shluky materiali nezptisoboval.” Jelikoz viak viechny vybrané materialy
interagovaly s buiikami, existoval pfedpoklad, ze budou interferovat s vyhodnocenim viability.
To bylo potvrzeno vysledky standardniho testu MTT ptedevsim pro vzorky g-C3sNs a GA, u
kterych byl pozorovan pokles MTT viability,” i kdyz obrazky ze svételné mikroskopie
neukazaly skoro zadné mrtvé nebo poskozené buriky.” Pro vzorek CDs jsme nebyli schopni
urcit, zda zpisobil interferenci, jelikoZ MTT hodnoty viability byly srovnatelné s kontrolnim
vzorkem.” Nasledné jsme provedli analyzu vlivu CNMs na viabilitu bunék podle LIVE/DEAD
metody pritokové cytometrie. Nejprve byly namétené hodnoty vyhodnoceny podle klasického
postupu zahrnujiciho pouze negativni a pozitivni kontrolu, abychom ukazali, jak mohou
rozdilné typy interference vybranych CNMs negativné ovlivnit vysledky LIVE/DEAD analyzy
provedené dle standardniho protokolu. Nasledné byly stejné data vyhodnoceny podle naseho
nového postupu zahrnujiciho dodate¢né kontroly (spike-in kontrola a nanomaterialova pozitivni
kontrola (NM PCs)),” ktery umoziioval vybrat spravné gatovani, diky kterému je mozné
prekonat interferenci CNMs a ziskat spolehlivé vysledky v LIVE/DEAD analyze pritokové

cytometrie.

41.2.1. CDsaLIVE/DEAD analyza BJ bunék — pi‘ekonani interference

fluorescenénich vlastnosti

V metod€ vyuzivajici standardni gatovani byly detekovany dva typy interference CDs
s LIVE/DEAD analyzou (Obrazek ¢. 4a-€). Prvni a mnohem vyraznéj$i typ predstavovala
interference skrze fluorescen¢ni vlastnosti CDs.® Body interferujici timto typem interference

jsou na obrazku ¢. 13b zvyraznény fialovym ovidlem a mizeme vidét, Zze interakce CDs
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S bunikami zptisobila posun fluorescencni intenzity bodl reprezentujici builkky znacené CDs
v ¢erveném detektoru (FL — 2) (Obrazek ¢. 4b). Nartst intenzity byl natolik vyrazny, Ze
zpusobil posun uré¢itého procenta bodu reprezentujicich bunky z gatu pro zivé burky (alive) do
gatu pro mrtvé bunky (dead) (Obrazek ¢. 4b). Druhym typem interference byla pfitomnost
volnych aglomerati CDs. Ackoliv byl tento typ interference méné vyrazny, jelikoz jsme se
snazili pro vyhodnoceni LIVE/DEAD analyzy gatovat pouze populaci bunék,’® zpisobil pokles
viability spike-in kontroly na 86 % (Obrazek ¢. 4d a 4e). Body ptedstavujici volné aglomeraty
jsou na obrazku €. 13 zvyraznéné hnédym ovalem (Obrazek ¢. 4d). I kdyz byl pokles viability
u spike-in kontroly mirny, indikoval, ze vzorek CDs muze zpisobovat dalsi typ interference,
jelikoz spike-in kontrola by méla mit porovnatelnou viabilitu s negativni kontrolou, tedy ptes
90 %. Bylo tedy prokazano, ze vysledna viabilita vzorkt zna¢enych 50 a 300 pg/ml CDs (70 a
32 %, resp.) vyhodnocena podle standardniho postupu nebyla spolehliva, jelikoz byla ovlivnéna
dvéma typy interference CDs.

Abychom ukézali, jak pfekonat interferenci CDs v LIVE/DEAD analyze pritokové
cytometrie, vyhodnotili jsme stejnou datovou sadu podle nového protokolu gatovani
vyuzivajiciho dodate¢né kontroly (Obrazek €. 4f-j). S vyuzitim téchto gatii zlstala nejprve cela
populace Zivych bunék obsahujicich CDs v gatu pro Zivé buiky (alive) i ptes zvySenou intenzitu
fluorescence (fialovy oval v Obrazku ¢. 4g). Soucasné se také body reprezentujici volné
aglomeraty CDs ptresunuly do gatu pro neoznacené bunky (unstained) a nebyly tak zahrnuty do
vyhodnoceni viability, diky ¢emu méla spike-in kontrola viabilitu ptes 90 % (hnédy oval v
Obrazku ¢. 41 a Obrazek ¢. 4j). Podle nového protokolu tak znaceni BJ bun¢k po 24 h
koncentracemi 50 a 300 pg/ml CDs vyustilo ve vyslednou viabilitu 98 a 80 %, resp. (Obrazek

&. 4j).
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Obrazek ¢. 4. Dot ploty LIVE/DEAD analyzy: (a, f) negativni a pozitivni kontroly BJ bunék a (b
- d, g - i) BJ bunék znac¢enych vzorkem CDs a vyhodnoceny podle (a - d) standardniho gatovani a
(f — i) nového protokolu gatovani. b, g) vzorky znac¢ené 300 pg/ml CDs po 24 h. ¢, h) NM PC 300
ng/ml pro vzorek CDs. d, i) Spike-in kontroly pro vzorek CDs. e, j) Vyhodnoceni viability BJ
bunék znacenych po 24 h CDs a dodatecnych kontrol (n = 3). Body v gatu alive (Zivé) jsou oznaceny
zelené, body v gatu dead (mrtvé) Cervené a body v gatu unstained (neoznacené) jsou uvedeny
modi‘e. Body interferujicich volnych agglomerati jsou zvyraznény hnédym ovilem a body
interferujicich bunék s fluorescenénimi CDs uvniti nebo na membrané fialovym ovalem.

Prevzato z ' a upraveno.
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4.1.2.2. ¢-CsNs a LIVE/DEAD analyza BJ bunék — prekonani interference

volnych aglomerati

Pro vzorek g-C3sN4 byly podle standardniho postupu detekovany stejné typy interference
jako u vzorku CDs, avsak jejich vliv na vyhodnoceni se vyrazn¢ 1iSil. Posun ve fluorescenéni
intenzité¢ boda bunek obsahujici g-C3N4 nebyl ani zdaleka natolik vyrazny jako v ptipadé CDs,
jelikoz zpisobil posun pouze zlomku bodi (fialovy oval v Obrazku ¢. 5b). Intenzivnéjsi
interferenci ptedstavovala ptitomnost volnych aglomeratti ve vzorcich, které se piekryvaly
s body reprezentujici populaci bun€k, a proto je pii prvotnim gatovani neslo odlisit a musely
byt do vyhodnoceni zahrnuty, aby nedoslo ke ztrté informace o populaci bunék.”® Tyto body
se pii pouziti standardniho gaotvani nachézely v gatu pro mrtvé bunky (dead) jak ve vzorku
znaceném 300 pg/ml g-CsNs (hnédy oval v Obrazku ¢.5b), tak ve spike-in kontrole, kde byly
zodpovédné za jeji pokles na 88 % zivych bun€k (hnédy oval v Obrazku ¢. 14d a Obrazek ¢&.
5e). Pokles viability u vzorku znacenych 24 h 50 a 300 ug/ml g-CsN4 na 86 a 63 %, resp. tak
nebyl zptisoben plisobenim materialu, ale interferenci jeho volnych aglomerati (Obrazek €. 5e).

VyuzZitim nového protokolu s dodate¢nymi kontrolami jsme byli schopni pfekonat tuto
interferenci, jelikoz vybérem specifickych gatli byla vyhodnocovéna pouze populace bunck a
body reprezentujici volné aglomeraty byly pfesunuty do gatu pro neoznacené buriky (unstained)
(hnédé ovaly v Obrazku €. 5g a 51). Soucasné také body bunck obsahujicich g-C3Nasse zvySenou
intenzitou se nyni nachazely v gatu pro zivé bunky (alive) (modry oval v Obrazku ¢. 5Q).
Vysledna viabilita BJ bunék znac¢enych 24 h 50 a 300 pug/ml g-CsN4 tak byla 94 a 83 %, resp.

(Obrazek ¢. 5j).
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Obrazek ¢. 5. Dot ploty LIVE/DEAD analyzy: (a, f) negativni a pozitivni kontroly BJ bunék a (b
- d, g - i) BJ bunék znacenych vzorkem g-C3N, a vyhodnoceny podle (a - d) standardniho gatovani
a (f — i) nového protokolu gatovani. b, g) vzorky znac¢ené 300 pg/ml g-CsNs po 24 h. ¢, h) NM PC
300 pg/ml pro vzorek g-CsNas. d, i) Spike-in kontroly pro vzorek g-CsNs. e, j) Vyhodnoceni viability
BJ bunék znacenych po 24 h g-C3sN. a dodate¢nych kontrol (n = 3). Body v gatu alive (Zivé) jsou
oznaceny zelené, body v gatu dead (mrtvé) ¢ervené a body v gatu unstained (neoznacené) jSou
uvedeny modie. Body interferujicich volnych agglomerati jsou zvyraznény hnédym ovilem a
body interferujicich bunék s fluorescen¢nimi g-C3N,4 uvniti’ nebo na membrané fialovym ovalem.

Prevzato z ' a upraveno.
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4.1.2.3. GA a LIVE/DEAD analyza BJ bunék — piekonani interference

zhaSeni fluorescence PI

Vzorek GA nevytvaiel v médiu velké aglomeraty, na druhou stranu mikroskopie ukézala,
ze buiiky znacené GA m¢ély velké mnozstvi materialti bud’ v intracelularnim prostoru, nebo na
své membrang.”® LIVE/DEAD analyza provedena podle standardniho gatovani odhalila, Ze GA
zpusobuje kompletné jiny typ interference nez zbylé dva CNMs (Obrazek ¢. 6a-€). Ac¢koliv
spike-in kontrola nebyla ovlivnéna (viabilita ptes 90 %), vzorek GA zpusoboval zhaseci efekt,
ktery m¢l za nésledek vyrazny pokles intenzity fluorescence PI a tedy bodl pfedstavujici mrtvé
bunky. Jelikoz v obou kontrolach (PK a NM PC 300 pg/ml) byly teplem umrtvené buiiky a
jediny rozdil byla ptitomnost GA ve vzorku NM PC 300 pg/ml, je jasné, Ze interference byla
zpusobena prave interakci GA s fluorescencni znackou PI (¢erny oval v Obrazku €. 6¢). Zhaseci
efekt GA mél za nasledek posun bodu reprezentujici bunky z gatu pro mrtvé (dead) bud’ do
gatu pro zivé (alive) nebo neoznacené (unstained) bunky. Tato interference tak vedla
k falesnému zvyseni viability vzorkit NM PC 50 pg/ml a NM PC 300 ug/ml na 26 % a 85 %,
resp., 1 kdyz v obou vzorcich byly pouze umrtvené buiiky (Obrazek €. 6e). Proto ackoliv vzorky
znacené 50 a 300 pg/ml GA mély viabilitu ptes 96 %, vyhodnoceni nebylo kvili interferenci
GA spolehlivé, jelikoz by mrtvé buiikky mohly byt chybné zahrnuty v gatu pro zivé bunky
(alive).

Prostfednictvim nového protokolu podle dodate¢nych kontrol byla interference
prekonana selekci vhodnych gati, které vedly k viabilit¢ v NM PCs vzorcich mensi nez 10 %
(¢erny oval v Obrazku ¢. 6h a Obrazek ¢. 6j). M¢li jsme tak jistotu, ze i pies zhaSeci efekt GA
budou piipadné mrtvé buiiky ve vzorcich znacenych 50 a 300 pg/ml GA ve spravném gatu pro
mrtvé bunky (dead). Vysledna viabilita BJ bun¢k znacenych 24 h 50 a 300 pug/ml GA tak byla

94 a 92 %, resp. (Obrazek ¢. 6j).
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Obrazek €. 6. Dot ploty LIVE/DEAD analyzy: (a, f) negativni a pozitivni kontroly BJ bunék a (b
- d, g - i) BJ bunék znacenych vzorkem GA a vyhodnoceny podle (a - d) standardniho gatovani a
(f — i) nového protokolu gatovani. b, g) vzorky znacené 300 pg/ml GA po 24 h. ¢, h) NM PC 300
ng/ml pro vzorek GA. d, i) Spike-in kontroly pro vzorek GA. e, j) Vyhodnoceni viability BJ bunék
znacenych po 24 h GA a dodatecnych kontrol (n =3). Body v gatu alive (Zivé) jsou oznaceny zelené,
body v gatu dead (mrtvé) Cervené a body v gatu unstained (neoznacené) jsou uvedeny modie. Body
interferujicich bunék s GA uvnité nebo na membrané, ktery zhasi fluorescenci PI, jsou

zvyraznény ¢ernym ovalem. Pievzato z ™° a upraveno.
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4.2. Interakce uhlikovych nanomateriald s organismy ve

vodnim prostiedi — environmentalni toxicita

Jak jiz bylo zminéno v literarnim piehledu prace, diky svym vlastnostem je grafen oxid
(GO) jednim z nejvyuzivangjSich CNMs v aplikacich v zivotnim prostfedi. Uplatnéni nachazi
piedevsim v technologiich zabyvajici se sanaci vody. Vzhledem k z4jmu o vyzkum GO v této
specifické oblasti a rozmachu jeho vyroby, ktery zaznamenal v poslednich letech je
nevyhnutelné, Ze nakonec dojde k uniku nebo jeho uvolnéni do Zivotniho prostiedi, zejména
vodnich ekosystémi.’® V takovém piipadé tak mimofadné vlastnosti jako hydrofilni chovani,
mobilita ve vod¢ a vysoka reaktivita povrchu, které z GO délaji zadany material v mnoha
aplikacich, mohou GO rychle proménit v ekologicky problém pro organismy v Zivotnim
prostfedi. Z dlouhodobého hlediska by také mohla predstavovat problém stabilita GO, jelikoz
by uvoliujici GO mohl byt distribuovan na velmi Sirokém Uzemi a pfetrvavat po znacnou
dobu.”” Proto je naprosto nezbytné pochopit interakci GO s vodnimi organismy a identifikovat

potencialni toxicky mechanismus, kterym by je mohl poskozovat.
4.2.1. Grafen oxidy s rozdilnym stupném povrchové oxidace

V ptedlozené disertacni praci jsme pracovali se tiemi GO systémy, které byly pfipraveny
podle tfech rozdilnych syntéz, vyuzivajici rozdilné oxidac¢ni ¢inidla. Syntéza podle Hoffmanova
protokolu vedla k vytvofeni Hoffmanova grafen oxidu (HO-GO, chlore¢nan draselny a kyselina
dusi¢na),’® piiprava sledujici Hummerstv postup k Hummersové grafen oxidu (HU-GO,
manganistan draselny a kyselina dusi¢nd)’® a posledni byla syntéza podle Tourova procesu,

ktera vyustila v Tourtiv grafen oxid (TO-GO, manganistan draselny a kyselina fosfore¢na).®

|81

Detaily ohledné jednotlivych syntéz jsou uvedeny v publikaci Chng et al.°* Tyto tfi rizné

procedury tedy mély poskytnout vzorky GO s podobnou velikosti a vyskou (jednovrstevné), ale
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s kompletné rtiznou povrchovou oxidaci a distribuci kyslik-obsahujicich funkénich skupin
(Obrazek ¢. 7).

Z charakterizace systémt GO vyplynulo, ze velikost listti byla primérné 2x4 um a vyska
listd fluktuovala mezi 0,8 a 1,2 nm.%2 TO-GO mél pak nejvice oxidovany povrch ze tfech
vzorki, zatimco HO-GO nejméné.® Jelikoz mél HO-GO nejniZzsi stupefi oxidace, obsahoval
také nejméné karboxylovych skupiny, které se obvykle nachazeji na hranach GO. Tento jev se
vzhledem k ekotoxicit¢ GO ukazal jako klicovy a bude detailnéji popsan dale. Soucasné
doplilyjici analyzy potvrdily, Ze ve vzorcich GO nezlstavaji Zadnd anorganicka rezidua ze

syntézy a jakykoliv pozorovany efekt je tedy definitivné zptisoben vlivem materiali.®?

Grafit

— ~—

Hofmann Hummers Tour
(KCI03, HNO,) (KMnO,, HNO,) (KMnO,, H;PO,)
l Oxidace l Oxidace l

Grafit oxid Grafit oxid Grafit oxid

l Ultrasonikace l Ultrasonikace

Hoffmanniv Grafen oxid Hummersuv Grafen oxid

Velikost
HO-GO = HU-GO = TO-GO

Mira povrchové oxidace
HO-GO < HU-GO < TO-GO

Obrazek ¢. 7. Ilustra¢ni schéma pripravy grafen oxidu z grafitu podle Hoffmanova, Hummersova
a Tourova protokolu. PouZziti riiznych oxidanti vedlo k pripravé tfech riznych grafen oxidovych

systémii s podobnou velikosti, ale rozdilnou mirou povrchové oxidace. Prevzato z % a upraveno.
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4.2.2. Interakce GOs s rasami a sinicemi

Prvni studie se zabyvala interakci GOs se zastupci jednobunéénych organismu: zelenych
fas (Raphidocelis subcapitata) a sinic (Synechococcus elongatus). Rasy a sinice jsou
fotoautotrofni organismy, které hraji ve vodnim prostfedi podobnou roli s tim rozdilem, ze
sinice jsou prokaryota, zatimco zelené fasy eukaryota. Jako primarni producenti organickych
sloucenin reprezentuji klicovou slozku vodnich ekosystému a budou vystaveny jakémukoliv
materialu nebo casticim uvolnénych do vodniho prostfedi (véetné GO). Pro studium
mechanismu interakce tfech GO s riznou mirou povrchové oxidace s fasami a sinicemi byla

vybrana koncentra¢ni fada 0,39, 6,25, 25, 100 a 200 mg/L.
4.2.2.1. Inhibice riistu Fas a sinic po znaceni GO materialy

Test inhibice rastu GOs vuci zelené fase Raphidocelis subcapitata a sinici Synechococcus
elongatus po 24, 48 a 72 h ukazal tfi velice zajimavé jevy. Za prvé, bunky sinice Synechococcus
byly mnohem citlivéjsi vuci vzorkiim GOs nez buiiky zelené fasy Raphidocelis, coz bylo patrné
ptedevsim pro vysledky po 24 h, kdy vSechny GOs inhibovaly rist sinice o 50 % nebo vyse u
vysSich koncentraci, zatimco u fasy nedosahl Zadny GO inhibi¢niho efektu 50 % ani u nejvyssi
pouzité koncentrace 200 mg/L (Obrazek &. 8a a 8d, EC 50 hodnoty jsou uvedeny v 8). Vyssi
citlivost sinice byla pravdépodobné zptisobena jednodussi prokaryotickou bunéénou strukturou
(v porovnani s eukaryotickou buiikou fasy) a také dobie zndmymi antibakteridlnimi vlastnostmi
GO.% Vysledky inhibice jsou v souladu s jiZz publikovanymi studiemi o toxickych uéincich
materialti na bazi grafenu, véetné GO, na fasy.®8 Za druhé, byla pozorovana silngjsi inhibice
Vv ptfipadé nejméné oxidovaného vzorku HO-GO, nezZ vice oxidovanych HU-GO a TO-GO, coz
naznacuje, ze GO plsobi ur¢itym mechanismem, ktery siln€ zavisi na jeho povrchovém sloZeni.
Tento jev se projevil hlavné u tas, kde byl pozorovéan u vSech koncentraci, zatimco u sinic byl

detekovan pouze pro nizsi koncentrace GO. Ttetim pozorovanym jevem byla rozdilna velikost

ucinkl ristové inhibice béhem casovych boda pro nizsi koncentrace GOs (pod 100 mg/L).
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Zatimco u vysledkl po 24 a 48 h doslo k vyraznému nartistu miry inhibice ristu, rozdil nartistu
mezi 48 a 72 h jiz nebyl tolik vyznamny (Obrazek €. 8). Tento rozdil byl navic mnohem vice
markantni pro buniky fas nez buiky sinic. Takové chovani naznacovalo aktivaci urcitych

obrannych mechanismu, které by organismtim umoznily pfitomnost GO v kultivatnim médiu

tolerovat.
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Obrazek ¢. 8. Test rustové inhibice (a-c) zelené iasy Raphidocelis subcapitata a (d-f) sinice
Synechococcus elongatus po zna¢eni riznymi koncentracemi tirech systémi GO po (a,d) 24 h, (b,
e) 48 h a (c, f) 72 h. Data byla normalizovana definovanim 100 % rustu pro kontrolni neznacené
buiiky a rozdil od 100 % byl stanoven jako mira inhibice (nap¥. vzorek s 60% ristem ve srovnani

s kontrolnim vzorkem mél miru inhibice 40 %). P¥evzato z  a upraveno.

4.2.2.2. Analyza mechanismu interakce mezi GOs a buiiky ias pomoci

pritokové cytometrie

Pro objasnéni mechanismu interakce mezi GOs a bunikami fas v zavislosti na povrchové

oxidaci GO byla studovéana integrita membrany bunék, generace ROS a obsah pigmentovych
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barviv Chlorofylu a a b zelené fasy R. subcapitata po inkubaci s riznymi koncentracemi GOs
po 2, 24 a 48 h. Vysledky jsou predstaveny na obrazku €. 9.

inkubace se vzorky GOs (Obrazek ¢. 9a). HO-GO zpusobil nejvyraznéjsi poSkozeni (ztrata az
50 % integrity jiz pii 50 mg/L), zatimco HU-GO a TO-GO systémy byly vyrazné méné skodlivé
(ztraty integrity pouze u nejvyssi testované koncentrace 200 mg/L, 13 a 29 % pro HU-GO a
TO-GO, resp.). Vzorek HO-GO byl také jako jediny zodpovédny za nejvyssi nariast ROS po 2
h (Obrazek ¢. 9d), coz bylo pochopitelné zplisobeno reakci bunck na poSkozeni membrany.
Vysledky analyzy integrity membrany fasovych bunck po 24 a 48 h siln¢ naznacuji uréitou
formu regenerace membrany a aktivaci obranného mechanismu proti piisobeni GOs (Obrazek
¢. 9b a 9c). Jediné vyrazné poskozeni membrany bylo totiz pozorovdno pro nejvyssi
koncentrace, a to pouze HO-GO (po 24 a 48 h) a TO-GO (pouze po 24 h) vzorku. Tuto
skutecnost podporuji také vysledky tvorby ROS, jelikoZ vyznamné hladiny ROS byly
detekovany pouze u nejvyssich koncentraci HO-GO a TO-GO vzorkt (Obrazek ¢. 9e a 9f).
Me¢fteni obsahu pigmentovych barviv dobie korelovalo s pozorovanymi zménami membranové
integrity a oxidacniho stresu. Hodnoty totiz prudce poklesly po prvnich dvou hodinich
expozice, predev§im pro nejvyssi koncentrace GOs, zatimco po 24 a 48 h doSlo k narlstu
hladiny chlorofylu u vSech vzorkd v souladu s regeneracnimi procesy a aktivaci obranného
mechanismu, které vedou ke zvysené metabolické aktivité (Obrazek ¢. 9h).8?

Tyto vysledky naznacuji, Ze mechanismus interakce GO s fasami vysoce zavisi na poc¢tu
oxidovanych funkénich skupin na jeho povrchu. Nejméné oxidovany systém HO-GO piimou
interakci s buikami fas zptsobil mechanické poSkozeni membrany a nasledny oxidacni stres.
Na druhou stranu, nejvice oxidovany material TO-GO neinteragoval s buitkkami fas piimo, ale
skrze své hojné zastoupené funkéni skupiny na povrchu, ¢imz zpusobil narist ROS, ale

neposkodil pfitom membranu bunék. HU-GO jako stfedné¢ oxidovany systém GO mél
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pravdépodobné dostatek povrchovych funkénich skupin k interakci bez ptfimého poSkozeni
membrany, ale ne tolik, aby zptisobil oxidacni stres. Nejvyssi toxicky ucinek GOs byl
pozorovan po kratkodobé expozici, zatimco po delsi inkubaci doslo ke zmirnéni toxicity GO.
Za zmirnéni jsou pravdépodobné zodpovédné regeneracni procesy a aktivace obrannych
mechanismu po expozici GO, které bunikam odebiraji energii, coz zptsobuje jejich pomalejsi

rust v porovnani s neznacenymi kontrolnimi bunikami (Obrazek ¢. 8).
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Obrazek ¢. 9. Analyza Fasovych bunék po inkubaci s riznymi koncentracemi GOs pomoci
prutokové cytometrie. a-c) Analyza ztraty membranové integrity po a) 2 h, b) 24 h a ¢) 48 h. d-f)
Narust ROS po d) 2 h, e) 24 h a f) 48 h. g-i) Hladiny chlorofyluaab pog) 2h, h) 24 hai) 48 h.
Data byla normalizovana definovani 100 % membranové integrity, hladinou ROS 1 a obsahu
chlorofylu 100 % jako odpovidajici hodnoty pozorované v neznacenych kontrolnich vzorcich.

Prevzato z % a upraveno.
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4.2.2.3. Vyé€erpani Zivin z kultivaéniho média vlivem GOs a detailni

mikroskopické hodnoceni interakce ras a GOs

Za toxicitu GO mohou byt zodpoveédné také nepiimé toxické efekty. V nasem piipadé
byly vSechny systémy GOs schopny z kultivaéniho média od¢erpat Ziviny (pfedev§im Ca a Mg,
viz Obrazek ¢.10a) a souCasné pozorovani pomoci optické mikroskopie prokazalo pro nase
materialy efekt stinéni uhlikovych nanomaterialt.®® Byly ta definovany dva nepiimé efekty,
které mohly vyrazné pispét k celkové ekotoxicité systémti GO viici fasam a sinicim, ve kterych
povrchové oxidace nehraje vyraznou roli.

Pro ziskani informace o interakci mezi GOs a bunikami fas byly vyuzity riizné druhy
mikroskopie. Nejprve obrazky fixovanych bunék ziskané optickou mikroskopii odhalily, ze
buniky fas byly v mnohem intenzivnéjsi interakci ¢i kontaktu se vzorkem HO-GO, nez se
zbylymi GOs.#? Obrazky z AFM nasledn& potvrdily pfimy kontakt mezi buitkou fasy a
systtmem HO-GO, jelikoZ byla buiika obklopena listy HO-GO a navic vykazovala znamky
vyrazného poskozeni (Obrazek ¢. 10b). Naopak bunky inkubované s HU-GO a TO-GO sice
byly taktéz obklopeny listy GO, ale jejich morfologie zustala nezménéna (Obrazek ¢. 10c a
10d). Zejména vsak u vzorku TO-GO bylo pozorovano velké mnoZstvi materialt okolo buiiky
fasy, které pravdépodobné interagovaly skrze funkéni skupiny, co by vysvétlovalo nartst
oxida¢niho stresu pozorovany u tohoto vzorku (Obrazek ¢&.9e). Obrazky z elektronové
mikroskopie (SEM) tyto zavéry potvrdily. I kdyZ oba materidly (HO-GO a TO-GO) opét
viditeln€ interagovaly s buiikou fasy, na buiice znacené materidlem HO-GO byla pozorovana
vyrazna poskozeni ve forme fezné rany a také HO-GO listy pronikajici do bunky (Obrazek ¢.
10e). Na druhou stranu, u vzorku TO-GO byly listy GO pozorovany pouze v tésné blizkosti
bunky a piedev§im bunky fasy nevykazovaly jakékoliv znamky poskozeni (Obrazek ¢. 10f).
Bylo tak prokazano, ze listy GO mohou piisobit jako ,,nano-ziletky* a zptisobovat mechanické

poskozeni bun¢k tas. Tento jev je vSak vysoce citlivy na povrchovou funkcionalizaci GO,
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jelikoz byl pozorovan pouze u nejméné oxidovaného vzorku HO-GO. Relativni nedostatek
karboxylovych skupin na hranach HO-GO se tak jevi jako klicovy pro jeho schopnost

mechanicky ,,fezat* fasové membrany.

2
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Obrazek €. 10. a) MnoZstvi vycerpanych Zivin z 50% ristového média ZBB po 24 h inkubace 100
mg/L GOs. Mira vycerpani kazdé ziviny je vyjadfena v procentech a udava se jako pomér
koncentrace Zivin v médiu obsahujicim GO ku koncentraci v kontrolnim médiu. b-d) Obrazky
z AFM bunék Fasy po 24 hodinach inkubace s 200 mg/L b) HO-GO, c) HU-GO a d) TO-GO. g, f)
Obrazky ze SEMu bunék Fasy po 24 hodinach inkubace s 200 mg/L ) HO-GO a f) TO-GO. Bile
Sipky v panelech oznacuji jednotlivé listy GO a ¢ervena Sipka v panelu e) znazornuje Feznou ranu

na povrchu Fasové buiiky. Pfevzato z  a upraveno.
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4.2.2.4. Obranna reakce organismi na piitomnost GOs — stanoveni

extracelularnich proteini a sacharidi

Jelikoz dosavadni vysledky indikovaly urc¢ity obranny mechanismus organisma vici
pritomnosti GOs, provedli jsme experiment na stanoveni extracelularnich proteinti a sacharidi
(EPCs — extracellular proteins and carbohydrates) po 2, 24 a 48 h inkubace s GOs. Nase
vysledky ukazaly, Ze oba studované organismy zacaly produkovat EPCs jiz po nejkratsi 2 h
inkubaci s GOs (Obrazek ¢. 11). Produkce EPCs navic prudce vzrostla s délkou inkubace:
zatimco po 2 h inkubace byla mira produkce EPCs pouze mirné€ vyssi nez v kontrolnim vzorku,
inkubace po 24 a 48 h vedla k vyraznému nardastu v produkci EPCs (Obrazek ¢. 11). U obou
organismil byl zaznamenan stejny trend, kdy nejvyssi nartist proteind zplsobil vzorek HO-GO
(59 % pro tfasy a 53 % pro sinice), zatimco vice oxidované vzorky indukovaly mensi, ale stale
dost vyznamné zvySeni produkce (Obrazek ¢. 11a a 11c). Produkce sacharidi byla u obou
organismil méné vyrazna, nez v piipadeé proteintl, avsak stile se stejnym trendem, kdy HO-GO
indukoval nejvyrazné&jsi nartst (Obrazek ¢. 11b a 11d). Tyto vysledky potvrzuji zjisténi ziskané
Z analyzy pritokovou cytometrii, jelikoZ vzorek HO-GO, ktery mechanicky poSkozoval bunky
fas, vyvolal nejsiln€j$i obrannou reakci a regeneracni aktivitu, zatimco mén¢ toxické vzorky
HU-GO a TO-GO indukovaly slabsi odezvu.

Navzdory obavam ohledné potenciélni ecotoxicity GO, které byly vyjadieny v literatute,
nase vysledky naznacuji, Zze GO opravdu dokdze zplisobit poskozeni populaci fas a sinic, ale
pouze V kritkodobém meétitku. Po delsi expozici jiz totiz zanou tyto mikroorganismy
produkovat EPCs , kterymi jsou schopni se chranit proti dlouhodobym neptiznivym ucinkiim
systémil GO, mezi které patii predev§im schopnost mechanicky poSkozovat membranu (,,nano-

ziletky*) systémti GO s nizkym stupném povrchové oxidace.
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Obrazek ¢. 11. Zmény v produkci (a, ¢) proteini a (b, d) sacharidi ve srovnani s produkci

v kontrolnich neznacenych buiikach organismu (a, b) R. subcapitata a (c, d) S. elongatus po 2, 24
a 48 h inkubace s materialy HO-GO, HU-GO a TO-HO vyjadiené v proteinech. Pievzato z ® a

upraveno.
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4.2.3. Interakce GOs s vodnimi Korysi

Ve studiu environmentalniho osudu GO ve vodnim prostedi a jeho potencialni toxicity
Vv zavislosti na povrchové oxidaci jsme pokracovali sledovanim interakce mezi tfemi GOs a
zéastupci planktonnich a bentickych kory$t.83 Vodni korysi byli vybrani ze dvou hlavnich
divoda: za prvé hraji dualezitou roli jako primdrni konzumenti v potravinovém fetézci
sladkovodnich rybniki a jezer; a za druhé se v posledni dob¢ staly také modelovymi druhy pro
studium potencialnich gkodlivych G¢inki nové vyvinutych materialt.®® Z dévodu jejich
velikosti mize GO interagovat jak s vnéjSimi ¢astmi téla, tak s vnitinim prostfedim po pohlceni
GO organismy. Dilezitou roli v ptipadné ekotoxicité GO tak mtze hrat také rozdilna strategie
ziskavani potravy zminénych organismi. Jako zéstupci planktonnich koryst byli vybrani

Daphnia magna (nejcastéji pouzivany korys pfi testovani ekotoxicity latek)® %2 a

Thamnocephalus platyurus (kory$ vysoce citlivy viiéi environmentalnim toxikantiim)® %4,
zatimco Heterocypris incongruens (hojné rozsifeny sladkovodni kory§ pouzivany pfi

)95, 96

monitorovani piidy a sedimentt zatupoval bentické koryse. Interakce tii systémi GO vici

zminénym organismim byla pozorovana pro koncentrace 0,39, 1,56, 6,25 a 25 mg/L.

4.2.3.1. AKutni toxicita GOs vii¢i vodnim koryStim dle prisluSnych

standardu

Prvni experimenty jsme provedli dle standardl pro akutni toxicitu pfislusnych organismi.
Viabilita D. magna a T. platyurus byla vyhodnocena po 48 h, zatimco H. incongruens po 6
dnech inkubace. Vysledky akutni toxicity GOs uvedené na obrazku ¢. 12 ukazaly, ze H.
incongruens byl nejodolnéjsim organismem, jelikoz vykazoval zivotnost pies 79 % i pro
nejvyssi koncentrace GOs (Obrazek ¢. 12¢). Na druhou stranu oba planktonni organismy mély
viabilitu pod 73 % pro nejvyssi koncentraci (25 mg/L) vSech tii GOs (Obrazek ¢. 12a a 12D,

EC 50 hodnoty jsou uvedeny v 8%). Ramanova méfeni prokézala pfitomnost viech tii GOs uvnitf
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obou organism1,

téla, tak s travicim systémem planktonnich a bentickych koryst.

ﬁ83

coz prokazalo, Ze vSechny tfi systémy GO interagovaly jak s vné&j$imi ¢astmi

Vysledky akutni toxicity vodnich korysi dle pfislusnych standarda tak odhalily, ze GO

je vice toxicky vici organismim, ktefi ziskavaji potravu filtraci, nez vici t€ém, ktefi si potravu

selektivné vybiraji ze sedimentu. Soucasné byl pozorovan také vyrazny efekt povrchové

oxidace GO, jelikoz nejvyssi umrtnost vSech organismut zplsobil nejméné oxidovany vzorek

HO-GO. S malym poc¢tem funk¢nich skupin na hranach listit GO a nejvyssi hydrofobicitou HO-

GO mohl interagovat piimo s organismy, zejména s filtraénim aparatem planktonnich korysi,

a zpusobovat mechanické poskozeni, které ve vysledku vedlo kK vy$§imu thynu organismu.
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Obrazek ¢. 12. Viabilita planktonnich korysa a) Daphnia magna a b) Thamnocephalus platyurus
po 48 h inkubace s riznymi koncentracemi HO-GO, HU-GO a TO-GO. Viabilita bentického

korySe c¢) Heterocypris incongruens po 6 denni inkubaci s riznymi koncentracemi HO-GO, HU-

32



GO a TO-GO. Vysledky byly normalizovany definovanim 100% viability pro kontrolni neznaceny

vzorek. *p < 0.05; **p < 0.01. Pfevzato z % a upraveno.

4.2.3.2. Analyza oxida¢niho stresu Daphnia magna po inkubaci s GOs dle

standardniho protokolu

Oxidacni stres dafnii po inkubaci s GOs byl sledovan po 48 h pro koncentrace 1 a 25
mg/L GOs pomoci tiech riznych biomarkerd podle standardniho protokolu: i) nartst
kyslikovych radikala (ROS) za minutu, ii) antioxidacni enzym superoxid dismutaza (SOD) a
ii1) antioxidacni enzym katalaza (CAT).

Zjistili jsme, Ze obé koncentrace vsech tii systémi GO zptsobily vyraznou generaci ROS,
jelikoz byly zaznamendny hodnoty ptesahujici 1,7 hladiny ROS/min kontrolniho vzorku
(Obrazek €. 13a). Opét byl pozorovan urcity efekt povrchové oxidace, jelikoz vice oxidované
vzorky HU-GO a piedevs§im TO-GO generovaly vice radikala (2,3 a 2,8 zvySeni hladiny
ROS/min pro HU-GO a TO-GO 25 mg/L) nez nejméné oxidovany HO-GO (2,2 zvyseni hladiny
ROS/min pro 25 mg/L). V literatuie jiz byl popsan vliv stupné oxidace CNMs a zejména GO
na jeho schopnost produkovat ROS,%" % coz se shoduje s naméfenymi vysledky. Jednalo se
vSak o ptekvapivy vysledek, jelikoz oxidacni stres byl v literatufe naznacen jako hlavni

mechanismus ecotoxicity GO viici dafniim.* Podle nasich vysledki viak byla u vzorku HO-

cvwr

12a).

Proto jsme nésledné studovali obrannou odpovéd’ daftnii proti GOs pomoci aktivity dvou
dalsich biomarkeru, a to aktivity hlavnich antioxidacnich enzymu: superoxid dismutazy (SOD)
a katalazy (CAT). Zatimco aktivita superoxid dismutazy byla vyznamné zvySena pouze pro
vice oxidované HU-GO a TO-GO (Obrazek ¢. 13b), u katalazy doslo stejné jako u analyzy

nartstu ROS k vyznamnému zvySeni aktivity pro obé koncentrace vSech tii GOs ve srovnani
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s kontrolnim vzorkem. | zde vS$ak bylo zvySeni mnohem intenzivnéjsi pro HU-GO a TO-GO ve
srovnani s HO-GO vzorkem (Obrazek ¢. 13c¢). Vice oxidované HU-GO a TO-GO vzorky vsak
pusobily odlisné pro jednotlivé enzymy. Tento jev byl pravdépodobné zpiisoben rozdilnym
slozenim funk¢nich skupin, protoze zatimco TO-GO mél ze vzorkt celkové nejvice kyslik
obsahujicich skupin, HU-GO obsahoval vice karboxylovych skupin.®?

Z uvedenych vysledkil vyplyva, ze 1 kdyz oxidac¢ni stres hraje diilezitou roli v ekotoxicité
GO, nejedna se o hlavni mechanismus, protoze dafnie se dokazi s nartistem radikalti vyporadat

skrze intenzivnéjsi antioxidacni reakei prostfednictvim hlavnich antioxidac¢nich enzym?.
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Obrazek ¢. 13. Analyza oxida¢niho stresu Daphnia magna po 48 h inkubace s 1 a 25 mg/L. HO-
GO, HU-GO a TO-GO. a) Nartast ROS/min, b) SOD aktivita a ¢) CAT aktivita irovné kontrolniho

vzorku. *p <0.05; **p <0.01. P¥evzato z ® a upraveno.
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4.2.3.3. AKutni toxicita a analyza oxidac¢niho stresu korys$u znacenych GOs

S 24h predinkubaci s Fasami

V ptedchozi studii jsme poprvé popsali schopnost jednoduchych jednobunécnych
zelenych tas generovat obranou reakci proti GO prostiednictvim produkce bilkovin a sacharidii
(Obrazek ¢. 11a a 11b).82 Abychom zjistili, zda tento jev miiZe ovlivnit také akutni toxicity GOs
vici vodnim koryStim, provedli jsme stejné testy znovu s modifikaci, kterou predstavoval prvni
krok, kdy byly GOs pfedinkubovany po 24 h se zelenou fasou Chlorella kessleri. Tato uprava
soucasné 1épe odrazela podminky ve skutecnych vodnich ekosystémech, jelikoZz zelené tasy
predstavuji nejcastéjsi druh potravy vodnich korysa. Bylo tak mozné ziskat piesnéjsi informace
0 osudu GO v zivotnim prostiedi.

Vysledky na obrazku €. 14 jasné ukazuji, Ze tato jednoduchd modifikace standardnich
testl dramaticky ovlivnila toxicky uc¢inek GO na vodni korySe. Obrannd reakce
organismy. Bylo pozorovano uplné potlac¢eni akutni toxicity GOs pro planktonni a bentické
koryse, jelikoz zivotnost vSech tifi organismil neklesla pod 90 % ani pii nejvyssi pouzité
koncentraci vSech tii GO (25 mg/L, Obrazek ¢. 14). Soucasné vnitini a vnéjsi expozice
organismii GOs ziistala stejnd 1 stouto modifikaci, jelikoz byly vSechny syst¢émy GO
detekovany Ramanovym méfenim uvniti organismi.® Navic se vliv obranné reakce fas projevil
nejen ve viabilité korysi, ale také v analyze oxidacniho stresu dafnii u vSech tfi pozorovanych
biomarkeri (ROS, SOD a CAT) (Obrazek ¢. 15). Obé koncentrace vsech tii systému GOs byly
zodpovédné za takové exprese téchto biomarkert, které byly na podobné tirovni jako neznacené
kontrolni vzorky, dosSlo tak ke komletni eradikaci oxida¢niho stresu zpiisobeného GOs pfi
standardnich testech.

Upraveni podminek laboratornich testii S vyuzitim fas, které mnohem Iépe reflektuji

podminky ve skute¢nych vodnich ekosystémech tak podle vysledkli vytvofilo bezstresové
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prostiedi pro vodni korySe v pfitomnosti GO i ve velmi vysokych koncentracich (25 mg/L).
velmi vysoké koncentrace (mg/L), které jsou milionkrat vyssi, nez v soucasnosti ocekavané
koncentrace materiali na bazi grafenu v Zivotnim prostiedi.’®’ Tyto vysledky tak naznacuji, ze
I v pfipad¢ masivniho zvySeni koncentrace GO ve vodnim prostfedi v nasledujicich letech,

nebude GO predstavovat nebezpecny material pro vodni organismy.

a) b)
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HO-GO HU-GO TO-GO

Obrazek ¢. 14. Viabilita planktonnich kory$i a) Daphnia magna a b) Thamnocephalus platyurus
po 48 h inkubace s riiznymi koncentracemi HO-GO, HU-GO a TO-GO s pridanym krokem 24 h
predinkubace GOs s Fasami. Viabilita bentického koryse ¢) Heterocypris incongruens po 6 denni
inkubaci s riznymi koncentracemi HO-GO, HU-GO a TO-GO spfidanym krokem 24 h
predinkubace GOs s Fasami. Vysledky byly normalizoviny definovanim 100% viability pro

kontrolni neznaéeny vzorek. *p < 0.05; **p < 0.01. Pievzato z ® a upraveno.
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Obrazek ¢. 15. Analyza oxida¢niho stresu Daphnia magna po 48 h inkubace s 1 a 25 mg/L HO-
GO, HU-GO a TO-GO s pridanym krokem 24 h piedinkubace s fasami. a) Narust ROS/min, b)
SOD aktivita a ¢) CAT aktivita irovné kontrolniho vzorku. *p < 0.05; **p < 0.01. Prevzato z % a

upraveno.
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4.2 4. Interakce GOs s vodnimi rostlinami

Posledni organismy, u kterych byla pozorovana interakce se tfemi systémy GO
s rozdilnou povrchovou oxidaci, byly vodni rostliny. Tyto organismy byly vybrany ze zjevného
divodu, jelikoz Vv souCasnosti neexistuji v literatufe témer zadna toxikologickd data o
potencialnim skodlivém uc¢inku GO na tyto organismy s vyjimkou prace Castra et al, ktery vSak
popisoval t¢inek GO na nékolik organismii z réiznych Girovni potravniho fetézce.'®! Déle pak
existuji uz jen dvé studie, které se zabyvaly problematikou, jak mize GO ovlivnit stres vodnich
rostlin zptisobeny t&zkymi kovy.1%9% 19 Jelikoz vodni rostliny predstavuji organismy patfici
k trofické urovni producenti vodniho ekosystému a jeho zivotné dileZitou soucast, je nezbytné
ziskat vice tidaji ohledné mechanismu potencidlniho $kodlivého ucinku GO. Jako zastupce
vodnich rostlin byl vybran okiehek Lemna minor, ktery patii mezi nejmensi volné plovouci
rostliny rostlinné fise.!% Interakce mezi okiehkem a tfemi systémy GOs byla pozorovéana pro

koncentrace 0,25, 2,5 a 25 mg/L.

4.2.4.1. Fotosynteticka aktivita, pocet listkii a hmotnost susSiny Lemna

minor znac¢enych GOs

Nejprve jsme pozorovali, zda znaceni systémy GO muze ovlivnit fotosynteticky potencial
okiehku. Hodnoty maximalniho potencialu kvantového vytézku fotosystému II (Fv/Fm) Lemna
minor pozorované po 3, 5 a 7 dni kultivace s materialy GOs se pohybovaly v rozmezi od 0,75
do 0,82 (Obrazek ¢. 16). Stejn¢ jako u jinych druht rostlin se optimalni hodnoty potencialu
kvantového vytézku fotosystému II okiehku pohybuji mezi 0,7 a 0,83 a pouze ucinek, ktery
zpusobi pokles hodnot pod 0,6 Fv/Fm je povazovan za stresujici a ovliviiujici fotosynteticky
potencial. 1?27 Proto jsme dle namétenych hodnot vyvodili zavér, Ze povrchova oxidace GO
nema vliv na stres rostlin, protoZe zadny ze tii systémit GO nezpisobil inhibici fotosyntetického

potencialu Lemna minor.
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Obrazek ¢. 16. Maximalni potencial kvantového vytézku (Fv/Fm) fotosystému Il Lemna minor
znaceného riznymi koncentracemi HO-GO, HU-GO a TO-GO po dobu a) 3 dni, b) 5dniac) 7
dni. *p < 0.05.

Analyza vlivu GOs na rust okiehku je uvedena na obrazku ¢. 17 a byla provedena pomoci
dvou parametri: poc¢tu listkd a hmotnosti suSiny okiehku po 7 denni inkubaci s GOs. Pocet
listkti neznaceného kontrolniho vzorku se za dobu inkubace ztrojnasobil, z ptivodnich 12 na 36
(Obrazek ¢. 17a). Dale z vysledkt vyplyva, ze zadny GO nezpisobil inhibici ristu, jelikoz
vSechny vzorky znacené raznymi koncentracemi tfech systémi GO po dobu 7 dni mély pocet
listkii vysSi nez 36 (Obrazek ¢. 17a). PiestoZze jsme nezaznamenali Zadnou vyraznou
koncentracni zavislost, pozorovali jsme vliv miry povrchové oxidace GO. Jediny vzorkem,
ktery nezptisobil statisticky vyznamny rozdil v poctu listkii ve srovnani s kontrolou, byl totiz
nejméné oxidovany HO-GO, u néjZz pocet listkii nepiekroc¢il 40 pro Zadnou koncentraci
(Obrazek ¢. 17a). Na druhou stranu osetfeni okiehku vice oxidovanymi syst¢émy HU-GO a TO-
GO vedlo k piekroceni 40 listkii pro vS§echny koncentrace materialti (Obrazek ¢. 17a).
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Vézeni suSiny okiehkti po 7 dnech inkubace s GOs piineslo podobné vysledky (Obrazek
¢. 17b). Nejméné oxidovany HO-GO opét zptlisobil nejslabsi efekt, jelikoz pouze znaceni
nejvyssi koncentraci (25 mg/L), zatimco u vzorkit HU-GO a TO-GO byl pozorovan vyraznéjsi
stimulacni u¢inek podobné jako u poctu listkli. Dle naméfenych vysledk tedy konstatujeme,
ze GOs neinhibovaly rust okiehku, naopak GOs s vyS§im poctem funkcnich skupin byly

zodpovédné za pozitivni uc¢inek a dokonce rust okiehku stimulovaly.
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Obrazek €. 17. Analyza vlivu GOs na rast Lemna minor. a) Pocet listki a b) hmotnost susiny

Lemna minor inkubované 7 dni s riznymi koncentracemi HO-GO, HU-GO a TO-GO. *p < 0.05.

4.2.4.2. Aktivita antioxida¢nich enzymi Lemna minor po znac¢eni GOs

Pro ziskéani dalSich informaci o mechanismu interakce GO s okifehkem byla stanovena
aktivita dvou hlavnich antioxida¢nich enzymu (superoxid dismutazy (SOD) a kataldzy (CAT))
po 3 a 7 dnech inkubace s 25 mg/L vzorki GOs. I kdyz po tfech dnech inkubace doslo
k mirnému poklesu aktivity obou enzymi u vzorki HO-GO i TO-GO, rozdil byl statisticky
vyznamny pouze u vzorku HO-GO (0,8 a 0,7 pro CAT a SOD urovné kontrolniho vzorku, resp.)
(Obrazek ¢. 18). 7 denni inkubace s materialy vSak vedla ke zvyseni aktivity obou enzymd,
ackoliv zadné hodnota neptesdhla 1,6 urovné kontrolniho vzorku (Obrézek €. 18). Systém TO-
GO pak zptsobil nejvyssi zvyseni U obou enzymt (1,5 a 1,4 pro CAT a SOD urovné kontrolniho
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vzorku, resp.), které bylo soucasné¢ jako jediné statisticky vyznamné ve srovnani s kontrolnim
vzorkem. Mira povrchové oxidace GO tedy dokaze ovlivnit interakci GO a okiehku, jelikoZz
nejvice oxidovany TO-GO zptisobil po 7 dnech nejvyssi narast v aktivité obou enzymu. Na
druhou stranu, pouze vyrazné odchylky (pokles nebo narust) hladin SOD a CAT jsou
povazovany za indikatory vystaveni rostlinného organismu poskozujicimu stresu.l%8110
Statisticky vyznamné zvySeni obou enzymu po 7 dnech u vzorku TO-GO zase dobie koreluje
S pozorovanou stimulaci ristu (Obrazek €. 17), protoZe hodnoty aktivit nebyly natolik vysoké,
aby zplsobily stres vyvolavajici toxicitu. Ziskané vysledky analyzy aktivity antioxida¢nich
enzymu tedy prokazaly, ze ani jeden ze zkoumanych systémi GO nevyvolal oxidacni stres

vedouci k toxickému efektu.

a) 2T [ dcoma w00 Edruco BT0.60) b) 2T Edcoma o0 Edruco BTo.6o)
*

1.8
1.6 4
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Hladina SOD aktivity kontroly
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=
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Obrazek ¢. 18. Aktivita a) Katalazy a b) Superoxid dismutazy Lemna minor po 3 a 7 dnech
inkubace s 25 mg/L HO-GO, HU-GO a TO-GO. Data byla normalizovana definovanim aktivity 1

pro kontrolni neznaceny vzorek. *p < 0.05.

4.2.4.3. Detailni pozorovani interakce mezi GOs a koi‘enem Lemna minor

pomoci SEM

Pomoci skenovaci elektronové mikroskopie byly ziskany obrazky kotent okiehku po 7
dnech inkubace se syst¢émy GOs pro co nejpodrobnéjsi popis mechanismu interakce GO

v zavislosti na jeho povrchovém slozeni. Prvni zavér, vyvozeny z prehledovych snimkt byl ten,

41



7e mnozstvi materialu, ktery je v pfimém kontaktu s koteny, bylo u vzorku HO-GO mnohem
vyssi nez u dalSich dvou materialti (Obrazek €. 19b vlevo). Soucasné byla z detailniho pohledu
skute¢né patrna piima interakce hydrofobniho vzorku HO-GO, jelikoz listy GO byly fyzicky
zaseknuté do kotfene okiehku (Obrazek ¢. 19b vpravo). Naopak vzorky HU-GO a TO-GO
vykazovaly zcela odlisné chovani. Jednak byly oba materialy na piehledovych snimcich
pozorovany spise ve formé souvislé vrstvy na povrchu kotfene okiehku, nez ve formé
jednotlivych listii GO (Obrazek ¢. 19c a 19d vlevo). Detailni snimky navic odhalily, ze listy
HU-GO a TO-GO spise lezi na povrchu kotene diky svym hydrofilnim vlastnostem a pfednostni
interakci prostfednictvim povrchovych funkénich skupin (Obrazek ¢. 19¢ a 19d vpravo). Piima
interakce pozorovana u syst¢ému HO-GO navic také dobfe vysvétluje, pro¢ byl po 3 dnech
inkubace pozorovan pokles aktivity antioxida¢nich enzymu (Obrazek ¢. 18), jelikoz rostlina
potiebovala delsi Cas, aby se vyporadala se zaseklymi listy HO-GO ve své strukture.

Snimky z elektronové mikroskopie tak jasné prokédzaly schopnost GO pfimo interagovat
s kofenem okiehku prostfednictvim jak jeho hran, tak také jeho bazalni ¢asti s funkénimi
skupinami v zavislosti na stupni povrchové oxidace GO. Mnohem zasadngjsi zjisténi vsak bylo
to, Ze tato pfima mechanickd interakce nevyvolala Zadnou vyznamnou toxicitu, jelikoz Lemna
minor byla schopna obnovit svou antioxida¢ni aktivitu béhem delsi inkubace. Tyto vysledky
tak potvrdily, Ze ochranna vné&jsi vrstva nebo bariéra vodnich organismil hraje zasadni roli
Vv ekotoxicté GO, protoze béhem interakce s jednobunécnymi fotoautotrofnimi organismy a
vodnimi kory$i byl HO-GO schopen piimym kontaktem zpisobit mechanické poSkozeni
organismi prostiednictvim svych ostrych hran.®? 8 U vodnich rostlin se viak obranna bariéra
ve formé kofene ukazala jako dostatecné pevna a silna, jelikoz se pifima fyzicka interakce
materiall s kofenem neprojevila zddnym Skodlivym uc¢inkem studovanych GO (Obrazek ¢. 16,

& 17a¢. 18).
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Obrazek ¢. 19. Obrazky ze SEMu a) neznaceného kofenu Lemna minor a kofenit Lemna minor
znacenych po 7 dni 25 mg/L b) HO-GO, c) HU-GO, d) TO-GO. Uvedeny jsou piehledové snimky

(vlevo) a detailni snimky (vpravo) kofent.
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5.Zavér

V ramci predlozené disertacni prace byla diskutovdna humanni a environmentalni toxicita
uhlikovych nanomaterial skrze interakci S bunéénymi liniemi a organismy ve vodnim
prostiedi. Cast humanni toxicity se zaméfila na spolehlivé in vitro testovani akutni toxicity,
které umoziuje nejen vybrat vhodnou koncentraci CNMs pro jejich budouci biomedicinskou
aplikaci, ale také pfekonat interferenci materiald a zabranit tak publikovéni falesnych vysledkt
cytotoxicity téchto materidlii. V environmentéalni ¢asti prace pak bylo nejprve prokézéano, ze
mechanismus interakce grafen oxidu s vodnimi organismy vysoce zavisi na jeho povrchovém
slozeni. Dale bylo také ukazano, Ze laboratorni testy vzdy neddvaji kompletni informaci o osudu
GO ve vodnim prostiedi a detailni pohled na jeho interakci s rliznymi organismy vice
reflektujici podminky realné expozice miize vyrazné snizovat potencialni rizika GO v zivotnim

prostiedi, coZ je kli¢ové pro aplikace, které vlastnosti GO vyuZivaji.
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