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desky

Toxicita makroskopickych materidlti je dobfe prozkoumdna,
avSak s vyvojem novych nanomaterialti pro biologické a medi-
cinské aplikace vznikaji i nova rizika jejich biokompatibility. Tato
diserta¢ni prace se zabyva Sirokym tématem interakce nanomate-
ridlti s bunéénymi kulturami a predstavuje vysledky, které byly
publikovény v impaktovanych odbornych védeckych ¢asopisech.
Prvni studie je zaméfend na elektronovou mikroskopii magne-
ticky znacenych mezenchyméalnich kmenovych bunék (MSCs), ve
které byl pouZit novy materidl na zobrazovani bunék obsahujicich
magnetické nanocastice pomoci skenovaciho elektronového mi-
kroskopu (SEM). Diky této metodé byla zobrazena intracelularni
distribuce superparamagnetickych nanocastic oxidt Zeleza (SPIO
nanocastic) a zachycen pocatek jejich endocytézy v¢. primar-
nich endosomti naplnénych nanocasticemi. Tyto vysledky jsou
obvykle ziskdvany transmisni elektronovou mikroskopii (TEM),
ktera vyZzaduje vzorek ve formé tenkych fezti (< 100 nm). Druha
studie je zaméfend na cytototoxicitu MSCs a SPIO nanocéstic
v porovnani s komerénimi nanocasticemi Resovist. Vzorky byly
vzdjemné porovnany za tcelem aplikace pro MRI. Pfedmétem
tieti a ¢tvrté studie jsou uhlikové nanomateridly a jejich inter-
akce s mysimi fibroblasty (NIH/3T3). Tteti prace tedy popisuje
selektivni interakci kladné nabitych (kvartérnich) uhlikovych te-
¢ek QCDs a hybridniho materidlu slozeného z QCDs a zdporné
nabitého grafen oxidu (QCDs-GO). V roce 2014 byla tato prace
jako prvni, kterd zaznamenala p¥itomnost povrchové neuprave-
nych CDs v buné¢ném jadfe a selektivni znaceni bunék zaloZené
na pouhé koncentraci GO ve vzorku. Ctvrta studie je zamétena
na CDs s riiznym povrchovym nédbojem a jejich cytotoxicitu (vi-
abilitu, bunéénou morfologii, oxida¢ni stres a bunéény cyklus)
vyvolanou kladnym, zdpornym a neutrdlnim povrchovym na-
bojem téchto nanomateril. Kladny a neutrdlni ndboj CDs byl
ziskan vyvazdnim polymert na jejich povrch — polyethylenimi-
nem (PEI) kladny naboj a polyethylenglycolem (PEG) neutralni,
samotné CDs byly negativni.
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Toxicity of macroscopic materials is very well known, however
development of nanomaterials has brought a new limitation for
bio applications and medicine. This thesis deals with a rich topic
about interactions of nanomaterials with cell lines and introdu-
ces results which were published in the scientific articles. First
study was focused on electron microscopy of magnetically labe-
led mesenchymal stem cells (MSCs) where a new conductive ma-
trix has been used. Due to high stability of the biological sam-
ple was possible to measure material contrast, observe intracellu-
lar distribution of superparamagnetic iron oxide (SPIO) nano-
particles and obtain images of endocytosis including primary
endosomes full of nanoparticles. The most common technique
employed for mapping nanoparticles inside cells is transmission
electron microscopy (TEM), nevertheless, TEM requires cutting of
the sample on thin sections (< 100 nm). We used field emission
scanning electron microscope (FE-SEM), preserved the shape of
cells and obtained detailed information about the occurrence of
nanoparticles. Second study was about cytotoxicity of SPIO nano-
particles towards MSCs and their magnetic properties for magne-
tic resonance imaging (MRI). Magnetic contrast and biocompati-
bility of SPIO nanoparticles has been compared with commercial
nanoparticles Resovist. Next two studies were focused on carbon
nanomaterials. Thus, third article described selective interacti-
ons of positively charged quarternized carbon dots (QCDs) and
hybrid nanomaterial (QCDs-GO) composed of QCDs and nega-
tively charged graphene oxide (GO). In the year 2014, it was first
study about CDs without surface functionalization which ente-
red into the cell nucleus of mouse fibroblasts NIH/3T3. More-
over, concentration of GO in hybrid system provided selective
labeling of cells — QCDs-GO with higher amount of GO labeled
only cytoplasm. The Subject of the last study was focused on com-
prehensive cytotoxicity of CDs with positive (PEI-CDs), negative
(pristine CDs) and neutral (PEG-CDs) surface charge. The effects
of variously charged CDs on cell viability, morphology, cell oxi-
dative stress and cell cycle were studied also on NIH/3T3.
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SEZNAM POUZITYCH ZKRATEK

Oznaceni nanocastic a vzorki

CDs — uhlikové tecky

CDs-PEG — uhlikové tecky s polethylenglycolem na povrchu

CDs-PEI — uhlikové tecky s polyethyleniminem na povrchu

CDs-Pri — uhlikové tecky bez modifikace povrchu

CNT — uhlikové nanotrubky

QCDs — uhlikové tecky s kvartérni aminovou skupinou na povrchu

QDs — polovodi¢ové kvantové tecky

GO-QCDs — hybridni nanomaterial slozen z grafen oxidu (GO) a QCDs
G0O250QCD500 — hybridni nanomaterial obsahujici 250 pg/ml GO a 500 pg/ml QCDs
GO500QCD500 — hybridni nanomaterial obsahujici 500 pg/ml GO a 250 pg/ml QCDs
GQDs — grafenové kvantové tecky

NPs — nanocastice

rGO — redukovana forma grafen oxidu

SAMN - pracovni nazev vzorku SPIO nanocastic

SPIO nanocastice — superparamagnetické nanocastice oxidu zeleza

Metody a techniky

FE-SEM - Field Emission SEM - skenovaci elektronovy mikroskop s autoemisni tryskou
HR-TEM - High Resolution TEM — transmisni elektronovy mikroskop s vysokym rozli§enim
MRI — zobrazeni magnetickou rezonanci

SEM - Skenovaci elektronovy mikroskop

TEM — Transmisni elektronovy mikroskop



Ostatni pouZité zkratky

ER — endoplazmatické retikulum

FTO - skli¢ko potazené vrstvou cinu dopovanou fluorem
hMSCs — lidské mezenchymalni kmenové bunky

MSCs — mezenchymalni kmenové bunky

NIH/3T3 — nazev bunééné linie mysich fibroblastl

NPK — nuklearni porovy komplex

PAH — plicni arteridlni hypertenze

rMSCs — potkani mezenchymalni kmenové bunky

ROS — Reactive Oxygen Species — reaktivni formy kysliku



1 UVOD

Nanotechnologie je velmi atraktivnim védnim oborem, ktery se zabyva vyvojem novych
nanomateridl, jejichz vlastnosti jsou popsany kvantovou fyzikou. ZmenSeni béznych
materiald (napf. pisku, uhli, zeleza) na atomarni GUroven proméni nevodivé materialy
na vodivé, nebo vzniknou nanomateridly se specialnimi optickymi, magnetickymi, termalnimi
¢i katalyckymi vlastnostmi. Jedinecné fyzikalné chemické vlastnosti nanomaterial jsou tedy

podminéné zmensenim alespoil jednoho rozméru materidlti pod 100 nm.

Toxicita makroskopickych materialit je dobfe prozkoumana, avSak s vyvojem novych
nanomateridli pro biologické a medicinské aplikace wvznikaji i nova rizika jejich
biokompatibility. Toxicita nanomaterialti se zkouma piedevs§im na in vitro trovni, coz spoc¢iva
v inkubaci riznych koncentraci vzorku s bunéénymi liniemi kultivovanymi ve specialnich
podminkach (37°C a o 5% CO, obohacenad atmosféra). Standardni délka inkubace byva
24 hod, po této dobé se provadi tfada laboratornich test, které odhali cytotoxicitu
nanomateridlll. V ramci testovani viability (zivotaschopnosti) bun¢k by méla byt stanovena
toxicka koncentrace nanomateridlu, tzv. IC 50 (inhibitory concentration 50 %), ktera vyvola
bunécnou smrt u poloviny testovanych bunck. Dalsim ukazatelem cytotoxicity je oxidacni
stres, ktery vznikd pii naruSeni vnitrobunééné rovnovahy a je vyvolany zvysenou hladinou
reaktivnich forem kysliku (Reactive Oxygen Species, ROS). Oxidacni poskozeni
membranovych lipidi a dalsich dalezitych biomolekul véetné DNA mutze vést k bunécné
smrti a proto se méfeni hladiny ROS povazuje za diilezitou informaci, ktera poméaha pochopit
pti¢iny toxicity. Velice detailni metodou, je analyza bun¢k pomoci pritokového cytometru.
Béhem této metody prochazi fluorescencné znaCené bunky pies laserové paprsky pfistroje
a lze ziskat informace o jejich tvaru, viabilit¢, buné¢ném cyklu, typu bunécné smrti,
¢i detekovat specifické membranové markery a dal§i informace na zdklad¢ vybrané
fluorescencni znacky. VSechny zminované laboratorni metody jsou bézné pouzivané pii
testovani toxicity léciv a riznych xenobiotik, avSak nanomateridly jsou suspenze nebo
koloidni roztoky, které mohou s danou probou interagovat a ovlivnit tak vysledky. Proto je
nezbytné pozorovat interakce nanomateridlti s plazmatickou membranou také mikroskopicky.
Nanomaterialy se totiz nejdiive na buné¢nou membranu adsorbuji a poté jsou inkorporovany
do bunky. Zména morfologie bunky muze tedy byt prvni zndmkou toxicity nového

nanomateridlu. K pozorovani bunék a jejich vnitrobunéénych kompartmentti byva pouzivana
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svételnd, fluorescencni i elektronova mikroskopie, kterou lze zjistit distribuci nanomateriala

uvniti bunék.

Tato prace byla sepsana na zaklad¢ vysledkli publikovanych v ¢lancich [iv, vi, vii, x],
jejichz obsah byl vénovan zkoumdani cytotoxicity vybranych nanomateriald a mikroskopii
znacenych bunck. Prace byla zaméfena na interakci uhlikovych te¢ek (CDs), grafen oxida
(GO) a jejich hybridnich systémi s mySimi fibroblasty NIH/3T3 a na znaceni, mikroskopii
a toxicitu superparamagnetickych nanocéstic oxidi zeleza (SPIO nanocastic) vici
mezenchymalnim kmenovym buiikdm (MSCs). Bylo vyuzito vSech zminénych laboratornich
metod a mikroskopickych technik, aby byl ziskdn kompletni nahled na toxicitu téchto
nanomateridli. U kmenovych bun¢k znacenych SPIO nanocésticemi byla navic pouzita

magnetickd rezonance, kterou byl porovnan magneticky kontrast nanoc¢éstic vii¢i okolni tkani.
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2  TEORETICKA CAST

2.1 Nanotechnologie a nanomaterialy

Nanotechnologie je vsouCasné dobé velice popularnim védeckym oborem
a nanomateridly jiz nalézaji uplatnéni v mnoha odvétvich od primyslu, pfes environmentalni
a farmaceutické aplikace az po biomedicinu. Nanocastice pro biomedicinské aplikace jsou
vyvijeny hlavné jako nové typy kontrastnich latek zalozenych na jejich magnetickych
a optickych vlastnostech, ale také jako teranostika pro diagnostiku a cilené doruceni
terapeutickych latek. Nanomateridly maji, diky své velikosti pod sto nanometrti, fadu novych
vlastnosti, které mohou ovlivnit interakce s biologickymi systémy a nasledné vyvolat toxicitu.
Mezi tyto vlastnosti se fadi: velikost, tvar, povrchova reaktivita, hydrofébni a hydrofilni
vlastnosti, povrchovy naboj, chemické slozeni a koloidni vlastnosti. VSechny zminéné
vlastnosti mohou vyvolat toxicky efekt, ktery vSak mize byt zmirnén podanou déavkou

a inkubacéni dobou.

2.2 Nanocastice jako kontrastni ¢inidla

Mezi anorganické nanoc¢astice (NPs) vyvinuté jako kontrastni ¢inidla pro biomedicinu se
fadi polovodi¢ové kvantové tecky (QDs), nanocastice oxidl zeleza a uhlikové nanostruktury.
Oproti bézné¢ pouzivanym kontrastnim latkdm maji nanocastice ne€kolik vyhod: vyborné
optické nebo magnetické vlastnosti, které mohou byt navrzeny podle potieby sledovaného
objektu — material, struktura, velikost, tvar. Jejich povrch mize byt pokryt specifickymi
ligandy pro interakci s biomarkery typickymi pro jednotlivd onemocnéni [1]. Zobrazovani
molekul kontrastovanych NPs je nejen novym krokem v pozorovani biologickych dé&ja,
ale také senzitivni metoda pro véasnou diagnézu tady onemocnéni (rakoviny,
kardiovaskularniho syndromu, PAH [2], nebo neurologickych onemocnéni) [3,4]. Povrchové
modifikované NPs specificky interaguji s antigeny ¢i jinymi selektivnimi proteiny, proti
kterym byly nanocastice naznacené a zajiStuji tak informaci o poskozeni molekul, tkani nebo

abnormalit ve fyziologickych d&jich.

Doposud byla ke kontrastovani pouzivana organicka barviva a radioisotopy, coz jsou

malé molekuly konjugované s ligandy [4,5], anorganické NPs vSak svymi vlastnostmi
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umoziuji vyssi kontrast a selektivitu, pii které se vyuziva optickych vlastnosti rizné velkych
kvantovych te¢ek (QDs) a jejich fotostability [6-8] pfedevsim pti znaceni rozdilnych molekul
na jedné bunice nebo tkani. Lze také vyuzit i tzv. dudlniho znaceni — kombinace magnetickych
vlastnosti NPs konjugovanych s fluorescenéni znackou umoziuje pozorovat vzorek
ve fluorescenénim/konfokélnim mikroskopu a posléze i v magnetické rezonanci (napf. pfi

sledovani ,,magneticky* znacenych kmenovych bunék béhem in vivo studie).

Vyvoj riznych typt funkcionalizovanych nanocastic je markantni a jejich in vitro a in vivo
aplikace jsou limitovany toxicitou, kterou mohou vykazovat. Toxicita polovodi¢ovych [9-11]
i uhlikovych QDs byla v fad¢ studii testovana na in vivo Urovni, magnetické nanocastice jiz

byly pouzity pro klinické testovani [6,10-12].

2.2.1 Kvantové tecky (QDs)

Kvantové tecky (QDs) jsou polovodi¢ové nanokrystaly s fluorescen¢nimi vlastnostmi.
Jejich velikost se pohybuje vrozmezi 10 az 100 atomt, coz odpovidd 2 — 10 nm [13].
Na rozdil od bézného polovodiCového materidlu, nanometrovy rozmér struktury zajistuje
diskrétni hodnoty energie elektroni a tim i variabilitu optickych vlastnosti (Uprava
absorpce/emise v zavislosti na velikosti, tvaru a materidlu, ze kterého byly QDs
syntetizovany) [1,14,15]. V porovnani s organickymi barvivy a fluorescencnimi proteiny,
QDs nabizi Siroky rozsah emisniho spektra (v oblasti viditelného svétla a blizkého
infracerveného zareni), vétsi absorpéni koeficient a vyssi fotostabilitu [16]. Pravé diky jejich
fotostabilité¢ a vysokému kvantovému vytézku (pomér emitovanych a absorbovanych fotont
[17] jsou QDs pouzivané jako nanomateridlové optické kontrastni ¢inidla [13]. Kvantové
tecky mohou byt syntetizovany podle zaméru jejich aplikace a optickych vlastnosti z fady
polovodi¢ovych materiali skupiny II-IV: Cds, CdSe, CdTe; III-V: InP, InAs; IV-VI: PbSe
[17]. Béhem poslednich let byly testované biotechnologické aplikace QDs, ve kterych se
vyuzivalo jejich fluorescence. QDs byly vyuzité pro imunofluorescencni znaceni fixovanych
bun¢k a tkani, membranovych proteint [18-22], mikrotubuli [19], aktinu [19,23], jadernych
antigend [19] 1 DNA [24]. Fluorescence QDs je vyrazngjsi nez u organickych fluorescen¢nich
znacek a nedochézi k jejich vysviceni, proto zajist'uji kvalitni kontrast znacenych objektii a to
1 pfi nizkém poctu QDs [17]. Emisni zéfeni QDs je mozné ovlivnit velikosti nanokrystalti —
emisni spektrum mensich QDs je posunuté do modré oblasti, vétSich do cervené oblasti. Této

vlastnosti se vyuziva pfi fluorescencnim znaceni rozdilnych biologickych struktur (,,multiple-
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color staining*) béhem jednoho zobrazovani napt. konfokdlni mikroskopii [25]. Znaceni
bunck QDs je provadéno za ucelem zviditelnit celou bunku nebo jednotlivé cCasti
(membranové proteiny, cytoplazmu nebo jadro). Buiniky nanomaterial pohlti bud
endocytozou, fagocytdzou, pinocytéozou nebo je jejich internalizace urychlena elektroporaci
[26, 27] ¢i aplikovana mikroinjekéné [28]. QDs mohou byt povrchové modifikovany
a funkcionalizovany specifickymi protildtkami, ligandy, ¢i jinymi molekulami ke zvySeni:
a) jejich praniku do bunck (napt. diky molekule transferrinu) [29], b) biokompatibility, c)
specifickych interakci a dlouhodobé stabilité ve vnitrobunééném prostiedi. Povrch QDs byva
funkcionalizovan streptavidinem [19, 30,], biotinem (avidinem) [31], peptidy [32],
primarnimi a sekunddrnimi protilaitkami [26, 32] a receptorovymi ligandy jako jsou

epidermalni riistové faktory (EGF) [22, 33] nebo serotonin [34].

QDs jsou jiz komerc¢né dostupné a vyuzivaji se predevSim pro fluorescencni,
konfokalni a jedno- nebo multi-fotonovou mikroskopii [9, 35-37]. Dale se mohou pouzit
i jako kontrastni ¢inidla pro fotoakustické zobrazovani [38]. VsSechny aplikace jsou
znazornény na Obr. 1. Stdle se vSak pracuje na zlepSeni jejich vlastnosti a zvySeni

biokompatibility.

Cytotoxicita a potencidlni interference QDs s bunénymi fyziologickymi procesy jsou
hlavnim problémem pfi in vitro i in vivo aplikacich. Rada védctl se zaméfila na riizné typy
syntéz, stabilizaci a funkcionalizaci QDs, aviak i po pasivaci QDs dochézi k uvoliiovani Cd*
nebo Se” iontd, které zpusobuji toxicitu [33, 39]. Pro biologické aplikace je tedy vhodné
pouzivat doporuc¢ené maximalni koncentrace, které jsou dostate¢né pro fluorescen¢ni znaceni

a soucasné Setrné k bunkam.

In vivo znaceni
- bunék
- tkani

- organti
- nadord

Obr. 1. Aplikace QDs jako multimodalnich kontrastnich ¢inidel pfi zobrazovani biologickych
vzorkd, ptekresleno podle [17].
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2.2.2  Uhlikové kvantové tecky (CDs)

Fluorescen¢ni kontrastni latky, at uz organicka barviva nebo nanomaterialy, jsou
v mediciné a pro biologické zobrazovani nezbytné¢ [40-41]. Organickd barviva usnadnuji
diagndzu fady onemocnéni a kvantové tecky jsou Siroce vyuzivany pii detailnim zobrazovani
bunéénych dynamickych déji, vcetné téch, které vyzaduji dlouhodobé ozarovani vzorku.
Bézné fluorescencni latky jsou fotosenzitivni, musi se uchovavat v nizkych teplotach
a pofizovaci cena je oproti nanomaterialim vysokd. Polovodi¢ové kvantové teCky se zase
vyznacuji vysokou cytotoxicitou a proto je jejich in vivo aplikace velice omezend [33].
V poslednich letech se vSak védci zamétili na uhlikové nanomateridly, zejména na uhlikové
tecky, grafeny a grafenoxidy, grafenové kvantové tecky, uhlikové nanotrubky, nanodiamanty
a nanovldkna, které maji podobné jako QDs vyborné optické a/nebo elektrochemické
vlastnosti [42-46]. Jejich struktury jsou vyobrazeny na Obr. 2. Tato prace je zaméfena pouze
na cytotoxicitu vybranych nanomaterialii — uhlikovych te¢ek (CDs), grafenti (G), grafenoxidi

(GO) a jejich kompozitt (kombinace GO-CDs).

Uhlikové

Vicesténné
uhlikové
nanotrubky

Nanodiamanty Grafenové
tecky

Obr. 2: Klasifikace uhlikovych alotropti podle dimenzionality, upraveno podle [46].

Uhlikové kvantové teCky (Carbon Dots, CDs) jsou novou generaci fluorescencnich
nanomateridll, které svymi vlastnostmi konkuruji polovodicovym kvantovym teckdm (QDs)

[47-48]. Na rozdil od kadmiovych QDs a dalSich kvantovych tecek vyrobenych z tézkych
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kovi, CDs nevykazuji témef zddnou toxicitu ani nezptsobuji vazné dopady na lidské zdravi
nebo zivotni prosttedi [45, 49-51]. Diky jejich kvalitni fluorescenci (avSak s niz§im
kvantovym vytézkem (< 15 %) oproti QDs [52]), vysoké foto-stabilit¢ a dobré
biokompatibilité, jsou CDs nadéjné jako fluorescencni nanopréby pro optické zobrazovaci

techniky [51,53-57] a slibné pro klinické vyuziti [58].

Mala velikost CDs (< 10 nm) umoziuje nanomaterialu samovolné pronikat skrz
bunéénou membrdnu a interagovat s vnitrobunénym prostiedim. Nicméné, modifikace
povrchu CDs (stejn¢ jako i jinych nanocastic) ovliviluje bunécny ,uptake a zvySuje
selektivitu interakci s membranou nebo cytoplazmou [58]. Specifické interakce s organelami
nejsou dosud popsany [59], védci se vSak zamétuji na fluorescenéni znaceni bunécnych jader
[60] a DNA [61]. Toxicita CDs byla testovana na in vitro a in vivo Urovni v fad¢ studii.
Vin vitro testech se po inkubaci bunék sCDs zkoumala morfologie, viabilita
(zivotaschopnost), proliferace a mortalita riznych bunéénych liniich (MCF-7 [62], HT-29
[61], HepG2 [63], vétsi prehled je uveden v tabulce (viz Tab. 1). Cytotoxicita je ovlivnéna
vlastnostmi nanomaterialu: velikosti, slozenim, syntézou, tvarem, povrchovou reaktivitou,
povrchovym nabojem, hydrofilnim ¢i hydrofobnim chovanim a koloidnimi vlastnostmi),
avsak také podanou koncentraci. Vysledky toxicity CDs, které jsou znazornény v Tab. 1,
ukazuji, ze pro dosazeni IC 50 byly pouzité koncentrace vyssi, nez je pro znaceni bunck
potieba. U¢inna davka pro fluorescenéni zna¢eni bunék se pohybuje v rozmezi 10 — 100
ng/ml [63]. Uvedené CDs pii téchto koncentracich cytotoxicitu nevykazovaly. Ze studii také
vyplyva, ze nepasivované (tzv. holé¢) CDs jsou vice toxické nez CDs konjugované
s polyethylenglycolem (PEG) [44] nebo nez samotny polymer [49]. Povrchovd modifikace
CDs muze kladné ovlivnit jejich fluorescenci, ale také biologické chovani pifi in vivo

aplikacich [64].
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Povrchova IC 50

Bunécna linie Syntéza CDs modifikace [mg.mL"] Ref.
Lidské ledvinové buitky 293T elektrooxidace grafitu 74dna 4 6
Lidské hepatocyty HepG2 oxidace uhelného prachu v HNO; zadna 1 63
Lidské primarni buiiky glioblastomu U87 hydrotermalni syntéza z biol. materidlu ~ zadna 2 66
Lidské nadorové buiky prsu MCF-7 oxidace uhelného prachu v HNO; zadna 0,2 “
oxidace uhelného prachu v HNO; PEG1500 0,2 44
karbonizace polymernich NC PEG1500 0,2 ®
karbonizace polymernich NC PEI 0,015 ®
karbonizace polymernich NC PPE-EI 0,03* ®
karbonizace polymernich NC PPEI-EI 0,08+" 6
oxidace uhelného prachu v HNO; PPEI-EI 0,8 67
Lidské b. kolorektalniho adenokarcinomu
HT-29 oxidace uhelného prachu v HNO; zadna 0,2 “
karbonizace polymernich NC PEG1500 0,2 “
karbonizace polymernich NC PEG1500 0,2 ®
laserova ablace PEG1500  0,05* 4"
karbonizace polymernich NC PPE-EI 0,05 ®
karbonizace polymernich NC PEI 0,015 ®
oxidace uhelného prachu v HNO; PPEI-EI 0,8" 67

Tab. 1. Piehled cytotoxicity CDs podle typu syntézy a povrchové modifikace; Pozn. * vyssi davka nebyla

testovana, # MTT test nefungoval

V in vivo studiich bylo zjisténo, Ze télo mysi je schopné moci vyloucit PEG-CDs

s hydrodynamickym primérem do 5 nm a neutrdlnim povrchovym ndbojem. Autoii Huang
et al. pozorovali distribuci fluorescenéné¢ znacenych CDs, které byly mySim podany
intravenozng, intramuskularné a subkutanné. Jednu hodinu od aplikace do téla se vétsina CDs
vyskytovala v ledvinach a nepatrné mnozstvi v jatrech. Nejrychleji se do ledvin dostaly CDs
podané intravendzné, nasledné intramuskularni cestou a nakonec CDs podané subkutdnné,
avsak po 24 hodinach doslo k vylouceni vS§ech CDs bez ohledu na zpiisob jejich aplikace [57].
Neutralni povrchovy naboj zamezuje nespecifické absorpci proteind, imunologickym reakcim
a hromadéni v retikuloendotelidlnim systému [68] (jatrech, slezin€, kostni dfeni). AvSak jina
studie zaméfend na distribuci CDs ve zvifecim modelu ukdzala, ze CDs se zaporné nabitou —
karboxylovou skupinou se hromadi v jatrech, slezin¢ a plicich [69]. Povrchovy ndboj tedy
vyrazné ovlivituje cytotoxicitu a in vivo biodistribuci nanomaterialu, a proto jsem se na toto
téma zamctila ve své prvoautorské publikaci (viz Kapitola 3: Komentdfe a diskuze

jednotlivych publikac¢nich vystupt).
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2.2.3 Grafen a jeho derivaty

Grafen je dvoudimensionalni atomovy krystal slozeny z sp” hybridizovanych atomi
uhliku, které jsou usporadany hexagonalné v jedné vrstvé (viz Obr. 3) [70]. Diky této
struktufe se kazdy atom uhliku vyskytuje na povrchu grafenového listu a z obou stran
interaguje s okolnim prostiedim. Maximalni plocha povrchu sp® hybridizovanych uhlikovych
listd je priblizné 2600 m’/g, coZ je minimalng o ¥ad vy$si neZ je plocha povrchu jinych
nanomateridll uréenych pro biologické aplikace [71-72]. Laterdlni dimenze nemé vliv na
plochu povrchu (m?/g), ale uréuje maximalni dimenzi materialu, ktery je vhodny pro bun&eny
Luptake, rendalni ,,clearance™ (vylouceni), prunik skrz hematoencefalickou bariéru a dalsi
biologické mechanismy, které souvisi s pohlcovanim a vyluCovanim rizné velkych
nanomateriali. Pfi endo/fagocytéze 2D nanostruktur je ovlivnéno rizné mnoZstvi
membranovych receptorti a mechanismus uptaku neni zcela znamy. Distribuce nanomaterialu
uvnitt bunck je omezena velikosti endo/lyzosomd, do kterych je nanomateridl po pohlceni
inkorporovan. Nékdy vsak k uptaku nanomaterialu ani nedojde, jelikoz velikost grafenovych
listti se pohybuje v rozmezi 10 nm az > 20 um (rozmér vétsi nez samotnd buiika). U bunécné
linie THP-1 (b. monocytarni leukémie) byl popsan uptake vicevrstvého grafenu s maximalni

lateralni dimenzi 5 pm, na vétsi grafeny (25 pm) se buniky adherovaly [73].

Grafenova 2D struktura je Siroce zkoumdna v riiznych odvétvich (elektronika, optika
i medicina), jelikoz vykazuje vyborné mechanické a optické (absorp¢ni) vlastnosti a je
elektricky 1 tepeln¢ vodiva [74-76]. Grafen mize byt syntetizovany do vicevrstvych
nanostruktur (tzv. few graphene monolayers), odlisnych tvarii (2D grafenovych kvantovych
te¢ek (GQDs)), anebo na jeho povrch mize byt vyvazany kyslik za vzniku grafen oxidu (GO),
¢i dalsi funk¢ni skupiny. Riznou modifikaci grafenovych listl je tedy mozné pozménit jejich
optoelektronické vlastnosti, elektrickou vodivost, mechanickou odolnost, chemickou
reaktivitu a proto se grafen povazuje za ,,stavebni kdmen* 1 dal§ich uhlikovych nanoalotropti
(OD fulerenti, 1D CNT a vicevrstvych 2D uhlikovych listi [46]). Velka plocha povrchu
grafenovych listl se v bioaplikacich vyuziva pro cilené¢ dorucovani vicero lé¢iv na specifické
misto, tzv. multi drug delivery. Pro zvySeni biokompatibility a odolnosti vii¢i imunitnimu
systému pfi in vivo aplikaci se grafen modifikuje polymery [77]. V poslednich letech bylo
n¢kolik studii zaméfeno na cilené dorucovani protinddorovych léciv, genti a peptidi pomoci

grafenovych derivati [78-84]. Hlavnimi derivaty grafenu je grafenoxid (GO), redukovana
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forma GO (rGO), grafan a fluorografen. GO se nejcastéji ptipravuje pomoci Hummerovy
metody, ktera je zalozena na oxidaci grafitu pomoci manganistanu draselného
a koncentrované kyseliny sirové. Touto metodou vznikne grafen, ktery je oboustranné pokryty
funkénimi skupinami obsahujicimi kyslik, kde hydroxylové a epoxidové skupiny jsou
na bazalni ¢asti grafenu, zatimco karboxylové a karbonylové skupiny, laktony a chinony se
vyskytuji na okraji nanomaterialu. Funkéni skupiny obsahujici kyslik mohou byt odstranény
redukénimi €inidly jako je hydrazin za vzniku redukované formy grafenu, tzv. rGO [85].
Chemicka modifikace grafenu na grafan vznika ptidanim jednoho atomu vodiku na kazdy
uhlikovy atom grafenu, fluorografen pak vznikd obdobné¢, jen jsou misto atoml vodika

pouzité atomy fluoru [86-87].

ZmenSenim grafenu pod 20 nm vznikaji 0D kvantové grafenové tecky (GQDs),
které maji fluorescencni vlastnosti zavislé na jejich velikosti, avSak ponechavaji si grafenovou
nanostrukturu (viz Obr. 2). Tento nanomateridl mé diky kombinaci vlastnosti grafenu i CDs
velky potencidl v zobrazovacich metodach, avSak po ozafeni (stejn¢ jako u GO) dochazi
ke vzniku reaktivnich forem kysliku, které jsou zdrojem oxida¢niho stresu. Z téchto divodu

jsou GQDs zkoumany predevsim jako nanomaterial vhodny pro protinadorovou terapii [70].

Toxicita grafenovych nanostruktur

Uhlikové nanomaterialy jsou oznaCované za velice biokompatibilni, avSak grafenové
nanostruktury toxicitu vykazuji a organismus ho kompletné nevylucuje [88]. Oproti CDs maji
grafenové nanostruktury tendenci agregovat, a proto je velice ndro¢né zajistit jejich koloidni
chovani. DalS§im zdrojem toxicity jsou prekurzory a chemikdlie pouzité pii syntéze
a modifikaci grafenovych nanostruktur, kterd zahrnuje dopovani kovy, oxidaci, redukci
nebo jinou funkcionalizaci [89]. Tyto kroky vnaseji do vzorkili necistoty v podob¢ toxickych
chemikalii, které néasledn¢ ovliviuji interakce nanomateriali s biologickym systémem [90].
Toxicita tedy zavisi na typu syntézy [85]. GO se mohou pfipravit ¢tyfmi hlavnimi oxida¢nimi
metodami: Staudenmaierovou (ST), Hofmannovou (HO), Hummerovou (HU) a Tourovou
(TO) (Obr. 3). Tyto zpisoby oxidaci grafitu ovliviuji mnozstvi vyvazaného kysliku a jeho

distribuci na povrchu grafenu.
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Grafit

Oxid grafitu

Obr. 3: Ptiprava GO pomoci oxidaci grafitu; Metody oxidace: Staudenmaierova (ST),
Hofmannova (HO), Hummerova (HU) a Tourova (TO); upraveno podle [91]

Pouzitim metody ST a HO vznikaji pfevazné funkéni skupiny s C-O vazbou
(hydroxylové a epoxidové skupiny), metodou HU vznikaji karbonylové skupiny a pouzitim
metody TO pak karbonylové i karboxylové skupiny. Celkové se pak daji metody porovnat
podle mnozstvi kysliku v nasledujicim potadi: ST < HO < HU < TO, kde ST metodou vznika
Po 24 hod inkubaci stakto syntetizovanymi GO byla zméfena toxicita nanomaterialu
na bunécné linii A549 (plicni nadorové bunky). Z vysledki vyplyvalo, Ze cytotoxicita se
snizuje s ptibyvajicim mnozstvim kysliku na povrchu GO a je koncentra¢né zavisla (toxicky
efekt nartstal se zvySujici se koncentraci podaného GO). Vyslednou toxicitu GO ovlivnénou
typem syntézy lze tedy vyjadfit jako ST > HO > HU > TO, kde oxidace ST metodou
jsou rozporuplné se zminovanou studii [85], ve které autofi redukovali mnozstvi kysliku GO
na rGO za ucelem snizit toxicitu. Toto snizeni toxicity bude vSak spjato i se sniZenim
hydrofobnich vlastnosti GO, jelikoz redukovana forma GO ma hydrofilni vlastnosti, je

ve vodé lépe dispergovatelnd a tim Setrnéjsi k bunkam [73].

Toxicita grafenti a jeho derivati je zatim méné prozkoumand ve srovndni s jinymi
uhlikovymi nanomateridly. Studie zkoumaji toxicitu na bakteriich i sav¢ich buiikdch. U GO
1 GO byl prokdzan antibakteridlni ucinek proti gram negativni bakterii E. Coli a gram
pozitivni bakterii S. Aureus, vyss$i antibakteridlni aktivitu tu mél v obou piipadech rGO [92].
GO 1 rGO narusuji integritu bakterialni membrany [93], avSak pric¢inou hubeni bakterii je
pravd&podobné interkalace (vmezefeni) Fe*" ionti mezi grafenové listy, jelikoZ i v p¥irods se
vyskytuji nanostruktury jilu s adsorbovanymi Fe** ionty, které bakterie zabiji. Fe*" ionty
interaguji s membranovymi regulacnimi proteiny, které zajisti jejich intracelularni transport.

Uvniti bakterialni buiiky nasledné dochézi k oxidaci Fe*” na Fe’” a k tvorb& hydroxylovych
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radikald, které letdlng bakterie poskodi [94]. GO konjugované s kovovymi ionty (Fe*", Cu®")
by se tedy daly vyuzit na zahubeni bakterii rezistentnich vii¢i antibiotikim [73]. Cytotoxicita
grafeni a GO byla studovdna na riznych bunéénych liniich (epitelidlnich buikéch,
fibroblastech, neuronech [95-97], hMSCs [98-99], U251 [100], HepG2 [101], NIH3T3 [102],
L.929 [103], HeLa [104-106], T87 [107], avsak ne u vSech testovanych linii doslo k pohlceni
nanomateridlu. V tomto ptipadé muze sice toxicky efekt nastat az pti vysSich koncentracich
(napt. u lidskych epitelidlnich bun¢k plic pti 50 pg/ml), ale také miize vznikat extraceluldrni
ROS [95]. Po internalizaci GO do lidskych fibroblastt (HDF) nastala vyrazna cytotoxicita
pfi koncentraci 50 pg/ml. Nanomateridl se vyskytoval piedevS§im v lyzosomech,
mitochondriich a endoplasmatickém retikulu, ojedinéle v jadie [108-109]. Intracelularni GO
mize vyvolat zvySenou toxicitu uz pii niz§ich koncentracich (10 — 20 pg/ml) a zpusobit
oxidacni stres [96, 110-111]. GO ovlivituje i adhezi bunék, jelikoz snizuje expresi proteind,
jako jsou laminin, fibronektin, fokalni adhezni kindza (FAK), dilezitych pro uchyceni bunck
k povrchu kultivacnich nadob [108]. Redukovana forma GO nebo grafen s karboxylovymi
skupinami na povrchu vykazuje nizsi toxicitu nez GO nebo samotny negativné nabity grafen
[112]. GO je vice biokompatibilni nez grafen diky jeho Ilep$i rozpustnosti a
dispergovatelnosti. Tyto vlastnosti limituji poSkozeni bunék i toxicitu vii¢i lidskym bunéénym
liniim jako jsou kozni fibroblasty a ¢ervené krvinky, avsak i jejich baktericidni G€inek je nizsi
[113]. Rada studif se zabyvala modifikaci grafenti a GO za i¢elem zvysit jejich hydrofilni a
koloidni vlastnosti a stanovit jejich maximalni pfipustnou davku (< 10 mg/mL) pfi in vivo
aplikaci [96, 114-117]. Farmaceutické bezpecnostni smérnice vSak pozaduji, aby byla
aplikovana davka pti preklinickych testech netoxicka i v koncentracich 10 — 100 krat vysSich,
nez jsou bézné¢ na zvifecich modelech testované [118-121]. Maximalni tolerantni davka
(MTD) byla stanovena u dextranem pasivovaného GO, ktery byl aplikovan laboratornim
potkanim v davkach 1 az 500 mg/kg. MTD se pohybovala v intervalu: 50 mg/kg < MTD <
125 mg/kg a elimina¢ni polocas nanomateridlu z krve byl < 30 min. Béhem 24 hod byla
vétsina GO vyloucena vykaly. Histopatologické zmény byly nalezeny v srdci, jatrech, plicich,
slezin¢ a v ledvinach pii ddvece > 250 mg/kg. Naopak pfi ddvkach pod 125 mg/kg nebyly
zjiStény zadné histopatologické zmény ve tkani mozku, ani nebyly zpozorovany zadné zmény

v kardiovaskularnich parametrech ¢i krevnich elementech [122].

Genotoxicita (poskozeni DNA, chromozomdlni a DNA mutace [123]) grafenovych
nanostruktur byla zkoumana jen zfidka [124-126]. Poskozeni DNA se stanovuje pomoci

Comet assay, coz je metoda zalozend na gelové elektroforéze (SCGE) jednotlivych bunék.
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Touto metodou Ize odhalit jedno- i dvouretézcové zlomy DNA, alkalicky labilni mista nebo
kombinace téchto poSkozeni. Vysledky elektroforézy pak vypadaji jako komety — neporusené
jadro vytvari tzv. hlavu komety, od které vede ,,ocas“ — poskozené tfetézce DNA. Mira
poskozeni DNA je umérna délce této koncové casti [125]. Mnohovrstvé GO a rGO (> 1 pm)
nevykazovaly po tfithodinové inkubaci s b. linii FE1 zadné poskozeni DNA az do koncentrace
200 pg/ml [126]. Avsak 200-500 nm velké GO zpiisobovaly genotoxicitu imérnou podané
koncentraci (1-100 pg/ml) [125]. Velké rGO (3um) vykazovaly nizsi cytotoxicitu nez 11 nm
rGO, které pronikly do jadra, kde indukovaly DNA fragmentaci a chromosomalni aberaci i pfi
nizkych koncentracich (0,1 — 1 pg/ml) [127]. Interakce GO s molekulami DNA byla
zkoumana ve studii [131], ktera potvrdila, ze GO listy jsou schopné narusit DNA a vmezeftit
se do jeji struktury (viz Obr. 4). GO modifikované mé&dénymi ionty (Cu>") mohou navic

rozstépit DNA na fragmenty, coz lze potencialné vyuzit v fadé aplikaci [128].

h%

Obr. 4: Interkalace GO do dvousroubovice DNA a jeji fragmentace pomoci GO-Cu®’;
prevzato z [128].

Oxidaéni stres
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Cytotoxicky ucinek nanomateriald mize byt vyvolan navozenim oxida¢niho stresu
nebo pfimym mechanickym poskozenim. Nepasivované grafeny indukovaly ROS, ktery
zpusobil depolarizaci mitochondridlni membrany, coz vedlo ke ztraté jeji integrity a k aktivaci
proapoptickych fakorti (Bim a Bax). Narusenim permeability mitochondrii doslo k uvolnéni
téchto proteinti do cytosolu a k bunécné smrti (Obr. 5) [129-132]. Dalsi cytotoxicita grafenii
byla popséana ve studii [132], kde nanomateridl zpisobil u makrofagii nartst cytokin (Thl,
Th2, IL-1a, IL-6, IL-10, TNF-a a GM-CSF) a chemokini (MCP-1, MIP-1a, MIP-1J a
RANTES) [132] (Obr. 5). Mechanické poSkozeni bunék nastalo u b. linie HepG2 po inkubaci
s GO (< 50 nm) a karboxylem funkcionalizovanych grafenovych listd (100 — 300 nm).
Oxidac¢ni stres vznikal imérné s podanou koncentraci i s dobou inkubace, avSak vyrazny
pokles viability nastal uz pfi koncentraci 4 pg/ml a byl zplisoben poskozenim bunécné
membrany. Oba nanomateridly prostoupily skrz bunénou membranu a hromadily se
v cytosolu, kde interagovaly s organelami v¢. mitochondrii a nasledné byly zapouzdieny do
vezikul (autofagosomtl). Nelze bohuzel objasnit, zda byl indukovany narast hladiny ROS
zpusoben piimym kontaktem grafenovych nanostruktur s mitochondridlni membranou za
vzniku mitochondridlniho ROS, ktery postupné poskodil celou buiiku, nebo zda byly
mitochondrie poskozeny az nasledkem oxida¢niho stresu, ktery vznikl v celé buiice (Obr. 5)
[132-133]. Avsak nekteré bunécné linie A549 [97] a FE1 (mysi endotelialni b. plic s mutaci)
po inkubaci s GO a rGO nereagovaly na zvySenou hladinu ROS poklesem viability.
Pravdépodobné GO a rGO u téchto b. linii generuji ROS, ale nezptisobuji cytotoxicitu [127].

vvvvv

na to, ze ROS asi neni hlavni pti¢inou cytotoxicity u této b. linie [134-135].
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Obr. 5: Interakce grafenovych nanostruktur s bunéénou membranou a signalni drahy, které
mohou byt nanomaterialy aktivovany [109].
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Grafeny narusSuji elektronovy transport v mitochondriich a tim se snizuje produkce
ATP [136]. Nasledkem nedostatku ATP dochazi k naruseni F-aktinu, coZ zptsobuje inhibici
tvorby lamelpodii a tim i omezeni pohybu bunék. Pravé tyto vlastnosti proptjcuji grafenim

protinadorové ucinky [109].

Bioaplikace GO a rGO

V bioaplikacich se GO i1 rGO vyuziva pro cilené dorucovani 1éCiv, jelikoz GO je oproti
grafenu lépe dispergovatelny a vykazuje lepsi koloidni stabilitu. Obé tyto formy grafenu se
také pouzivaji pti fotoablaci jako fotosenzitizéry, které po ozafeni generuji teplo a lokalné
zahubi napf. nadorové buiky [88,137]. U¢innost GO je mozné zvysit jeho konjugaci se
samotnym fotosenzitizérem jako je napf. chlorin e6 (Ce6), ktery citlivost fotodynamické
reakce jesté umocni [138-139]. Hydrofobni protinadorova léc¢iva jako je doxorubicin
a docetaxel mohou byt na povrch grafenovych nanostruktur vyvazané pomoci fyzisorpce pres
n-n vazbu. Bylo potvrzeno, Ze takto vyvazany doxorubicin lze z pegylovaného GO cilené

uvolnit pomoci GSH [79] nebo v prosttedi s pH 5,3 [80]. Stejnou metodou je na GO mozné
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navazat i dal$i chemoterapeutické 1é¢iva jako je paclitaxel, methotraxat, které ptisobi proti
rakoviné plic a prsu [84, 140]. Protinddorové uc€inky byly také potvrzeny na chitosanem

modifikovaném GO, ktery byl konjugovany s ibuprofenem [141].

2.2.4 Superparamagnetické nanocastice oxidi zeleza (SP1O)

Superparamagnetické nanocastice oxidu Zeleza jsou Siroce zkoumany uz tadu let, jelikoz
maji vyborné magnetické vlastnosti, jsou biokompatibilni, biodegradabilni a jejich ptiprava je
rychld a nendkladnd [142]. Skladaji se z maghemitu (y-Fe,O3) a/nebo magnetitu (Fe;O,),
které jsou vzajemné izostrukturni fize oxidi Zeleza a liSi se pouze vyskytem vakanci
ve struktufe a primérnym oxidaénim stavem Zeleza. Jejich spinelovd struktura
s ferimagnetickym uspofdddnim magnetickych momentli a nanometrova velikost zajiStuje

NI g . 1 1 . 2
nanocasticim jednodoménovost™ a superparamagnetismus” [143].

Jednd se tedy o nanocastice, které jsou vhodné pro magnetické kontrastovani bunck
a/nebo magnetickou separaci bun¢k, bilkovin a dalSich elementd z roztoku, dale se vyuZzivaji
k protinddorové 1é¢bé — hypertermii a jako nosiCe pii cileném dorucovani IéCiv s jejich
naslednym uvolnénim do postizeného mista, viz Obr. 6 [148-158]. Dalsi aplikaci SPIO
nanocastic v mediciné je pouziti téchto nanoc¢éstic jako kontrastnich latek pro magnetickou
rezonanci (MR). Po intraven6znim podani SPIO nanocastic se pomoci MRI zobrazi postizena
tkan, ktera je diky magnetickym nanocasticim zfetelné kontrastnéjs$i nez tkané¢ okolni [159].
Magneticky zna¢ené kmenové builky se vyuzivaji pti regenerativni terapii, bchem které se
sleduje biodistribuce nové transplantovanych bunék a regenerace tkané. V MRI je pak patrné,
zda kontrastované bunky aplikované intravendézné doputuji k posSkozené tkani anebo nikoliv
[160]. Transplantované bunky se mohou sledovat i jinymi zobrazovacimi technikami jako
jsou pocitacova tomografie (CT), pozitronova emisni tomografie (PET), jednofotonova emisni

pocitacova tomografie (SPECT), avSak monitoring bunék magnetickou rezonanci (MRI)

' Jednodoménovost: Zmengenim makroskopického magnetického materidlu, ve kterém jsou magnetické
momenty usporadany do Weissovych domén kvili zachovani zdkona minimalni energie, dochazi k ubyvani
téchto domén, které pod kritickou velikosti jiz nejsou energeticky vyhodné a castice zafne vykazovat
jednodoménovy charakter [144-145].

? Superparamagnetismus: Jev spojeny s koneénym rozmérem nanodastic, ktery nastava pod uréitou hraniéni
velikosti jednodoménového magnetického materialu. Jedna se o stav, kdy anizotropni energie ,,soutézi s teplotni
fluktuaci a dochézi tak ke spontannimu pieklopeni magnetického momentu z jednoho snadného sméru do

druhého i bez ptitomnosti vn&jsiho magnetického pole [146-147].
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nevystavuje pacienta ionizujicimu zafeni a poskytuje anatomické a patologické informace

0 okolnich tkanich (véetné edému) [161].

Bunééné terapie zaloZzené na monitoringu magneticky znacenych kmenovych bunék
(jejich migraci, proliferaci, diferenciaci a dosazeni cilové tkan¢) pomoci MRI ma velice slibné
vysledky, které pomahaji i pfi pochopeni neurologickych onemocnéni (napt. Parkinsonovy
choroby) [162-164]. In vivo migraci transplantovanych embryonalnich kmenovych bunék
a jejich diferenciaci v novou tkan sledovali autofi Hoehn et al. 2002 [165], kteti studovali
regeneraci potkani mozkové tkané odumfelé po mozkové piihodé. MRI je neinvazivni
metoda, kterd v kombinaci s nanoc¢ésticemi nahrazuje patologické invazivni postupy ex vivo
a navic zajistuje vysoké rozliSeni v Case i v prostoru. Ve zminéné studii byly pouzité
komeréni nanocastice oxidu Zeleza s dextranem na povrchu (SINEREM) a diky tomu byla
potvrzena i migrace kmenovych bun¢k k ischemické 1¢ézi [165]. Dextran-SPIO jsou schvalené
FDA (US Food and Drug Administration) jako komer¢ni kontrastni latka pro MRI [157, 166].
Intraven6zné¢ podané nanocastice oxidi zeleza (IONPs) jsou vychytdny makrofagy
v retikuloendotelidlnich organech [167], buitkami metabolizovany a v téle vyvazany ve formé
zeleza do molekul ferritinu nebo hemoglobinu [157, 166]. Autoii Bulte et al. pouzivali
kmenové bunky jako imunologické ,pouzdro®, které chranilo télo pfed nezadouci
imunologickou reakci a nanocastice ptred predéasnym rozlozenim ¢i postupnym vylouc¢enim
z téla [157]. Maximalni zasoba Fe v lidském organismu je 4000 mg, vyssi davka Fe v krevni
plazmé by vyvolala pietizeni kapacity transferinu i ferritinu a nasledné oxidacni stres, ktery
by vedl k posSkozeni srde¢ni a jaterni tkané [168]. Vyuziti SPIO nanocéstic v kombinaci
s kmenovymi bunikami je velice Siroké a bylo pfedmétem jiz fady studii [165, 169-178]

a i presto se stale vyviji nové nanoc¢astice (s riznym povrchem, tvarem a velikosti) a zkouma

se jejich chovani na in vitro Grovni.
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Obr. 6: Aplikace magnetickych nanocastic; upraveno podle [179]
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2.3 Vliv povrchového naboje na bunécny uptake a cytotoxicitu

Jak jiz bylo zminéno, toxicita nanomaterialii je ovlivnéna pfedevSim jejich tvarem,
velikosti, chemickym slozenim, povrchovou reaktivitou, hydrofilnimi a hydrofobnimi
vlastnostmi, koloidnimi vlastnostmi a povrchovym ndbojem [179]. Cytotoxicita
nanomateridlll uzce souvisi s povrchovym nabojem dané nanostruktury, jelikoz ovliviiuje
miru interakce sbunénou membranou, adsorbci biomolekul na jejich povrch
(zamezeni/zptsobeni agregace nanocastic) a nasledny prunik do vnitrobunééného prostredi.
Z téchto divodlu se nanomateridly pro biologické aplikace povrchové funkcionalizuji [67,
180-181]. Modifikace povrchu nanocastic ovliviiuje interakci nanomateriadlu s plasmatickou
membranou [179], bunéény uptake a nasledné¢ 1 vnitrobunééné interakce [180].
Polyethylenglycol (PEG) je biokompatibilni a biodegradabilni polymer [44, 182-183],
pouzivany pfedev§im pro pasivaci nanomateridll, kterym zajiStuje neutrdlni naboj.
Nanomaterial s neutrdlnim povrchovym ndbojem minimalizuje nespecifické interakce
(absorpci proteintl), cytotoxické ucinky i imunologické reakce [68]. Polyethylenimin (PEI) je
kationtova makromolekula bézné pouzivana pro genovou terapii, protoze vykazuje vyborné
transfekéni vlastnosti [184]. Tento polymer interaguje se zaporné nabitymi proteiny, které
jsou pfitomné v cytoskeletu (aktin a beta-tubulin) [185] a méni membranovou integritu. PEI je
tedy Casto pouzivany pro funkcionalizaci povrchii nanoc¢astic, které pak diky kladnému naboji
rychle prostupuji pies bunéénou membranu. Nicméné, PEI-nanocastice jsou schopné narusit
endosomalni membranu, dostat se do cytosolu a nasledné¢ i do jadra, kde se vazi na DNA
[186-187]. Tento jev se nazyva ,proton sponge effect™ (Obr. 7) a je zplisoben interakci
nenasycenych amino skupin polymeru s protony, které jsou do endosomu/lyzosomu Cerpany
ATPazou [188]. Existuji ale studie, které potvrzuji, ze PEI piisobi v lyzosomech jako pufr,
ktery zde pH vyrovnava [189-193]. Dalsi domnénkou je, ze stabilizaci pH v lyzosomech
obsahujicich PEI zajistuje samotnd ATPazova pumpa. Pfiiny naruseni lyzosomu a nasledné

uvolnéni PEI do cytosolu, nejsou tedy jesté zcela objasnény [194].
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Obr. 7: Znazornéni endocytdzy kladné nabitych nanocastic a nasledné poskozeni endosomil
a vyplaveni nanoc¢astic do cytosolu — proton sponge effect; upraveno podle [195].

2.3.1 Prinik nanocéstic pies jadernou membranu

Vsechny fyziologicky dulezit¢é déje jsou v eukaryotickych bunkach fizeny
z bunéného jadra (nukleus), které je obaleno dvojitou fosfolipidovou membranou. Tato
»obalka® jadro chrani a odd€luje od cytoplazmy (Obr. 8 A). V jaderné membrané (JM) jsou
zanotfené nukledrni porové komplexy (NPK), skrz které probihd mezi jadrem a cytoplazmou
difuze iontd, malych molekul a transport proteinii a RNA [196-197]. Vngjs$i Cast IM je
propojend s endoplazmatickym retikulem (ER) a mezimembranovy (perinukledrni) prostor je
propojen s lumen ER. Pod vnitini vrstvou JM se vyskytuje jadernd lamina — vldknitd sit
z proteinll (lamint), kterd zajiStuje tvar a mechanickou odolnost celého jadra (Obr. 8 B).
Laminy (60 — 80 kDa) jsou proteiny obsazené v intermedidrnich filamentech cytoskeletu

[198], které vedou z periferie buiiky, kde jsou ukotveny v mistech mezibunéénych spoji az
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k jadru (viz Obr. 9) [199]. Jadernd lamina na sebe vaze chromatin, ktery je v jadfe uspotadan

do velkych smycek DNA (viz Obr. 8 A), jejichz ¢asti jsou navazané na JM [198].

A Vnitfni a zevni
jaderna membrana granularni ER

perinuklearni prostor
(cisterna)

jaderny por

DNA - vlakna
nuklearni lamina fibrosa - chromatinu A}
- sit’ intermediarnich filament

Obr. 8: A) Schématicka struktura jadra, B) Mikroskopicky zobrazend struktura jaderné
laminy nazyvané také jako lamina fibrosa; pievzato z [200].
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Obr. 9: Struktura nuklearniho pérového komplexu; ptevzato z [201].

Prostup nanocéstic do jadra je omezen primérem jadernych poért, resp. nuklearniho
porového komplexu (NPK). Jaderné pory jsou proteinové komplexy slozené z nukleoporind,
které protinaji jaderny obal a vytvareji nuklearni pérovy komplex (viz Obr. 9). Velikost
a struktura NPK muze byt rozdilnd mezi jednotlivymi typy eukaryotnich bun¢k (od kvasinek
az po vyssi eukaryota), ale i druhové mezi obratlovci a bezobratlymi [196]. Experimentalné
bylo ovéteno, ze ,funkéni® primér centralniho péru oocytl Drapatky vodni je ~ 30 nm

(v testu byly pouzité 26 nm velké nanocastice zlata). Tento rozmér se jen lehce liSi
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od udévaného “fyzikdlniho” priméru 40 nm [202]. Délka centrdlniho poéru je ~ 90 nm
a prumér v nejuzsim misté (ve stfedni casti NPK) je 45 — 50 nm. V nejsirsi ¢asti (v jaderné
periferii) je primér ~ 70 nm [203-205]. Molekuly do jadra prostupuji skrz NPK dvéma
mechanismy podle jejich velikosti. Malé molekuly a nékteré proteiny s molekulovou
hmotnosti mensi nez 50 kDa prostoupi skrz jadernou membranu obéma sméry (z cytoplazmy
do jadra, z jadra do cytoplazmy) pasivnim zptisobem (difuzi) skrz vodni kandly, které maji
v NPK primér ~ 9 nm [198, 206]. Timto zptisobem tedy do jadra neprojdou nanocastice vétsi
nez 9 nm [207]. Néadorové bunky Hela maji tyto kanaly uz§i a tim i prinik molekul
omezenéjsi — podle studie [208] difuzné projdou pouze proteiny do 2,5 nm, autofi v jiné studii
[209] uvadi velikost difizné transportovanych molekul 4,9 — 5,7 nm. Rozdilné vysledky
mohou byt ovlivnény mirou permeabilizace’ bunééné membrany a vybranymi molekulami,
které do jadra maji proniknout [209]. AvSak vétsi mnozstvi makromolekul (proteini a RNA)
nemuze pres oteviené kandly projit, a proto vyuzivaji druhého mechanismu, ktery je zalozen
na aktivnim transportu (Obr. 10). Dochazi k tzv. selektivnimu transportu v jednom sméru
(z cytoplazmy do jadra nebo z jadra do cytoplazmy). Tyto signalni kandly se mohou oteviit
na vic jak 25 nm [198]. NPK je slozen z nukleoporinti, které reguluji penetraci pért. Pocet
zanofenych NPK do jaderné membrany jedné eukaryotické buiky ¢lovéka je 3000 — 4000
[211].

A) . B)
i Proteiny > 40 kDa a
i hnRNPs

Ionty, molekuly a
proteiny <40 kDa a
nanocastice <9 nm

Obr. 10: Pasivni (A) a aktivni (B) transport molekul, proteinii a RNA jadernou membranou;
pasivni transport — difize; NPK — nukledrni pérovy komplex, hnRNPs — heterogenni
nuklearni ribonukleové proteiny, mRNA — messenger RNA, tRNA- tranferovd RNA;
upraveno podle [212].

* Permeabilizace bunééné membrany se provadi digitoninovou frakcionalizaci. Digitonin je
rostlinny glykosid, ktery v nizkych koncentracich rozpousti cholesterol v plazmatické
membrané a tim se v ni vytvofi velké pory. Pti vyssich koncentracich digitonin rozpousti i
vnitrobunééné membrany (endoplazmatického retikula nebo mitochondrii) [210].
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3 KOMENTARE A DISKUZE JEDNOTLIVYCH PUBLIKACNICH
VYSTUPU

Plazmatickd membrana je z velké ¢asti zaporné nabitd a jen malé mikrodomény (tzv.
rafty) nesou kladny néboj. Obecné se tedy kladné nabité nanocastice povazuji za vice toxicke,
jelikoz pronikaji do bunky rychleji, kde interaguji s jednotlivymi organelami vcetné jadra.
Zaporn¢ nabité nanocastice interaguji s men$imi Castmi membrany a buiky se s jejich
pohlcenim Iépe vyrovnavaji. NejSetrnéjsi je vSak neutralni ndboj nanomateridlu, ktery na sebe
nevyvazuje okolni elementy z kultivaéniho média a neméni se tak jeho povrchové vlastnosti.
Z tohoto diivodu se nanomaterialy modifikuji neutrdln¢ nabitym polymerem PEG. Kazda
chemicka uprava vSak miize byt potencionalnim zdrojem toxickych latek a proto jsme se
zaméfili na kvalitné syntetizované nanomateridly (SPIO, CDs, grafen a jejich hybridni

systémy) bez povrchovych tprav a stanovili jejich toxicitu.

3.1 Interakce SPIO nanocastic s mesenchymalnimi kmenovymi buitkami (MSCs)

3.1.1 Detekce nanocastic uvnitt bun¢k pomoci skenovaciho elektronového mikroskopu
s autoemisni tryskou

Distribuce nanomateridlu uvnitf bunék je dulezitd informace kazdé nano-
biotechnologicky zaméiené studie. Tento metodicky clanek (viz Pfiloha 1) byl sepsan
za ucelem kvalitniho zobrazeni bun¢k znacenych nanocasticemi pomoci elektronové

mikroskopie.

Skenovaci elektronovy mikroskop (SEM) se prevazné pouziva pro zobrazovani
povrchovych struktur, jelikoz primarni svazek elektroni skenuje povrch vzorku. Naopak
v transmisni elektronové mikroskopii (TEM), ktera se bézné pro biologické vzorky pouziva,
musi elektrony prostoupit skrz vzorek a proto je nezbytné vzorek nakrajet na polotenké nebo
ultratenké fezy. Skenovaci elektronovou mikroskopii s autoemisni tryskou (FE-SEM) jsme
dosahli stejnych vysledki jako s transmisni elektronovou mikroskopii (TEM) a to diky
kombinaci vysokého rozliSeni FE-SEM a nové pouzitého vodivého materialu (sklicka
s vrstvou fludru dopované SnO,, zkracen¢ FTO), ktery zajistil vysokou stabilitu biologického

vzorku 1 pfi vyS$§im urychlovacim napéti (nutného piedev§im pii materidlovém kontrastu
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a EDS analyze). Magneticky znac¢ené bunky adherované na FTO se i po bézné upraveé vzorku
pro elektronovou mikroskopii (fixaci, dehydrataci a suseni) daly zobrazit ve vysoké kvalité
a to vcetné jednotlivych endo/lyzosomti naplnénych nanocésticemi (Obr. 11 A) i pocatku
endocytozy nanocastic (viz Obr. 11 B). Biologické vzorky jsou nevodivé a pokud nejsou
pokovené, dochéazi k hromadéni elektroni z primarniho svazku na jejich povrchu a vznika tzv.
nabijeni. To je castym divodem poskozeni vzorku nebo omezenim pro vétsi zvétSeni.
Pokovenim vzorku, u kterého je dualezité sledovat distribuci nanocastic, by doslo
k dekontaminaci nanocastic sjinym kovem a tim i ke zkresleni vysledkd. K detekci
nanocastic uvnitt bunék se bézné¢ pouziva TEM, avSak piiprava vzorku je casové i technicky
naro¢na (prevadéni do acetonu, suSeni, zalévani do pryskyfice, krajeni na ultramikrotonu),
proto zobrazeni nanocastic v buitkdch pomoci SEM nese velké vyhody vcetné zachovani
tvaru bunék. Mikroskopické snimky ziskané SEM byly porovnany s jinou studii [215], ktera
k detekci nanoc¢astic v kmenovych bunkach pouzila TEM (viz Obr. 12). Vyskyt nanoc¢éstic
v endo/lyzosomech byl potvrzen i materidlovym kontrastem pomoci zpétné odrazenych
elektronit a EDS (Energy Dispersive Spectroscopy) analyzou povrchu vzorku. Pro porovnani
vlastnich vysledkd byly pfipraveny a zobrazeny vzorky i v TEM (viz Obr. 13), aby bylo

potvrzeno, Ze nanocastice se skute¢né vyskytuji v endo/lyzosomech.

Obr. 11: A) pocatek endocytdzy nanocastic, zvétseni 5500x, B) Primarni endosomy plné
nanocastic, zvétseni 12 000; ¢erné Sipky znazornuji hruby povrch FTO, bilé Sipky ukazuji
pohlcené nanocastice; zobrazeno mikroskopem FE-SEM JEOL 7401F.
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Obr. 12: Vyskyt nanocastic uvnitt bunék - porovnani snimktt z TEM a SEM; (A-C) TEM
snimky pfevzaté ze studie Hordk 2009 [213], (D-F) FE-SEM snimky; bilé Sipky zndzornuji
nanocastice v endosomech, kter¢ byly lokalizované kolem jadra (Nu); zobrazeno
mikroskopem FE-SEM JEOL 7401F.
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Obr. 13: TEM snimek mesenchymalni kmenové buiiky znacené SPIO nanocasticemi; Cervené

ohrani¢eni zvyraziuje endosomy s nanoc¢asticemi (viz modré Sipky); métitko 2 pm, zobrazeno
mikroskopem JEOL-JEM 1010.
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Adsorpce nanocastic na bunéénou membranu a nasledna endocyt6za nanocastic byla
zachycena i pfimym monitoringem pomoci ¢asosbérné mikroskopie, kterd snimala zorné pole
kazdou minutu po dobu 24 hod. Ze vSech snimkii bylo vytvoteno video s bunéénym uptakem
SPIO nanocastic (Obr. 14). Pozorovani také zachytilo mitdézy magneticky znacenych bun¢k
(hMSCs) a asymetrické rozdéleni nanocastic do dcefinych bun¢k (Obr. 15). Snimky
z Casosbérného mikroskopu (bunéény uptake a deleni bun¢k) nebyly soucasti této publikace,

jelikoz se nejednalo o vysledky z elektronové mikroskopie.

Pohyb NC
smérem
Nu do buiiky

NC uvnitf

Obr. 14: Pohlceni nanoéastic (NC) bunéénou membranou; Klastr nano&astic je zvyraznén
cervenym krouzkem a modrou Sipkou. A) Nanocastice se vyskytuji v okoli bunky, B)
Pohlceni nanocastic do buiiky, C) Pohyb nanocastic v bufice do okoli jadra, kde se endosomy
shlukuji.

Obr. 15: Mitdza magneticky znacené mesenchymalni kmenové buiiky; A) Buika v metafazi,
modra Sipka znazoriuje chromozomy v ekvatorialni roving déliciho vieténka, Cervené oblasti
ohraniuji vyskyt nanocastic vbunce, B) Vznik dcefinych bunék, C) Cytokineze
a asymetrick¢é prerozdéleni nanocastic do dcetfinych bunck; zobrazeno mikroskopem
BioStation (Nikon).
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3.1.2  Znaceni mesenchymalnich kmenovych buné¢k novymi povrchové nemodifikovanymi
superparamagnetickymi maghemitovymi nanoc¢éasticemi v porovnani s komercni
kontrastni latkou Resovist — zdkladni in vitro studie

V ramci této studie (viz Ptiloha 2) byl sledovan magneticky kontrast a kompletni
cytotoxicita SPIO nanocastic s OH- skupinou na jejich povrchu a kontrastni latky Resovist
vici lidskym a potkanim mezenchymalnim kmenovym buiikdm (rMSCs, hMSCs).
Maghemitové nanocastice nazyvané SAMN s velikosti 10-20 nm (viz Obr. 16) byly
pripravené¢ redukci borohydridu za vzniku magnetitu, po jehoz zahrati (400°C) doslo
k oxidaci na maghemit. Podrobny postup je popsan v ¢lanku [214], podle kterého byly
nanocCastice stejnymi autory pro tuto studii pfipraveny. Nasledné¢ byla provedena
charakterizace fyzikéalnich vlastnosti a porovnana s kontrastni latkou Resovist (viz Tab. 2).
Velikostni distribuce nanocastic SAMN je zndzornéna na snimku z TEM (Obr. 16 A)
a superparamagnetické vlastnosti jsou vyjadieny hysterézni smyckou métenou pii 300 K
na Obr. 16 B. Tato vysokd mira magnetizace (71 A-m’/kg pti7 T) proptjéuje SAMN
nanocasticim vyborné magnetické vlastnosti i v nizkém magnetickém poli, coz je pro aplikaci

v MRI velmi dulezité.
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Obr. 16: TEM snimek SAMN nanocéstic (A), magnetické vlastnosti SAMN nanocastic (B).
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SAMN Resovist
Magnetické vlastnosti Superparamagnetické Superparamagnetické

SloZzeni mag. jadra v-Fe,03 v-Fe,0s3 a Fe;0,
Modifikace povrchu zadna Karboxydextran
Velikost 10-20 nm 45-60 nm
Zeta potencial (pH 7) -22,5 mV -20 mV

r 44,79 mM™ (Fe) s™ 151 mM™ (Fe) s™
ro* 400 mM™* (Fe) s 300 mM™* (Fe) s

Tab. 2: Porovnani fyzikalné-chemickych vlastnosti nanocastic; 12 je prevzato z [215].
Yy y Jep

Interakce nanocéstic s kmenovymi builkami byla zminéna v pfedchozi publikaci
zaméiené na mikroskopii, proto bude rovnou popséna t¢innost znaceni témito nanocasticemi
(tzn. stanoveni obsahu Fe iontl v jednotlivych buiikdch) a jejich cytotoxicita. Pro ovéfeni
bunééného uptaku byl pouzit specidlni kit obsahujici cervené barvivo specifické
pro kontrastovani bunéénych jader a Pruskou modf, kterd modie obarvi nanocastice (svétly

odstin — nanocastice (n¢) uvniti bunék, tmavé modra — n¢ vné bunék, viz Obr. 17).

o TRV, i

Obr. 17: Obarvené buiikky Pruskou modii zobrazeny v optickém mikroskopu — modré Sipky
ukazuji na zabarvené nanocéstice uvnitt bunck, bilé Sipky znazorfuji nanocastice v okoli
bungk.

Obsah zeleza v bunikdch byl stanoven pomoci atomové absorpcni spektrometrie
(AAS). Ziskané hodnoty Fe byly piepocitany na jednotlivé bunky, jejichz pocet byl pred
analyou urcen. Vysledky po 48 hodinové inkubaci nanoc¢éstic s hMSCs jsou uvedené v Tab. 3.
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Fesamn [pg/burika] Feresovist [Pg/burika]

hMSCs od darce 1 101,4 27,9
hMSCs od darce 2 104,9 39,6
hMSCs od darce 3 135,3 50,3
Primér £ SD 113+15 3949

Tab. 3: Mnozstvi Fe v jednotlivych bunikach po 48 hod inkubaci se SAMN a Resovistem;

podana koncentrace 50 pg/ml.

Z uvedenych vysledki vyplyva, ze obsah Fe v bunikdch znacenych nanocasticemi
SAMN je téméf trojjnasobny (113+£15 pg/buiika) ve srovnani s Resovistem (39+9 pg/buiika).
Optimalni davka Fe je 25 pg/buiika a minimélni pozadavek na MRI kontrast je 1,4 — 3 pg
Fe/bunika [216]. Oba vzorky jsou tedy velice silnymi kontrastnimi latkami.

Viabilita znaCenych bun¢k byla stanovena jednak mikroskopicky pomoci
fluorescencniho kitu LIVE/DEAD, ktery odlisSné¢ barvi zivé/mrtvé bunky a nasledné
1 pratokovou cytometrii. Proliferace byla urCena také mikroskopicky a pomoci specidlni
techniky xCELLigence zalozené na méfeni impedance adherovanych bunék. Zmény

ve viabilité i proliferaci bun¢k hMSCs a rMSCs jsou znazornény na Obr. 18.

Nejdiive byla stanovena viabilita bun¢k v koncentracni fadé 10- 200 pg/ml a z téchto
vysledkd byly vybrané dvé koncentrace vhodné pro dlouhodobé pozorovani (50 a 100 pg/ml).
Bunky oznacené témito koncentracemi byly s nanocasticemi inkubovany 48 hod a viabilita

i proliferace byla méfena jiz zminénymi nezavislymi metodami.

Jak je patrné z grafii na Obr. 18 A a E, viabilita obou typt bun¢k znacenych SAMN
i Resovistem neklesla pod 85%. Vyrazné zmény mezi lidskymi a potkanimi kmenovymi
bunikami nastaly az v proliferaci. Pii mikroskopické metod¢ se mnozstvi znac¢enych hMSCs
umérné zvySovalo s kontrolou, zatimco vysledky zimpedanéni metody ukazuji mirné
navyseni znacenych bunék oproti buitkdm kontrolnim. Znacené rMSCs vyrazné piertstaly
kontrolu u vSech pouzitych metod, impedancni metoda vSak znézornila vyrovnani poctu

znacenych i kontrolnich bun¢k po 48 hod (Obr. 18 H).

Diferenciace znacenych a kontrolnich bunék byla stanovena pomoci specidlniho kitu
StemPro Osteogenesis a StemPro Adipogenesis a nebyly zaznamenany zadné zmény oproti

kontrolnim bunikam.
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Obr. 18: Viabilita a proliferace bunék hMSCs (A — D) a rMSCs (E-H) po ozna¢eni SAMN
nanocasticemi. Kategorie ,,Start” znamena zacatek inkubace bun¢k s nanocasticemi, kategorie
»End of incub® znazoriiuje pocet bunék pred vyménou média a ukonceni inkubace se
vzorkem.

Negativni MRI kontrast SAMN 1 Resovistu byl méfen na pftistroji Sigma HORIZON
Lx pfi magnetické indukci 1,5 T. Koncentraéni fada (10 pg, 20 pg, 30 pg, 40 ug a 80 pg
Fe,0; na ml) obou vzorkl byla ptipravena do agarovych fantomti a zmétena v T, vazenych
sekvencich. Zminéné koncentrace byly nasledné inkubované s hMSCs i rMSCs po dobu 48
hod, zality do agaru a také zméfeny v magnetické rezonanci. MRI kontrast magneticky
znaCenych bunck byl néasledné porovnan se srde¢ni tkéni, ktera byla izolovana z prasete
(viz Obr. 20). Srde¢ni tkan byla vybrand zamérné, jelikoz hMSCs by mély byt v budoucnu
aplikovany k regeneraci nekrotické srdecni tkané vzniklé po infarktu myokardu. Z obou
obrazka (19 a 20) vyplyva, ze builky znacené¢ SAMN m¢ély vyss$i negativni kontrast a bylo

mozné ho zietelné rozlisit od okolni tkanég.
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Buriky se SAMN

uriky s Resovistem
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Obr. 19: Negativni kontrast bun¢k znacenych nanocasticemi (A) SAMN, (B) Resovistem;
¢erné Sipky ukazuji oblast zkumavky s agarem obsahujicim znac¢ené bunky.

T2-w FRFSE

Obr. 20: MRI zkumavek s kontrastovanymi hMSCs a porovnani Sedi s okolni srdecni tkani
izolované z prasete. Oranzové jsou oznacené vzorky se SAMN a zelené vzorky s Resovistem.
Zkumavky se 1i§i poétem bungk (1) 50 x 10% a (2) 500 x 10°. Pouzita koncentrace nano&astic
ke znaceni bun¢k byla 50 pg/ml, délka inkubace 48 hod.

Za ucelem aplikace SAMN nanocastic v regeneracni terapii tkdni byla provedena
kokultivace rMSCs oznacenych SAMN nanocasticemi s potkanimi myocyty. Na Obr. 21 je
ziejmé, ze po injekci rIMSCs-SAMN (Obr. 21 A) se bunky zaclenily mezi tepajici myocyty
(Obr. 21 B) a vytvorily elastickou tkan (Obr. 21 C), pfestoze myocyty tepaly. Pevnost
prilnavosti rtMSCs ke kultiva¢ni misce byla testovana pouze promytim vzorku, elasticita

srostlé tkan€¢ byla zachycena casosbérnym mikroskopem. Tepajici tkan myokardu
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a implantované rMSCs byly dlouhodob¢ kokultivovany az po dobu 30ti dnti, béhem kterych

se znac¢ené buiky i mnozily.

Obr. 21: Kokultivace rMSCs znacenych SAMN nanocasticemi s tepajicimi potkanimi
myocyty. (A) Snimek ihned po injekci rMSCs-SAMN k myocytim; ¢ervené Sipky ukazuji
rMSCs s nanocasticemi (B) rMSCs-SAMN adherované ke kultivacni misce po 24 hod
inkubaci s myocyty; zndzornéno modrou prerusovanou ¢arou, (C) tydenni kokultivace.

Cilem tohoto ¢lanku bylo testovani biokompatibility nové kontrastni latky vhodné pro
MRI. Rada komerénich kontrastnich latek byla z trhu stazena z ekonomickych diivodi [216]
nebo kvili nedostate¢né biokompatibilité [217-218]. SAMN nanocastice ze stechiometrického
maghemitu (y-Fe,O3) maji superparamagnetické vlastnosti a nejsou povrchové modifikované.
Jejich zaporny naboj a stabilni chovani zajist'uji Setrnou interakci s bunécnou membranou,
ktera je z velké Casti zaporné nabitd [219]. Uptake zaporn€ nabitych nanocdastic je postupny,
jelikoz se Castice nejdiive na membranu adsorbuji a nasledné jsou pohlceny skrz endocytozu.
Kladné¢ nabité nanocéstice jsou pohlcovany pomoci clathrin- nebo calveolin-
zprostfedkovanou endocytozu [220] ¢i samotnou difuzi, ta vSak zavisi na velikosti
nanomateridlu. Po optimalizaci podané¢ koncentrace je znafeni kmenovych bunék SAMN
nanocasticemi velice Setrné, buiiky si nanocastice preskupi na rizné veliké klastry, adsorbuji
na membranu a nasledné pohlti. Uvnitf bunék se SAMN nanocéstice vyskytuji
v endo/lyzozomech, které se v zavislosti na koncentraci podanych nanocéstic, akumuluji
v cytomplazmé. Uptake SAMN nanocastic a jejich distribuce uvniti kmenovych bunék byly
popsany jiz v Kap. 3.1, v podkapitole 1.

SAMN nanocastice jsou tedy slibnou MRI kontrastni latkou, kterd ma silnou odezvu
1 v nizkém magnetickém poli. Jejich syntéza je ekonomicky nendro¢né a biologické vlastnosti
jsou velice ptiznivé vcetné¢ jiz popsanych biodegradabilnich vlastnosti maghemitovych
nanocastic v zivych organismech [142]. Povrch SAMN nanocastic neni chemicky

modifikovan a tim je potencialni toxicita vzorku minimalizovana. Pro oba typy kmenovych
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bunék (hMSCs i rMSCs) byla stanovena optimalni koncentrace 50 pg/ml, pti které doslo
béhem 48 hod k efektivnimu pohlceni nanocastic do bunék, aniz by nastalo snizeni viability
nebo inhibice/stimulace proliferace. Uptake SAMN nanocéstic byl vyssi nez u komercnich
nanocastic Resovist a proto mély bunky zna¢ené SAMN nanocasticemi excelentni kontrast
v T2 vazenych sekvencich pii 1,5 a 7 T. SAMN nanocastice jsou tedy nadéjnou kontrastni

latkou pro budouci vyuziti pti MRI diagnostice.
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3.2 Interakce uhlikovych nanostruktur s mysimi fibroblasty NIH/3T3

3.2.1 Grafen oxid modifikovany kvarternimi uhlikovymi te¢kami pro selektivni zobrazovani
bunék — kontrolované znaceni jadra i cytoplazmy

Jak jiz bylo zminéno distribuce nanomateridll uvnitf bunck souvisi s velikosti
a povrchovym nabojem nanomateridlu. V této studii (viz Ptiloha 3) byl testovan hybridni
nanomateridl slozeny ze zaporné nabité¢ho grafen oxidu (GO) a kladné nabitych kvartérnich
uhlikovych tecek (QCDs). Hybridni syst¢ém GO-QCDs nesl vlastnosti obou typi
nanomaterialil - biokompatibilniho chovani GO a fluorescencnich vlastnosti QCDs. Obecné
CDs nabizi dalsi vyhody jako je chemicka inertnost, Siroky excitacni pas a vybornd foto-
stabilita, coz z nich d¢la slibny material pro optické zobrazovani bunék a jejich pozorovani
v téle [221]. Nékolik studii potvrdilo, Ze CDs mohou byt vyuzity jako fotosenzitizery ve
fotodynamické terapii [222-223]. CDs se tedy tfadi mezi nova teranostika s vysokym

aplika¢nim potencidlem na aplikace.

Mnoho terapeutickych metod je zalozeno na doruceni aktivnich latek do blizkosti
bunééného jadra a nasledné jejich prostup do jadra, ¢imz by mély vyvolat apoptézu [224].
Dodnes nebylo zaznamenano, ze by CDs bez povrchovych uprav prostoupily pies jadernou
membranu [225]. Ve vSech dosavadnich studiich se CDs vyskytovaly v bunééné membrané
nebo v cytoplazmé [225] nebo byly CDs povrchoveé upravené [226]. Nas§ experiment poprveé
potvrdil prostup nemodifikovanych CDs do bunéénych jader b. linie NIH/3T3 [227].
Nasledné autofi Y. F. Kang at al. [228] syntetizovali dusikem dopované CDs a prokazali
ptitomnost téchto te¢ek v jadrech nadorovych b. liniich (PC12, A549, HepG2, MD-MBA-
231). Polyethylenem funkcionalizované GQDs byly ptipravené autory H. Wang et al., kde
bylo vyuzito jiz zminovaného polyethyleniminu (PEI) k prostupu do bunéénych jader [226].

V této praci jsme se zaméfili na vyuziti elektrostatickych interakci mezi kladné
nabitymi uhlikovymi teckami s kvartérni aminovou skupinou na jejich povrchu (QCDs) a
negativné nabitou buné¢nou membranou. Dale pak na vnitrobunécnou distribuci téchto CDs
po inkorporaci do zaporné nabitych GO plati. Syntéza QCDs byla publikovana v roce 2012
autory Bourlinos A. B. et al. a nyni byly QCDs vyuzity k syntéze hybridniho fluorescencniho
kompozitu QCDs-GO (viz Obr. 22) metodou ,,self-assembly*. Vazba mezi QCDs ({-potencial
+ 53 mV) a GO ({-potencial — 32 mV) byla pouze elektrostaticka, ale i tak byl tento systém

schopny vykazovat rizné rozdily spojené se snizujici se koncentraci QCDs vyvazanych na
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GO. Z experimentd se noveé prokazalo, ze nepasivované QCDs vstupuji od urcité koncentrace
do jadra, avSak zabudované QCDs do GO se akumulovaly v cytoplasmé (QCDs zlstavaly

v cytoplazmé, aniz by vstupovaly do jadra se vzristajici koncentraci GO).
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Obr. 22: A) Schématické zobrazeni syntézy kompozitu QCDs-GO. B) TEM snimek QCDs-

GO kompozitu (v pravém hornim rohu je vlozen snimek z HRTEM). Méfitko odpovida 1 um.

Transport QCDs do jadra je siln€ ovlivnén velikosti ¢astice a povrchovou chemii CDs.
Tyto faktory také ovlivituji tnik CDs z endo/lyzozomu a iniciuji interakce s membranovym
pérovym komplexem jadra, ktery je detailné popsan v podkapitole 2.3.1 Prinik nanocastic
ptes jadernou membranu. Kladné nabité nanosystémy obvykle prostupuji pies bunécénou
membranu snadnéji, protoZze endocytéza probihd v mistech se zaporné nabitou lipidovou
membranou. Jaderné podrové komplexy jsou velké 20-50 nm [13] a predstavuji tzv.
komunika¢ni mista mezi cytoplazmou a jadrem. QCDs maji velikost do 7 nm a proto snadno
prostupuji skrz jadernou membranu a jejich naboj podminuje interakci s DNA. Elektrostatické
vyvazani QCDs na grafenové sheety zamezuje prudkému vstupu QCDs dovniti bunék a tim
ovliviiuji miru uptaku a internalizaci do jadra. Z tohoto pohledu by se GO mohly vyuzivat

jako cilené nosi¢e QCDs a regulovat tak misto jejich ptsobeni.

Toxicita QCDs a QCDs-GO byla testovana na mysich fibroblastech NIH/3T3 (Obr.
23) a pro mikroskopii a porovnani internalizace nanomaterialii byla pak zvolena koncentrace
pod hodnotu IC 50 (< 100 pg/ml). Bunky byly 24 h inkubovany s QCDs a se dvéma typy
kompoziti (GO250QCD500 a GO500QCD500), které se liSily obsahem GO nanostruktur.
QCDs se rychleji uvolnily z hybridniho systému s niz§im obsahem GO a pronikly do jadra
cetnéji nez v piipadé kompozitu s vy$$im obsahem GO struktur (Obr. 24 B, C). Buiky
znacené samotnymi QCDs vykazovaly nejvétsi fluorescencni signdl v oblasti jadra, kde se
akumulovaly (viz Obr. 24 A a Obr. 25). V této studii byl tedy potvrzen vliv naboje
nanomateridlu na biologické interakce a moznost specifického znac¢eni novym fluorescencnim

hybridnim systémem.
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Obr. 23: Grafické vyjadieni viability bun¢k (NIH/3T3) po oznaleni vzorky QCDs, GO
a GO-QCD v koncentracni fadé 0 — 300 pg/ml; ke stanoveni viability byl pouzit MTT test.

Obr. 24: Mysi fibroblasty NIH/3T3 kontrastované (A) QCDs, (B) GO250QCD500, and (C)

GO500QCD500. Pouzitd koncentrace kazdého vzorku byla 100 mg/mL, ¢as inkubace 24 hod.
Metitko 200 pum.

| ]

Obr. 25: Fluorescencné svitici jaddra bunék NIH/3T3 naplnéna QCDs; Pouzitd koncentrace
vzorku byla 100 pg/ml, ¢as inkubace 24 hod. M¢étitko 100 um.
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3.2.2 Toxicita uhlikovych te¢ek — Vliv povrchové funkcionalizace na bunécnou viabilitu,
generaci kyslikovych radikali a bunéény cyklus

Tato studie (viz Pfiloha 4) byla zamétena na vliv povrchového ndboje uhlikovych
te¢ek (CDs) na jejich cytotoxicitu (viabilitu, oxida¢ni stres a bunéény cyklus). K testovani
byly pouzité zaporné nabité CDs ptipravené standardni metodou oxidaci vosku svicky v HNO;
podle ¢lanku [52]. Z takto nasyntetizovanych CDs se neuvoliluji prekurzory, které by mohly
byt potencionalnim zdrojem toxicity a nemizou tedy ovlivnit € nasi studii zaméfenou
na toxicitu zpuisobenou povrchovym nabojem nanomateridlu. Samotné CDs byly navic jiz
testovany na in vivo urovni [229-230]. Kladny a neutralni ndboj byl ziskdn vyvazanim

polymeru na CDs povrch — PEI zajistil kladny naboj, PEG neutralni.

S dree”

Obr. 26: Mikroskopické snimky CDs z HR-TEM; CDs-Pri — CDs bez polymeru, CDs-PEG
a CDs-PEI — pasivované CDs; Cerveny kruh s Sipkou znazornuje zvétSenou oblast, na které
jsou patrné i grafitové roviny uvniti CDs, jejichz vzdéalenost je 0,22 a 0,33 nm.

CDs bez polymeru (CDs-Pri) mély C potencial — 28 mV pii pH 7. Zaporny naboj byl
zapticinén karboxylovymi a dusi¢nanovymi skupinami, které pochdzely z oxidacni syntézy
v HNO;. Pitomnost téchto skupin byla potvrzena XPS analyzou a FT-IR. CDs s polymerem

na povrchu (CDs-PEG a CDs-PEI) mély € potencidl — 6mV a + 53 mV pii pH 7. CDs-PEG
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byly tedy téméf neutralni a CDs-PEI vykazovaly silné kladny naboj (viz schématicky Obr.
27). Velikost CDs podle snimki z HR-TEM byla 4 — 7 nm. Ze snimka na Obr. 26 byly také
patrné roviny hexagonalni miizky grafitu o velikosti 2,2 A (hexagonalni vzdalenost) a 3,3 A

(vzd. mezi grafitovymi vrstvami) [231-232].

Neutralni

Zaporn¢ nabité

COO~

COO™
"00C

Uhlikové tecky

CHO

Obr. 27: Schématické zobrazeni CDs s riznym povrchovym nabojem.

Uptake CDs a morfologie znac¢enych bunék

Bunky (NIH/3T3) byly se vzorky (CDs-PEG, CDs-Pri, CDs-PEI ) inkubované 24 h
v koncentraéni fad¢ 5, 10, 25, 50, 100, 200 a 400 pg/ml a nasledné zobrazeny svételnym
mikroskopem. Morfologie bunék znacenych vzorkem nesoucim neutralni naboj (CDs-PEG)
nebyla pozménéna az do koncentrace 400 pg/ml, kdy nékteré bunky podlehly bunééné smrti
(mikroskopické snimky vSech koncentraci jsou soucasti Prilohy 4 (Fig. S3: la-d). Bunky
znacené negativné nabitymi CDs (CDs-PEI) zptsobily prvni zndmky toxicity jiz pii 50 pg/ml
a deformace bunék stoupala umérné s podanou davkou nanomateridlu. Pti koncentracich 200
— 400 pg/ml dochazelo v cytosolu k tvorbé vezikul a jiz od koncentrace 50 pg/ml se CDs-PEI
dostaly do jader (viz Obr. 28 B). Zaporn€ nabité CDs bez polymeru na jejich povrchu (CDs-
Pri) se chovaly velice podobné jako CDs-PEG pii koncentracich nizSich nez 200 pg/ml,
pti vyssich davkach buiiky zac¢aly ménit svij tvar (viz Ptiloha 4 SI_Fig. 3 c, Fig. S3: 3c).

Je znamo, ze rizné nanomaterialy méni morfologii bunék [233-235]. Nekteré studie
popisuji, Ze ROS poskozuji aktin v cytoskeletu a méni jeho elasticitu, ktera zajistuje bunécny
tvar [235]. Cytoskelet hraje také hlavni roli pfi pohlceni nanocéstic a je soucasti fady
intracelularnich signalnich drah [236]. Z naSich vysledkl vyplyva, ze bunéénd morfologie je
vyrazné ovlivnéna kladné nabitymi CDs-PEI, méné pak zaporné nabitymi CDs-Pri. CDs-PEG

nezpisobily zddné zmény, ani nebylo mikroskopicky zaznamenano, ze by se snizil uptake
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nanocastic pti vysSich davkach — bunky byly fluorescencni i pfi vysoké koncentraci CDs
(Obr. 29).

<€—— vezikuly

100 pm 100 pm
[ e— s [ e s
Obr. 28: Morfologie bun¢k NIH/3T3 po 24 h inkubaci s CDs (200 pg/ml). A) CDs-PEG, B)
CDs-PEI, C) CDs-Pri, D) kontrolni neznacené buiky; Mikroskop Olympus IX 70, ob;j.
zvétSeni 40, méfitko 100 pm.

Obr. 29: Fibroblasty NIH/3T3 zna¢ené CDs-PEG (inkubace 24 h, koncentrace 350 pg/ml.

Fluorescencni méd svételného mikroskopu Olympus IX 70, obj. zvétseni 20, métitko 200 pum.
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Viabilita a oxidac¢ni stres po 24 hod

Cytotoxicita CDs byla uréena MTT testem pii stejnych koncentracich jako
pfi pozorovani zmén bunéné morfologie (5 — 400 pg/ml). Po 24 h inkubaci fibroblastt
NIH/3T3 se vzorky (CDs-PEG, CDs-PEI, CDs-Pri) byla stanovena viabilita i hladina ROS.
Totéz bylo zméteno u samotnych polymerti PEG a PEI jimiz byly butiky také znaceny, aby
bylo mozné ptesné urcit podstatu toxicity. Davky polymerti byly pfepocitany na koncentrace
PEG a PEI, které odpovidaly mnozstvi vyvazaného polymeru pii syntéze CDs — v ptipadné
PEG se vyvazalo 8 %, u PEI 10 %. Pouzité koncentrace polymert byly tedy nasledujici: 0,4;
0,8;2; 4;8; 16; 24; 32 ng/ml pro PEG a 0,5; 1; 2,5; 5; 10; 20; 30; 40 pg/ml pro PEIL. Pro lepsi
objasnéni napt. koncentrace 5 pg/ml CDs-PEG obsahovala 0,5 pg/ml PEG a koncentrace
5 pg/ml CDs-PEI obsahovala 0,4 pg/ml PEI.

CDs-PEG s neutralnim nadbojem vykazovaly koncentra¢né zavislou cytotoxicitu (Obr.
30 A) a IC 50 nastala pii 300 pug/ml. U bunck znacenych CDs-PEI se viabilita vyrazné snizila
s rostouci davkou vzorku a hodnota IC 50 byla 50 pg/ml (Sestkrat niz§i davce nez u CDs-
PEG). CDs-Pri v nizsich davkach (5 — 50 pg/ml) stimulovaly bunécnou proliferaci a nasledné
také zpusobily pokles viability, ktery byl umérny podané davce. IC 50 nastala stejné jako
u CDs-PEG pfti 300 pg/ml (viz Obr. 30 A). Viabilita bunék zna¢enych PEG pozvolna klesala
az k nejvyssi koncentraci avSak IC 50 nedosdhla. Naopak toxicky ucinek mély vysledky

naméiené na buiikach znac¢enych PEI, kdy IC 50 nastala jiz pti 5 pg/ml (viz Obr. 31).

Nizkd toxicita CDs-Pri (syntetizovanych stejnou metodou) neni odliSna
od ptedchozich studii, které uvadéji IC 50 v rozmezi 100 — 500 pg/ml [44, 63]. Nicméné,
stimulace proliferace vyvolana v nizkych koncentracich nebyla doposud popsana. ZvySené
mnozstvi kyslikovych radikal mtze vést k nekontrolovatelné bunééné proliferaci a zpisobit
nadorové nebo jiné onemocnéni [237-238]. Markantni toxicita CDs-PEI byla ptedpokladana,
jelikoz kladn¢ nabity polymer (PEI) ma transfek¢ni vlastnosti a snadno prostupuje skrz
bunénou membranu [49, 239]. Navzdory tomu, pii srovnani toxicity CDs-PEI s jinymi
studiemi, CDs-PEI vykazuji toxicitu az ve vyssi davce (50 pg/ml). U pegylovanych CDs
s neutrdlnim nabojem byla ptfedpokladand nejvyssi biokompatibilita [49, 240], kterou jsme

v ramci méfeni viability a oxida¢niho stresu potvrdili.

Oxidacni stres je hlavnim cytotoxickym mechanismem, ktery nanomaterialy spousti
[233,241] a razné bunécné linie maji rozdilnou antioxidacni kapacitu [242]. Nizkd hladina

ROS je bunkkou regulovand v béznych fyziologickych d&jich, vys$i mnozstvi ROS vede
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k oxida¢nimu poskozeni bunck a k bunécné smrti [223, 235, 243]. Zmétenim mnozstvi ROS
se stanovi maximalni moznd hladina ROS [236], se kterou se bunika vypotadd za 24 hod

a odhali, zda je toxicky uc¢inek pouze docasny nebo pietrvavajici [244].

Oxidacni stres byl métfen paralelné s MTT testem (po 24 h inkubaci se vzorky).
Produkce ROS zvolna klesala se stoupajici koncentraci vzorki (pfesn¢ opacny trend nez pti
stanoveni viability). Zna¢ny nariist ROS se u vSech vzorkl objevil v rozmezi 50 — 200 pg/ml
(Obr. 30 B). Koncentrace 50 pg/ml byla pravdépodobné kritickou davkou, od které zacaly
vznikat zmény — prudky nartst ROS (Obr. 30 B), vyrazny pokles viability (Obr. 30 A). Stejny
jev byl zaznamenan i pfi méfeni vyvoje ROS od aplikace vzorku k buiikdm, ktery je pospan

v dalsi ¢asti prace. Na grafu (Obr. 30 B) je patrné, Ze hladina ROS poklesla pti koncentracich

Mrw e

cey

je blizko hodnot IC 50 a jen polovina zijicich bunék vytvaii ROS. Zajimavym fenoménem
bylo to, ze nejvyssi mnozstvi ROS pfii koncentraci 50 pg/ml produkovaly buniky znacené
CDs-Pri. Tento vysledek by mohl vysvétlit jiz zminénou stimulaci proliferace, kterd nastala
pfi nizkych koncentracich CDs-Pri, avSak korelace mezi oxidacnim stresem a proliferaci je
stale neobjasnéna [242]. Vyrazné nizky ROS byl naméten u bunék znacenych CDs-PEI kvuli
nedostateéné viabilit€¢ bunék. Buiky znaéné polymerem PEG nevykazovaly Zzadnou
abnormalni hladinu ROS, u bun¢k znacenych PEI byl vyvoj ROS po 24 hodinové inkubaci

patrny, avSak ne markatni (viz Obr. 32).

A 140 - —CDs-PEG | B 2200 —CDs-PEG
120 = 1 —CDs-PEI 2100 —CDs-PEl .
. CDs-Pri =
-
—_ 100 E 2000
X 80 o
& 7]
= S 1900
= 60 &
= <
= s 1800
s 40 \f\ 3
> 20 s | £ 1700
0 1600
0 5 10 25 50 100 200 300 400 0 5 10 25 50 100 200 300 400
Koncentrace CDs [ng/ml] Koncentrace CDs [ng/ml]

Obr. 30: A) Procentudlni vyjadreni viability CDs-znacenych bun¢k a B) hladiny ROS po 24

hodinové inkubaci bunck se vzorky.
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Obr. 31: Viabilita bunék po inkubaci samotnych polymert PEG a PEI, které jsou
v uvedenych koncentracich CDs-PEG a CDs-PEI vyvazané.
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Obr. 32: Oxidacni stres v bunkach NIH/3T3 znacenych polymery A) PEG a B) PEI; Inkubace
se vzorky byla 24 hod.

Kinetika ROS béhem 4 hodin

K ziskani detailnich informaci o oxidacnim stresu byl zméfen vznik ROS béhem
prvnich ¢tyf hodin od aplikace vzorku k bunikdm. Nartst kyslikovych radikali byl méten
kazdych 30 min a zmény byly markantni a to pfedev§im u vzorku CDs-PEI (Obr. 33),
u kterého hladina ROS rapidné stoupala az do posledniho méteni, pti kterém doslo k poklesu
ROS pti koncentraci 200 pg/ml. V grafech (viz Obr. 33 A-D) je znazornén vyvoj oxida¢niho
stresu v zavislosti na koncentraci CDs a vyjadien béhem ¢ty hodin. Prvni méfeni bylo
provedené 20 min po aplikaci vzorku, coz je nezbytnd doba na interakci fluorescencni proby
s intracelularnim ROS. Nejvétsi zmény opét nastaly pii koncentraci 50 pg/ml a nejvyssich

hodnot dosahovaly buiiky znacené kladné i zaporné nabitymi CDs (CDs-PEI, CDs-Pri).
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Detailni vyvoj ROS v zavislosti na case rozdéleny pro jednotlivé koncentrace i vzorky je

soucasti Ptilohy 4.
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Obr. 33: Grafické vyjadreni hladiny ROS béhem 4 hodin od aplikace vzorku. A) Mnozstvi
ROS na zacatku métfeni (20 min od inkubace CDs-znacenych bunék s fluorescencni probou),
B) hladina ROS po 1 hod, C) po 2 hod, D) po 4 hod. Hodnota hladiny ROS v kontrolnich
bunikéch je pocatecni hodnotou na ose y. Hodnoty méfené po pil hodiné nebyly zatazeny do
této prace, jelikoz nezndzorniovaly graficky patrné zmény.

Vliv CDs na bunéény cyklus

Pritokova cytometrie poskytuje informace o jednotlivych bunkach a je tak nezbytna
pro kompletni studii cytotoxicity. Bunécny cyklus se skladd z posloupné koordinovanych
procesu a je rozdélen na interfazi (G1 fazi, S fazi, G2 fazi) [237], mitézu (M) a cytokinezi
(cytoplazmatické rozdéleni bun€k) [245]. Bunky pretrvavajici v G1 fazi rostou do potiebné
velikosti a az pak vstupuji do S faze [246]. Pokud buiiky dostate¢né nevyrostou, zlstanou
v Gl fazi (to je oznaCeno jako GO fize) nebo podlehnou apoptéze. V S fazi dochazi

k replikaci DNA a nasledné buiky pfechazi do G2 faze, ve které se bunky pfipravuji
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na mitézu (viz Obr. 34). Mezi G1 — S fazi a S — G2 fazi se nachdzi kontrolni body, které
hlidaji ,.kvalitu® DNA. Pokud je DNA poskozena nebo je jeji struktura abnormalni, bunécny
cyklus se prodlouzi o ¢as vynaloZzeny na opravu DNA, ptestavbu chromatinu ¢i metabolické
zmény. Jestlize butika neni schopnd reparace, podlehne bunééné smrti [247]. Nanomaterialy
mohou zplsobit zmény v jednotlivych fazich bunééného cyklu [248]. V této praci byly
analyzovany jednotlivé buiiky znafené CDs, jejichz bunécné faze (GO/G1, S, G2/M) jsou
znazornény ve 2D histogramu, ktery vyjadiuje pocet bunék versus mnozstvi DNA urcené

intenzitou propidium iodidu (PI)) (Priloha 4, Fig. S5).

pfiprava na mitézu

nebo vstup do G,
‘\ >~ déleni nilst butiky
/*‘\\f zvy$eni podtu

organel
a ribozom

interfize

replikace DNA
syntéza strukturnich
proteind jadra

Obr. 34: Schéma bunécného cyklu s jednotlivymi fazemi, prevzato z [249].

Vysledky ukazaly, ze CDs-PEG nezplsobily zadné vyrazné zmény bunécného cyklu
pti porovnani s kontrolnimi butikami (Obr. 35 A-C). Nizké koncentrace CDs-Pri také bunécny
cyklus neovlivnily, avSak davka 100 pg/ml mirné prodlouzila G2/M fazi (o 5% wvici
kontrole), (viz Obr. 35 B), nicméné neni mozné odlisit, kolik bun¢k bylo v mitéze a zda se
nejednalo jen o vys$i pocet bunéné populace ve fazi déleni. Ve vysoké koncentraci
(nad hodnotu IC 50) se vyskytlo zdrzeni G1/GO faze a nemnoho bunék piekonalo kontrolni
bod a pieslo do S faze (Obr. 35 C). Tyto bunky pravdépodobné piesly do GO faze nebo
podlehly apoptoze. Pozitivné nabité CDs-PEI inhibovaly bunéénou proliferaci pies zdrzeni
GO0/Glfaze v koncentraci 50 a 100 pg/ml (Obr. 35 A, B). Navic pti 100 pg/ml doslo ke
zvySeni bunécné populace v G2/M fazi oproti S fazi (pomér mezi S a G2/M fazi CDs-PEI
znacenych bunék byl 11:33, kdezto u kontrolnich bunék je pomér téchto fazi 26:27). Z toho
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vyplyva, Ze bunky znacené toxickou davkou 100 pg/ml mély prodlouzenou G1 fazi, ale také i
G2 fazi a to vedlo k bunééné smrti.
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Obr. 35: Graficky zpracované vysledky z pritokového cytometru — porovnani jednotlivych
fazi bunécného cyklu mysich fibroblasti NIH/3T3 znac¢enych CDs-PEG, CDs-PEI, CDs-Pri;

Podané koncentrace: A) 50 pg/ml, B) 100 pg/ml, C) 350 pg/ml; Origindlni naméfend data
jsou soucasti Piilohy 4.

Tato kvantifikace bunééné populace v GO/Gl, Sa v G2/M fazi byla vytvofena
z ,basic gatu®, ktery zahrnuje bunky v Gl fazi s normalnim mnozstvim DNA (n), buiky
v G2/M fazi se zdvojenym mnozstvim DNA (2n) a také bunky v S fazi, které mély obsah
DNA v intervalu mezi n a 2n (Obr. 36 A). Obecné, tato ,,basic gate™ piedstavuje ptiblizné
90% vSech ,events* (to znamend vSech bunck a dal§ich ¢astic detekovanych pratokovym
cytometrem), pouze 10% jsou rozbité bunky a malé debris. V piipadé CDs-PEI znafenych
bun¢k koncentraci 350 pg/ml byla ,,basic gate™ pouze 20% ze vSech ,,events* a zna¢na vétsina
bunék obsahovala mensi nez standardni mnozstvi DNA (viz Obr. 36 B). To potvrdilo,
ze prevazné mnozstvi téchto bun¢k je odumielych a rozpadlych. Stejné vysledky byly patrné
1 ze snimkd svételného mikroskopu, které jsou soucasti Ptilohy 4 (SI, Fig. S5). Piehled
toxickych ucinkii zptisobenych CDs je shrnuty na Obr. 37.
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Obr. 36: Bunécny profil A) kontrolnich bun¢k NIH/3T3, B) CDs-PEI zna¢enych bunék
NIH/3T3 koncentraci 350 pg/ml.
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Analyza bunécného cyklu byla provedena i u bun¢k znacenych pouze polymery PEG
a PEI (opét v adekvatné prepocitanych koncentracich polymeru na davku vzorku — viz
podkapitola Viabilita a oxidacni stres po 24 hod) a bylo zjisténo, ze samotné¢ molekuly PEG
jsou biokompatibilni a PEI zpiisobuji prodlouzeni GO/G1 faze pii koncentracich 10 a 35
png/ml stejné jako tomu bylo u komplexu CDs-PEI pii koncentraci 100 a 350 pg/ml (pozn.
tyto koncentrace PEI jsou piitomny ve vzorku CDs-PEI v koncentracich 100 a 350 pg/ml).
Tyto vysledky reflektuji, ze polymer PEI ovliviiuje bunéény cyklus b. linie NIH/3T3 a to jak
ve volné tak i vnavazané formé. Ovlivnéni GO/G1 faze molekulami PEI bylo také
zaznamenano u b. linie HepG2 [250]. Je velice zajimavé, ze samotné PEI i komplex CDs-PEI
zpisobuje stejnou abnormalitu bunécného cyklu. Pravdépodobné nezalezi na mechanismu
uptaku (PEI — difuzné, CDs-PEI — endocytézou + unik z endo/lyzosomi pies ,,proton
sponge®) nebo je naopak mechanismus stejny pro PEI i CDs-PEI, jelikoz CDs jsou dostate¢né
malé, aby prosly pifes membranu difizné. Nicméné oba tyto vzorky interaguji s organelami,

prostupuji do jadra a ovliviiuji bunécny cyklus.

Kompletni piehled cytotoxicity, ktera byla u vzorkii CDs-PEG, CDs-Pri, CDs-PEI

namétena je zndzornéna ve schématickém obrazku 37.

CDs-PEG CDs-Pri CDs-PEl

%{é toxicita l Stit‘edni toxicita% Vysoka toxicita

Nezménéna morfologie bunék Zmény morfologie b. ve vysokych Vyrazné zmény morfologie b.
74 dny vyskyt vb. jadie davkach; Zadny vyskyt v b. jadie Znacny vyskyt v b. jadie
. 1 . . Vysoky oxidacni stres, stimulace Vysoka cytotoxicita
NIZka cytotoxicita proliferace; Abnormality v b. cyklu Abnormality v b. cyklu v GO/G1 i
Z4dné zmény b. cyklu ve vy§gich davkach v G2/M fazi

Obr. 37: Schématické vyjadieni toxicity CDs-PEG, -Pri, -PEI vii¢i bunééné linii NIH/3T3.
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4 SHRNUTI

Tato disertacni prace se zabyvala Sirokym tématem interakce nanomateriali s bunécnymi
kulturami. V teoretické c¢asti byly predstaveny vybrané nanomateridly — polovodicové
a uhlikové kvantové teCky, grafeny, grafen oxidy a superparamagnetické nanocastice, u
kterych byla proreSerSovana jejich cytotoxicita a aplikace. Druhd ¢ast prace obsahuje piehled
okomentovanych vysledkt, které byly dosazeny ve zminénych publikacich na lidskych
1 potkanich mesenchymalnich kmenovych buiikach a na mysich fibroblastech NIH/3T3. Tato
prace by méla byt podrobnym ndhledem na cytotoxicitu studovanych nanomateriali (CDs,
GO, GO-QCDs a SPIO NPs), které se zdaji byt ptislibné pro budouci bioaplikace. DalSim
cilem bylo ukazat, jak moc je dilezité kombinovat bézné metody pouzivané molekularnimi
biology (MTT test, ROS analyza ¢i prutokovd cytometrie) se svételnou, fluorescenéni
i elektronovou mikroskopii. Pravé tato komplementarita metod, které jsem ve své praci
pouzivala, dava komplexni piehled o chovani studovanych bunéénych linii, které jsou
inkubovéany s nove pfipravenymi nanomaterialy. Kazdy noveé nasyntetizovany materidl je
originalni a neni trividlni odhalit, jaké d&je v bunice pfi setkani s danym materidlem probihaji.
Navic bézné laboratorni metody s nanocasticemi nemusi fungovat, a také kazda bunécna linie
reaguje na pritomnost daného nanomaterialu odlisné. Se vSemi ndstrahami a problémy se mi
podafilo béhem experimentalni prace vypotfaddat a mohla jsem tak svymi vysledky piispét
nejen k sepsdni a uspéSnému publikovani védeckych clankt, ale také k vytvoreni
optimalizovanych protokoli vsSech vySe zminénych metod zabyvajicimi se interakci

nanomateriali s bunéénymi kulturami.

58



5 SUMMARY

This thesis described rich topic about interactions between nanomaterials and mammalian
cells. In theoretical part, cytotoxicity and bio applications of semiconductor and carbon
quantum dots, graphene, graphene oxide and superparamagnetic nanoparticles were
introduced. The second part contains results from microscopic and cytotoxic studies, which
were measured on rat and human mesenchymal stem cells and mouse skin fibroblasts
NIH/3T3. The goal of this work was to show up an overview of detailed studies about carbon
and iron nanomaterials which are important for bio applications. The thesis has been written
from four chosen publication focused on microscopic techniques used for detection of
nanomaterials inside cells and cytotoxic methods which helped to determine viability and
oxidative stress of nano-labeled cells. Each newly prepared nanomaterial has original
properties, thus is very important to carefully observe interactions of the sample with cells.
Common laboratory assays might not work and from this reason the microscopy is
indispensable to find out intracellular happenings caused by nanomaterials. Therefore,

optimalization of protocols has been included.
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When developing new nanoparticles for bio-applications, it is important to fully characterize the
nanoparticle’s behavior in biological systems. The most common techniques employed for mapping
nanoparticles inside cells include transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM). These techniques entail passing an electron beam through a thin specimen.
STEM or TEM imaging is often used for the detection of nanoparticles inside cellular organelles. However,
lengthy sample preparation is required (i.e., fixation, dehydration, drying, resin embedding, and cutting).
In the present work, a new matrix (FTO glass) for biological samples was used and characterized by field
emission scanning electron microscopy (FE-SEM) to generate images comparable to those obtained by
TEM. Using FE-SEM, nanoparticle images were acquired inside endo/lysosomes without disruption of the
cellular shape. Furthermore, the initial steps of nanoparticle incorporation into the cells were captured.
In addition, the conductive FTO glass endowed the sample with high stability under the required accel-
erating voltage. Owing to these features of the sample, further analyses could be performed (material
contrast and energy-dispersive X-ray spectroscopy (EDS)), which confirmed the presence of nanoparti-
clesinside the cells. The results showed that FE-SEM can enable detailed characterization of nanoparticles
in endosomes without the need for contrast staining or metal coating of the sample. Images showing the
intracellular distribution of nanoparticles together with cellular morphology can give important infor-
mation on the biocompatibility and demonstrate the potential of nanoparticle utilization in medicine.
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1. Introduction

Many advancements have occurred in a bid to properly image
cells and intracellular structures, ranging from optical microscopy
to the present techniques based on electron microscopy (Bogner
et al., 2007). Electron microscopy has been a popular method for
identifying subcellular structures since 1944, when scientist Keith
R. Porter and Albert Claude first used an electron microscope to

* Corresponding author. Tel.: +420 585634485; fax: +420 585634958.
E-mail address: marketa.havrdova@upol.cz (M. Havrdova).

http://dx.doi.org/10.1016/j.micron.2014.08.001
0968-4328/© 2014 Elsevier Ltd. All rights reserved.

observe the morphology and composition of cells (Porter et al.,
1945). Subsequent imaging of cells rapidly expanded scientific
knowledge of their morphology and the organization of organelles
(Claude, 1948, 1950). This in turn prompted significant develop-
ments in molecular biology and medicine (Claude, 1962). Progress
in medicine and other applications (such as electronics, textiles and
biomaterials) was further stimulated in 1959 with the advent of
nanotechnology (Singh et al., 2013). Nanotechnology has improved
many of the tools and technologies required to view and under-
stand nano-environments directly relevant to cell function and
disease (Chenetal.,2014; Weissleder etal.,2014; Zhou et al., 2014).

Magnetic nanoparticles have found an irreplaceable role as
magnetic markers of cells in magnetic resonance imaging (MRI).
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Thus, extensive searches have been made to find suitable types of
magnetic nanoparticles and methods for characterizing cell behav-
ior after magnetic nanoparticle labeling (Reddy et al., 2012). Many
studies have demonstrated that the best magnetic properties are
shown by superparamagnetic iron oxide nanoparticles (SPIONs)
(Lodhia et al., 2010; Wilhelm et al., 2002). SPIONs have been used
for cell labeling and tracking, cell sorting and also as magnetic
resonance contrast agents (Babic et al., 2008). Analysis of the bio-
compatibility, rate of adsorption and internalization of SPIONs by
mammalian cells is important for medical purposes (Singh et al.,
2010). Thus, it is essential to image the presence of internalized
nanoparticles and follow their distribution in cytoplasm.

Traditional toxicity studies provide global information about
the interaction of nanoparticles with surrounding tissue. How-
ever, they lack the spatial resolution necessary to study individual
nanoparticles and their interactions within a biological system.
Electron analysis of tissue samples for nanoparticles localization
can, in addition to standard cytotoxicological testing, provide
detailed information on the toxicity and distribution of nanopar-
ticles (Kempen et al., 2013).

Transmission electron microscopy (TEM) is usually employed
to image nanoparticles inside organelles (Gupta and Gupta, 2005;
Huang et al., 2013). However, the sample preparation required
is time consuming and complicated, requiring many treatment
processes such as fixation, dehydration, drying, embedding, trim-
ming and cutting, and heavy metal staining (Donovan et al., 2002).
Centrifugation and cell fixation processes can alter membrane
properties (Nakase et al.,, 2004), leading to spurious uptake of
nanoparticles (Zheng et al., 2011). Some of the above-mentioned
steps can be eliminated by imaging in liquid, which is regarded as
an emerging field of electron microscopy (Peckys and Jonge, 2014).
However, these methods have not yet been refined sufficiently
for general use. Field emission scanning electron microscopy (FE-
SEM) coupled with energy dispersive X-ray (EDX) microanalysis
and backscattered electron imaging (BEI) is an ideal analytical tech-
nique for characterizing and visualizing the elemental composition
of a specimen (Patri et al., 2009; Zheng et al., 2011). FE-SEM has
a spatial resolution of <1 nm and a number of other advantages,
including much improved performance at low accelerating voltages
(Goodhew et al., 2001). These properties of FE-SEM have allowed
new approaches for life science studies to emerge, based on high
resolution images previously only obtainable by using TEM. How-
ever, all previous studies in which FE-SEM has been used for cellular
observation have focused on imaging nanoparticles adhering to the
cellular membrane (Gupta and Curtis, 2004; Plascencia-Villa et al.,
2012). In spite of the advanced capabilities of FE-SEM, no study has
yet described its use for the accurate ultrastructural localization
of nanoparticles inside cells. Here, we demonstrate high resolu-
tion FE-SEM images of nanoparticles inside endosomes which are
comparable to TEM images.

The aim of this study was to follow the natural responses
of cells during labeling by SPIONs. Different cell types report-
edly exhibit different responses to different kinds of nanoparticles
(Gupta and Curtis, 2004). In our work, we chose mesenchymal
stem cells and SPIONs as both are important in the emerging
fields of nanomedicine, especially in regenerative therapies (Ikebe
and Suzuki, 2014; Odintsov et al., 2013; Wang et al., 2009). The
ultra-high resolution of FE-SEM offers new insights into the dynam-
ical processes of interactions between nanoparticles and cells. The
preparation of samples for scanning electron microscopy (SEM)
avoids the need for some of the time consuming steps required
in TEM, such as resin embedding and sectioning. In addition, the
unbroken shape of fixed cells allows details of the adsorption
and mechanism of uptake to be obtained. Analysis of the influ-
ence of nanoparticles on the cellular morphology during their
adsorption/uptake and subsequent investigation of the endosomes

Fig. 1. Original morphology of a rat mesenchymal stem cell. The nucleus (black
arrow) and nucleolus (white arrow) are well resolved in the image despite being
located inside the cell. Magnification (a) 1200, (b) 2500 (Hitachi SU6600).

enables any potential cytotoxic effects of the nanoparticles to be
assessed.

2. Materials and methods
2.1. Materials

Transparent conducting oxide-coated glass (TCO22-15), com-
prising 2.2 mm thick sodaline glass coated on one side with a
fluorine doped tin oxide (SnO,:F) layer (“FTO” glass), was bought
from Solaronix (Switzerland). The FTO sheet (5 cm x 5 cm) was cut
into 1 cm pieces and then fashioned into a circular shape match-
ing the shape of the wells in the plates used for cell cultivation.
Thermanox coverslips were bought from Thermo Scientific (USA).

2.2. Cell cultivation and preparation of the sample

Human mesenchymal stem cells (hMSCs) were isolated from the
adipose tissue of healthy persons removed during liposuction. The
cells were seeded on 24 well plates and grown in Iscove’s modified
Dulbecco’s medium (IMDM) supplemented with 10% FBS and 2%
penicillin/streptomycin at 37 °C using a humidified 5% CO, incu-
bator. The hMSCs were trypsinized (after the cells reached 60%
confluency) and reseeded on the 24 well plates. In each well, a
piece of FTO glass or Thermanox slide was inserted. The cells were
allowed to grow on the FTO glass for 24 h, after which nanopar-
ticles were added (50 wgFeml~!) to each well. The cells were
incubated with nanoparticles for 2 days to allow a sufficient num-
ber of nanoparticles to be incorporated inside. SPION labeled cells
grown on FTO glass were fixed with 3% glutaraldehyde (in PBS) and
then washed three times with 0.2 M phosphate buffer (pH=7.2)
(two fast washes and 1 x5min slow wash with stirring using
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Fig. 2. Intracellular uptake and retention of nanoparticles: (a) Initiation of an early endosome, magnification 5500 ; (b) Different sizes of early endosomes full of nanoparticles
(white arrows), black arrows show the rough surface of the matrix (FTO glass). Magnification 12,000 (JEOL 7401F), scale bar=1 pm.

Vortex). The samples were dehydrated using an ethanol series of
30% (20 min), 50% (10 min), 60% (10 min), 70% (once 10 min, subse-
quently overnightin4°C),80% (10 min), 90% (10 min),95% (10 min),
100% (3 x 15min) and then dried overnight at room temperature
(RT). Images were acquired with two different FE-SEM instruments
(JEOL 7401F and Hitachi SU6600). The Hitachi SU6600 microscope
included EDS, which was used for material analysis.

3. Results and discussion

The distribution of incorporated nanoparticles has been shown
to depend on their chemical and physical properties (such as com-
position, stability, size, shape, surface functionality and charge)
and dose used (Stark, 2011). Although each newly synthesized
SPION may exhibit unique behavior, the abovementioned param-
eters appear to be the main factors affecting cellular responses.
Maghemite nanoparticles with a size distribution of 20 to 40 nm
have previously been used for stem cell labeling (Magro et al.,2012).
The nanoparticles were first synthesized and then incubated with
stem cells for 48 h at a concentration of 50 ugmL~!. Mesenchy-
mal stem cells (MSCs) were chosen for the present study owing
to their large size (about 100 pm, see Fig. 1) in comparison to
other cell types (with typical size ranging from 10 to 30 pum). MSCs
were loaded with nanoparticles into their well-spread cytoplasm
by invagination of nanoparticles into early endosomes (Fig. 2). After
uptake, endosomes continued surrounding the nucleus (Fig. 3).
Subsequently, endosomes filled the remaining areas of the cyto-
plasm (Fig. 4a). FE-SEM in gentle beam mode (GB-mode) provided
a sufficiently gentle approach for imaging details of nanoparticles

4.0kV X4,300 WD 8.0mm

in endosomes with high resolution at relatively low accelerating
voltage (Fig. 4). With this technique, we obtained similar images of
the nanoparticle distribution inside cells as previous TEM images
reported in the study by Horak et al. (2009) (Fig. 5). Our micro-
scopic study based on FE-SEM to evaluate the cellular uptake of
nanoparticles yielded valuable information about not only the cell
structural morphology but also the organization of nanoparticles
inside vesicles with high resolution and plasticity.

Comparing the TEM and FE-SEM images (Fig. 5), it can be seen
that FE-SEM was able to resolve nanoparticles inside the cells
with an equivocally high contrast as TEM but without the need
for ultrathin sectioning. For many applications, a correlative study
between nanoparticle locations and inner cell structures is needed.
Our images suggest that FE-SEM gives a lower contrast when
resolving large inner structures (for example, the nucleus bound-
ary is much more distinguishable in TEM). On the other hand, the
mutual positions of nanoparticles and fine cell morphology struc-
tures are better resolved in FE-SEM than in TEM. These findings
have implications, for example, for studies of the influence of cell
surfaces on nanoparticle uptake.

Advanced microscopic techniques such as TEM or STEM are
able to characterize intracellular components in detail. However,
the cell membrane undergoes significant structural changes during
the preparation of the cells via centrifugation. For this reason, it is
better to observe SPION-labeled cells in their most natural shape.
SEM is a technique widely used for imaging surface topographies,
but our images show that nanoparticles can be mapped inside cells
using FE-SEM as nanoparticles protrude through the membrane
during dehydration and drying of the cells (Fig. 6). This experiment

El 4.0kV X8,000 WD 8.0mm 1um

Fig. 3. Imaging of nanoparticles entrapped in endosomes: (a) Distribution of vesicles around the nucleus; (b) Detail of the nucleus surrounded by a clear region of endosomes
containing nanoparticles (white arrows). Magnification (a) 4300x, (b) 8000x (JEOL 7401F), scale bar=1 pm.
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Fig. 4. (a) Cytoplasm filled with endosomes (white arrows show nanoparticles in vesicles). b) Residue of a cellular membrane damaged by nanoparticles during dehydration
of the cell; nanoparticles (white arrow), the remaining part of the membrane (blue arrow). Magnification 35,000, scale bar =100 nm (JEOL 7401F).

Fig. 5. Representative TEM pictures (a-c) for comparison with FE-SEM images of nanoparticles (d-f), White arrows depict intracellular endosomes with nanoparticles. The

size of the endosomes was in the range 1-3 wm; Nu=nucleus; (JEOL 7401F).
Reprinted with permission from Horak et al. (2009), Copyright 2009, Elsevier B.V.

Endocytosis
of nanoparticles

Nanoparticles

inside endosomes Dehydration and drying

Nanoparticles come out
from dehydrated membrane

Fig. 6. Schematic representation of the cellular uptake of nanoparticles and change
in cell morphology after sample preparation for FE-SEM observation.

required the biological sample to be stable at relatively high accel-
erating voltage (4-15 kV). We compared the surface of two different
sample matrices. First, we tested coverslips (Thermanox) intended
for the cultivation of cells. These substrates are often used for
semi-permanent/permanent preparations for light microscopy and
atomic force microscopy (AFM) analysis because of their good cell
adhesion and transparency. This nonconductive material was also
used to test whether the same substrate (and cells) could be used
for observation by different microscopy methods (e.g., AFM, elec-
tron, light and fluorescent microscopy). However, stable imaging
of the Thermanox coverslips was only possible up to an accelerat-
ing voltage of 1 kV (Fig. 7a). Charging effects and consequent image
deterioration is a common problem in SEM (Donovan et al., 2002).
Thus, a second material - conductive FTO glass — was also tested.
The conductive FTO glass had a resistivity of 15 2/square, enabling
high contrast images, and showed good stability as a cell substrate
under the electron beam (Fig. 7b). The adhesion of cells to the FTO
glass was also satisfactory.
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Fig. 7. Comparison of the contrast obtained with cells on different surfaces: (a) Thermanox, (b) FTO glass (accelerating voltage: 1kV). Comparison of the stability of the bare

materials: (c) Thermanox, (d) FTO glass (accelerating voltage 5 kV, Hitachi SU660).

oum e

Fig. 8. Spectrum obtained by energy-dispersive X-ray spectroscopy (EDS) used to localize the nanoparticles (Hitachi SU6600).

The limited range of accelerating voltages allowed with the
Thermanox substrate precluded the use of EDS for further anal-
ysis of the iron oxide nanoparticles. Owing to the location of
the iron K-lines, such analysis requires stable imaging with an
accelerating voltage of 15kV. Thus, EDS was only possible for the
sample on FTO glass, which the confirmed the presence of iron
within the cells (see Fe peak in Fig. 8). In contrast, the point
EDS analysis outside the cells showed no iron content. The EDS

spectrum also contained peaks corresponding to chemical ele-
ments (C, O, Si, P) originating from the cell and a significant peak
due to tin (Sn) in the FTO glass (Fig. 8). From Fig. 2b, it can be
seen that images of the nanoparticles were clearly distinguish-
able from random structures on the FTO glass. The contrast of
nanoparticles in the cytosol was obtained by back-scattered elec-
trons (BSE) using a solid-state BSE detector and YAG detector
(Fig. 9b).

Nu

4.0kV X3,300 WD 8.0mm 1um

Fig.9. Material contrast of labeled cells grown on FTO substrates. (a) Cell dosed with nanoparticles (black spots) (image obtained using a solid-state BSE detector, magnification
600x, scale bar=50 wm, Hitachi SU6600). (b) Vesicles full of nanoparticles accumulated in the cytosol (material contrast obtained using a YAG detector, Nu=nucleus,

magnification 3 300x, JEOL 7401F).
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The material contrast of nanoparticles in the cytosol was
obtained by back scattered electrons (BSE) using a solid-state BSE
detector and YAG detector (Fig. 9b). These images were obtained on
different microscopes operating at different accelerating voltages,
which may explain the variation in contrast of the nanoparticles
(Hejna, 1995). However, they demonstrate the validity of using FE-
SEM for imaging iron oxide nanoparticles in cells with different
instruments.

4. Conclusion

Mesenchymal stem cells loaded with iron oxide nanoparticles
were used for imaging nanoparticles in an intracellular environ-
ment by FE-SEM. A new conductive substrate - FTO glass - was
shown to be a suitable matrix for SEM of biological samples. This
material showed a high stability under an electron beam combined
with excellent biocompatibility. Cells fixed on this surface could be
examined in detail. Moreover, the material contrast and EDS spec-
tra could be obtained. In addition, FTO glass can also be used as a
substrate for AFM to ensure good orientation of the sample during
imaging (data not shown). In the present study, we demonstrated
that the nanoparticle distribution inside cells could be measured
without the need for ultrathin sectioning. The cells were fixed in
a natural shape and nanoparticles were imaged from the start of
endocytosis. Nanoparticles entrapped in endosomes were found
to accumulate inside the cytosol and surrounded the cell nucleus.
From a comparison of TEM and FE-SEM images, we showed that
FE-SEM is able to resolve nanoparticles inside cells with a con-
trast equivalent to that of TEM. Further, we demonstrated that
nanoparticles inside cells could be mapped using FE-SEM as the
nanoparticles protruded through the membrane during the dehy-
dration and drying sample preparation steps.
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Obijective: Cell therapies have emerged as a promising approach in medicine. The basis of
each therapy is the injection of 1-100x10° cells with regenerative potential into some part of
the body. Mesenchymal stromal cells (MSCs) are the most used cell type in the cell therapy
nowadays, but no gold standard for the labeling of the MSCs for magnetic resonance imaging
(MRI) is available yet. This work evaluates our newly synthesized uncoated superparamagnetic
maghemite nanoparticles (surface-active maghemite nanoparticles — SAMNs) as an MRI contrast
intracellular probe usable in a clinical 1.5 T MRI system.

Methods: MSCs from rat and human donors were isolated, and then incubated at different
concentrations (10-200 pg/mL) of SAMN maghemite nanoparticles for 48 hours. Viability,
proliferation, and nanoparticle uptake efficiency were tested (using fluorescence microscopy,
xCELLigence analysis, atomic absorption spectroscopy, and advanced microscopy techniques).
Migration capacity, cluster of differentiation markers, effect of nanoparticles on long-term
viability, contrast properties in MRI, and cocultivation of labeled cells with myocytes were
also studied.

Results: SAMNs do not affect MSC viability if the concentration does not exceed 100 pg
ferumoxide/mL, and this concentration does not alter their cell phenotype and long-term pro-
liferation profile. After 48 hours of incubation, MSCs labeled with SAMNs show more than
double the amount of iron per cell compared to Resovist-labeled cells, which correlates well
with the better contrast properties of the SAMN cell sample in T2-weighted MRI. SAMN-
labeled MSCs display strong adherence and excellent elasticity in a beating myocyte culture
for a minimum of 7 days.

Conclusion: Detailed in vitro tests and phantom tests on ex vivo tissue show that the new
SAMNS are efficient MRI contrast agent probes with exclusive intracellular uptake and high
biological safety.

Keywords: mesenchymal stromal cells, stem cell tracking, magnetic resonance imaging,
superparamagnetic iron oxide nanoparticles, stem cell labeling

Introduction

Cellular therapies exploit the high regenerative potential of stem cells or multipo-
tent cells. Mesenchymal stromal cells (MSCs) are currently the type of multipotent
cells most extensively used in preclinical and clinical applications. These cells are
able to repair damaged tissues, support the growth of original cells, and regulate
inflammation. They are able to halt numerous degenerative diseases. MSC therapy
procedures are based on injecting 1-100x10° MSCs directly into the body’s target
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(eg, heart, skin scar tissue, knee joint) or infusing MSCs
into the blood circulation.'? A very complex biophysical
process begins after the administration of MSCs, con-
sisting of their interaction with the patient’s healthy and
pathological cells and with the extracellular matrix. This
leads either to cell attachment or cell rejection.* Physicians
should ideally have a monitoring tool capable of determin-
ing the fate of the injected stem cells. Such tools should
provide information about the stem cell biodistribution
immediately after injection, migration after several hours
or days, and, over a longer term, stem cell survival and dif-
ferentiation of grafted stem cells in vivo. Among the many
diagnostic tools available, magnetic resonance imaging
(MRYI) is today the most widespread and seemingly ideal
noninvasive method for monitoring stem cell migration and
biodistribution in clinical practice.”® MRI enables in vivo
imaging of the transplanted cells with high spatial resolu-
tion in three dimensions, together with visualization of the
surrounding tissues, and without promoting cell toxicity or
negative side effects.’

In order to monitor the cells’ biodistribution in a patient’s
body, the MSCs must be labeled with a suitable contrast
agent because unlabeled MSCs cannot be differentiated
from other original cells in the body. Superparamagnetic
iron oxide (SPIO) nanoparticles present the most convenient
alternative among MRI contrast agents for stem cell labeling
and monitoring by MRI. In fact, since they promote negative
hypointense signal of the transplanted MSCs, SPIO particles
increase the T2-weighted contrast of the transplanted tissue
from surroundings.®

The commonly used SPIO nanoparticles consist of
maghemite and/or a magnetite magnetic core. Because of the
spinel structure with two nonequivalent magnetic sublattices
favoring the establishment of ferrimagnetic ordering, these
two iron oxide polymorphs exhibit strong magnetic proper-
ties achievable under low applied magnetic fields (<1.5 T),
which makes them suitable for many biomedical applications.
Moreover, when the size of iron oxide nanoparticles falls
below a certain value (~30 nm), they become superpara-
magnetic even at room temperature.”'° Besides their use in
MRI>!" they are used in biomagnetic separations, magnetic
hyperthermia treatment, or targeted drug delivery.®!>!> The
size of the SPIO nanoparticles in biomedical applications
ranges from a few nanometers for individual particles to
several hundred nanometers for clusters. SPIO particles are
characterized by extremely large magnetic moments (with
a saturation magnetization in the range of 60-80 emu/g),
which affect the MRI signal.*1%-14

SPIO nanoparticles require a surface coating to prevent
destabilization and agglomeration of the colloidal suspension.
Most generally, SPIO nanoparticles are coated with dextran,
carboxydextran, starch, poly(ethylene glycol) (PEG), or
poly(vinyl alcohol) (PVA).'"*!5> However, most commercial
SPIO contrast agents (eg, Endorem or Resovist, which are
stabilized with dextran or carboxydextran) show low effi-
ciency in endocytosis and other processes of uptake by MSCs.
Moreover, the coating on the nanoparticles reduces the mag-
netic properties of the material, introduces a magnetically
inert polymer, and selects a defined surface chemistry. We
have recently developed new SPIO maghemite nanoparticles,
known as surface-active maghemite nanoparticles (SAMNS),
wherein good colloidal and surface properties have been
combined harmoniously even without the polymer coating.
It was also shown that they have the ability to bind biomol-
ecules from the suspensions'® and can be internalized into
HeLa cells successfully.!” It is therefore meaningful to test
their potential for stem cell labeling and to compare their MRI
contrast efficacy with the commercial contrast agent Resovist.
Moreover, the bare nanoparticles are commonly said to be
more toxic than the coated ones and therefore not appropri-
ate for bioapplications. It is also questionable whether the
protein corona or biomolecules in media, which are strongly
adsorbed on the surface of bare SPIO nanoparticles during
the incubation, form a self-assembled biomimetic system
more natural and less toxic than various synthetic polymer-
coated nanoparticles.

The aim of this study was threefold: 1) to assess the
complex in vitro characteristics (viability, proliferation,
migration, and differentiation) of SAMN-Ilabeled stem
cells in rat and human MSCs (rMSCs and hMSCs, respec-
tively); 2) to investigate the SPIO labeling efficiency using
various microscopic (optical microscopy, scanning electron
microscopy [SEM], atomic force microscopy [AFM]) and
spectroscopic techniques (atomic absorption spectroscopy
[AAS]), and long-term labeling analysis and cocultivation
of SAMN-labeled stem cells with myocytes; and 3) to test
the contrast properties of SAMN- and Resovist-labeled
cells at 1.5 and 7 T clinical MRI in T2-weighted images.
All these tests were designed to prove the preliminary
hypothesis that 48-hours labeling of rIMSCs and hMSCs by
novel SAMN nanoparticles using 50 pg/mL or 100 pg/mL
is safe and that this labeling method will ensure sufficient
incorporation of SAMNSs into the internal space of cells,
giving a satisfactory contrast of MSCs under T2 MRI scan-
ning modes with a detection limit better than 100x10° cells
per cubic centimeter.

submit your manuscript

5356

Dove

International Journal of Nanomedicine 2014:9




International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 158.194.116.32 on 25-Mar-2017

For personal use only.

Dove

MSC labeling by uncoated SPIO

Materials and methods
Synthesis and characterization of SAMN

nanoparticles
Maghemite nanoparticles (SAMNs) were synthesized by
borohydride reduction (53 mmol in liquid ammonia) of
ferric chloride FeCl,-6H,0 (37 mmol), both purchased
from Sigma-Aldrich Co. (St Louis, MO, USA), at room
temperature. After the reduction reaction (indicated by
change of color to black), the temperature of the mixture
was increased to 100°C and held constant for 2 hours.
After cooling the mixture to room temperature, the mag-
netic fraction was separated using an external magnet and
washed several times with water. The final step of the
synthesis included thermal treatment of the intermediate
at 400°C for 2 hours. The product obtained was dispersed
in deionized water (Milli-Q) in an ultrasonic bath, giving
the suspension its stable colloidal character as confirmed
by monitoring over a few months. Detailed description of
the synthesis and the precise physical and chemical charac-
terization of these maghemite nanoparticles are described
in our previous paper.®

Magnetic relaxometry of SAMNs was performed with
a3 T MRI scanner (Siemens Skyra, Erlangen, Germany) at
the specialized experimental laboratory at Graz University,
Graz, Austria. For all measurements, a circular polarized coil
(“animal-coil”) with an inner diameter of 7.5 cm (RAPID
Biomedical GmbH, Rimpar, Germany) was used to obtain
a high signal-to-noise ratio. More information about the
measurement and evaluation of relaxivity indexes is given
in the Supplementary materials.

Cell cultures
Rat bone marrow stromal cells were harvested and cultured
as described by Gallo et al." Briefly, bone marrow cells were
isolated from the bone marrow of femurs by flushing the
medium into the bone shaft. The cell suspension was filtered
through a 40 um nylon filter (Falcon) and plated at a density
2.5%10%/cm? in chambers of 24-well plates. Cells were grown
in complete Iscove’s modified Dulbecco Modified Eagle’s
Medium (DMEM) (with 10% fetal bovine serum [FBS] and
2% penicillin-streptomycin) at 37°C and 5% CO,. Passaging
was repeated when 80% confluence was obtained. MSCs from
the third or fourth passage were used for our experiments.
hMSCs were isolated from the fatty tissue of three
healthy donors who had undergone cosmetic liposuction
(one male, two female). Isolation of hMSCs was based on
the incubation of lipoaspirates with collagenase. MSCs
were expanded in complete DMEM supplemented with 5%

platelet lysate. The passaging procedure was the same as in
the case of rMSCs.

Morphology and cluster of differentiation (CD) mark-
ers of rIMSCs and hMSCs were checked before and after
SPIO labeling. We analyzed CD90, CD73, D105, and CD34
expression using fluorescence-activated cell sorting (FACS)
(BD FACSCanto, BD Biosciences, San Jose, CA, USA).

All animal experiments were performed in accordance
with the law of Czech Republic (Law on Animal Protection
and Decree of Ministry of Agriculture on Experimental
Animal Use and Breeding) and were approved by the
Committees for the Use of Experimental Animals at Masaryk
University and Palacky University. All collection of waste
lipoaspirates from liposuction was performed after approval
of the Ethical Committee of Masaryk University and with
signature-documented informed consent of patients.

Analysis of viability, proliferation, and
migration capacity

For both rMSCs and hMSCs, we tracked the potential nega-
tive effect of SPIO nanoparticles on the growth rate of the
cells. At the “pre-analysis” stage, we performed hMSC cul-
tivation in SAMN solutions (over a wide range of 10-200 ug
SAMN/mL in the cultivation medium for 24-48 hours).
On the basis of this screening, we selected a narrow con-
centration interval and pertinent labeling time for the next
main analysis; hMSCs and rMSCs were seeded at a density
2.5%x10%cm? and incubated for 48 hours in the medium with
the addition of new SAMNS at concentrations of 50 pg and
100 pg ferumoxides/mL for 48 hours. After this simple label-
ing process, the MSCs were washed out by culture medium
exchange. Viability of the MSCs was detected using the
LIVE/DEAD Viability/Cytotoxicity Kit for detection of
viable and dead cells (Molecular Probes, Eugene, OR, USA)
and flow cytometry assay based on propidium iodide (PI)
staining (BD FACSCanto).

Proliferation of the labeled and nonlabeled cells was com-
pared using two independent methods: 1) visual microscopic
quantification of viable cells with ferumoxide staining (at the
beginning of incubation with SPIO, at the end of incubation,
and after the next 24 hours and 48 hours). Olympus IX 70 and
CKX41 light fluorescence microscopes (Olympus Corporation,
Tokyo, Japan) were used; 2) the xCELLigence system for
measuring growth of adherent cells (Roche Diagnostics GmbH,
Mannheim, Germany), which is a modern automatic quantifi-
cation method based on the measurement of impedance.

Results of the described measurements on SAMN-labeled
MSC were compared with those for control MSCs without
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SAMNSs and with results using Resovist-labeled MSCs (with
the same ferumoxide concentration and time of labeling).
Part of the labeled hMSCs (1x10°) was trypsinized after
48 hours of labeling and used for MRI contrast evaluation
(details in section “MRI phantom experiments”).

Migration capacity of labeled and unlabeled hMSCs
was compared using two methods: 1) transwell dish with
8 um pore filters (Corning® Costar®, Sigma-Aldrich Co.,
St Louis, MO, USA) inserted in normal 24-well combined
with gradient 0%—30% FBS between the upper and bottom
dish (bottom dish 300 uL DMEM + FBS, upper dish DMEM
with 10x10° hMSC, percentage of migrated cells computed
after 48 hours); 2) 24 wells with sterile plastic stoppers
(6 mm diameter) in the central area and DMEM (stopper was
removed after 10x10° hMSC attachment to dish, migration
of cells to central area in 24 hours was computed using light
microscopy). Differentiation properties of unlabeled hMSCs
and SAMN-labeled hMSCs were compared using the Stem-
Pro Osteogenesis and StemPro Adipogenesis differentiation
kits (Thermo Fisher Scientific).

Qualitative and quantitative cell uptake
analysis of SAMNs

The localization of SAMN uptake during incubation and
incorporation in the cells were analyzed by optical micros-
copy (Olympus IX 70), Prussian blue staining by commercial
kit Accustain® (Sigma-Aldrich), by advanced SEM (SU6600,
Hitachi Ltd., Tokyo, Japan), and by AFM (INTEGRA Aura).
Details of SEM and AFM sample preparation are described
in the Supplementary materials.

Iron concentration inside the cells was determined by
AAS (Avanta Suma; GBC - Scientific Equipment, Braeside,
VIC, Australia) in an acetylene—air flame. After the simple
labeling process (50 ug ferumoxides/mL for 24 hours,
36 hours, and 48 hours, variable SAMNSs and Resovist), the
hMSCs were washed out by the culture medium, exchanged,
and trypsinized, and 0.5x10° of hMSC from three different
donors were diluted in HCI and water (demineralized water
18.2 MQ-cm). External calibration solutions in the range
0.5-10 mg/L were prepared by diluting a certified reference
material-water calibration solution with an Fe concentration
1.000+0.002 g/L (Analytika, s.r.0., Praha, Czech Republic).
The iron content per cell for each variant was computed.

The immunophenotype and forward/side scatter of
MSCs (SAMN-labeled cells, Resovist-labeled cells, and
control cells) were characterized by flow cytometry. Briefly,
the cells were washed twice in Dulbecco’s phosphate-
buffered saline (PBS) containing 1% bovine serum albumin
(Sigma-Aldrich) and stained for 30 minutes at 4°C with

antiCD90 — FITC, antiCD73 — PE, antiCD105 — APC, and
antiCD34 — PerCP-Cy5 (BD Biosciences, Franklin Lakes,
NJ, USA). The cells were washed with PBS and measured by
a flow cytometer (BD FACS Canto II, BD Biosciences).

Long-term labeling experiment

For gaining additional insights into the potentially adverse
effects after SAMN labeling, we arranged two types of long-
term analyses.

First, we measured the growth curve using the xCELLi-
gence impedance system (Roche). MSCs were seeded at den-
sity 2.5x10%cm? and cultivated in 96-well plates (E-Plate16
for the xCELLigence system). MSCs were exposed to the
medium containing 50 pug and 100 pug ferumoxides/mL
(SAMNSs and Resovist) for ~100 hours without washing or
exchanging the medium.

Second, after a standard 48-hours labeling (50 ng ferumox-
ides/mL), the morphology of three samples of labeled hMSCs
and rMSCs (3x24 wells, initial confluence 2.5x10%cm?, culti-
vation in DMEM with 5% PL) was imaged after 3 weeks and
6 weeks by optical microscopy. Passaging was done in each
case after the first 2 weeks.

MRI phantom experiments

All MRI measurements were performed on a 1.5 T MRI
scanner (Signa HORIZON Lx, GE Healthcare) with the
acquisition of two-dimensional T2 fast-recovery fast spin
echo (FRFSE) or gradient-recalled echo (GRE) sequences.
Three types of tests were run.

First, we compared the negative contrast effect in the
T2-weighted images of SAMN and Resovist nanoparticles
in the concentration series 10 pug, 20 ug, 30 ug, 40 ug,
80 ng ferumoxides/mL (nanoparticles were resuspended
in hot agar and then the sample was put into 1 mL test
tubes; they were solidified at 4°C before MRI measure-
ments) (Figure 1A). For this measurement, the following
parameters for FRFSE sequence were used: TR (repetition
time) =2,600 ms, TE (echo time) =91.7 ms, field of view
(FOV) =11 cm x11 cm. The horizontal section of each tube
was displayed as a circle with a certain gray-scale value, and
this value (“signal intensity index”) was quantified by the
Signa Horizon LX software.

Second, the tubes with SAMN- and Resovist-labeled cells
(50, 100, 250, 500x10°* hMSC per mL of agar) were measured
by FRFSE sequences in T2-weighted images (TR=2,500 ms,
echotime =32.6 ms, FOV =14 cm x14 cm (Figure 1B) and by
GRE sequence (TR =1,740 ms, TE =90 ms, FOV =14x14 cm)
(Figure 1C). Cells were prepared by incubation with the
50 ng ferumoxides/mL solution as described earlier. We
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their signal intensity curves measured by fast-recovery fast spin echo (FRFSE) or gradient echo (GRE), respectively (average + SD). Plastic tubes diameter =10 mm, water used
as a background. The central photo between Figure B and C shows hMSC labeled with SAMN:s after trypsinization and resuspension in fresh liquid agar. (E) Photo of freshly
extracted heart with inserted tubes containing 50 and 500x10° of SAMN (left couple of tubes) and Resovist-labeled cells (right couple). (D and F) Representative scans with

hypointense lesions of SAMN- and Resovist-labeled cells in the heart tissue scanned in FRFSE and GRE sequences, respectively.

400 500 600

Thousands of cells/1 cm?

RES

Abbreviations: MRI, magnetic resonance imaging; SAMNSs, surface-active maghemite nanoparticles; MSC, mesenchymal stromal cell; RES, Resovist; SD, standard deviation.
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made measurements of the tube’s horizontal section; each
tube was measured for a minimum of three sections, and the
same measurements were carried out for cells of the other
two donors. The graphs showing the dependence of the sig-
nal intensity index (defined earlier) of cell solutions on the
concentrations of cells were constructed.

Third, SAMN- and Resovist-labeled cell samples of 50
and 500x10* were inserted into fresh swine heart (illustra-
tive Figure 1F) and scanned by two-dimensional T2 FRFSE
and GRE sequences (Figure 1D and E). The parameters for
FRFSE were as follows: TR =1,740 ms, TE =90, matrix =
256x192, FOV =12x12 cm. For the GRE sequences, these
parameters were set as follows: TR =420 ms, TE =15, matrix =
320%224, FOV =24x18 cm. The quantification of the mean
signal intensity index of the desired dark spots containing SPIO
nanoparticles or SPIO-labeled stem cells in phantoms was
processed using the original GE Signa Horizon Lx software.

We also made additional scans of tubes containing
50-500x10° hMSC per mL of agar in MERGE sequence
mode on the 7 T experimental machine (Figure S4).

SAMNs-labeled MSC implantation

into in vitro myocyte culture

SAMN-labeled MSCs totaling 5x10° were pipetted into the
2 ¢cm? chamber containing 5-day-old beating rat neonatal
myocytes. Neonatal myocytes in the chamber were prepared
by the Department of Medical Chemistry and Biochemistry
(obtained by methods of Chlopcikova et al,* arranged on
collagen I-coated plastic at density 5x10%cm?). The MSC
cell surface was stained with a fluorescence probe (anti-
CD90-FITC cn 568-F [BD Biosciences] or PKH26 [Sigma-
Aldrich]) immediately before cocultivation and washed by
PBS. The fate of SAMN-labeled MSCs in coculture was
analyzed using bright-field and fluorescence microscopy at
1 hour, 24 hours, and 7 days after application.

Statistical analysis
Test of viability: three independent experiments were per-
formed for the statistical analysis of viability. For quantifica-
tion of cell viability using the calcein methods, we acquired
random images of each sample using a 20x objective, and
quantified the number of calcein-positive MSCs as a percent-
age of the total number of cells. For quantification of cell
viability using the PI flow cytometry method, we acquired a
minimum 1x10? freshly trypsinized cells, and quantified the
number of PI-negative MSCs as a percentage of the total num-
ber of cells using the BD FACS Diva Software version 4.
Test of proliferation: the growth curve for each SAMN,
Resovist, and control MSC samples from each donor or

experimental animal was measured in triplicate and an
average curve was constructed. Three average curves from
the three independent donors or animals were used to con-
struct the final growth curve for each species and to calculate
standard deviations. Tests for statistical significance of dif-
ferences at defined time checkpoints on the growth curves
were analyzed using paired two-sided #-tests.

The migration assays were measured in triplicates. Tests
for statistical significance of differences were analyzed by
t-tests. The iron concentration was determined for hMSCs
from three donors, and the results are given in Table 1.

MRI contrast measurements of sets of tubes with SAMN-
and Resovist-labeled hMSC cells were done independently
for hMSCs from each donor. Each tube was measured in
three horizontal sections and the average of signal intensity
index was computed (+ standard deviation [SD]). We used the
results from donor 1 as representative of all donors in Figure
1B and C (average = SD for each tube). All calculations were
made using MS Excel 2003 and MedCalc version 12.

Results

Characterization of SAMN nanoparticles
From Méossbauer spectroscopy, it was determined that the
SAMN nanoparticles had a maghemite polymorphic structure
without traces of any other chemical phase (data not shown).
As shown in Figure 2, the particles have a globular shape
with a size distribution of ~10-20 nm (transmission electron
microscopy imaging). Based on gas analysis and spectral data
from Fourier transform infrared spectroscopy published in
our previous work,'® we could confirm that the surface of the
particles interacted with surrounding water molecules, main-
taining low interparticle forces and good colloidal stability.
From the measurement of the hysteresis loop of particles at
300 K, a very high magnetization value was observed (nearly
71 A-m*kg at 7 T), which is comparable to the value for bulk
maghemite (85 A-m%kg).?! The bare SAMN nanoparticles
exhibit at 293 K longitudinal relaxation rate (r,) of 0.419 mM™!
(Fe) s™' and transverse relaxation rate (r,) of 44.79 mM™!

Table | Physicochemical properties of novel SAMN and traditional
Resovist nanoparticles

SAMNs Resovist

Magnetic properties Superparamagnetic Superparamagnetic

Core composition v-Fe,O, v-Fe,O, and Fe,O,
Surface Uncoated Carboxydextran
Size 10-20 nm 45-60 nm

Zeta potential pH (7.0) -22.5mV -20 mV

r, 44.79 mM-' (Fe) s™' 151 mM-'(Fe) s™!
r,* 400 mM-' (Fe) s 300 mM' (Fe) s™'#

Note: “r,* for Resovist obtained from Golovko et al.*”
Abbreviation: SAMN, surface-active maghemite nanoparticle.
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(Fe) s™', whereas Resovist has an 7, of 151 mM™'(Fe) s™'. We
also measured the ,* index in SAMN particles, which reaches
the very high value of 400 mM™! (Fe) s™!, demonstrating a
rapid loss of phase coherence of protons. A summary of all
basic physical properties of SAMNs and Resovist is given
in Table 1.

Analysis of viability, proliferation, and
migration capacity of labeled cells

Results from main viability experiments, where hMSCs were
labeled using 50 and 100 pg ferumoxides/mL for 48 hours,
are presented in Figure 3A, and data for rMSCs in Figure 3E.

50 nm In light of the results from this viability assay, we can say

. . ) ) ) ) that 100 pg ferumoxides/mL can have a small negative effect
Figure 2 Transmission electron microscopy image of surface-active maghemite

nanoparticles. on the viability (rMSC). A subsequent detailed proliferation
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Figure 3 Comparison of viability and proliferation of SAMNs and Resovist-labeled cells.

Notes: (A) Human mesenchymal stromal cell (hMSC) viability after 48 hours incubation in 50 pg and 100 g ferumoxides/mL, measured by two independent methods
(gray bars — fluorescence microscopy calcein assay; green bars — flow cytometer propidium iodide assay). (B) hMSC growth curve measured by microscopy assay (blue
bars — growth curve of control hMSC without nanoparticle labeling; violet bars — growth curve of hMSCs incubated for 48 hours with 50 ug of SAMNs/mL). (C) lllustrative
hMSC growth curves measured by the xCELLigence automatic system (cell sample from donor 1), cells were incubated without nanoparticles or with addition of 50 pug/mL
of SAMNs or Resovist. (D) Summarized data from xCELLigence for all cell donors. E-H denote analogous results for rat mesenchymal stromal cells (rMSCs). Error bars
represent standard deviations. Statistically significant differences between mean value of the sample and mean value of its control are highlighted by a star and P-value by a
number.

Abbreviations: incub, incubation; h, hours; CTRL, control; SAMNSs, surface-active maghemite nanoparticles; SAMNS0, surface-active maghemite nanoparticles 50 ug/mL;
RES50, Resovist 50 pg/mL; RES 100, Resovist 100 pg/mL; SAMNI00, surface-active maghemite nanoparticles 100 pg/mL.
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assay was run using just only 50 ug ferumoxides/mL (results
from microscopy analysis are presented in Figure 3B and F,
representative data from xCELLigence assay in Figure 3C
and G, and the statistical summary of all xCELLigence
assay in Figure 3D and H). Both the microscopy assay
(Figure 3B, F) and xCELLigence assay (Figure 3D, H)
confirmed that SAMN solution of 50 pg ferumoxides/mL
in combination with 48 hours labeling time did not affect
cell proliferation.

Migration capacity of labeled and unlabeled hMSC quan-
tified by the FBS gradient migration method was 6.2%%1.0%
and 6.8%*0.8%, whereas the central stopper method gave
104£19 and 112£16 (number of cells that migrated into free
central area). Differences between control and labeled cells
were without statistical significance, and differentiation
properties of SAMN-labeled hMSCs were not affected. The
result from differentiation assay was the amount of adipo-
genic and osteogenic cells in the samples; the assay showed
minimal differences between control and labeled samples
(data not shown).

A--

Figure 4 Light microscopy images.

Qualitative and quantitative cell uptake

analysis of SAMNs

The important physiological markers of labeled MSCs are
their shape and surface area after SAMN labeling. The images
from optical microscopy presented in Figure 4A demonstrate
that 50 pg ferumoxides/mL labeled cells are identical to the
control cells (microphotographs were taken 2 days after
staining). After 48 hours of labeling, more than 95% of the
hMSCs or rMSCs had internalized SAMN nanoparticles
(Figure 4C). Light microscopy images of SAMN-labeled
MSC:s after Prussian blue staining show the presence of iron
in the cell cytoplasm (Figure 4B).

SEM images showing cell morphology also demonstrate
the flattened shape of SAMN-labeled cells with lamellipodia
and their similarity to the normal native MSCs. It can be
seen clearly (Figure S2A) that the intracellular nanoparticles
are distributed around and close to the nucleus, where lyso-
somes should be largely and mostly situated. The image in
Figure S2B is created using backscattered electrons, which
improves the material contrast. In this case, we can see the

Notes: (A) MSCs (top line — hMSC; bottom line — rMSC), (left) control nonlabeled cells, (middle) SAMN-labeled cells, and (right) Resovist-labeled cells. Incubation 48 hours,
50 pg ferumoxide/mL; objective 20x. (B) SAMN-labeled MSCs after Prussian blue staining showing the presence of iron (blue spots) in the cell cytoplasm. Red spots depict
the nuclei of cells. (C) Representative image of fully labeled hMSC with SAMNs. Objective 40x.

Abbreviations: MSCs, mesenchymal stromal cells; hMSC, human mesenchymal stromal cell; rMSC, rat mesenchymal stromal cell; SAMN, surface-active maghemite

nanoparticle.
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presence of iron oxide nanoparticles as black dots (as heavy
element here) whereas the rest of the cell body, grown on
the FTO film (soda-lime glass slides with a fluorine-doped
tin oxide [SnO,:F] layer) (methods in the Supplementary
materials), is almost colorless (due to tin from the FTO).
Moreover, the energy dispersive X-ray spectrum of this sam-
ple was also measured and the significant peaks were assigned
to the iron from the nanoparticles and tin from the FTO film
(detailed methods in the Supplementary materials).

The Figure S2C presents a detailed three-dimensional map
ofthe same stem cell body as was measured by SEM but con-
structed using AFM. There is a noticeable difference between
the fuzzy shaped SAMN internalized within the cell body and
those adsorbed on the cell surface membrane, for which the
bounds of the globular nanoparticles are sharply delineated.

Results of flow cytometry confirmed that a concentra-
tion of 50 ug/mL of SAMN labeling does not alter the CD
phenotype of hMSCs and rMSC (Figure S3). Cytometry
analysis also showed no increase of autofluorescence after
the nanoparticle uptake.

Determination of iron content in labeled hMSC cells
brought significantly higher Fe concentration in SAMN-
labeled cells (11319 pg Fe/cell) compared to Resovist
(3919 pg Fe/cell) after 48 hours of labeling (Table 2).
Measurements after 24, 36 and 48 hours show almost lin-
early increasing Fe content in SAMN-labeled hMSC (data
not shown). Another interesting point of view could be
the correlation between the results from AAS method and
flow cytometry. The ratio of higher Fe content in SAMN-
labeled cells correlates well with their higher side scatter in
comparison to lower side scatter of Resovist-labeled cells
(Figure S3).

Long-term labeling experiment

In the first long-term experiment, measured in situ by the
xCELLigence system, the cells were exposed to 50 and
100 pg/mL of ferumoxides for 110 hours. From the graph
in Figure S1A, we can see that during the standard 48-hours
incubation, all growth curves show negligible differences in

Table 2 Comparison of Fe concentration per cell for SAMNs and
Resovist-labeled hMSCs (three donors, 48 hours of incubation)

Feg,un, (Pg/cell) Feg. ... (Pg/cell)
hMSC — donor | 101.4 27.9
hMSC — donor 2 104.9 39.6
hMSC — donor 3 135.3 50.3
Average = SD 113£15 3949

Abbreviations: SAMNS, surface-active maghemite nanoparticles; hMSC, human
mesenchymal stromal cell; SD, standard deviation.

comparison with nonlabeled control cells. After 48 hours,
only the shape of the SAMN-labeled MSCs (50 pg/mL) is
similar to the control curve (less than 20% difference). The
rest of the curves show statistically significant differences
compared to the control curve (30% and more).

During additional long-term monitoring (up to 96 hours)
of labeled cells by optical microscopy, it was illustrated that
the high ferumoxide concentration (visible dark dots under
light microscopy; probably lysozomes full of SAMNS) in
the cytoplasm was divided into the daughter cells. Another
very important aspect of SAMN uptake is the absence of
nanoparticles in the cell nucleus. Cell morphology was
depicted on all microphotos after the first 48 hours of label-
ing (Figure 4A) and also after 3 and 6 weeks (Figure S1C)
and shows that the exposed cells kept standard shape and
size as nonlabeled cells.

MRI phantom experiments

Nanoparticle concentration series (10 pug, 20 ug, 30 ug,
40 pg, 80 ug of ferumoxides per milliliter of agar in tubes)
were scanned simultaneously using a 1.5 T MRI instrument.
The value of gray inside the circles well correlates with the
concentration of iron oxide nanoparticles. With increasing
ferumoxide concentration, the signal intensity decreases.
These two curves (each point is the average from three
independent experiments) show that SAMNs display no
hypointensity of the signal intensity index (images of SAMN
display are less dark than Resovist) at lower concentrations
(0-30 pg/mL), but the degree of gray in the case of higher
ferumoxide concentrations of SAMNs and Resovist nano-
particles is almost identical (Figure 1A).

As can be seen in Figure 1B and C, 50-500x10° cells
labeled with both SAMNSs and Resovist (dispersed in 1 mL
of agar inside a tube of 1 cm diameter) provide very good
negative contrast. From the curves of signal intensities, it
is obvious that in both sequences (FRFSE and GRE) the
cells labeled with SAMNSs give more hypointense signal in
comparison with Resovist-labeled cells. Consequently, we
compared T2 FRFSE sequences and GRE heme sequences
(GRE is historically established for detecting hemosiderin
in the brain)?* for samples of labeled cells incorporated into
freshly extracted heart (Figure 1F). The signal intensity
of the labeled cells (especially in the 50x10° MSC tube)
scanned by FRFSE (Figure 1D) is comparable with that of
fresh heart tissue. On the contrary, GRE sequences display
the tube with 50x10° SAMN-labeled cells with a sufficient
contrast, similar to results of Smirnov et al** enabling very
clear visualization of this amount of MSC cells (Figure 1E).
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Another detailed comparison of contrast properties of labeled
cells under different scanning modes and labeling methods
is part of Figure S4.

MSC implantation into in vitro

myocyte culture

Figure 5A shows the shape of MSCs immediately after
injection into myocardial culture. They have a globular
appearance, with ferumoxide complexes visible inside the
cells. MSCs attached very well to the beating myocardial
tissue (strong attachment was tested by moderate flushing
using a micropipette), changed to a flattened shape, and dis-
played strong adherence but also excellent elasticity in cases
where the surrounding tissue was contracting (Figure 5B and
Video S1). The MSCs survived in the myocardial culture
for at least 7 days (Figure 5C), still with strong adherence,
elasticity, and visible ferumoxide SPIO clusters inside their
cytoplasm. Our preliminary data show that the incorporated
MSC:s are recognizable in that contractile myocyte layer also
after 15 days and 30 days.

Discussion

The increasing demand for new MRI probes suitable for
clinical cell tracking, and the lack of commercial contrast
agents based on SP1O nanoparticles at the same time, has led
to intensive research in this field. Several traditional contrast
agents have been withdrawn from the market’ recently or
have displayed insufficient biocompatibility.*** Thus, the
quest to fabricate economically accessible and yet efficient
new contrast probes has taken on great importance. Our bare
stoichiometric maghemite (y-Fe,O,) nanoparticles are named
“SAMNSs” because their most prominent characteristic is their
ability to form stable colloidal suspensions in water without
any organic or inorganic coating. Moreover, SAMNSs reveal
unique spectroscopic properties and a well-defined crystal-
line structure.?

A B

Figure 5 Optical images of MSCs labeled with SAMNs.

The usual way to incorporate nanoparticles with size
smaller than 100 nm into the cell in vitro is through their
direct addition to the cultivation medium. The incorporation
process of the SPIO nanoparticles involves adsorption to cell
membrane, which is followed by active/passive transport
across the cell membrane.?”% Cationic particles are taken into
cells through clathrin- or caveolin-mediated endocytosis, but
anionic particles enter by mediator-independent endocytosis.*
We can assume that our anionic SAMNSs enter the MSCs in
the same way. Numerous publications describe nanoparticles
with positive surface charge which are internalized into cells
more efficiently than those with negative surfaces.’!* Some
studies, however, show an uptake behavior that is just the
opposite.’** Despite the fact that the cellular membrane is in
general negatively charged, it does have some areas with cat-
ionic sites which allow the binding of anionic nanoparticles.*
We also must have in mind that, although bare SAMNSs sur-
face characteristics confer the ability to form stable colloidal
suspensions, suggesting a network of interactions with water
molecules and repulsive forces inhibiting nanoparticle aggre-
gation, the nanoparticle surface is able to interact with organic
molecules in solution.?**” SAMN’s ability to bind molecules
could lead to a fast opsonization in the cell culture media and,
subsequently, the resulting protein shell could make SAMN's
anontoxic biomimetic nanosystem recognizable by stem cells
and stimulate the nanoparticle uptake. As we can see from
time-lapse microscopy movies, SAMN clusters are efficiently
internalized into the cells followed by their dynamic reordering
among cells during cell life and cell division (Figure S1B).

It is very promising that all hMSC and rMSC prolifera-
tion experiments together lead to the conclusion that toxicity
induced by 48 hours of incubation in 50 pg/mL of SAMN is
minimal and without statistical significance during the first
2 days of staining and minimal during the next 2 days after
cultivation in complete medium. Our 48-hours SPIO labeling
process with precise cell washing yields well-labeled cells

Cc

Notes: (A) Immediately after trypsinization and injection into myocardial culture (highlighted by red arrows). (B) After 24 hours of cocultivation with myocytes (highlighted
by blue border). The flattened shape of MSCs is clearly visible. (C) MSCs in myocardial culture after 7 days.
Abbreviations: MSC, mesenchymal stromal cell; SAMNS, surface-active maghemite nanoparticles.

submit your manuscript

5364

Dove

International Journal of Nanomedicine 2014:9




International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 158.194.116.32 on 25-Mar-2017

For personal use only.

Dove

MSC labeling by uncoated SPIO

where most of the ferrous complexes are actually inside the
cells and not on the cell surface.

We also demonstrate this excellent SAMN intracellular
integration by advanced microscopy techniques such as
SEM and AFM with unique cell sample preparation using
an FTO substrate for cell fixing. This novel universal cell
fixing method provides two- or three-dimensional mapping
of the same MSC sample under AFM and SEM.

Quantification and comparison of magnetic response
of 50, 100, 250, and 500x10° cells containing SAMN
or Resovist show significant advantages of SAMN over
Resovist (Figure 1B, C and Figure S4). Additionally, the
better parameters of SAMN-labeled cells were also proved
under the 7 T scanner (Figure S4). The quantified higher
MRI contrast correlates well with the higher Fe content
in SAMN-labeled cells. Following the physical theory of
magnetic resonance, we can identify only two possible
reasons that can explain this more hypointense signal: 1)
a higher content of ferumoxide inside the cell (within the
given volume); and/or 2) a higher relaxivity index of the
SAMN sample over Resovist having the same Fe concentra-
tion (pg/mL) within the same volume (1 cm?). Nevertheless,
the SAMN sample (phantom solution without cells) does
not show a higher contrast effect than Resovist (as proved
by the experiments featured in Figure 1 A and by relaxivity
measurements). Thus, the latter reason is not relevant. The
higher contrast effect (hypointensity) of SAMN-labeled
cells can therefore be explained in terms of the higher
content of ferumoxide per cell compared to that in Reso-
vist. This higher content was also confirmed by the AAS
measurements (Table 2).

This deduction brings the secondary question, namely
how to explain better SAMN uptake over Resovist. We
hypothesized that SAMNs have a more suitable size and their
nanoparticle surface provides better biomolecule opsoniza-
tion for the following internalization process into the cells;
SAMN could also exhibit higher saturation limit for the
storage of nanoparticles in internal organelles (probably in
lysozomes), but the confirmatory confocal analysis is now
at the beginning stage.

This higher ferumoxide content definitely stems from a
more efficient uptake of the SAMNSs compared to Resovist
during the 48-hours incubation period. From the quantitative
analysis of Fe concentration per cell (measured by AAS), it
was confirmed that the amount of Fe in cells labeled with
SAMNSs incubated for 48 hours is more than two times that
in 48-hours incubated Resovist-labeled cells. Nevertheless,
it did not show any higher toxicity over Resovist (as shown
in the complex viability analysis results).

Another important result is that labeled MSCs survived
very well in in vitro monoculture and also in the heterogeneous
cocultures, for example, in coculture with myocytes for at least
7 days (Figure 5C). Our preliminary data show that the incorpo-
rated MSCs are viable and recognizable in the contractile myo-
cyte layer also after 15 days and 30 days (data not shown).

The next crucial point for future in vivo MRI monitoring
of SAMN-labeled cells is also the choice of suitable scan-
ning sequences. We compared FRFSE sequences and GRE
heme sequences for several phantom samples. As seen in
Figure 1D and E and Figure S4, our SPIO-labeled stem cells
in tissue phantoms are more visible in GRE than in FRFSE
sequences. This GRE experiment shows that the detection
limit for SAMN-labeled cells in heart tissue is minimally
50%x10°, which is better than limit of Resovist under the same
staining conditions (ferumoxide concentration and time) and
scanning conditions.

Results of this study confirm our assumed hypothesis
described in the introduction, that bare SAMNSs could become
favorable contrast agent for noninvasive MRI stem cell track-
ing. From the clinical perspective, there are, however, some
additional aspects that should be clarified in the near future
such as the kinetics of the nanoparticle elimination from
the cell cytoplasm, nanoparticle storage, and degradation in
internal organelles.

Conclusion

The newly and easily synthesized maghemite nanoparticles,
called SAMN:Ss, with their peculiar surface colloidal proper-
ties, show a high efficiency in labeling rat and human MSCs.
A concentration of 50 pg/mL and 48 hours of labeling were
found to be optimal for hMSC and rMSC labeling. The uptake
efficiency under these conditions is significantly higher than
that of commercial Resovist. Moreover, the viability and
proliferation profile of both human and rat SAMN-labeled
MSCs were not affected. These SAMN-labeled MSCs pro-
vide excellent contrast in T2-weighted 1.5- and 7 T MRI
measurements. Phantom cell samples with concentration
of 50-500x10° SAMN-labeled cells/mL offer significantly
higher contrast than Resovist-labeled cell samples. Thus,
SAMNS can be a promising contrast agent for future nonin-
vasive in vivo MSC tracking by MRI.
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Su pplementary materials were used. The human mesenchymal stromal cells (hMSCs)
Preparation of stem cells for SEM were incubated for 48 hours with surface-active maghemite
and AFM microscopy nanoparticles (SAMNSs) (50 pg Fe/mL) in 24-well plates,

For microscopy imaging of superparamagnetic iron oxide =~ Where a special matrix consisting of the FTO slides was
(SPIO)-labeled stem cells, soda-lime glass slides with a  inserted. Adherent SPIO-labeled cells were fixed on this
fluorine-doped tin oxide (SnO,:F) layer (FTO glass slides)  surface in 3% glutaraldehyde (dissolved in phosphate

2
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Figure S| Additional long-term experiments.

Notes: (A) Growth curve generated by the xCELLigence setup. MSCs are exposed to ferumoxide for an extra long time (in contrast with standard exposure of 48 hours). The
medium contained 50 ug or |10 ug ferumoxides per mL. The table shows the statistical difference between SAMN and CTRL and SAMN and Resovist. (B) Example of MSC
dividing after labeling with SAMN 48 hours incubation. (C) Morphology of MSC labeled by SAMN after 3 and 6 weeks of cultivation (left and right, respectively). No atypical
cell growth or malformation of cells is visible; viability is similar to that of control cells without labeling. SAMNs are concentrated at the brown visible areas inside the cells.
Abbreviations: MSC, mesenchymal stromal cell; SAMN, surface-active maghemite nanoparticle; CTRL, control; RES50, Resovist 50 pg/mL; RESI100, Resovist 100 pg/mL;
h, hours; min, minutes.

International Journal of Nanomedicine 2014:9 submit your manuscript 5367
Dove,




International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 158.194.116.32 on 25-Mar-2017

For personal use only.

Skopalik et al

Dove

buffer) and washed two times with 0.2 M phosphate buffer
(pH 7.2). The cells were then dehydrated using an ethanol
series and dried overnight at room temperature. Samples
were observed using scanning electron and atomic force
microscopy.

Scanning electron microscopy

The distribution and localization of nanoparticles adsorbed
or internalized within the stem cells were observed using
a scanning electron microscope (Hitachi SU6600) at an
acceleration voltage of 15 kV. The presence of iron oxide
nanoparticles was confirmed by energy dispersive X-ray
spectroscopy.

Atomic force microscopy

The morphology, shape, and visualization of individual
nanoparticles on the cellular surface of the fixed and labeled

Cellsen-09 15.0 kV 15.7 mm x600 SE

Cellsen-09

kV 15.7 mm x600 BSE

Figure S2 SEM and AFM images of cells incubated with SAMN nanoparticles.

cells on FTO were observed by using an AFM (INTEGRA
Aura). The measurements were taken in semicontact mode
with a scanning range of 100 um.

Relaxivity measurement

Measurements were performed with a clinical 3T whole-body
magnetic resonance (MR) scanner (Siemens Skyra, Erlangen,
Germany). For all measurements, a circularly polarized coil
(animal coil) with an inner diameter of 7.5 cm (RAPID,
Biomedical GmbH, Rimpar, Germany) was used to obtain
a high signal-to-noise ratio.

All complexes were diluted in agarose. A dilution series
starting from 0.5 mM Fe to 0.031 mM Fe was filled into
2 mL Eppendorf tubes.

R2 relaxometry measurements were realized with a
two-dimensional Carr—Purcell-Meiboom—-Gill (CPMG)
sequence with an echo spacing of 8 ms and 20 echoes.

0 100 200 300 400 500 600

—
nm

Notes: (A) Nanoparticles (white dots) on the surface, later internalized to the cell as depicted by using secondary electrons (SE). The zoomed figure shows nanoparticle
aggregates situated around the nucleus, where lysosomes should be largely and mostly situated. (B) The same cell imaged by the backscattered electron mode (iron
nanoparticles are shown as black dots). (C) AFM image of labeled MSCs. Fuzzy shaped SAMNSs (arrow ) internalized within the cell body (arrow 2).

Abbreviations: SEM, scanning electron microscopy; AFM, atomic force microscopy; MSC, mesenchymal stromal cell; SAMN, surface-active maghemite nanoparticle;

BSE, backscatter electron mode.
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TR =6,000 ms; FOV =120x49 mm; matrix =192x156;
single 5 mm slice.

R2* was measured based on a unipolar multiecho two-
dimensional gradient-echo (GRE) sequence with an inter
echo spacing of 3.31 ms and 12 echoes; TR =500 ms; 0=30°;
NEX =4; FOV =120x71 mm; matrix =192x114; slice thick-
ness =1.5 mm.

R1 was measured by employing an inversion—recovery
fast spin echo (IRFSE) and six different inversion times
(50, 100, 200, 400, 800, 1,600, 3,200 ms), at a temperature
of 23.2°C, a turbo factor of 3, TR =5,000 ms, TE =7.7 ms,

MSC without nanoparticle staining

MSC standard gate:

FOV =115%x93 mm, matrix =192x156 at 5 mm slice thickness.
Transverse and longitudinal relaxation times were calculated
using a self-written program (IDL, Exelis Inc., McLean, VA,
USA). T2 and T2* were determined with a linear fit of the
logarithmized signal intensity over echo time (for all used
TEs the SNR was >5), whereas the first echo of the T2 dataset
was ignored. T1 was calculated using a three-parameter fit of
the IR-FSE dataset according to the signal equation.

Finally, 7, r,, and r,* were computed as the slope of
the linear regression between R1, R2, and R2* and the Fe
concentration in mM.

MSC with SAMN staining

MSC gate include cell with higher side scatter:

A

Part of the cells
display higher side
scatter than the
cells without SAMN
labeling.It is the
sign of higher
granularity
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Figure S3 Flow-cytometry analysis of hMSC: side scatter, forward scatter, CD90 positivity, CD73 positivity, CD 105 positivity, and CD34 negativity.

Notes: (A) MSC without nanoparticle staining and MSC with SAMN staining. MSC standard gate: MSC gate includes cell with higher side scatter: Part of the cells displays
higher side scatter than cells without SAMN labeling. It is the sign of higher granularity. (B) MSC with Resovist staining. MSC standard gate: MSC gate includes cell with
higher side scatter.

Abbreviations: SAMN, surface-active maghemite nanoparticle; MSC, mesenchymal stromal cell; h, human; SSC-A, side scatter; FSC-A, forward scatter; FITC-A, relative
intensity of fluorescein fluorescence; PE-A, relative intensity of phycoerythrin fluorescence; APC-A, relative intensity of allophycocyanin fluorescence; PerCP-Cy5-5-A,
relative intensity of peridinin chlorophyll protein — Cy5 conjugate fluorescence.
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Figure S$4 Contrast of SAMN and Resovist cell samples under different scanning modes.

Notes: Intensity signal index is significantly different for SAMN and Resovist when the cell concentration is >50x10% in all scanning modes. 1.5 T machine was used in A—C
and a 7 T machine (Magneton 7 T Siemens) was used in D.

Abbreviations: SAMN, surface-active maghemite nanoparticle; MSC, mesenchymal stromal cell; FRFSE, fast-recovery fast spin echo; GRE, gradient echo.
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Video S|

Labeled MSCs by ferrous nanoparticles display very good
contrast under light microscopy. Nanoparticle clusters are
visible as brown dots inside the cytoplasm.
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Cationic quaternized carbon dots (QCDs) and anionic graphene oxide
sheets (GO) are combined via non-covalent interactions following a self-
assembly pathway to form highly biocompatible and fluorescent hybrid
materials. These hybrids act as selective probes with controlled labelling
of the cell nucleus or cytoplasm depending on the QCD loading.

Carbon dots (CDs) are a new class of fluorescent nanomaterials
attracting considerable attention since their discovery." The main
advantages of CDs are viewed in their excellent biocompatibility and
minimum health risk compared to traditional fluorescent semi-
conductor quantum dots based on metal chalcogenides including
CdSe.? Nevertheless, CDs offer other benefits such as chemical
inertness, a wide excitation band and excellent photostability,
making them a promising material for optical cell imaging, cell
tracking or for in vivo imaging.* Moreover, several studies
demonstrated that CDs can act as photosensitizers in photo-
dynamic therapy.! Hence, CDs exhibit a high potential as a new
theranostic agent.

One of the most challenging tasks in various therapeutic
treatments is to get the agent very close to and/or inside the nucleus
of the cells to increase apoptosis.” Up to now, there is no evidence or
report regarding the cell uptake of CDs into the nucleus.® In many
cell imaging experiments the CDs were located mostly in the
cytoplasm and rarely in the cell membrane.® Generally, the inter-
nalization of the material into the cell is dependent mainly on the
size and the surface chemistry (charge) of the material.” CDs can be
internalized into the cytoplasm quite easily thanks to their small size
up to 10 nm.® However, they are mainly negatively-charged because
of carboxylate groups on their surface, and thus cannot enter the cell
nucleus because of opposing like charges. This difficulty in entering
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the nucleus can be overcome e.g. by bioconjugation with neuro-
peptides as demonstrated for traditional chalcogenide-based
quantum dots.’ Recently, Yang et al. prepared amino functionalized
CDs derived from chitosan which penetrated into the cell membrane
but did not enter the nuclei, although explanation for such
behaviour was not reported.” However, the strong electrostatic
interaction can be similarly used as a driving force for nucleus
labelling and positioning as we demonstrate in this work. Here
we report, for the first time, the uptake of CDs into the cell
nucleus. CDs entered the nucleus due to their strong positive
charge originating from the precursor with quaternary ammonium
(betaine) combined with their small sizes. The synthesis of these
quaternized CDs (QCDs) was reported previously.'” However, the
uptake into the nucleus might not be always desirable. For this
reason, we have prepared a series of composite materials combining
negatively charged graphene oxide (GO) with electrostatically
attached QCDs for selective nucleus/cytoplasm labelling pre-
pared by a self-assembly process (Fig. 1a).

A flow chart describing in detail the synthetic steps under-
taken for the preparation of these fluorescent composite mate-
rials is given as Scheme S1 in the ESL.f GO exhibits a negative
surface charge (—32 mV) and has an interlayer spacing of
~0.7 nm (ESI,T Fig. S1). In contrast, the presence of quaternary
ammonium groups on QCDs makes them highly dispersible in
water, with a surface charge of +53 mV. Two fluorescent hybrids

Fig. 1 (a) Schematic representation of the self-assembly process of GO—
QCD hybrid materials in water. (b) The TEM image of the hybrid material
GO250QCD500. The scale bar in (b) corresponds to 1 um, the inset (top
right) shows the HRTEM image.
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were assembled by changing the weight ratio between GO and
QCDs (thereafter coded as GO250QCD500 and GO500QCD500).
The mass ratios between GO and QCDs were varied from 0.125
to 0.5, respectively. As expected, the positive charge on hybrids
gradually decreased upon increasing the amount of GO in the
composite. The amount of QCDs was intentionally taken larger
than GO, in order to preserve the high fluorescence output of the
hybrids (vide infra) and to allow nearly homogeneous coverage of
the GO surface, as shown, for example, in the TEM micrograph
and the AFM image of GO250QCD500 (Fig. 1b, Fig. S2 and S3,
ESL 7 respectively). Due to the QCD overloaded hybrid systems
and their dispersion over GO sheets, the final zeta potential of
both studied systems is still positive (40-45 mV). Therefore, the
non-covalent pathway pursued in this work provides several
advantages compared to the covalent linkage'' of CDs to GO
such as (i) an easy access to a variety of robust hybrid materials
as validated in the biological screening (vide infia), (ii) the ability
to retain fluorescence properties, and (iii) the possibility to finely
tune the overall zeta-potential (charge) of the hybrids by a simple
change in the relative ratio of the two building components
(QCDs and GO), which is finally reflected in selective cell
labelling as discussed below. From the AFM micrographs, the
lateral dimensions of GO nanosheets has been found to range
from few hundred nanometers to less than two micrometres,
with occasional folds and wrinkles (Fig. 2a). The topographic
height distribution of a single GO nanosheet measured by using
the cross-sectional height profile (Fig. 2c) has been found to fall
at ~0.78 nm, a value that is commensurate with the d-spacing
obtained from X-ray powder diffraction analysis (XRD, ESLT
Fig. S1) and is in full agreement with the characteristic value
reported in the literature.'” The increase in thickness (~4-5 nm)
and surface roughness going from GO to GO250QCD500 and
GO500QCD500 well harmonizes with the coverage of QCDs onto

081

0.00 0.05 0.10 0.0 0.1 0.2
X:pum X:um

Fig. 2 Semi-contact topographic AFM images of (a) GO and the self-
assembled hybrid (b) GO500QCD500 deposited on mica showing the
corresponding height profiles (green line, z vs. x, panel (c) for GO and panel
(d) for GO500QCD500).
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GO layers (Fig. 2b and d and ESIt in Fig. S3). The height profile
is, indeed, indicative of GO modification.

The UV-vis absorption-emission spectra of GO250QCD500
and GO500QCD500 in water are given in Fig. 3. Although we did
not witness any significant change in the position of the emission
maximum for the hybrids as compared to that characterizing pure
QCDs in water solution, only a minor reduction in the fluorescence
intensity was observed, suggesting their high potential to act as
optical markers for cell labelling. When excited at 360, 420, and
480 nm, both GO250QCD500 and GO500QCD500 did not exhibit a
considerable shift in the emission maximum (/,,.x) compared to
that of the QCDs. However, it is important to note here that the
fluorescence intensity of the GO500QCD500 hybrid was found to be
slightly lower than that witnessed for GO250QCD500. Hence,
fluorescence decreased upon increasing the GO amount with
respect to QCDs as expected (ESLT Fig. S4). However, the system
still exhibits excellent PL properties for cell imaging. The minor
quenching effect can result from the energy transfer (ET) processes
from photoexcited QCDs to the aromatic GO lattice (also through
the mutual overlap of their n-clouds: ESL Scheme S2) but could
also arise from the exposure of an increased number of graphenic
domains having enhanced lateral dimensions'® in response to the
increased GO amounts.

In order to probe the effectiveness of these QCD materials to
act as optical markers in biological environments, we tested their
stability at a pH close to that witnessed in phagolysosomes
(pH < 6) and at a high ionic strength. The results revealed no
significant changes in the PL properties of the QCD and GOQCD
hybrids (ESL,1 Fig. S5). Also, toxicity impacts were tested through
cytological MTT assay using mouse fibroblast (NIH/3T3) cells.
The results obtained were expressed in terms of cell viability. The
experimental set-up and detailed cytotoxicity diagrams have
been included in the ESIt (Fig. S6). The analyses revealed that
QCDs and also the prepared hybrids did not exhibit any viability
changes at the concentration needed for fluorescence cell
imaging (~100 pg mL ™). Another important factor associated
with the implementation of these systems in real diagnostic/
therapeutic applications is their ability to cross the cell’s nucleo-
lemma and enter the nucleus, where they can label/interact with
the genomic material (DNA). Up to now, there is no report
describing this applicability for any type of CDs. Transport of QCDs
inside the nucleus is strongly dictated by both the particle size and
surface chemistry of CDs. These factors also influence the escape of
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Fig. 3 The UV/Vis absorption (orange line) and excitation wavelength depen-
dent emission spectra in water of (a) GO250QCD500 and (b) GO500QCD500
hybrids, corresponding to emission for excitations @ 360 nm (green line),
420 nm (red line), and 480 nm (blue line).
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CDs from their entrapment in endosome/lysosome domains and
initiate their interaction with the nuclear pore complexes. Usually,
positively charged nanosystems (such as QCDs and potentially
GO-QCD) more easily undergo cell internalization, because the
process of endocytosis is favoured and driven by electrostatic
interactions with negatively charged components of the lipid
membrane. The nuclear pore complexes have dimensions in the
range of 20-50 nm," and this feature represents an additional
barrier to foreign materials crossing the nuclear membrane. Since
our QCDs encoded highly positive charge on the nanoparticle
surfaces and have small dimensions (few nm), it was anticipated
that the crossing process and their interaction with nuclear DNA
should be fast and efficient. On the other hand, the dimensions of
GO sheets (several nm to pm size) prevent their cell internalization;
thus, they could ultimately act as a vector for QCDs, while the total
charge of the hybrid and the presence of electrostatic interactions
between GO and QCDs (QCDs overloading) can provide a practical
tool to achieve better modulation of the QCD localization in the
cell. The ability of GO-QCD systems to efficiently intercept this
phenomenon was tested against the same cell lines used for the
MTT essay (NIH/3T3). In order to study such interactions between
the nuclear membranes and GO500QCD500 and GO250QCD500,
we employed the same concentration for the hybrids below the
lowest IC50 (100 pg mL™'). The behaviour witnessed for the
fluorescent quantum hybrids was then compared to that featured
by pure QCDs. Fig. 4 shows the fluorescence images of NIH/3T3
cells obtained by optical microscopy after 24 h incubation in the
presence of pure QCDs (Fig. 4a and Fig. S7, ESIt), GO250QCD500
(Fig. 4b) and GO500QCD500 (Fig. 4c). As anticipated, when pure
QCDs were employed, a fast endocytosis of QCDs occurred, fol-
lowed by an efficient crossing of the nucleolemma with large
concentration of QCDs into the nuclei. In contrast, when GO-QCDs
were used, a clear modulation in the cell labelling was registered:
from combined labelling for GO250QCD500 (Fig. 4b) with localiza-
tion of fluorescent probes in both nuclei and cytoplasm to nearly
complete inhibition of the hybrid penetration into the cell nuclei
for GO500QCD500 (Fig. 4c). The small size, positive charge of
QCDs, and probably the fewer proclivities to interact with small
molecules present in the cytosol can statistically allow their
entrance into cell nuclei. At the present stage, we do not know
the exact mechanism of the internalization. However this phenom-
enon appears intimately linked with (i) the robust electrostatic
interactions between QCDs and GO and (ii) the subtle difference in
the overall zeta-potential of the two hybrids (considerably more
QCDs overloaded hybrid GO250QCD500 than GO500QCD500).
Such behaviour provides the experimental ground that may ease
the design of novel biocompatible quantum dot materials in which
GO acts as a vector that modulates the character of the fluorescent
probes, upon careful tuning of the effective hybrid size and charge.

In conclusion, we illustrated a straightforward synthetic
route towards assembly of fluorescent and biocompatible
hybrids made by judicious assembly of positively charged QCDs
and negatively charged GO. This method simply exploits the
electrostatic interactions between these two building compo-
nents. In this way, the QCDs were uniformly embedded over the
two-dimensional GO scaffolds without severe fluorescence

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Fluorescence images of mouse fibroblast NIH/3T3 cells containing
(@) QCDs, (b) GO250QCD500, and (c) GO500QCD500. Concentration
used: 100 ug mL™%, time of incubation with cells: 1 day. Scale bars: 200 um.

quenching. The cytotoxic behaviours of GO, QCDs, and GO-QCD
hybrids were tested against mouse fibroblast NIH/3T3 cells, showing
the low impact of the hybrids on altering the healthy cell metabo-
lism. Furthermore, we reported, for the first time, internalization of
CDs into the cell nucleus. This property of QCDs offered a unique
possibility of selective cell labelling (nucleus vs. cytoplasm) thanks to
electrostatic interactions between prepared GO-QCD hybrids. The
phenomenon was connected to the relative QCD loading onto GO
(the GO-to-QCDs ratio). We envisage a potential application of QCDs
and QCD-GO hybrids as a general methodology to construct hybrid
fluorescent systems for selective bio-labelling with the clear applic-
ability also in recently described therapeutic applications of CDs.
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Carbon dots (CDs) are fluorescent nanoprobes offering a great potential in biological and medical ap-
plications due to their superior biocompatibility compared to metal chalcogenide quantum dots (e.g.,
CdSe). Key factors determining their cytotoxicity and cellular/intracellular tracking involve chemical
nature and charge of surface functional groups. For the first time, we present a comprehensive cytotoxic
study including cell cycle analysis of carbon dots differing in surface functionalization, namely pristine
CDs (CDs-Pri) with negative charge due to carboxylic groups, polyethyleneglycol modified dots with
neutral charge (CDs-PEG), and polyethylenimine coated dots with a positive charge (CDs-PEI). The CDs
in vitro toxicity was studied on standard mouse fibroblasts (NIH/3T3). The results suggest that neutral
CDs-PEG are the most promising for biological applications as they do not induce any abnormalities in
cell morphology, intracellular trafficking, and cell cycle up to concentrations of 300 ug mL~". Negatively
charged CDs-Pri arrested the G2/M phase of the cell cycle, stimulated proliferation and led to higher
oxidative stress, however they did not enter the cell nucleus. In contrast, positively charged CDs-PEI are
the most cytotoxic, entering into the cell nucleus and inducing the largest changes in GO/G1 phase of cell
cycle, even at concentrations of around 100 pg mL™.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction One of the most important properties affecting biological ap-

plications of nanomaterials is their surface functionalization [12,13]

Carbon dots (CDs) have been demonstrated as a new class of
fluorescent nanomaterials, already competitive in many respects to
conventional metal chalcogenide based quantum dots (QDs) [1-3].
Unlike conventional semiconducting QDs containing cadmium or
other heavy metals, carbon quantum dots do not cause any serious
health or environmental concerns [3—6]. Due to their fluorescence
brightness, high photostability and good biocompatibility, CDs have
been developed as fluorescent nanoprobes for optical bioimaging
applications [5,7—10] and shown promise for clinical translation
[11].

* Corresponding author.
E-mail address: radek.zboril@upol.cz (R. Zboril).

http://dx.doi.org/10.1016/j.carbon.2015.12.027
0008-6223/© 2015 Elsevier Ltd. All rights reserved.

as it can determine the pathway of cellular uptake, intracellular
trafficking and cytotoxicity [13]. Polyethylene glycol (PEG) is
biocompatible and biodegradable polymer [6,14,15], mainly used
for passivation of nanomaterials to obtain neutral surface charge
which prevents nonspecific protein absorption, immunological
reaction and accumulation in the reticuloendothelial system [16].
Polyethylene imine (PEI) is a cationic macromolecule commonly
used in gene transfer therapy because provides high transfection
efficiency [17]. PEI molecules interact with negatively charged
proteins in cytoskeleton (such as actin and beta-tubulin) [18] and
modify membrane integrity. From this reason, PEI is often used for
surface functionalization of nanomaterials to obtain positive charge
and improve permeabilization of plasma membrane. PEI de-
stabilizes endosomal membranes [17], is able to escape from
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endosomes via the so-called “proton sponge” mechanism and binds
to DNA [19,20]. Hence, CDs attached to PEI may exhibit thermo- and
pH-responsive properties particularly suited for stimuli drug
release, as previously reported [21].

Many cytotoxicity studies have demonstrated that CDs (with or
without surface passivation) exhibit very low toxicity and can be
easily internalized into cells for imaging [22,23]. The cytotoxicity
effects (viability, mortality, proliferation) of CDs have been tested
on various types of cell line, at various concentrations and with
different surface coverages. A brief overview of the parameters
determining the cytotoxicity is given in Table 1. In almost all of the
cytotoxicity studies performed to date, CDs have been demon-
strated to cause negligible loss in cell viability at concentrations
sufficient for cell labeling (approximately 10—100 pg mL~1) [24].

In this study, for the first time, we examined differences in the
cell cycle, ROS generation and cytotoxicity for three most
commonly used CDs differing in surface coverages. As a result, we
identified principal differences in toxicity of CDs on the cellular
level depending on their surface chemistry. The presented study
offers a new view on the toxicity of CDs, which cannot be evaluated
simply on cell viability measurements but other phenomena
including proliferation, entering the cell nucleus, and changes in
the cell cycle should also be taken into account. Thus, this study
could help improve our understanding of the carbon dot toxic
profile.

2. Materials and methods
2.1. Materials

Polyethylenimine (PEI, 50% solution, Mw ~1300) was purchased
from Sigma Aldrich, whereas polyethyleneglycol (a.,w-Bis-amino
PEGs, Mw~2000) was bought from RAPP Polymere GmbH. A
paraffin candle was used for collecting the candle soot. Nitric acid
was obtained from Penta, Czech Republic. Dialysis tubing (ben-
zyolated, 2000 kDa cut-off) was obtained from Sigma Aldrich. All
the chemicals were used as received without further purification.

2.2. CDs preparation

CDs were derived from candle soot according to a standard
procedure reported previously [27]. The collected candle soot
(400 mg) was refluxed in 200 mL of 5 M HNOs for 36 h. Afterwards,
the solution was centrifuged at 8000xg to remove the insoluble

fraction. The excess of acid was removed from the obtained solution
of CDs using a rotary evaporator. The pH of the concentrated so-
lution was neutralized using NaOH and then the solution was
dialyzed (2 kDa cut-off membrane) against deionized water for 5
days. The prepared CDs were passed through a 200 nm Millipore
filter and labeled CDs-Pri. Surface coverage of the prepared CDs
with PEG2000N and PEI1200 was reproduced according to the
literature [28]. Typically, 100 mg of polymer was mixed with 20 ml
of CDs (concentration of 1 mg mL~!) and the mixture was refluxed
in the water under atmospheric conditions for 3 days. The resulting
solution was dialyzed against water (2 kDa cut-off) to remove un-
attached polymer and then passed through a 200 nm Millipore
filter to remove possible agglomerates and microorganism
contamination. The latter CDs were labeled as CDs-PEI and CDs-
PEG. The amount of polymer conjugated to the particles was
calculated as a difference between the total solid mass
(CDs + polymer) determined after drying the sample at microbal-
ances in mass spectrometer and CDs mass (without polymer)
determined from absorption of the solution at 280 nm (the details
are given in Supplementary Information).

2.3. Material characterization

Fluorescence spectra of the CDs were recorded using Quanta-
Master 40 and LaserStrobe spectrofluorometers (PTI, USA). High
resolution—transmission electron microscopy (HR-TEM) images
were obtained using a FEI Titan electron microscope operating at
80 kV. The size distribution (the histogram) was obtained from HR-
TEM images by collecting 250 diameter counts by the Image]
software. XPS measurements were carried out with a PHI VersaP-
robe II (Physical Electronics) spectrometer using an Al K, source
(15 kV, 50 W). All the spectra were measured in a vacuum of
1.4 x 1077 Pa and at room temperature. XPS spectra were evaluated
with the MultiPak (Ulvac - PHI, Inc.) software. All binding energy
(BE) values were referenced to the C1s peak at 284.80 eV. Fourier
transform infrared (FT-IR) spectra were recorded on an iS5 Thermo
Nicolet FT-IR spectrometer using the Smart Orbit ZnSe ATR tech-
nique. The zeta potential of CDs was determined at pH = 7 (con-
centration of CDs equal to 0.1 mg mL~!) using a Zetasizer NanoZS
instrument (Malvern, UK).

2.4. Cell cultivation

NIH/3T3 cells were purchased from American-type Culture

Table 1
Toxic doses observed for variously functionalized CDs on different types of cells.

Cell line Type of CDs Surface coverage Toxic dose [mg.mL™"] Ref.

Human kindey cells 293T Electrooxidation of graphite Pristine 4 [25]

Human liver hepatocellular cells HepG2 Nitric acid oxidation of carbon soot Pristine 1 [24]

Human primary glioblastoma cells U87 Hydrothermal treatment of spider silk Pristine 2 [26]

Human breast cancer cells MCF-7 Nitric acid oxidation of carbon soot Pristine 0.2 [6]
Nitric acid oxidation of carbon soot PEG1500 0.2 [6]
Carbonization of polymeric NPs PEG1500 0.2 [3]
Carbonization of polymeric NPs PEI 0.015 [3]
Carbonization of polymeric NPs PPE-EI 0.03* [3]
Carbonization of polymeric NPs PPEI-EI 0.08** [12]
Nitric acid oxidation of carbon soot PPEI-EI 0.8 [12]

Human colorectal adenocarcinoma cells HT-29 Nitric acid oxidation of carbon soot Pristine 0.2 [6]
Carbonization of polymeric NPs PEG1500 0.2 [6]
Carbonization of polymeric NPs PEG1500 0.2 [3]
Laser ablation PEG1500 0.05* [3]
Carbonization of polymeric NPs PPE-EI 0.05 [3]
Carbonization of polymeric NPs PEI 0.015 [3]
Nitric acid oxidation of carbon nanopowder PPEI-EI 0.8% [12]

Notes: toxic dose = viability lower than 50%, * higher doses were not tested, # MTT did not work.
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Collection (ATCC, USA) and cultivated in low glucose Dulbecco's
Modified Eagle medium (DMEM, Life Technologies) at 37 °C and
under a 5% CO; enriched atmosphere.

2.5. MTT analysis to determine the cell viability

The viability of NIH/3T3 cells (ATCC, USA) was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Sigma Aldrich). Cells were seeded in a 96-well plate
(TPP, Biotech) at a density of 2 x 10% cells per well. After spreading
(4 h) cells were treated with the CDs at a concentration of
5—400 pg mL~! and incubated in a fully-humidified incubator at
37 °C under a 5% CO; enriched atmosphere. After treatment with
CDs (24 h), 20 ul of an MTT solution (concentration of 5 mg/ml) was
added into the each well. After incubation (4 h), the MTT solution
was gently removed and dimethylsulfoxide (100 ul) was added to
dissolve formazan crystals (live cells synthesize high amounts of
purple formazan crystals by reduction of MTT in mitochondria,
resulting in higher absorbance values compared to dead cells).
Absorbance was measured at 570 nm using an Infinite PRO M200
multiplate reader (Tecan, Austria). Survival rate was calculated
from a relation of absorbance, i.e., (Asample/Acontrol)*100 and plotted
as a percentage of viability. The concentration of CDs that caused
50% reduction of cell viability compared to the untreated control
cells was defined as the 50% inhibitory concentration (IC50). Each
tested concentration was repeated three times and all experiments
were carried out in duplicate.

2.6. Reactive oxygen studies

Oxidative stress caused by CDs was investigated by using two
different types of ROS analysis. Firstly, ROS production was
measured in parallel to the MTT assay. NIH/3T3 cells were treated
with 5—400 pg mL~! of CDs-Pri, CDs-PEI, and CDs-PEG and incu-
bated for 24 h. After incubation, the growth medium (DMEM)
containing CDs was removed from the plate and replaced by PBS
solution (20 ul per well) containing the fluorescent ROS probe
(General Oxidative Stress Indicator CM-H;DCFDA, Life Technolo-
gies), which was pre-dissolved in DMSO (500 mmol.L~1) [29]. The
plate was placed in a CO; incubator for 20 min and the fluorescent
signal was measured using an Infinite PRO M200 microplate reader
(Tecan, Austria) with excitation/emission wavelength of 505/
529 nm. Secondly, ROS generation was observed in a ROS kinetic
study. Cultivated cells were treated with same concentration of CDs
as used before but 2 pl of ROS probe was added to each well
immediately after the treatment. The amount of oxygen radicals
was measured every hour or 30 min during the first 4 hofa24 h
incubation. The measurements were performed three times for
every concentration of CDs in two independent experiments.

2.7. Flow cytometry — cell cycle analysis

NIH/3T3 cells were seeded in 6-well plates (7 x 10° cells/well)
and, after spreading (4 h), were labeled with PEG-, PEI- and pristine
CDs (concentration of 50, 100, and 350 pg mL™!). Following 24 h'
incubation, cells were harvested by trypsin (0.25% in EDTA, Sigma
Aldrich). Next, the sample was centrifuged (1000x g for 5 min,
4 °(C), the supernatant was removed and cells were resuspended in
1 ml of PBS (0.1 M, pH = 7.4); this step was performed twice. After
the last centrifugation, samples were kept on ice and 100 pl of cold
PBS was added. Subsequently, cold 70% ethanol (1 ml) was added
dropwise to the samples coupled with vortex shaking. Finally,
samples were kept on ice for a further 30 min and then stored in a
freezer (—20 °C) until measurement. Prior to the flow cytometry
analysis, cells were subjected to centrifugation (1000x g, 5 min,

4 °C), the supernatant removed and the resulting pellet washed
with 1 ml of PBS (all steps were carried out twice). Next, 20 pl of
RNase solution (final concentration of 0.2 pg mL~!) and 10 pl of
propidium iodide solution (Sigma Aldrich, P4864-10ML; final
concentration of 10 pg mL~!) were added to the re-suspended cells
in PBS. Cells were kept for 30 min in darkness at 4 °C. Afterwards,
samples were transferred to special tubes for flow cytometry
analysis, which was carried out using a BD FACSCanto flow cy-
tometer (BD Biosciences, San Jose, CA, U.S.A.). The experiment was
performed three times; the differences are plotted as an error bars.

3. Results and discussion

3.1. Chemical, structural and microscopic characterization of CDs-
Pri, CDs-PEG, and CDs-PEI

CDs derived from candle soot were chosen as a typical example
of the fluorescent carbon dot family for testing cytotoxicity. They
exhibit a spherical shape, good crystallinity (Fig. 1) and their
toxicity is not affected by unremoved/attached precursor from the
synthesis. Furthermore, this type of CDs has already been evaluated
in terms of its in vivo toxicity, subacute toxicity or immunological
response in mice [30,31]. A study from Gao et al. [30] also
demonstrated increased production of Th1 and Tc lymphocytes in
mice after injection of high doses of CDs (no surface coverage) but
without any morphological change of the immune organs. There-
fore, CDs derived from soot prepared by oxidative treatment in
nitric acid offer a good candidate for consequent functionalization
and cytotoxicity testing.

CDs derived directly from candle soot exhibited a negative
surface charge (Zeta potential: —28 mV at pH = 7) and were labeled
as CDs pristine (CDs-Pri). The negative charge was most likely due
to the presence of carboxylic and nitro groups originating from the
oxidative treatment in nitric acid. The presence of these groups was
confirmed by XPS analysis (Fig. 2) and FI-IR (Supplementary
Figs. S1 and S2). The surface of CDs was also modified with PEI
and PEG to modulate the surface charge. The materials after
modification and dialysis purification exhibited an almost neutral
charge for CDs-PEG (Zeta potential: —6 mV at pH = 7) and strongly
positive charge for CDs-PEI (Zeta potential: +53 mV at pH = 7).

The successful attachment of the polymers onto the surface of
CDs was confirmed by XPS analysis (Fig. 2, Supplementary Fig. S1
and Supplementary Table S1). Only three dominant peaks corre-
sponding to carbon binding energy (~285 eV), oxygen (534 eV) and
nitrogen (402 eV) were apparent in the CDs XPS spectra. The XPS O/
C ratio for CDs-Pri was 0.18 and the N/C ratio was 0.023. C—N bonds
and O—C=0 bonds were also apparent in the high-resolution C 1s
spectra of CDs-Pri (Fig. 2), clearly showing the presence of car-
boxylic and nitric groups on the surface. After attachment of PEG
onto the surface, the O/C ratio increased to 0.21 and the relative
content of C—0 bonds involved in the PEG structure also increased.
The amount of the PEG polymer conjugated to the surface was 8%
(w/w). In the case of the CDs-PEI, the amount of the bound polymer
is 10% (w/w); the N/C ratio increased to 0.11. Similarly, the relative
content of C—N in the high-resolution C 1s XPS spectra increased
significantly. A detailed quantitative comparison of the composi-
tion of the prepared CDs according XPS is given in Supplementary
Table S1. The presence of carboxyl groups on the surface of CDs-Pri
was also apparent in the FT-IR spectra in the region of
1713 cm™! (C=O0 stretching in Fig. S2 in Supplementary Informa-
tion). The CDs-PEG sample displayed significant peaks at about
2880 cm~! and 1105 cm™! corresponding to typical C—H and C—0
stretching in PEG chains. CDs-PEI exhibited a significant peak at
about 1660 cm~! corresponding to N—H bonding of PEL The peaks
associated with C=0 bonds in the CDs-PEG and CDs-PEI spectra
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Fig. 1. HR-TEM images of prepared CDs-Pri, CDs-PEG, and CDs-PEI. The red arrow indicates a magnified image of the labeled area in the CDs-PEI sample. (A color version of this
figure can be viewed online).

were also diminished because of attachment of the amino groups of According to HR-TEM, the size of the prepared CDs ranged from
the polymers to the carboxylic groups of CDs. Clearly, the XPS and 4 to 7 nm (the main diameter was 5.5 nm according the histogram
FT-IR data showed successful surface modifications of pristine CDs, in Fig. S3 in Supplementary Information). The particles exhibited a
providing differently charged samples suitable for cytotoxicity spherical shape with good crystallinity and typical graphite lattice
testing. spacing (Fig. 1). The magnification of the red-labeled area in Fig. 1
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Fig. 2. High-resolution C 1s spectra of the prepared CDs and photograph of CDs-Pri obtained under a UV-lamp. (A color version of this figure can be viewed online).
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shows two CDs covered with PEI (association is the effect of the
polymer), which exhibited two types of lattice spacing (hexagonal
pattern with 2.2 A spacing and graphitic layers with 3.3 A spacing),
typical of graphitic carbon [32,33]. All of the prepared CDs exhibi-
ted yellow fluorescence with typical excitation wavelength
dependent emission (Fig. 2). In contrast to conventional blue or
green fluorescent CDs, the main emission of the prepared samples
was probably red-shifted to the yellow region because of the larger
size of the particles and more extensive m-conjugation and asso-
ciated quantum confinement to energetic levels. The fluorescence
emission spectra of CDs-PEG and CDs-PEI were broader than the
spectra of CDs-Pri (Fig. S1 in Supplementary Information), most
likely due to surface conjugation with the polymer chains.

3.2. Cellular uptake and morphology

Light microscopy observations of cells incubated for 24 h with
various carbon dot concentrations are shown in Supplementary
Fig. S4. Microscope images of NIH/3T3 cells labeled with CDs-PEG
(neutral surface charge) did not indicate any morphological
changes until a concentration of 400 ug mL~, when some of them
died (Supplementary Fig. S4: 1a-d). In contrast, cells treated with
CDs-PEI (positive surface charge) showed the first signs of toxicity
already at a concentration of 50 pg mL~! and the toxic effect
increased with increasing concentration. Indeed, at high concen-
trations of CDs-PEl (200—400 pg mL™'), large vesicles were
observed in the cytosol (see white arrow in Fig. 3b). In addition,
owing to their positive charge, CDs-PEI entered the nucleus (Fig. 3b)
at concentrations above 50 pg mL~', similar to the behavior we
reported previously for quaternized CDs [34,35]. The cells labeled
with CDs-Pri (negative surface charge) showed a common
morphology when the concentration was lower than 200 pg mL™,

The first indications of morphological abnormalities were observed
at concentrations over 200 pg mL~! (Fig. 3c, Fig. S4: 3c in Supple-
mentary Information), whereupon cells started to change their
shape. Uncharged CDs-PEG did not cause morphology changes and
did not enter the nucleus even at high concentrations of up to
400 pg mL~L

It should be mentioned that many different types of nano-
materials are known to affect cellular morphology [36,37]. Some
studies have suggested that ROS formation disrupts the actin
cytoskeleton and changes the cell elastic modulus [38], both of
which are important for the shape of cells. The cytoskeleton also
determines endocytic uptake and is involved in many intracellular
signaling pathways [39]. Our results show that the cellular
morphology was affected most by the positively charged CDs-PEI
and less so by the negatively charged CDs-Pri. In contrast, CDs-
PEG did not cause any morphological changes. Moreover, we did
not detect reduced uptake of these particles with increasing con-
centration (Fig. S5 in Supplementary Information). CDs-PEG were
probably gradually taken up by cells. Conversely, charged CDs
would strongly interact with the cellular membrane via electro-
static interactions, dramatically affecting their uptake.

3.3. Viability of cells and ROS analysis after 24 h' uptake

The cytotoxicity of the prepared CDs was tested on NIH/3T3 fi-
broblasts by colorometric MTT assay. Cells were treated with con-
centrations of 5, 10, 25, 50, 100, 200, 300, and 400 pg mL~! for each
sample (CDs-PEG, CDs-Pri, CDs-PEI). For comparison, cells were
also labeled with free polymers (PEG, PEI) in concentrations cor-
responding to the amount of conjugated polymer in each individual
dose of CDs-PEG (8% of PEG bound to the surface) and CDs-PEI (10%
of PEI). Therefore, the used concentrations were 0.4, 0.8, 2, 4, 8, 16,

o Vesicles

6 — — |

Fig. 3. Morphology of cells labeled with different CDs (200 pg mL~') in comparison to unlabeled (control) cells. CDs-PEG did not cause morphology changes and did not enter the
nucleus; CDs-PEI entered the nucleus; CDs-Pri affect the cell morphology. (A color version of this figure can be viewed online).



M. Havrdova et al. / Carbon 99 (2016) 238—248

a 140 - —CDs-PEG
120 i g —CDs-PEl
- CDs-Pri
°§‘100
> 80
bt
3 60
©
S 40
20
0
0 5 10 25 50 100 200 300 400

Concentration of CDs [ug.mL-"]

243

b 2200 __pepes
— 2100 —CDs-PElI e
= CDs-Pri - A
. 2000
)

1900
5 .
¢ 1800 4
o I 7/
&€ 1700 —

1
1600
0 5 10 25 50 100 200 300 400

Concentration of CDs [ug.mL""]

Fig. 4. (a) Viability and (b) ROS levels as a function of carbon dot concentration after 24 h of incubation; RFU — relative fluorescence units. (A color version of this figure can be

viewed online).

24, and 32 pg mL~! for PEG and 0.5, 1, 2.5, 5, 10, 20, 30, and
40 pg mL~! for PEL

After 24 h' labeling, the viability of the fibroblasts was measured
by MTT assay and oxidative stress was characterized by ROS anal-
ysis. NIH/3T3 cells labeled with CDs-PEG carrying neutral charge
showed dose-dependent toxicity (Fig. 4a) with IC50 value of
300 pg mL~L Cells treated with positively charged CDs-PEI
exhibited a significant reduction in viability with increasing dose
and an IC50 value 6 times lower (at around 50 pg mL~!) than that
for CDs-PEG (Fig. 4a). Cytotoxicity of free coating polymers was
tested for comparison to see how the polymer coating affects the
viability of CDs-PEG and CDs-PEL Viability of the cells labeled with
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free PEG molecules was slightly decreasing up to highest doses
(Fig. S6a in Supplementary Information) but the value of IC50 was
not reached in the studied concentration range; the fact evidencing
for a good biocompatibility of PEG. Oppositely, cytotoxicity of free
PEI molecules increased sharply and IC50 value was found at con-
centration of 5 ug mL~! (Fig. S6b in Supplementary Information).
This indicates that PEI contributes significantly to toxicity of CDs-
PEL

CDs-Pri stimulated proliferation at a very low concentration
(5 ng mL~1) up to 50 pg mL~!, after which viability declined with
increasing concentration. IC50 of CDs-Pri was identical to that of
CDs-PEG (300 pg mL~'). The apparent low toxicity of CDs-Pri is
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Fig. 5. ROS kinetics of first 4 h during 24 h' incubation: (a) 20 min, (b) 1 h, (c) 2 h, and (d) 4 h after treatment. ROS value of control cells is a starting point on Y- axis (Fig. 5 a—c: 3000
RFU, Fig. 5 d: 6000 RFU). Plots show ROS production as a function of carbon dot concentration. Treatment with CDs-Pri caused the strongest increase for each dose. Oxidative stress
induced by CDs-PEI rose slightly up to 50 ug mL~!, then it was comparable to CDs-Pri. ROS production in the presence of CDs-PEG increased almost linearly with increasing
concentration and was similar to that of control cells. (A color version of this figure can be viewed online).
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consistent with previous studies, showing CDs synthesized from
carbon soot exhibit IC50 values from 100 pg mL~! up to
500 pg mL~' [6,24]. Nevertheless, stimulation of proliferation
caused by pristine carbon dots (occurred in a concentration range
of 5-50 pg mL™") has never been described before. In addition,
increased amounts of ROS can lead to uncontrolled cell prolifera-
tion and cause cancer [40] or other diseases [41]. In the case of CDs-
PEI, the highest toxicity and related decrease in viability was ex-
pected because of the positively charged surface and transfection
properties of PEI [3,42]. However, compared to other studies of PEI
coated CDs [3] our data show toxicity at quite high concentrations
(50 pg mL~1). The PEG modified CDs (neutral charge) exhibited the
lowest toxicity, evidently related to PEG biocompatibility [43—45].

Oxidative stress is the main cytotoxic mechanism initiated by
nanomaterials [36,46] and various cell types show different anti-
oxidative capacity [47,48]. Low ROS levels are regulated by normal
cell functions. However, high ROS formation leads to oxidative
damage of cells and death [38,43,47]. Thus, evaluation of ROS
generation is important to accurately define the maximum ROS
levels occurring after a sufficiently long time of uptake (24 h),
enabling an assessment of whether the toxic effect is only transient
or persistent [39]. Nevertheless, one of the most important prop-
erties of CDs is their photosensing activity after light irradiation
[49]. This property is useful for their therapeutic applications but
not for the determination of oxidative stress. For this reason, all the
experiments were performed in the dark to prevent a photo-
response due to light.

Oxidative stress was measured in parallel to the MTT assay (after
24 h' incubation with the samples). ROS production was slightly
increased with increasing carbon dot concentration for all the
samples. However, a considerable increase occurred for doses from
50 pg mL~! up to 200 pg mL~! (Fig. 4b). It seems that critical
changes in cells were induced from concentrations as low as
50 pug mL~! because the viability rapidly declined (Fig. 4a) and ROS
generation burgeoned (Fig. 4b). Moreover, the same effect was
observed during the ROS kinetic analysis (see below). Oxidative
stress decreased at concentrations higher than 200 pg mL~!

because this dose was close to the IC50 value (i.e., fewer live cells
were present to generate radicals). The results from the viability
and ROS studies were consistent as generation of ROS is associated
with decreasing viability.

CDs-PEG displayed a standard viability dose—response curve
relating to the magnitude of the stress factor (carbon dot concen-
tration) and corresponding ROS generation, which increased
considerably with dose. Compared to CDs-PEG and CDs-PEI, CDs-
Pri induced higher oxidative stress for concentrations up to
50 pg mL~ This surprising phenomenon probably explains why
this sample stimulated proliferation at such low concentrations.
However, the relation between ROS levels and cytotoxic effects is
still unclear [39]. A remarkable decrease in ROS generation was
registered in the CDs-PEI sample because of very low viability at
high concentrations. Importantly, free PEG and PEI molecules did
not evoke any high ROS progress. Both polymers incubated for 24 h
caused just slight ROS increase with the dose of polymers, but no
significant deviation occurred (see Fig. S7 in Supplementary In-
formation). These data show that the contribution of the ROS
generation to the complex toxicity of CDs is dominantly related to
the property of the nanomaterial itself, not to the properties of
coating polymers.

3.4. Kinetic development of ROS

To obtain detailed information about oxidative stress, the ki-
netics of ROS generation was studied. ROS production was
measured every hour for the first 4 h of incubation and the time
dependences were plotted separately for each concentration,
together with values for the control (Fig. S8 in Supplementary
Information). First indications of ROS production were registered
immediately after fluorescent ROS probe activation (20 min)
(Fig. 5a). After 1 h's exposure, the ROS dependence on concen-
tration changed markedly, especially in the case of CDs-PEI
(Fig. 5b). In subsequent hours, the concentration curves of CDs-
PEI showed similar trends but the RFU values continued to in-
crease strongly (Fig. 5¢). After 4 h, the ROS level of CDs-PEI started
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Fig. 6. Schematic representation of the cell cycle, highlighting arrest in the cycle caused by charged CDs. (A color version of this figure can be viewed online).
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to decrease at toxic concentrations above 200 pg mL™! (Fig. 5d),
similar to described above (Fig. 4). The most remarkable changes in
ROS generation with concentration (Fig. 5b—d) were observed for
the charged particles, CDs-Pri and CDs-PEI, at a concentration of
50 pg mL~L This concentration seems to be significant threshold,
enabling entry of the charged carbon dot nanoparticles into the
cells. This is probably related to the considerably faster uptake of
charged nanoparticles compared to CDs-PEG (see Section 3.2).
Indeed, the ROS generation of CDs-PEG increased steadily with
concentration (Fig. 5). Moreover, the time dependence of ROS
generation (see Fig. S8 in Supplementary Information) was similar
to that of the control even for high concentrations of CDs-PEG.
Oxidative stress in the cells labeled with the free PEG and PEI

molecules grew differently. PEG polymer exhibited the
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Fig. 7. Flow cytometric analysis of the cell cycle of NIH/3T3 fibroblasts treated with
PEG-, PEl-modified and pristine CDs at concentrations of (a) 50 pg mL~’, (b)
100 pg mL~", and (c) 350 pg mL~". (A color version of this figure can be viewed online).

biocompatible behavior and the ROS trend increasing in parallel
with the control untreated cells (Fig. S9a—h in Supplemenatry
Information). PEI polymer caused higher ROS generation in all
concentrations, but did not reach the ROS level produced by CDs-
PEL. More specifically, free PEI induced a maximum value of fluo-
rescent intensity of 4500 RFU (Fig. S9a—h in Supplemenatry In-
formation), in contrast to CDs-PEI which evoked much higher ROS
values around 12 000 RFU (Fig. S8a—h in Supplemenatry Infor-
mation). From these results it is obvious that the main oxidative
stress is dominantly caused by CDs nanoparticles, while the
polymers contribute to ROS generation in much lesser extent (PEI)
or even marginally (PEG).

3.5. Flow cytometry — cell cycle profile

The cell cycle profile of the fibroblast population was investi-
gated by flow cytometric analysis to provide a comprehensive
cytotoxic study of studied carbon dots with different surface
chemistry. Generally, the cell cycle proceeds through an interphase
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Fig. 8. Cytometric analysis — comparison of DNA content in control cells (a) versus
DNA content in cells labeled with 350 pg mL~" of CDs-PEI (b). (A color version of this
figure can be viewed online).
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(gap 1 (G1)) phase, DNA synthesis (S) phase, and gap 2 (G2) phase
[40], followed by mitosis and cytoplasmic division (cytokinesis) in
coordinated succession [50] as depicted in Fig. 6. When cells in the
G1 phase grow to a sufficient size (double their mass), they enter
the S phase [51]. If the cells do not grow, they remain in the G1
phase (referred to as the GO phase in this case) or die by apoptosis.

In the S phase, DNA is replicated and the cell cycle continues to
the final G2 phase, in which the cell prepares to begin mitosis. The
boundaries between the G1 — S phase and S — G2 phase are
checkpoints controlling the “quality” of DNA. If DNA is damaged or
abnormally structured, the cell cycle is delayed to allow DNA repair,
chromatin remodeling and other metabolic adjustment or cellular
death [52]. In general, nanomaterials can cause differences in some
of the cell cycle stages [53]. In our case, the number of cells and
their percentage ratio in different cell cycle phases (G0/G1, S, G2/M)
after treatment with CDs were quantified by flow cytometry and
visualized in two-dimensional histogram, i.e., cells number versus
DNA content (PI intensity).

The results showed that CDs-PEG did not cause any significant
changes in the proportion of the cell cycle phases compared to
untreated control cells (Fig. 7a—c). As expected, the control ex-
periments performed on cells treated with free PEG molecules
(Fig. S10 in Supplemenatry Information) did not show any cell cycle
abnormalities.

Pristine CDs did not affect the cell cycle significantly at the
lowest concentrations. However, the G2/M phase was slightly
delayed at a concentration of 100 pg mL~! (event of labeled cells
was 5% higher than event of control cells, Fig. 7b). At high con-
centrations (above the IC50 value), GO/G1 arrest occurred and
fewer cells crossed the checkpoint and entered the S phase (Fig. 7c).
In this case, the cells probably entered the non-proliferation stage
(the GO phase) or died by apoptosis.

Positively charged CDs-PEI inhibited cellular proliferation via
GO/G1 arrest at concentrations of 50 and 100 pg mL~! (Fig. 7a, b).
Additionally, at a concentration of 100 pg mL™, the G2/M phase
became relatively more populated than the S phase (ratio between
S and G2/M was 11:33, compared to 26:27 for control cells).
Therefore, cells labeled with this toxic dose (100 pg mL™!) seemed
to exhibit prolonged G1 and also G2 phases, which led to cellular
death. Importantly, the cell cycle profile of the cells treated with
free PEI molecules (in concentration corresponding to the polymer

CDs-PEG

Ktoxicity

1 medium toxicity

content in CDs-PEI) was also changed. The GO/G1 arrest occurred
for PEI concentrations of 10 and 35 pug mL~! (Fig. S10e, f in Sup-
plementary Information). These data reflect that PEI polymer itself
influents a GO/G1 phase and would be significantly responsible for
GO/G1 arrest also in the case of CDs-PEIL The similar GO/G1 arrest
caused by PEI molecules was demonstrated also on HepG2 cells in a
study by Paul et al. [54]. This phenomenon might be explained by
the different uptake mechanism of free PEI molecules, which cross
the cellular membrane by diffusion unlike carbon dots, which enter
into the cells by endocytosis. Subsequently, the free PEI molecules
occur directly in cytoplasm, interact with nuclear membrane and
bind to DNA. However, CDs-PEI trapped in endosomes/lysosomes
have to escape via “proton sponge” mechanism and afterwards
interact with the nucleus. This mechanism affects the cell
morphology, which can lead to other cell damages or cell death.

This quantification of cell population in GO/G1, S, and G2/M
phases was generated from “basic gate”, which includes cells in G1
phase with normal content of DNA (n), cells in G2/M phase with
duplicated amount of DNA (2n) and also cells in the S phase, which
have DNA content in the interval between n and 2n (Fig. 8a)
Generally, this “basic gate” model represented around 90% of all
events, i.e. all the cells and other particles detected by flow
cytometry, whereas only 10% were ruined cells and small debris.
However, in the case of CDs-PEI at a concentration of 350 pg mL~,
this basic gate model represented only around 20% of all the events,
and most of the events displayed smaller than standard content of
DNA (Fig. 8b). Hence, most of the cells treated with CDs-PEI
(350 pg mL™!) were broken and undergoing cell death. Such in-
dications of cellular damage were also in accord with images of
cells captured by light microscopy (Fig. S5: 2d in Supplementary
Information). Detailed cytometric data of all the samples are
included in Fig. S11 in Supplementary Information. An overview of
the toxic effects caused by CDs is provided in Fig. 9.

4. Conclusions

In this study, CDs with various surface coverages were prepared
and their cytotoxicity was compared to the toxicity of coating
polymers (PEG, PEI), which were used for the surface functionali-
zation of CDs. For the first time, cytotoxicity was investigated
comprehensively, based on the measurements of viability, ROS
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high oxidative stress

stimulation of proliferation

cell cycle abnormalities at higher doses

significant morphology changes
penetration into the nucleus
high cytotoxicity
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Fig. 9. Toxic effects of carbon dots with different surface chemistry. (A color version of this figure can be viewed online).
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analysis and flow cytometry. As a result, we found significant dif-
ferences in toxicity of CDs depending on their (negative, neutral or
positive) surface charge. Positively charged CDs-PEI entered into
the nucleus and induced GO/G1 and also G2/M arrest. They also
caused significant changes in cell morphology and exhibited the
highest toxicity, as reflected in the lowest IC50 value. We also
recognized that GO/G1 arrest in the cell cycle profile of the cells
treated with CDs-PEI is dominantly induced by PEI polymer onto
the nanoparticle surface. Bare carbon dots (CDs-Pri) with negative
surface charge (COO™), despite the fact that exhibited a similar IC50
as CDs-PEG (300 pg mL~'), stimulated proliferation, evoked
oxidative stress and induced abnormalities in the cell cycle (G2/M
arrest). This behavior was pronounced even at relatively low con-
centrations of CDs-Pri (50 pg mL~1), which would have implications
for their biological applications.

Finally, CDs modified with PEG with neutral surface charge were
found to be the most promising particles for cell labeling because
they did not disrupt cellular morphology, toxic dose occurred at
very high IC50 value (300 pg mL~") and oxidative stress increased
similarly like in the control.

The results of this study provide direct insight into the toxicity
effect of CDs and their most often used coatings. CDs functionalized
with polymers containing the neutral surface charge like PEG seem
to be the best choice for cell labeling without affecting cellular
processes and, as such, would be an appropriate method for in vivo
imaging. Oppositely, often used CDs stabilized with negatively
charged COO™ groups should be considered with a great care
mainly due to the induced proliferation at low concentrations and
abnormalities in the cell cycle at higher concentrations.
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