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SANTRUMPU SARASAS

%TDNA — (angl. %tail DNA) — DNR kiekis (%) kometos uodegoje
AOQO — akridino oranzas

BDI — branduolio dalijimosi indeksas

BrdU — 5-bromo-2°-deoksiuridinas

CBPI — (angl. cytokinesis-blocked proliferation index) — sustabdytos
citokinezés proliferacijos indeksas

cytB — citochalazinas B

diH20 — dejonizuotas vanduo

DMSO — dimetilsulfoksidas

EB — etidzio bromidas

FHA — fitohemagliutininas

FISH- (angl. fluorescent in situ hybridization) — fluorescencing in situ
hibridizacija

FSC — (angl. forward scatter) — prieking¢ iSsklaidyta Sviesa

H>DCFDA — 2°7’-dichlorodihidrofluoresceino diecetatas

ID — Identifikacijos numeris

LMP — (angl. low melting point agarose) — zemos lydymosi
temperaturos agarozé

MB — mikrobranduolys

MMS — metil-metansulfonatas

ND — nanodalelés

NM — nanomedziagos

NMP — (angl. normal melting point agarose) — normalios lydymosi
temperaturos agarozé

OECD - (angl. the Organization for Economic Cooperation and
Development) — Ekonominés kooperacijos ir nvystymosi organizacija
PEG — polietilenglikolis

PKVL — periferinio kraujo vienbranduolés lastelés

PVP — polivinilpirolidonas

RI — (angl. replication index) — replikacinis indeksas

ROS - (angl. reactive oxygen species) — reaktyviosios deguonies
formos

SCM - seseriniy chromatidziy mainy testas

SCMB — sustabdytos citokinezés mikrobranduoliy tesas

SSC — (angl. side scatter) — Soniné iSsklaidyta Sviesa

SD — (angl. standard deviation) — standartinis nuokrypis

TEM — transmisin¢ elektronin¢ mikroskopija
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Nanotechnologijos tampa viena i§ sparciausiai auganciy rinky
visame pasaulyje [1]. 2022 metais nanomedziagy (NM) rinka pasaulyje
jvertinta 10,88 milijardy Jungtiniy Amerikos Valstijy doleriy [2].
Europos cheminiy medziagy agentiira (angl. European Chemicals
Agency — ECHA) tikisi, kad per ateinancius metus (2023-2030), NM
rinka Europoje padidés 14,8 %, o verté — 18,4 % [3]. Nanodalelés (ND)
— tai natiiralios arba antropogeninés kilmés medziaga, kurios vienas
arba daugiau iSoriniy matmeny yra 1-100 nm dydzio [4]. D¢l itin maZo
dydzio nanodalelés gali pasizyméti naujomis ir nejprastomis
fizikinémis ir cheminémis savybémis, nebtudingomis mikro- ir
makroskopinio dydzio atitikmenims [5]. D¢l Sios priezasties, atsiranda
vis daugiau antropogeninés kilmeés nanodaleliy, kurios yra kuriamos ir
pritaikomos jvairiose srityse: medicinoje, technologijose, pramong¢je ir
t. t. Atsizvelgiant | tai, kad ir toliau bus stebimas eksponentinis
nanodaleliy sintezés augimas, tai kelia nerimg dél galimo neigiamo
nanodaleliy poveikio gyviems organizmams [6].

I Zmogaus organizmg nanodalelés gali patekti keliais buidais:
per kvépavimo takus, virSkinamgji trakta, odg ir tiesioginés injekcijos
metu, kai yra naudojamos biomedicininiuose tyrimuose [7]. Patekusios
1 organizma nanodalelés neiSvengiamai sgveikauja su jvairiomis
biomolekulémis (baltymais, cukrais ir lipidais), dél to nanodalelés gali
lengviau patekti 1 lasteles [8]. Nanodalelés gali pazeisti DNR
tiesioginiais arba netiesioginiais genotoksiSkumo mechanizmais.
Tiesiogiai sgveikaudamos su DNR nanodalelés gali sukelti fizines arba
chemines DNR pazaidas [9]. Nanodaleliy sagveika su DNR interfazés
metu gali trikdyti DNR replikacijg arba transkripcija, o saveika su
chromosomomis mitozés metu gali sukelti klastogeninj arba aneugeninj
poveikj [10]. Netiesioginis genotoksiSkumas gali atsirasti dél tarpiniy
produkty: reaktyviy deguonies formy (ROS) formavimosi arba toksisky
jony atsipalaidavimo i$ tirpiyjy ND [10,11]. Reaktyvios deguonies
formos gali oksiduoti purinus ir pirimidinus, sukeldamos DNR
grandinés trukius. Jei lgstelés reparaciné sistema veikia efektyviai,



tokios pazaidos gali biti iStaisytos. Taciau jei pazaidos néra
pasSalinamos, jos gali tapti chromosomy pazeidimais [9]. Keletas tyrimy
jirode, kad nanodaleles gali efektyviai patekti j 1asteles arba organus ir
juose kauptis, skatinti reaktyviy deguonies formy susidaryma ir sukelti
genotoksinj poveiki [12-15].

Siame darbe siekta istirti 11-os skirtingy tipy nanodaleliy
citotoksiskuma ir genotoksiSkuma, ypatinga démesj skiriant jy dydziui,
koncentracijai ir gebéjimui indukuoti ROS formavimasi. Tyrimai buvo
atliekami su Zmogaus periferinio kraujo vienbranduolémis Igstelémis
(PKVL), naudojant skirtingus genotoksiSkumo testus, kuriais buvo
identifikuojamas platus spektras DNR pazaidy: viengrandininiai ir
dvigrandininiai DNR triikiai, apurininés ir apirimidininés vietos, ir
chromosomy pazaidos. D¢l spartaus nanotechnologijy vystymosi ir
augimo, su nanodaleliy poveikiu susijusiy riziky tyrimai tampa ypac
svarbiis, o Siame darbe gauti rezultatai prisideda prie nanodaleliy
saugumo vertinimo strategijy kiirimo.

Darbo tikslas: IStirti skirtingos sudéties, dydzio ir formos nanodaleliy
gebéjima patekti | Zzmogaus periferinio kraujo vienbranduoles lasteles
ir sukelti citotoksinj ir (arba) genotoksinj poveiki.
Darbo uZdaviniai:
1. ISanalizuoti nanodaleliy hidrodinaminj dydj ir jo pokycius
lasteliy mitybingje terpeje
2. Nustatyti nanodaleliy patekimo i zmogaus periferinio kraujo
vienbranduoles lasteles efektyvuma
3. Nustatyti nanodaleliy geb¢jima indukuoti reaktyviyjy
deguonies formy susidarymg zmogaus periferinio kraujo
vienbranduolése lgstelése in vitro
4. Ivertinti nanodaleliy citotoksinj poveikj zmogaus periferinio
kraujo vienbranduolése lastelése in vitro
5. Ivertinti nanodaleliy genotoksini potenciala Zmogaus
periferinio kraujo vienbranduolése lastelése in vitro



MOKSLINIS DARBO NAUJUMAS IR PRAKTINE REIKSME

Siame darbe buvo iitirtas skirtingy tipy nanodaleliy
citotoksiSkumas ir genotoksiSkumas zmogaus periferinio kraujo
vienbranduolése lastelése in vitro panaudojant Sarminj kometos ir
sustabdytos citokinezés mikrobranduoliy testus. Remiantis gautais
rezultatais buvo nustatyti trys skirtingi nanodaleliy sukeliamo
genotoksiSkumo  mechanizmai. Po efektyvios internalizacijos
nanodalelés (Co304-, AlOs3- ir PS-ND), indukuojancios ROS
susidarymg , sukélé ne tik pirmines DNR paZzaidas, bet ir reikSminga
chromosomy pazaidy susidaryma, o ND (PVP-Ag, SiO,-ND),
neindukavusios ROS susidarymo, sukélé tik DNR trukius. Tyrimais
taip pat nustatyta, kad nanodaleliy internalizacija ir ROS indukcija gali
biti ribota (Au-ND), taciau jos vistieck gali indukuoti statistiSkai
reik§Smingg pirminiy DNR pazaidy kiekio augima.

Siame darbe, analizuojant nanodaleliy genotoksiskumo
rezultatus, buvo pastebéta statistiSkai reikSminga variacija tarp
skirtingy donory. Tai leidZia daryti prielaida, kad individualus donory
jautrumas gali turéti reikSmingos jtakos genotoksiSkumo tyrimy
rezultatams. Tokia pastebéta tendencija kvestionuoja nusistovéjusia
praktika, kur dirbant su donory krauju genotoksiSkumo tyrimy
rezultatai pateikiami kaip vidurkiy reikSmés ir skatina atsizvelgti |
galimg individualy donory jautrumg siekiant kuo tiksliau identifikuoti
medziagy genotoksiSkuma.

Sio darbo rezultatai liudija apie kompleksiniy tyrimy
panaudojimo svarbg nanogenotoksikologijoje, suteikia tiek teoriniy
izvalgy apie nanodaleliy sukeliamo genotoksiSkumo mechanizmus,
tiek gali prisidéti prie naujy rekomendacijy tyrimams su nanodalelémis
kiirimo.
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GINAMIEJI TEIGINIAI

. Nanodaleliy patekimas ] Zmogaus periferinio kraujo
vienbranduoles lasteles priklauso nuo nanodaleliy tipo ir jy
dydzio.

. Visos tirtosios nanodalelés sukelia reikSmingg pirminiy DNR
pazaidy kiekj.

. Ilgalaikis (24 val.) nanodaleliy poveikis daznai sukelia daugiau
pirminiy DNR pazaidy Zmogaus PKVL, palyginti su
trumpalaikiu poveikiu (1 val. arba 3 val.).

. ROS generuojancios nanodalelés indukuoja chromosomy
pazaidas.

. Individualus donory jautrumas turi jtakos genotoksiSkumo
tyrimy rezultatams.
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1. LITERATUROS APZVALGA

1.1. Nanodaleliy raiSys ir Saltiniai

Remiantis Europos komisijos rekomendacija 2022/C 229/1,
nanodalelés — tai dalelés, kuriy vienas arba daugiau iSoriniy matmeny
yra 1-100 nm dydzio [4]. Jos gali biiti nattiralios arba antropogeninés
kilmés. Natiraliai egzistuojancios ND susidaro vykstant jvairiems
aplinkos fizikiniams, cheminiams ir biologiniams procesams,
pavyzdziui, cheminiam mineraly dil¢jimui, fotooksidacijai,
mineralizacijai ir kt. Antropogeninés kilmés ND gali susiformuoti kaip
zmogaus veiklos Salutinis produktas, tokiy procesy metu kaip zemés
dirbimas, kasyba, nuoteky iSleidimas nepakankamai uzdaroje vietoje
arba transporto priemoniy vidaus degimo variklio veikimo metu [16].
Taip pat antropogeninés ND gali biiti sintetinamos naujai, taikant
jvairius fizikinius, cheminius, biologinius arba hibridinius metodus
[17].

1.2. Nanodaleliy panaudojimas

D¢l mazo dydzio, sudéties, formos ir pavirSiaus funkcionalumo ND
pasizymi unikaliomis fizikinémis ir cheminémis savybémis, todél
s¢kmingai panaudojamos jvairiose pramonés srityse: farmacijoje,
elektronikoje,  kosmetikoje, medicinoje, maisto  pramongje,
bioinZinerijoje ir kt. [18-21].

D¢l puikiy antibakteriniy, antivirusiniy ir prieSgrybeliniy savybiy,
sidabro ND placiai naudojamos biomedicinoje pries Staphylococcus
aureus [22], Candida albicans [23], Herpes simplex virusg ir Zmogaus
parainfluenzos 3 tipo virusg [24]. Siuo metu sidabro ND gali biiti
aptinkamos antibakteriniuose tvars€iuose, namy vandens valymo
sistemose, kosmetikoje, tekstiléje ir t.t. [25].

Kobalto ir kobalto oksido ND priklauso metalo nanodaleliy grupei,
ir yra vienos i§ perspektyviausiy medziagy, naudojamy chemingje
katalizéje, ivairiuose pigmentuose, biojutikliuose, energijos kaupimo
jrenginiy gamyboje ir medicinoje, pavyzdZziui, magnetinio rezonanso
tomografijoje [26-28]. Be to, kobalto oksido ND yra aktyviai

12



tyrinéjamos dél jy selektyvaus véziniy lasteliy augimo slopinimo ir
galimybés panaudoti prieSvézingje terapijoje [29].

Pastaraisiais metais didelis démesys buvo skiriamas silicio ir
aliuminio dioksido ND d¢l placiy panaudojimo galimybiy. Silicio
dioksido nanodalelés gali buti pritaikomos tikslinéje vaisty pernasoje,
aplinkosaugos ir pazangios katalizés srityse [30]. Tai vienos gausiausiai
aptinkamy ND Zeméje [31]. Aliuminio dioksido ND sékmingai
naudojamos tiek tikslinéje vaisty pernaSoje [32], tiek keramikoje,
siekiant pagerinti keraminiy plyteliy mechanofizikines savybes [33].

D¢l unikaliy fizikocheminiy savybiy, aukso ND gali biti
naudojamos mediciningje biofizikoje [34], molekulinio vaizdinimo
technologijose [35] ir biojutikliuose [36]. Taip pat aukso ND gali biiti
naudojamos kaip radiosensibilizatoriai véZio terapijoje. Sios dalelés yra
linkusios kauptis naviko vietose, o veikiant spinduliuotei iSskiria
antrinius elektronus, kurie sukelia netiesiogines DNR pazaidas
vézinése lastelése [37].

Polistireno ND dazniausiai sintetinamos pasitelkiant stireno
polimerizacijos  technika: vykdant emulsing polimerizacija,
polimerizacija be emulsiklio, nusodinimo (angl. precipitation)
polimerizacijg ir dispersing polimerizacija [38]. Kadangi polistireno
ND gali buti nesudétingai sintetinamos jvairiy dydziy ir su skirtingu
pavirSiaus funkcionalizavimu, jos puikiai tinka naudoti kaip
pavyzdinés ND tiriant daleliy pavirSiaus charakteristiky poveikj
ivairiems biologiniams parametrams (t. y. bio-nano sgveika) [39]. Dél
polistireno ND gebéjimo efektyviai patekti j 1asteles, Sios ND tiriamos
kaip priemoné¢ tikslinei vaisty pernasai [40].

Nepaisant daugybés ND pranaSumy jvairiose srityse, sparciai
auganti nanotechnologijy pramoné lemia tai, kad did¢ja ir ND
tiesioginé sgveika su gyvais organizmais, todél kyla susirtipinimas dél
Ju saugumo.

1.3. Nanodaleliy patekimas j Zmogaus organizma

Mokslin¢je literatiiroje jvardijami keturi potencialiis nanodaleliy

patekimo j Zmogaus organizmg keliai (1.1 pav.).

13
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1.1 pav. Nanodaleliy patekimo | Zmogaus organizmg ir pasiskirstymas jame
— patvirtinti ir potenciallis keliai. Modifikuota pagal Bakand & Hayes,
2016 [41]

Fig. 1.1 Nanoparticle entry into the human body and their distribution —

confirmed and potential pathways. Modified from Bakand & Haeys,
206

Tiesioginés injekcijos metu, kai ND naudojamos biomedicinoje,
ligos diagnostikoje, terapijoje, audiniy arba organy vaizdinime [42].
Per kvépavimo takus, su jkvépiamu oru. Per oda, su naudojamomis
kosmetikos arba dermatologinémis priemonémis ir per virSkinamaji
trakta su vartojamu maistu ir gérimais [8].

1.3.1 Nanodaleliy patekimas per kvépavimo takus

Anatomiskai, zmogaus kvépavimo sistema sudaryta i§ dviejy
daliy: virSutiniy kvépavimo taky (nosies ertmes, ryklés ir gerklés), ir
apatiniy kvépavimo taky (trach¢jos, bronchy, bronchioliy, alveoliy
kanaly ir alveoliy, kurios svarbios dujy apykaitai) [43]. VirSutiniy
kvépavimo taky pagrindinés funkcijos yra oro perdavimas ir apatiniy
kvépavimo taky apsauga. Nepaisant to, ND daznai yra per mazos, kad
jos biity veiksmingai atpaZzintos ir fagocituotos alveoliniy makrofagy, o
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ypa¢ mazos dalelés gali potencialiai kirsti plauciy epitelio audinio
barjera ir patekti j kraujotakos sitema [41,44,45]. Zinoma, kad
priklausomai nuo ND fizikocheminiy savybiy, jkvépimo metu jos gali
perzengti kraujo-smegeny barjera (angl. blood-brain barrier (BBB))
arba gali biiti perneSamos neurony tiesiai i$ nosies | smegenis [41].

1.3.2 Nanodaleliy patekimas per oda

Oda yra sudaryta i§ trijy sluoksniy: epidermio, dermio ir
poodinio sluoksnio. Tai yra vienas i§ didziausiy zmogaus organy,
apsaugantis organizmg nuo jvairiy aplinkos veiksniy [46]. Taciau
manoma, kad ND potencialiai gali kirsti odos barjera keliais biidais:
tarplasteliniu keliu (angl. intercellular ir angl. intracellular) ir per
plauky folikulus arba prakaito liaukas (angl. transappendageal route)
(1.2 pav.) [47].

- Papildomas -
Tarplastelinis " . Tarplastelinis
"Intracellular’ kT?ansap pendageal "Intercellular"
kelias e@s . kelias
P
Epidermis :

973
RS ARk QDA e lels): SEgl e
7t B OdiSaos /“/.m:\'\'\ 04n0%
/s \1R|ebahne “ :
eJSigfe ‘\

Dermis

Hipodermis

Prakaito
liauka
'Y/ Plauko NRY/

folikulas v

1.2 pav. Odos sandara ir nanodaleliy patekimo biidai tarplgsteliniu ir
papildomu keliu. Sukurta naudojant BioRender.com

Fig. 1.2 Structure of the skin and pathways of nanoparticles uptake routes.
Created using BioRender.com

Tarplastelinis kelias paremtas nanodaleliy geb&jimu epidermio
sluoksnj kirsti tiesiogiai per korneocitus (angl. intracellular route) arba
pasklindant lipidy matrikse, esan¢iame tarp lasteliy (angl. intercellular
route) [48]. Taip pat nanodalelés | organizma gali patekti per prakaito
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liaukas arba plauky folikulus (angl. transappendagear route) plauko
augimo metu. Kadangi plauko folikulas sagveikauja su limfa ir
kapiliarais, Siuo keliu patekusios nanodalelés gali patekti j sisteming
cirkuliacija [47]. Nors tiksliis nanodaleliy patekimo per nepaZzeista oda
mechanizmai néra pilnai iStirti, yra Zinoma, kad mazesnés nei 4 nm
dydzio nanodalelés gali kirsti nepazeista oda, o nanodalelés, kuriy
dydis svyruoja tarp 445 nm, gali prasiskverbti tik per odos pazeidimus
[49].

1.3.3 Nanodaleliy patekimas per virSkinimo sistema

VirSkinimo sistema sudaryta i§ virSutinio (stemplés, skrandzio ir
dvylikapirstés zarnos) ir apatinio virskinamojo trakto (plonasis ir
storasis zarnynas) [44]. Kiekviena i§ Siy daliy atlieka virskinimo,
absorbcijos, sekrecijos ir apsaugines funkcijas ir turi unikalias
biochemines salygas, iskaitant pH, virSkinimo fermentus ir kt. [50].
Didziosios dalies maistiniy medziagy skaidymas ir adsorbcija vyksta
plongjame Zarnyne. Si Zarnyno dalis yra mechaniikai apsaugota
epitelio, sudaryto i§ enterocity, taurés formos lasteliy (angl. goblet
cells) ir Pejerio ploksteliy (angl. Peyer ‘s patches), ir skirtingo storio bei
sudéties gleiviy, uz kuriy sintezg atsakingos taurés formos lastelés (1.3
pav.) [46,50,51].
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1.3 pav. Zarnyno epitelio sandara. a — bendras Zarnyno gleivinés vaizdas; b —
zarnyno epitelis; ¢ — Pejerio plokstelés. Modifikuota pagal Baeza-
Squiban & Lanone [46]

Fig. 1.3 Structure of the intestinal epithelium. a — general view of the
intestinal mucosa; b - intestinal epithelium; ¢ - Peyer's patches.
Modified from Baeza-Squiban & Lanone

Enterocitai dalyvauja makromolekuliy ir mikroorganizmy
perdavimo kontroléje ir maistiniy medziagy isisavinime, o Pejerio
plokstelés — svarbios imunitetui. Pejerio plokstelés sudarytos i
specializuoto epitelio su M-Igstelémis (angl. M-cells), kurias
mikroorganizmai gali naudoti zarnyno gleivinei kirsti (1.3 pav. (C))
Taigi, nanodaleliy translokacija per zarnyno barjera yra daugiapakopis
procesas, apimantis ND difuzija per gleiviy sluoksnj, saveika su
enterocitais ir (arba) M-lastelémis ir vidulgstelini ND jsisavinima
[44,50].

1.4. Vidulastelinio nanodaleliy jsisavinimo mechanizmai
Nustatyta, kad nanodaleléms patekus | organizma ir pradéjus
saveikauti su audiniais ir biologiniais skysciais, aplink jas spontaniSkai
susiformuoja biomolekuliy / baltymy vainikas (angl. biomolecular /
protein corona), sudarytas i§ lipidy, cukry, nukleoriigsciy, jvairiy
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metabolity, bet daugiausiai — baltymy [52]. Tyrimuose su Zmogaus
plazma, baltymy vainiko pédsakai ant nanodaleliy pavirSiaus buvo
pastebéti jau po 30-ies sekundziy. Taip pat jrodyta, kad baltyminio
vainiko profilis laike nekinta, kinta tik baltymy, esan¢iy vainike, kiekis
[53]. Remiantis baltymy afiniSkumu ir disociacijos greiciu, baltyminis
vainikas dazniausiai sudarytas i§ dviejy sluoksniy — kietojo (angl. hard
corona) ir minkstojo (angl. soft corona) [54]. Kietasis sluoksnis gali
susidaryti labai greitai — nuo keliy sekundziy iki keliy minuciy, ji
formuoja auksto afiniSkumo baltymai, sudarydami glaudzius rysius su
nanodalelés pavirSiumi, tai stabilus ir dazniausiai laike nekintantis
sluoksnis, turintis Zema disociacijos konstanta [55]. PrieSingai,
minkStojo sluoksnio susidarymas uZztrunka iki keliy valandy. Jis
sudarytas 1§ mazo afiniSkumo baltymy, kurie silpnomis,
nekovalentinémis jungtimis sgveikauja su kitais baltymais, esanciais
vainike. Sis sluoksnis turi auksta disociacijos konstanta, tad gali biiti
dinamiskas ir linkes kisti [55]. Baltymy vainiko formavimasis gali
turéti jtakos nanodaleliy fizikocheminéms savybéms, tolimesnei
nanodaleliy saveikai tarpusavyje ir su lastelémis, skatindamas arba
slopindamas jy patekimo i lastel¢ efektyvuma [56].

Lasteliy membrana sudaryta i$ amfifiliniy lipidy, turinciy
hidrofilines galvutes ir hidrofobines uodegas, dvisluoksnio. Tai yra
selektyviai pralaidus barjeras, kurio viena i§ svarbiausiy funkcijy yra
mazy molekuliy ir maistiniy medziagy pernasos kontrole [7].
Priklausomai nuo to, ar naudojama energija, medziagy transportas gali
buti pasyvus arba aktyvus. Dujos (pavyzdziui, deguonis ir anglies
dioksidas), hidrofobinés molekulés (pavyzdziui, benzenas) ir mazos,
polings, kriivio neturin¢ios molekulés (pavyzdziui, vanduo ir etanolis)
geba kirsti lgstelés membrang pasyvios pernasos biidu, pries
koncentracijos gradientg [57,58]. Didesniy poliniy ir kriivi turinCiy
molekuliy, jskaitant nanodaleles, pernaSai per lastelés membrang
dazniausiai reikalinga energija — vyksta aktyvioji pernasa. Pagrindinis
nanodaleliy pernaSos biidas yra endocitoze, kurios metu dalis Igsteleés
membranos jlinksta j Iastelés vidy ir apgaubia dalelg, kuri véliau
perneSama | lastelés vidy suformuodama vidulgsteling pslele
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[7,58,59]. I esmés, endocitoze gali biti skirstoma j dvi pagrindines
kategorijas: fagocitoze ir pinocitoze [58].

Fagocitozés metu specializuotos zinduoliy lastelés (makrofagai,
neutrofilai, dendritinés lastelés ir kt.) geba internalizuoti bakterijas ir
daleles, didesnes nei 750 nm dydzio, formuodamos fagosomas [58].
Pinocitoze gali vykdyti beveik visy tipy lastelés, o jos metu
internalizuojami skysciai ir mazos molekulés (nuo keliy nanometry iki
keliy Simty nanometry dydzio). Pinocitoz¢ skirstoma |
makropinocitoze, nuo klatrino priklausomg endocitoze, nuo kaveolino
priklausoma endocitoz¢ ir nuo klatrino ir kaveolino nepriklausoma
endocitoze (1.4 pav.) [58,60].

Fagocitozé Makropinocitozé

Nuo klatrino  Nuo kaveolino Nuo klatrino ir
priklausoma priklausoma kaveolino
endocitozé endocitozé nepriklausoma

endocitozé

= Dinaminas
l Klatrinas

Kaveolinas

?
0

= Ankstyvoji
endosoma

Lizosoma

N

1.4 pav. Nanodaleliy patekimo ] lastel¢ keliai. Modifikuota pagal Mayor &
Pagano, 2007 [61]

Fig. 1.4 Pathways of nanoparticle entry into the cell. Modified from Mayor &
Pagano, 2007

Makropinocitozés metu vyksta citoskeleto persitvarkymas.
Dalyvaujant aktino filamentams, susidaro plazminés membranos
iStisimai, formuojantys 0,2-5 pm dydzio pusleles, | kurias patenka
ekstralgsteliniame  skystyje esan¢ios molekulés ir dalelés,
nepriklausomai nuo specifiniy receptoriy buvimo [62]. Sis procesas
svarbus didesniy nanodaleliy patekimui j lasteles, kuriy jsisavinimas
nuo klatrino ar kaveolino priklausoma endocitoze biity nejmanomas

[7].
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Nuo klatrino priklausoma endocitoz¢ yra pagrindinis
nanodaleliy patekimo |} Iasteles kelias, kurj inicijuoja nanodaleliy
pavirSiaus ligandy prisijungimas prie atitinkamy Iastelés membranos
receptoriy ir plazminés membranos invaginacijos [63]. Nanodalelés yra
patalpinamos j 100500 nm dydzio vidulastelines pusleles i$ iSorés
padengtas citozoliniu endocitiniu  baltymu klatrinu. Pasleliy
formavimagsi uzbaigia jy atskyrimas nuo lgstelés membranos,
dalyvaujant fermentui dinaminui [64]. Paprastai Sios puslelés,
padengtos klatrinu, yra perneSamos ] endosomas, kurios véliau
dazniausiai susilieja su lizosomomis ir taip nanodalelés patenka |
lastelés endolizosoming sistema [63].

Nuo kaveolino priklausoma endocitoz¢ primena nuo klatrino
priklausoma pernasa, tik vietoje baltymo klatrino susiformavusias
vidulgstelines pisleles su medziagomis i§ aplinkos dengia baltymas
kaveolinas, ir tokios pislelés vadinamos kaveolémis [60]. Siuo
endocitozés mechanizmu dazniausiai perneSamos 20—-100 nm dydZzio
nanodalelés [65]. Susiformavusios ir nuo plazminés membranos
atsiskyrusios kaveolés susilieja su vidulgsteliniu kompartmentu —
kaveosoma. Kaveosomos geba iSvengti sgveikos su lizosomomis ir
tokiu biidu apsaugo pisleliy viduje perneSamas medziagas nuo
fermentinio skaidymo. D¢l Sios priezasties nuo kaveolino priklausoma
endocitoze sulaukia daug susidoméjimo nanomedicinos srityje [58].

Lastelése, kuriose néra klatrino ir kaveolino baltymy, gali vykti
nuo klatrino ir kaveolino nepriklausoma endocitoz¢. Manoma, kad
Siam procesui svarbiis lipidy plaustai (angl. /ipid rafts) — cholesterolio
ir sfingolipidy turintys domenai, esantys plazminéje membranoje, ties
kuriais gali vykti endocitozé ir vidulasteliniy pusleliy formavimasis
[66].

1.4.1. Nanodaleliy savybés, turinCios jtakos jy
vidulgsteliniam jsisavinimui

Nanodaleliy fizikocheminés savybés, t.y. pavirSiaus kruvis,
dydis, forma ir dalelés pavir§iaus chemija, turi jtakos jy patekimo |
lasteles efektyvumui (1.5 pav.) [58,59,63,67].
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Citoplazma /
Cytoplasm

1.5 pav. Fizikocheminés nanodaleliy savybés, turinCios jtakos jy
vidulasteliniam jsisavinimui. (a) — pavirSiaus kruvis, (b) — forma, (c)
— dydis, (d) — pavirsiaus chemija. Modifikuota pagal Foroozandeh &
Aziz, 2018 [58]

Fig. 1.5 Physicochemical properties of nanoparticles affecting their
intracellular uptake. (a) surface charge, (b) shape, (c) size, (d)
surface chemistry. Modified from Foroozandeh & Aziz, 2018

Kadangi lasteliy membrany elektrinis krivis yra neigiamas,
teigiamai jkrautos nanodalelés yra gana lengvai pritraukiamos prie
membranos ir dazniausiai efektyviau patenka i lasteles, palyginti su
neutraliomis ar neigiamg krivj turiniomis nanodalelémis [58,68].
Idomu ir tai, kad nanodaleliy kriivis gali turéti jtakos, kuris endocitozes
kelias bus naudojamas. Tyrimuose su A549 lasteliy linija nustatyta, kad
polietilenglikoliu (PEG) padengtos aukso nanodalelés, turincios
neigiamg kriivi, | lasteles patenka nuo klatrino ir kaveolino
priklausomos endocitozés biidu, o nemodifikuotos aukso nanodalelés
(stabilizuotos citratu), turincios teigiama krivi, 1 Iasteles daugiausiai
patenka makropinocitozés ir nuo klatrino ir kaveolino priklausomos
endocitozés keliais [69].

Nanodaleliy dydis yra vienas svarbiausiy veiksniy, galinciy
lemti nanodaleliy patekimo j Igsteles efektyvuma [58]. Remiantis Gao
ir kolegy [70] pasiiilytu teoriniu modeliu, optimaly nanodaleliy dydi,
efektyviam patekimui | lastele, lemia rySys tarp receptoriy difuzijos
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kinetikos ir termodinaminiy varomyjy jégy. Teigiama, kad nanodaleliy,
mazesniy nei optimalus pasitlytas dydis (~55 nm), prisijungimas prie
receptoriy negeneruoja pakankamai laisvos energijos, skirtos inicijuoti
membranos  apgaubimo.  Sékmingai  maZesniy  nanodaleliy
internalizacijai reikalingas klasteriy formavimasis. Chithrani ir kolegy
tyrime [71], kuriame buvo tirtas skirtingo dydzio aukso nanodaleliy
patekimo efektyvumas j HeLa lgsteles nustatyta, kad sekmingai Au ND
internalizacijai pakako vienos 50 nm dydzio aukso nanodalelés, o 14
nm dydzio aukso nanodalelés j HeLa lgsteles pateko tik suformavusios
klasterius bent i§ 6 ND. Nanodaleliy, didesniy nei pasiiilytas optimalus
dydis, internalizacijos efektyvumas gali biiti létesnis deél létesnés
receptoriy difuzijos kinetikos [70]. Butent tai buvo jrodyta tyrimuose
su aukso nanodalelémis, kur 40-50 nm dydzio nanodalelés, nuo
receptoriy priklausomos endocitozés keliu j HeLa [72] ir SK-BR-3 [73]
lasteles pateko efektyviau nei mazesnés ar didesnés ND. Panasi
tendencija stebéta ir su mezoporinémis 50 nm dydzio silicio
nanodalelémis, kurios j HeLa lgsteles pateko efektyviau, nei 30, 110,
170 arba 280 nm dydzio ND [74]. Taciau vieningos nuomonés dél
optimalaus ND dydzio néra. Shapero ir kt. [75] tyrime nustatyta, kad
did¢jant silicio dioksido nanodaleliy dydziui, jy patekimo i A549
lasteles efektyvumas maz¢ja. O 30 nm dydzio anglies nanovamzdeliai
(angl. single-walled carbon nanotubes (SWNT)) 1 lasteles pateko
efektyviau nei 50 nm dydzio nanovamzdeliai [76]. Taigi, nanodaleliy
vidulgsteliné internalizacija yra kompleksiSkas mechanizmas, kuriam
jtakos gali turéti daugybé veiksniy.

Dar viena nanodaleliy savybé, turinti jtakos jy efektyviam
patekimui | lgstelg, yra ND forma. Chithrani su kolegomis [72] irodé,
kad 74 ir 14 nm dydzio sferos formos aukso nanodalelés i HeLa lasteles
pateko, atitinkamai, 5 ir 3,75 kartus efektyviau nei 74 X 14 nm dydzio
aukso nanovamzdeliai. Palyginus sferiniy ir prizmeés formos sidabro
nanodaleliy internalizacijos efektyvumg nustatyta, kad tyrimuose su
HaCat lagstelémis reik§mingas skirtumas tarp ND formos nepastebétas,
taiau tyrimuose su hMSC Iagstelémis — prizmés formos sidabro
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nanodalelés | lasteles pateko efektyviau [77]. Galiausiai, Banerjee su
kolegomis [78] palygino sferos, disko ir vamzdeliy formos polistireno
nanodaleliy vidulgstelinés internalizacijos efektyvuma Caco2 lastelése
ir nustate, kad vamzdeliy ir disko formos nanodalelés i Iasteles pateko
dvigubai greiciau nei sferos formos ND. Daugumoje tyrimy stebima
tendencija, kad iSilgintos formos nanodalelés i Iasteles patenka
efektyviau, nei sferos formos dalelés. Teigiama, kad sferinés ND turi
maziau jungimosi viety, skirty sgveikai su Igstelémis dél jy iSlenktos
formos, dél to jy internalizacija gali biiti maziau efektyvi [79].

Siekiant pagerinti nanodaleliy patekimo j lastele efektyvuma,
Ju pavirsius gali biiti specifiSkai modifikuojamas prijungiant funkcines
grupes, kurios uztikrina tvirta sgveika su lastelés membrana ir saugy
ND patekimg j lagstelés vidy [79]. Dazniausiai mokslingje literatiiroje
aptinkamos nanodaleliy pavirSiaus modifikacijos yra polietilenglikolio
(PEG), neigiama kriivi turinfios karboksilo grupés (-COOH),
neutralios hidroksilo (-OH) grupés ir teigiamo kriivio amino (-NHy)
grupés prijungimas. Hidrofilinio PEG prijungimas prie ND pavirSiaus
uztikrina jy stabilumg ir sumazina tarpusavio agregacijos tikimybe
[80]. Be to, tokia modifikacija slopina ND sgveika su opsoniny
baltymais, dé¢l to PEG modifikuoty nanodaleliy cirkuliacijos laikas
organizme yra ilgesnis, o pernasa j specifing organizmo vieta —
efektyvesné [80—82]. Priklausomai nuo prijungty funkciniy grupiy ir jy
skaiCiaus, kinta nanodaleliy pavirSiaus kruvis, o tai svarbu nanodaleliy
tikslinei pernasai i specifines lasteles. Amino ir karboksilo grupémis
modifikuotos polistireno nanodalelés 1 AS549 lasteles pateko
reikSmingai efektyviau, nei nemodifikuotos [83]. Taip pat SiO:
nanodaleliy funkcionalizavimas karboksilo ir amino grupémis pagerino
ju vidulastelinés internalizacijos efektyvuma in vitro ir in vivo
salygomis  [84].  Taigi, tikslingas nanodaleliy pavirSiaus
funkcionalizavimas gali uZztikrinti jy sékmingg saveika su specifiniais
receptoriais ir patekimg j Iastele, o tai ypa¢ svarbu biomedicinoje,
kurioje nanodalelés gali buti panaudojamos kaip vaisty pernasos
sistemos arba teranostiné priemong [79].
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1.5. Nanodaleliy genotoksiSkumas ir jo mechanizmai

Genotoksiskumas apibiidinamas kaip jvairiy cheminiy, biologiniy
ir fizikiniy veiksniy geb¢jimas pazeisti lasteliy geneting medziaga [85].
Genotoksiniai efektai gali pasireik§ti DNR, chromosomy ir viso
genomo lygiu [11]. Somatiniy lgsteliy mutacijos gali sukelti vézio ir
kity leétiniy ligy vystymasi, o mutacijos lytinése lasteleése gali sukelti
paveldimg pozymio pokyti [86].

Mokslin¢je literattiroje iSskiriami keli skirtingi nanodaleliy
sukeliamo genotoksinio poveikio mechanizmai: pirminis tiesioginis
arba netiesioginis ir antrinis [87,88]. Nanodalelés gali pazeisti lastelés
geneting informacija vienu 1§ S$iy mechanizmy, arba keliais
mechanizmais vienu metu [11].

1.5.1 Pirminis tiesioginis genotoksiSkumo indukcijos mechanizmas

Pirminiam tiesioginiam genotoksiSkumui pasireikSti yra
reikalinga tiesioginé dalelés ir DNR sgveika [11]. Dalelés gali kirsti
branduolio membrang difuzijos biudu arba per branduolio pory
kompleksus ir tiesiogiai sgveikaudamos su DNR gali sukelti fizines
arba chemines DNR pazaidas [9]. Nanodaleliy sgveika su DNR
interfazés metu gali trikdyti DNR replikacijg arba transkripcija, o
saveika su chromosomomis mitozés metu gali sukelti klastogeninj arba
aneugeninj poveiki [10].

1.5.2 Pirminis netiesioginis genotoksiSkumo indukcijos
mechanizmas

Pirminio netiesioginio mechanizmo sukeliamas
genotoksiSkumas gali atsirasti dél tarpiniy produkty: reaktyviy
deguonies formy (ROS) formavimosi arba toksisky jony
atsipalaidavimo i$ tirpiyjy ND [10,11]. Vienas pagrindiniy pirminio
netiesioginio mechanizmo sukeliamo genotoksiSkumo veiksniy yra
oksidacinis stresas. ROS gali sukelti puriny arba pirimidiny oksidacija
ir DNR grandinés trukius. Jeigu lastelés DNR reparacijos sistema
nepazeista, tokios pazaidos gali biiti iStaisytos, taciau jos taip pat gali
virsti geny mutacijomis arba chromosomy pazaidomis [9]. Be to,
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nanodalelés gali pazeisti jvairius baltymus ir kitas lasteliy dalijimesi
dalyvaujancias molekules, svarbias mitozinés verpstés formavimesi,
DNR replikacijoje, transkripcijoje arba reparacijoje [11].

1.5.3 Antrinis genotoksiskumo indukcijos mechanizmas

Antrinio mechanizmo sukeliamas genotoksiSkumas pasireiskia
del nanodaleliy geb¢jimo sukelti 1étinj uzdegiminj atsaka in vivo.
Uzdegimo vietoje aktyvinami makrofagai ir neutrofilai, kurie pradeda
sintetinti dideli kieki ROS, kurie sukelia oksidacinj stresa [89].
Oksidacinis stresas indukuoja jvairias lipidy, baltymy ir DNR paZzaidas

[11].

1.6 Nanodaleliy sukelto genotoksiSkumo vertinimas

Daugumos cheminiy medZziagy genotoksiSkumas vertinimas in vitro
ir in vivo naudojant testy rinkinius (angl. testing battery), leidziancius
jvertinti medZiagos genotoksinj potencialg geny, chromosomy ir viso
genomo lygmenyje [90]. Dabartinés OECD gairés apima Eimso testg
(angl. Ames test; OECD TG 471), geny mutacijy testus zinduoliy
lasteléese (OECD TG 476) ir chromosomy aberacijy arba
mikrobranduoliy testus zinduoliy Igstelése (atitinkamai OECD TG 473
arba 487) in vitro. Tafiau, nanodaleliy genotoksiSkumo vertinimy
strategija dar néra apibrézta, o standartiniai genotoksiSkumo testai ne
visada yra optimaliis ND tyrimuose, ypa¢ tyrimus atliekant in vitro
[91].

Eimso arba bakterijy reversiniy mutacijy testu aptinkamos taskinés
mutacijos, jskaitant vienos ar keliy baziy pory pakeitimg, isiterpima
arba delecija [92]. Nepaisant §io testo tinkamumo ir svarbos vertinant
farmaciniy ir cheminiy junginiy genotoksiSkumg, mokslin¢je
literatiroje nerekomenduojama Eimso testo naudoti nanodaleliy
sukeltam genotoksiSkumui nustatyti, nes gaunami rezultatai daznai
buna klaidingai neigiami (angl. false negative). Doak et al. [89] Eimso
testu nustaté, kad didzioji dalis nanodaleliy nesukelia genotoksinio
poveikio, taciau tolimesniuose in vitro ir in vivo tyrimuose buvo
nustatytas teigiamas genotoksinis atsakas. Tai aiSkinama sudétingu

25



nanodaleliy patekimu ] bakterijy lasteles, nes jos negali vykdyti
endocitozés ir taip jsisavinti nanodaleliy, o ND difuzija per lastelés
sienele yra ribota. Taip pat nustatyta, kad kai kurios nanodalelés gali
turéti antibakteriniy savybiy [93].

Nanodaleliy genotoksiSkumas zinduoliy Iastelése dazniausiai
nustatomas komety ir mikrobranduoliy testais [90]. Komety arba
pavieniy lasteliy gelio elektroforezés gelyje testas (angl. single cell gel
electrophoresis — SCGE) yra paprastas, greitas ir jautrus testas, kuriuo
gali biiti analizuojamos pirminés DNR pazaidos [94]. Sis testas
paremtas DNR fragmenty judéjimu agarozés gelyje i§ branduolio
anodo link, suformuojant | kometas panasia strukttirg (1.6 pav.) DNR
kiekis kometos uodegoje atitinka pirminiy DNR pazaidy masta [85].

Kometos galva 1 Kometos uodega Kometos galva E Kometos uodega
(angl. comet head) 1 (angl. comet tail) (angl. comet head) 1 (angl. comet tail)

1.6 pav. Komety pavyzdziai: (a) neigiamos kontrolés méginio lgstele; (b)
teigiamos kontrolés méginio lastelé, paveikta H»>O.. Vaizdas
padidintas 400 karty. (aut. nuotrauka)

Fig. 1.6 Representative comet images. (a) cell from the negative control
sample; (b) cell treated with H>O; (400X) (original photo)

Egzistuoja keli kometos testo variantai: neutralus kometos testas
(angl. neutral comet assay), kuriuo identifikuojami dvigrandininiai
DNR trukiai; dazniausiai naudojamas Sarminis kometos testas (angl.
alkaline comet assay), kuriuo jvertinami dvigrandininiai DNR triikiai ir
Sarmui jautrios vietos (viengrandininiai DNR triikiai, apurininés ir
apirimidininés vietos); daug démesio susilaukiantis fermentine reakcija
papildytas kometos testas (angl. enzyme-modified comet assay), kuriuo,
priklausomai nuo naudojamo fermento, galima aptikti oksiduotas
bazes, DNR metilinimg ir kt [95]. Nors kometos testas yra jautrus ir
leidzia identifikuoti net silpniausig genotoksinj poveikj, taciau Siam

26



metodui truksta specifiSkumo. Taip pat gaunami kometos tyrimo
rezultatai negali biiti tiesiogiai siejami su medziagos mutageniskumu ir
ligy vystymusi, nes pirminés DNR pazaidos, kurios yra
identifikuojamos kometos testu, prie§ tampant mutacijomis, gali biiti
s¢kmingai iStaisytos lastelés DNR reparacijos sistemos [88]. D¢l to
kometos testas yra daznai atliekamas kartu su sustabdytos citokinezes
mikrobranduoliy testu, nes jie vienas kita papildo: kometos testas
identifikuoja pirmines DNR pazaidas, o mikrobranduoliy testas leidzia
analizuoti chromosomy pazaidas [85].

Mikrobranduoliy ~ (MB) arba  sustabdytos citokinezés
mikrobranduoliy testas (SCMB) yra vienas dazniausiai naudojamy
testy nanodaleliy genotoksiSkumo jvertinimui [96]. Nanodaleles
tiesioginiu arba netiesioginiu keliu gali sutrikdyti Iastelés dalijimasi ir
indukuoti mikrobranduoliy susidarymg. Mikrobranduoliai — tai DNR
fragmentai, apgaubti membrana, kurie susiformuoja i§ acentriniy
chromosomy fragmenty arba pilny chromosomy, nenukeliavusiy i
skirtingus lasteliy polius anafazés metu [97]. Mikrobranduoliy analizés
metu analizuojamos vieng kartg pasidalijusios lgstelés. Tokias Igsteles
gana nesudétinga atskirti, jeigu tyrimo metu yra naudojama citokinez¢
stabdanti medziaga — citochalazinas B (cytB). CytB slopina aktino
filamenty formavimasi, del to po mitozés dukterinés lastelés
nepasidalina ir formuojasi dvibranduolés lastelés (1.7 pav.) [96,97].
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1.7 pav. (a) Vienbranduoliy ir dvibranduoliy lgsteliy mikrofotografija (200x)
ir (b) dvibranduolés Iastelés su mikrobranduoliu mikrofotografija

(1000x) (aut. nuotrauka)

Fig. 1.7. (a) Representative micrographs of mononucleated and binucleated
cells (200X) and (b) binucleated cells with micronucleus (1000X)
(original microphotography)
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Siekiant padidinti tyrimo specifiskuma, MB testas gali biiti
s¢kmingai kombinuojamas su fluorescencine in situ hibridizacija
(FISH) [98]. Testo metu panaudojami jvairts DNR zondai,
atpazjstantys centromeras, visas chromosomas arba kitus chromosomy
specifinius regionus pagrindiniuose branduoliuose ir
mikrobranduoliuose. Panaudojant centromerinius zondus, galima
jvertinti mikrobranduolyje esan¢ios DNR S$altinj: jeigu MB esanti
chromosomos dalis neturi centromery, MB susiformavo dél
chromosomos trukio (klastogeninis poveikis); jeigu MB matomas
centromerg zZymintis zondas, tai MB susidaré i§ visos chromosomos
(aneugeninis poveikis) [99]. Taigi, kombinuotas susitabdytos
citokinezés mikrobranduoliy ir FISH testas leidZia jvertinti tiriamosios
medziagos klastogeninj ir aneugeninj poveikius [96].

1.6.1 Nanodaleliy sukelto genotoksiskumo tyrimy rekomendacijos

Nors nanodaleliy sintez¢ ir jy panaudojimo spektras auga
eksponentiskai, dar néra griezto protokolo arba nurodymy, kaip turéty
buti vertinamas jy genotoksiSkumas [88]. Remiantis jvairiy tyrimy
rezultatais ir stebint tendencijas, kelios mokslininky grupés pateike
rekomendacijas, kuriomis reikéty vadovautis siekiant jvertinti
nanodaleliy daromg jtaka. Daugumoje genotoksiSkumo tyrimy
rekomendacijy yra minimi penki svarbiausi aspektai: nanodaleliy
charakterizavimas lgsteliy mitybinéje terp¢je, tikslingas Igsteliy linijos
pasirinkimas, nanodaleliy internalizacijos jvertinimas, optimaliy
nanodaleliy  koncentracijy ir poveikio laiko  naudojimas
[11,88,90,91,100,101].

Skirtingai negu kitos cheminés medziagos arba mazos
molekulés, nanodalelés dazniausiai néra tirpios buferiuose ar
tirpikliuvose [102]. Nanodalelés yra linkusios reaguoti su aplinkoje
esanCiomis molekulémis ir aglomeruoti tarpusavyje. Tai gali turéti
jitakos jy patekimo j lastele efektyvumui, sukeliamam citotoksiskumui
ir genotoksiSkumui [88,102]. Dél to vertinant nanodaleliy
genotoksiskuma, daugumoje rekomendacijy vienas i§ pirmyjy zingsniy
yra jvertinti nanodaleliy fizikochemines savybes: dydj ir hidrodinaminj
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dyd; tirpiklyje ir lgsteliy mitybinéje terp¢je, ND dydzio pokycius
mitybingje terpéje praéjus specifiniam laiko tarpui ir nanodaleliy kriivi
bei stabiluma [90,100].

Taip pat svarbu, kad tyrimuose biity naudojama jautriausia
lasteliy linija, pageidautina, Zmogaus kilmes, stabilaus kariotipo ir su
veikliu TP53 [88,100]. Zinoma, svarbu atsizvelgti, kokiu labiausiai
tikétinu biidu tiriamosios nanodalelés naturaliai gali patekti j zmogaus
organizma, ir kokios lastelés gali biiti paveikiamos pirmiausiai. Jeigu
pagrindinis nanodaleliy patekimo kelias yra per oda, kvépavimo
sistemg arba virSkinamaji trakta, reikty rinktis, atitinkamai, odos
epitelio (pvz., Hs27), plauciy fibroblasty (pvz., A549) arba
virskinamojo trakto (pvz., Caco2) lasteliy linijas. Jeigu tiriamosios
nanodalelés, bus naudojamos kaip tikslinés pernasos sistema, reikty
rinktis kraujo arba kraujagysliy endotelio 1asteliy linijas [88,90,100].
Idomu tai, kad tyrimai su kraujo lastelémis ir kepeny lastelémis yra
aktualiis daugeliu atvejy, nepriklausomai nuo nanodaleliy patekimo |
zmogaus organizma kelio. Bet kuriuo keliu j organizma patekusios
nanodalelés gali atsidurti kraujo sistemoje ir biiti iSneSiojamos po
organizma bei kauptis kepenyse [41].

Nanodaleliy internalizacijos jvertinimas yra vienas i§
svarbiausiy aspekty interpretuojant gautus rezultatus, ypac, jeigu
genotoksiSkumo tyrimy metu gaunami neigiami rezultatai [100].
Nanodaleliy geb¢jimas arba negebéjimas patekti | lastelés vidy gali
atskleisti, ar tiriamoji medziaga i$ tikryjy néra genotoksiska, ar tiesiog
negebg¢jo pasiekti taikinio lgstelés [88].

Kitas svarbus aspektas — optimalios koncentracijos ir poveikio
laiko pasirinkimas. Kaip ir su cheminémis medziagomis, pasirinkta
nanodaleliy koncentracija turi biti necitotoksiska. Jeigu nanodaleliy
genotoksiSkumas vertinamas Sarminiu kometos metodu, siekiant
iSvengti klaidingai teigiamy (angl. false positive) rezultaty, didziausia
pasirinkta nanodaleliy koncentracija neturéty virSyti 25 % — 30 %
citotoksiSkumo [103]. Be to, rekomenduojamas trumpalaikio (1-3 val.)
ir ilgalaikio (24-72 val.) poveikio ijtraukimas siekiant uztikrinti
s¢kmingg nanodaleliy patekimg j lgsteles [104]. Remiantis OECD

29



rekomendacijomis, jeigu atlickamas sustabdytos citokinezes
mikrobranduoliy testas, didziausia tiriamoji ND koncentracija Igsteliy
gyvybingumo neturéty sumazinti daugiau nei 45 % + 5 % [97]. Taciau
tuo atveju, kai tiriamosios ND nesukelia citotoksinio poveikio,
didZiausia rekomenduojama ND koncentracija neturéty biti didesné nei
100 pg/mL. Taip iSvengiama dideliy ND aglomeracijos dinamikos
poky¢iy, ir sumazinamas fiziologiSkai nereikSmingy doziy naudojimas
[100]. Priklausomai nuo pasirinktos Iasteliy linijos, ND poveikio laikas
gali skirtis, taciau atliekant mikrobranduoliy testa rekomenduojamas
poveikio laikas turéty apimti 1-1,5 Iastelés ciklo [100,104].

Atsizvelgiant | Sias  rekomendacijas, nanodaleliy
genotoksiSkumo vertinimui reikalingi visapusiski tyrimai, apimantys
ne tik nanodaleliy fizikocheminiy savybiy analize, bet ir optimaliy
eksperimentiniy salygy pasirinkimg. Be to, svarbu nuolat tobulinti
metodus ir testavimo strategijas, atsizvelgiant | naujausiy tyrimy
rezultatus.
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2. MEDZIAGOS IR METODAI

2.1. Tirpalai ir buferiai

Tyrimuose naudoti tirpalai ir jy sudétinés dalys pateiktos 2.1

lentel¢je. Tirpalams, kuriy tirpiklis nenurodytas, buvo naudotas

dejonizuotas vanduo (diH»O).

2.1 lentelé. Naudoti tirpalai ir jy sudétinés dalys
Table 2.1. Solutions and buffers used in the study

Tirpalo pavadinimas / Name

ParuoSimas / Preparation

Fiksatorius SCM testui / Fixation solution
for SCE assay

Metanolis ir lediné acto
rugstis (3:1) / Methanol and
glacial acetic acid

Fiksatorius MB testui / Fixation solution
for MN assays

Metanolis ir lediné acto
rugstis (5:1) / Methanol and
glacial acetic acid

0,075 M hipotoninis KCl tirpalas

2,75 g KC1/ 500 mL diH>O

NMP agarozé — normalios
temperattiros agaroze (1 %)

LMP agarozé — Zemos
temperatiros agaroze (1 %)

lydymosi

lydymosi

1 g agarozés/ 100 mL diH,O

0,5 g agarozés/ 50 mL PBS

Lizés / Lysis buferis, pH 10*

NaCl 145 g/L.
Na,EDTA 37,2 g/L
Tris HCI1 1,58 g/
DMSO** 111,11 mL/L
Triton X — 100** 11,11 mL/L
Neutralizacijos / Neutralization buferis pH

7.5*% 63,03 g/l
Tris HCI

Sarminis / Alkaline buferis, pH > 13

Na,EDTA 0,367 g/L
NaOH 12 g/L

Akridino oranzo ir etidZzio bromido (AO /
EB) dazy miSinys

1 uL AO (5 mg/mL) ir 1 pL
EB (3 mg/mL)/ 1 mL PBS

* pH matuotas Adwa AD 1020 matuokliu; nurodyta pH reikSme

pasiekti naudotas 20 % NaOH tirpalas.

** pridedama pries pat buferio naudojima
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2.2 Tyrimo objektas

Siame darbe tyrimai atlikti su 11 skirtingy nanodaleliy tipy (2.2
lentelé). Tyrimuose naudotos 10—30 nm dydzio kobalto (11, III) oksido
nanodalelés (Co304-ND) isigytos i§ US Research Nanomaterials, Inc.
(JAV). Gamintojo teigimu, pirminis nanodaleliy dydis — 10-30 nm,
grynumas — 99 %, specifinis pavirsiaus plotas — 50—-150 m?/g. <50 nm
dydzio kobalto (I, III) oksido nanodalelés (Co304-ND) jsigytos is
Sigma Aldrich, Inc. (JAV). Gamintojo teigimu, pirminis nanodaleliy
dydis — <50 nm, grynumas — 99,5 %, specifinis pavirSiaus plotas — 40—
70 m?/g.

Aukso nanodalelés (Au-ND) jsigytos i§ Sigma-Aldrich, Inc. (JAV).
Tyrimuose buvo naudotos trijy dydziy Au-ND. Gamintojo teigimu, tai
buvo 5 nm sferos, 40 nm sferos ir 10 nm nanovamzdeliai, stabilizuoti
citratiniame buferyje. CitotoksiSkumo tyrimy metu nustatyta, kad
10 nm aukso nanovamzdeliai tur¢jo citotoksinj poveikj. Visos tirtosios
nanodaleliy koncentracijos (0,25-7,5 pg/mL) sumazino ZPKVL
gyvybingumg iki 0 %, nepriklausomai nuo inkubacijos laiko (3 arba 24
val.), todél tolimesni tyrimai su 10 nm dydZzio aukso nanovamzdeliais
nebuvo tesiami.

Aliuminio oksido nanodalelés (Al2O3;-ND) ir silicio dioksido
nanodalelés (SiO2-ND) taip pat jsigytos i§ Sigma-Aldrich, Inc. (JAV).
Tyrimuose buvo naudojamos dviejy dydziy AlO3-ND. Gamintojo
teigimu, 13 nm dydzio dalelés, grynumas — 99,8 % ir <50 nm dydzio
ALOs3-ND; ir vieno dydzio SiO2-ND — gamintojo teigimu, tai 1020 nm
dydzio ND, grynumas — 99,5 %.

Polistireno nanodalelés jsigytos 1§ Spherotec, Inc. (JAV).
Gamintojo teigimu, nanodalelés yra taisyklingos sferos formos, o
vidutinis nanodaleliy dydis tirpale — 80 nm.

Taip pat tyrimuose naudotos dviejy skirtingy dydziy,
polivinilpirolidonu (PVP) dengtos sidabro nanodalelés (PVP-Ag-ND),
gautos 1§ UAB Rho Nano jmonés. Gamintojo teigimu, nanodalelés yra
13 nm ir 35 nm dydZio. CitotoksiSkumo tyrimy metu nustatyta, kad 13
nm PVP-Ag-ND pasizyméjo citotoksiniu poveikiu ZPKVL. Beveik
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visos tirtosios 13 nm dydzio Ag-ND koncentracijos (10 — 100 pg/ml)
po 1 val. inkubacijos lasteliy gyvybinguma sumazino daugiau n¢ 30 %
(iki <57,5 %), o po 24 val. inkubacijos, gyvy lasteliy nebuvo rasta né
viename 1§ méginiy (S4 priedy lentelé). Dél Sios priezasties, tolimesni
tyrimai su Siomis nanodalelémis nebuvo atlickami.

2.2 lentelé. Tyrime naudotos nanodalelés ir jy savybés.

Table 2.2. List of nanoparticles used in the study

P 3 N - 3

: NE T P

E TE |2 RS “ 8 X
EE 25 | E H 25 | %

> = )
SES a8 | £ 33 53 22
Kobalto 10-30 | Sfera/ US Research 1308-06-1 | 3056
oksido Sphere Nanomaterials
(C0304) ND Inc. JAV)
Kobalto <50 Sfera / Sigma-Aldrich | - 637025
oksido Sphere (JAV)
(Co304) ND
Sidabro 35 Sfera / UAB Rho - -
(Ag) ND Sphere Nano (LT)
Sidabro 13 Sfera / UAB Rho - -
(Ag) ND Sphere Nano (LT)
Aukso (Au) | 40 Sfera / Sigma-Aldrich | - 753637
ND Sphere (JAV)
Aukso (Au) | 5 Sfera / Sigma-Aldrich | - 741949
ND Sphere (JAV)
Aukso (Au) | 10 Vamzde- | Sigma-Aldrich | - 716820
ND liai/ Rods | (JAV)
Aliuminio 13 Sfera / Sigma-Aldrich | 1344-28-1 | 718475
oksido Sphere (JAV)

(AL:O3) ND
Aliuminio <50 Sfera / Sigma-Aldrich | 1344-28-1 | 544833
oksido Sphere (JAV)

(AL:O3) ND

Silicio 1020 | Sfera/ Sigma-Aldrich | 7631-86-9 | 637238
dioksido Sphere (JAV)

(SiO2) ND

Polistireno 80 Sfera / Spherotec Inc. | - PP-008-10
(PS)ND Sphere (JAV)

* gamintojo nurodytas pirminis ND dydis / Primary size provided by the
manufacturer
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Pries kiekvieng tyrima ruoSiamos naujos nanodaleliy suspensijos.
Sarminiam Kometos testui paruosiamos 0,1 % nanodaleliy suspensijos,
o citogenetiniams testams (mikrobranduoliy, seseriniy chromatidziy
mainy ir chromosomy aberacijy testams) naudojamos 0,5 %
nanodaleliy suspensijos. Kobalto oksido nanodaleliy suspensijos
ruoSiamos 0,9 % NaCl tirpale (B. Braun, Melsungen, Vokietija),
sidabro nanodaleliy — 0,2 % PVP K30 tirpale (Boai NKY
Pharmaceuticals, Kinija), aliuminio oksido, silicio dioksido ir
polistireno nanodaleliy — lasteliy mitybinéje terpé¢je RPMI 1640
(Sigma-Aldrich Co., JAV). Aukso nanodalelés jsigytos jau paruostos
baziniame koloidiniame tirpale (angl. stock solution), kuris nebuvo
skiedziamas.

Kadangi nanodalelés yra linkusios aglomeruoti, prie§ kiekvieng
tyrimg nanodaleliy tirpalas homogenizuojamas 25-30 minuciy 35 kHz
daznio bangomis ultragarsiniu homogenizatoriumi Bandelin sonorex
digital (BANDELIN electronic GmbH & Co. KG, Vokietija)
sonikatoriumi.

2.3 Kraujo donorai

Tyrimuose naudotas sveiky, neriikan¢iy donory (2.3 lentelé)
periferinis kraujas, paimtas i§ alklininés venos i specialiy mégintuvelj
su li¢io heparinu (Vacuteiner®, Beliver Industrial Estate, JK) gavus
donory sutikima.

1.3 lentelé. Tyrime dalyvavusiy donory lytis ir amzius

Table 2.3. Demographic Characteristics of Donors (Age and Gender)

Donory ID / Donors ID Lytis / Gender AmZius / Age
D1 Vyras / Male 36
D2 Moteris / Female 29
D3 Vyras / Male 36
D4 Moteris / Female 42
D5 Moteris / Female 22
D6 Moteris / Female 22
D7 Moteris / Female 22
D8 Vyras / Male 22
D9 Vyras / Male 26
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Nanodaleliy genotoksiSkumo jvertinimui mikrobranduoliy ir
seseriniy chromatidziy mainy testais naudotas visas surinktas
periferinis kraujas, o nanodaleliy patekimo j lastele analizei, ROS
indukcijai, citotoksiSkumo ir genotoksiskumo tyrimams kometos testu
naudotos i§ periferinio kraujo iSskirtos vienbranduolés Iasteles
(limfocitai ir monocitai).

2.4 Darbo metodai

2.4.1 Periferinio kraujo vienbranduoliy lgsteliy iSskyrimas

Periferinio kraujo vienbranduolés lgstelés (PKVL) iSskiriamos i$
periferinio kraujo (PK) panaudojant Iasteliy frakcionavimo miSinj
Lymphoprep™ (Axis-Shield, Norvegija) arba Ficoll Paque (Cytiva
CO., Svedija). Surinktas kraujas i$pilstomas | centrifugos
meégintuvelius ir | kiekvieng 1§ jy papildomai jpilama mitybinés
lasteliy terpés RPMI 1640. Véliau stikline Pastero pipete i kiekvieno
mégintuvélio, su kraujo miSiniu dugng atsargiai supilama lasteliy
frakcionavimo miSinio. Kraujo, Iasteliy mitybinés terpés ir
frakcionavimo misinio santykis — 1:1:1. Méginiai centrifuguojami 20
min. 800 x g greiciu (centrifuga Eppendorf5702). Po centrifugavimo
limfocitai, monocitai ir trombocitai kaupiasi mégintuvelio virSuje,
nes jy tankis yra mazesnis negu naudojamo frakcionavimo misinio.
Eritrocity ir granuliocity tankis yra didesnis negu frakcionavimo
misinio, dél to jie nuséda mégintuvélio apacioje [105] (2.1 pav.).

“Periferinis kaujas giomis | §-— 2] megintuveiodugna | §——1.3) wisims | {——

dalim.is pr‘askn_ediiamas jleidZziamas tankio centrifuguojamas
'Y Iasteliy mitybine terpe gradientas

N W 'f|l e

2.1 pav. Zmogaus periferinio kraujo vienbranduoliy Igsteliy (ZPKVL)
iSskyrimo schema, panaudojant limfocity frakcionavimo miSinj.
Sukurta naudojant Biorender.com

|
|

(I

v

- Atsargiai surenkamas
vienbranduoliy
Iasteliy sluoksnis

Fig. 2.1. A schematic of human peripheral blood mononuclear cells (PBMCs)
isolation using a density gradient medium. Created with
Biorender.com
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Atsiskyres vienbranduoliy Igsteliy tarpsluoksnis atsargiai
surenkamas pastero pipete ir perpilamas j nauja, sterily mégintuvélj.
Surinkty Iasteliy meéginiai praskiedziami RPMI 1640 mitybine terpe
ir centrifuguojami 10 min. 800 x g greiiu. Supernatantas
nusiurbiamas vir§ Igsteliy paliekant apie 0,5 mL terpés. Nuosédos
Svelniai suplakamos ir vieno donoro lastelés surenkamos i bendra
megintuvelj.

2.4.2 Lasteliy optinio tankio skaic¢iavimas

Prie§ Iasteles veikiant tiriamgja medZziaga, hemocitometru
tikrinamas lasteliy optinis tankis. Abi hemocitometro kameros
uzliejamos po 10 pL lasteliy suspensijos. Lasteliy skaicius
skaiCiuojamas visuose hemocitometro didziuosiuose kvadratuose,
vaizda 100 karty padidinus OLYMPUS CX41§viesiniu mikroskopu.

Lasteliy tankis viename suspensijos mililitre apskaiiuojamas
pagal formule [106]:

(Lasteliy skaicius/ 2) %
0,9

100

Lasteliy koncentracija =

Optimalus pasirinktas lasteliy optinis tankis nanodaleliy patekimo
1 lastele analizei, ROS indukavimo tyrimams ir DNR pazaidy
jvertinimui Kometos testu — 1-2 x 10° / mL terpés. Esant per dideliam
lasteliy tankiui, suspensija papildomai praskiedziama Iasteliy
mitybine terpe.
2.4.3 Nanodaleliy charakterizavimas

Kobalto oksido nanodaleliy dydis ir forma 0,9 % NaCl tirpale
jvertinti transmisiniu elektroniniu mikroskopu (TEM). Nanodaleliy
suspensija perkeliama ant 400 viety formvaru dengty variniy tinkleliy
(Agar Scientific, Stansted, UK). Méginiai 2 minutes dazyti 2 %
vandeniniu uranilo acetato tirpalu. Véliau meéginiai analizuojami
Morgagni-268  elektroniniu  mikroskopu  (FEI,  Eidinhoven,
Netherlands), veikian¢iu 90 kV. Analiz¢é atlikta VU Biotechnologijos
institute, Eukarioty geny inzinerijos skyriuje padedant dr. Justui
Lazutkai.
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Visy tiriamyjy nanodaleliy hidrodinaminis dydis ir
aglomeracijos lygis vandenyje ir (arba) tirpiklyje ir lasteliy mitybinéje
terpéje RPMI 1640 jvertintas panaudojant nanodaleliy sekimo analizés
metoda (angl. nanoparticle tracking analysis — NTA), NanoSight LM 10
analizatoriumi (Malvern Panalytical Ltd, JK). Gauti duomenys apdoroti
NanoSight TA 3.1 programa. Matavimai atlikti iSkart po nanodaleliy
suspensijos ultragarsinio dispergavimo (0 val.), pra¢jus 1 arba 3 ir 24
valandy inkubacijai lasteliy mitybinéje terpéje. Analizé atlikta VU
Biotechnologijos institute, Eukarioty geny inZinerijos skyriuje
padedant Andriui Burduliui.

2.4.4 Nanodaleliy patekimo j lastel¢ analizé

Tiriamyjy nanodaleliy patekimas j Zmogaus periferinio kraujo
limfocitus jvertintas tékmés citometrijos Sviesos iSsklaidymo metodu
(2.2 pav.), remiantis Suzuki ir kt. [107] protokolu.

@)

'qutelés atitinkama laikg veikiamos
PKVL i¥skyrimas ‘ O

tiriamosiomis nanodalelémis

Lasteliy suspensija perkeliama
j specialius mégintuvélius

2

Analizuojamas Soninés Sviesos sklaidos
(angl. side light scatter - SSC) ir priekinés
Sviesos sklaidos (angl. forward light scatter
— FSC) intensyvumai

2.2 pav. Nanodaleliy patekimo j lastel¢ tyrimo schema. Sukurta naudojant
Biorender.com

Fig. 2.2. Schematic of nanoparticle uptake analysis. Created with
Biorender.com

Patikrinus lasteliy tankj, lasteliy suspensijos iSpilstomos |
meégintuvelius po 1 mL ir 24 valandas veikiamos (37 °C, 5 % COy)
pasirinktomis nanodaleliy koncentracijomis (2.4 lentel¢).
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2.4 lentelé. Nanodaleliy patekimo ] lasteles ir ROS tyrimuose naudotos ND
koncentracijos

Table 2.4. Nanoparticle concentrations used in studies of nanoparticle uptake
by cells and ROS induction

Nanodalelés / Nanoparticles Tirtos ND koncentracijos (ug/mL) /
Concentrations tested (ug/mlL)

10-30 nm Co304-ND 40, 80, 160

<50 nm Co0304ND 40, 80, 160

35 nm PVP-Ag-ND 10, 20, 50

40 nm Au-ND 2,2,5,45

5 nm Au-ND 2,2,5,45

13 nm ALO3-ND 40, 80, 100, 160

50 nm AL O3-ND 40, 80, 100, 160

10-20 nm SiO,-ND 40, 80, 100, 160

80 nm PS-ND 10, 50, 100, 500

Po inkubacijos Igstelés iSimamos 1§ inkubatoriaus ir
centrifuguojamos 10 min. 800X g grei¢iu. Supernatantas nusiurbiamas,
o likusios nuosédos resuspenduojamos 0,5 mL Sviezios mitybinés
terpés RPMI 1640. Paruosta lasteliy suspensija perkeliama i tékmés
citometro kiuvete, ir iSmatuojamas Soninés atsipindétos Sviesos (angl.
side light scatter — SSC) intensyvumas, parodantis lastelés
granuliuotuma, kuris yra proporcingas nanodaleliy patekimui j Iastele
[107]. Kiekvieno matavimo metu analizuota po 10 000 lasteliy, gauti
duomenys apdoroti internetine Floreada.io programa. SSC
intensyvumas nanodalelémis paveiktuose méginiuose lygintas su
neigiamos kontrolés meéginiy SSC intensyvumu.

2.4.5 Reaktyviyjy deguonies formy generavimo analizé

Vienas i§ mechanizmy, kaip nanodalelés gali sukelti DNR
pazaidas, yra de¢l per didelio reaktyviyjy deguonies formy (angl.
reactive oxygen species — ROS) generavimas [87]. Siame darbe ROS
indukcija Zmogaus periferinio kraujo vienbranduolése Igstelése buvo
jvertinta, panaudojant lgsteliy membranoms pralaidy
2’7’-dichlorodihidrofluoresceino diecetata (H_DCF-DA) (Abcam, JK).
Vidulastelinis ROS indukuoja H>DCF-DA konversija i lastelei
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nepralaidy Zzalig fluorescencinj produkta, kuris gali biiti kiekybiskai
jvertintas t€kmés citometru, FITC kanale (suzadinimas vyksta esant
488 nm bangos ilgiui, o emisija — 519 nm) [108].

ROS vertinimui, lastelés buvo paruoSiamos taip pat, kaip aprasyta
2.2.7 skyriuje, tik po centrifugavimo lagstelés dazomos 20 puM
H>,DCFDA. Su dazu méginiai inkubuojami 30 minuciy (37 °C
temperattiroje, 5 % COg) ir iSkart analizuojami tékmés citometru.
Kiekvieno matavimo metu analizuota po 10 000 lasteliy, gauti
duomenys apdoroti internetine Floreada.io programa.

2.4.6 Sarminis Komety testas

Nanodaleliy indukuojamas pirminiy DNR pazaidy kiekis buvo
jvertintas Sarminiu kometos metodu, remiantis Singh ir kt. [109], su
keliomis modifikacijomis.

Po periferinio kraujo vienbranduoliy lasteliy iSskyrimo
patikrinamas lasteliy tankis. Pasiekus optimaly lasteliy skaiciy, lasteliy
suspensija iSpilstoma j mégintuvélius po 1 mL ir veikiama skirtingomis
nanodaleliy koncentracijomis 1 arba 3 ir 24 valandas, 37 °C
temperattroje, 5 % CO2 (2.5 lentel¢). Poveikio laikas pasirinktas,
remiantis Dusinska et al. tyrimy rekomendacijomis [104]. Teigiamai
kontrolei naudojamas mitybine terpe skiestas 3 % vandenilio peroksido
tirpalas, kurio galutiné koncentracija Iasteliy suspensijoje — 0,25 pg/mL
(Gemi, Przedsigbiorstwo Produkcji Farmaceutyznej, Lenkija).
Neigiamos kontrolés méginyje, jokia papildoma medZziaga nebuvo
ivedama.
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2.5 lentelé Sarminio Kometos

tyrimo metu naudotos

koncetracijos ir tiriamyjy donory ID
Table 2.5. Nanoparticle concentrations used in the alkaline comet assay and
the IDs of the study donors

nanodaleliy

Tirtyju ND koncentracijos (ng/mL) / Donory ID
RS Nanoparticle concentrations / Donors ID
5 ~
= § Trumpalaiké Tgalaike
e & Inkubacija / Short-term | Inkubacija / Long-
S5 incubation term incubation
“ = (1 arba 3 val.) (24 val.)
10-30 nm 20, 40, 60, 80 20, 40, 60, 80 D1, D2, D3,
Co0304-ND D4, D5
<50 nm 20, 40, 60, 80 20, 40, 60, 80 D1, D2, D3,
Co0304-ND D4, D5
35 nm 5,10, 15, 20, 30, 40, 50, | 5, 10, 15, 20, 30 D2, D3, Do,
PVP-Ag-ND | 60, 80, 100 D7, D9
40 nm 0,25,0,5,1, 1,5,2, 2,5, 0,25,0,5,1,1,5,2, | D2, D6, D7,
Au-ND 4,5 2,5,4,5 D8, D9
5 nm 0,25,0,5,1, 1,5,2, 2,5, 0,25,0,5,1,1,5,2, | D2, D6, D7,
Au-ND 4,5,7,5 2,5,4,5,7,5 D8, D9
13 nm 5,10, 15, 20, 30, 40, 50, | 5, 10, 15, 20, 30, D2, D6, D7,
ALQOs-ND 60, 80, 100 40, 50, 60, 80, 100 | D8, D9
50 nm 5, 10, 15, 20, 30, 40, 50, | 5, 10, 15, 20, 30, D2, D6, D7,
ALQOs-ND 60, 80, 100 40, 50, 60, 80, 100 | D8, D9
10-20 nm 10, 20, 40, 60, 80, 100, 10, 20, 40, 60, 80, D2, D3, Do,
SiO2-ND 150, 200, 250, 300, 350, | 100, 150, 200, 250, | D7, D9

400, 450, 500 300
80 nm 15, 20, 30, 40, 50, 60, 80, | 15, 20, 30, 40, 50, D2, D6, D7,
PS-ND 100 60, 80, 100 D8, D9
Pragjus inkubacijos laikui, lgstelés centrifuguojamos 10 min.

800 x g greiCiu. Supernatantas nusiurbiamas, o likusios nuosédos

resuspenduojamos 1 mL $viezios lgsteliy mitybinés terpés RPMI 1640.

Tokia lasteliy suspensija toliau naudojama nanodaleliy citotoksiSkumo

tyrimui ir pirminiy DNR pazaidy analizei Sarminiu kometos testu. I$

viso atliekami 5 tyrimy pakartojimai, panaudojant skirtingy donory
krauja (2.5 lentelg).

Nanodaleliy citotoksiskumo analizé

Nanodaleliy citotoksiSkumo jvertinimas, kaip sudétiné

kometos testo dalis, buvo atlickamas kiekvieno tyrimo metu,
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panaudojant vieng i§ dviejy arba abu metodus (abu metodai buvo
naudojami tuo atveju, jeigu vieno i§ jy metu gauti rezultatai parode,
kad tiriamosios ND yra citotoksiskos): lasteles dazant (A) akridino
oranzo / etidzio bromido (Carl Roth GmbH + Co. KG, Vokietija) —
(AO/EB) dazy misiniu arba (B) tripano mélio dazais (Sigma-Aldrich
Co., JAV) (2.3 pav.). Abu metodai paremti dazy patekimu j lasteles,
kuriy membrany integralumas yra pazeistas. Skirtingomis nanodaleliy
koncentracijomis (2.5 lentel¢) paveikty lasteliy gyvybingumas
palygintas su neigiama arba tirpiklio kontrole (jei tokia buvo naudota).

(1 .’,qu(elés atitinkama laika veikiamos
.PKVL i§skyrimas .. tiriamosiomis nanodalelémis
Q
. = ) \ 2A. Meéginiai analizuojami
», s Lasteliy suspensija fluorescenciniu ‘_ .
\ \ i mikroskopu .
sumaisoma su >
' [T —— AO/EB dazy misiniu a'éi
n'
Q .
X 2B. -
\ Lasteliy suspensija Meéginiai analizuojami Q - ' .'
\ sumaisoma su sviesiniu mikroskopu e
tripano mélio dazy r ,_.. i
(T tirpalu ?
\/

2.3 pav. Lasteliy gyvybingumo tyrimy schema. A — tyrimas naudojant AO /
EB dazy miSinj; B — tyrimas naudojant tripano melio dazus. Sukurta
naudojant Biorender.com

Fig. 2.3 Scheme of cell viability assays. A — assay using dual AO/EB staining
technique; B — using trypan blue exclusion test. Created with
Biorender.com
Remiantis Liu ir kt. [110], ant objektinio stiklelio uzlasinama

10 pL Iasteliy suspensijos ir 2 pL. su DNR besijungiancio dazy misinio

(AO / EB). Viskas sumaiSoma pipetuojant ir uzdengiama

dengiamuoju stikleliu. Mikroskopiné analiz¢é vykdoma naudojant

epifluorescencinj Nikon Eclipse 80i (Nikon, Japonija) mikroskopa,
bendraji filtrg (330-560 nm), vaizda padidinus 400 karty.

SuskaiCiuojamos gyvos (zalios spalvos) ir negyvos (raudonos

spalvos) lastelés (2.4 pav.).
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2.4 pav. Lasteliy gyvybingumo analizé panaudojant akridino oranzo/ etidzio
bromido dazy miSinj. [vertinamas gyvy (zalia spalva) ir negyvy
(raudona spalva) lasteliy skaicius. Originali mikrofotografija

Fig. 2.4. Cell viability assessment, using a dual AO/EB staining technique.
The number of live (green) and dead (red) cells is assessed. Original
microphotography

Remiantis Strober [111], ant objektinio stiklelio uzlasinama 10
uL lasteliy suspensijos ir 10 pL. 0,4 % tripano mélio dazy vandeninio
tirpalo. Toks miSinys papipetuojamas, uzdengiamas dengiamuoju
stikleliu ir 30 s. palaikomas kambario temperatiiroje. Analizé
atlieckama Nikon ECLIPSE Ti-S Sviesiniu mikroskopu, vaizda
padidinus 400 karty. Skai¢iuojamos gyvos (Sviesios, nenusidaziusios)
ir negyvos (tamsiai mélynos, nusidaziusios) Iastelés (2.5 pav.).

O ' O

O ©

2.5 pav. Lasteliy gyvybingumo analizé panaudojant tripano melio dazy
tirpalg. [vertinamas gyvy (Sviesios spalvos) ir negyvy (tamsiai
mélynos spalvos) lasteliy skai¢ius. Originali mikrofotografija

Fig. 2.5. Cell viability assessment, using a trypan blue exclusion test. The
number of live (bright) and dead (dark) cells is assessed. Original
microphotography
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Naudojant vieng i§ metody analizuojami visi tiriamieji
meéginiai. IS kiekvieno méginio surenkama ne maziau 100 lasteliy ir
apskaiCiuojamas procentinis gyvybingy ir negyvybingy lasteliy
skaicius, remiantis formule [112]:

o bi lastelas = gyvu lasteliy skaicius < 100
0 gyvyDIngos Asteres =y endras lasteliy skaiCius

Kometos testo eiga

Dieng prie§ atliekant tyrima, objektiniai stikleliai su
nuslifuotais krastais padengiami 1% normalios lydymosi
temperattros (angl. normal melting point (NMP)) agaroze (Carl
Roth GmbH + Co. KG, Vokietija) ir palieckami sustingti
horizontalioje pozicijoje. Taip pat paruoSiami reikalingi buferiai:
lizés, neutralizacijos ir Sarminis (2.1 lentel¢).

Tyrimo dieng iSlydoma 1 % Zemos lydymosi temperattiros
(angl. low melting point (LMP)) agaroz¢ (Carl Roth GmbH + Co. KG,
Vokietija), naudojant  Eppendorf = Thermomixer  comfort
termomaiSytuva. Ant i§ vakaro paruoSty objektiniy stikleliy
uzlasinama 40 pL iSlydytos 1 % LMP agarozés ir 40 pL tiriamosios
lasteliy suspensijos (galutiné agarozés kocentracija — 0,5 %). MiSinys
sumaiSomas pipetuojant ir uzdengiamas dengiamaisiais stikleliais
(2.6 pav., 2). Procediira su tuo paciu méginiu pakartojama: ant vieno
objektinio stiklelio paruoSiami du identiski agarozés su jterptomis
lastelémis, kvadratéliai. IS kiekvieno jy véliau analizuojama po 50
lasteliy (vienam tiriamajam méginiui i§ viso surenkama po 100
lasteliy). Paruosti mikroskopiniai stikleliai su i agaroze¢ jterptomis
lastelémis 10 min. laikomi Saldytuve, 4 °C temperaturoje.
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2.6 pav. Sarminio Kometos tyrimo schema. Modifikuota pagal Moller ir kt.
[113]

Fig. 2.6. Schematic of an alkaline comet assay. Modified, according to Moller
etal

Sustingus agarozei, dengiamieji stikleliai nuimami nuo visy
meéginiy ir preparatai jdedami j vonelg su atSaldytu lizés buferiu (2,5 M
NaCl, 100 mM Na,EDTA, 10 mM Tris HCI (Carl Roth GmbH+Co.
KG, Vokietija), pH 10). 1% Triton X-100 (Carl Roth GmbH+Co. KG,
Vokietija) ir 10 % DMSO (Sigma-Aldrich Co., JAV) pridedama prie$
buferio naudojima). Sios procediiros metu denatiiruojamos lasteliy
membranos, jvairls baltymai ir lieka tik agarozés gelyje imobilizuota
superspiralizuota DNR. Poveikis lizés buferiu vykdomas 90 min., 4 °C
temperattiroje (2.6 pav., 3).

Pasibaigus lizés procedirai, stikleliai perkeliami j iki 5 °C
temperatiros atSaldyta elektroforezés vonele COMET — 20 SYSTEM
(Scie Plas, Jungtiné Karalysteé) ir uzpilami 540 mL iki 4 °C
temperatiros atSaldytu Sarminiu buferiu (I mM Na2EDTA ir 300 mM
NaOH (Carl Roth GmbH+Co. KG, Vokietija), pH > 13). Siame
buferyje méginiai laikomi 20 min., kad jvykty Sarmui jautriy viety, t.y.
viengrandininiy DNR trukiy, apurininiy ir apirimidininiy viety,
hidrolizé iki dvigrandininiy DNR trukiy (2.6 pav., 4). Praéjus 20 min.
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jjungtas elektros srovés Saltinis ir 30 min. vykdyta elektroforeze (=1
V/cm) (2.6 pav., 5).

Po elektroforezés méginiai nedelsiant perkelti i inda su
atSaldytu neutralizacijos tirpalu (0,4 M Tris HCI (Carl Roth GmbH+Co.
KG, Vokietija), pH 7,5) ir laikyti Saldytuve, 4 °C temperatiiroje 30 min.
(2.6 pav., 6)

Po neutralizacijos procediiros méginiai dazomi su | DNR
interkaliuojan¢iu dazu — etidzio bromidu (2.6 pav., 7). Dazymas
vykdomas tamsoje. Ant kiekvieno agarozes su lastelémis kvadratélio
pilama po 80 pL etidZzio bromido dazo, tokie méginiai 5 min.
palickami tamsoje, kambario temperattroje. Véliau stikleliai 5 min.
pamerkiami ] distiliuoto vandens vonele, kad nusiplauty dazo
perteklius. Po plovimo méginiai uzdengiami dengiamaisiais stikleliais
ir laikomi tamsoje, Saldytuve 4 °C temperatiiroje iki analizés.

Meéginiy analizé¢ atliekama naudojant epifluorescentinj Nikon
Eclipse 80i mikroskopa (Nikon, Japonija),vaizdas padidinamas 400
karty ir naudojamas 3 filtras (510-560 nm) (2.6 pav., 8). Komety
analizé atliekama naudojant programa LUCIA (Cekija). Kiekviename
meéginyje iSanalizuojama po 100 komety ir jvertinamas kiekvienoje i$
Ju, esantis procentinis DNR kiekis kometos galvoje ir uodegoje.

2.4.7 Mikrobranduoliy testas

Nanodaleliy sukeltos chromosomy pazaidos jvertintos
sustabdytos citokinezés mikrobranduoliy testu, remiantis OECD
rekomendacijomis [97]. Tyrimams naudotas visas donory periferinis
kraujas, paimtas i§ donory alkiinés venos j mégintuvélius su li¢io
heparinu (Vacutainer®, Beliver Indestrial Estate, JK). Vieno tipo
nanodalelés tirtos trijy skirtingy donory kraujo méginiuose
(2.6 lentele).
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2.6 lentelé. Sustabdytos citokinezés mikrobranduoliy testu tirtos naudotos
nanodaleliy koncetracijos ir tiriamyjy donory ID

Table 2.6. Nanoparticle concentrations used in the micronucleus assay and
the IDs of the study donors

Nanodalelés / Tirtos ND koncentracijos | Donory ID /
Nanoparticles (ng/mL) / Concentrations | Donor ID
10-30 nm Co;04-ND | 20, 30, 40, 50, 60 D1, D2, D3
<50 nm Co03;04+ND 20, 30, 40, 50, 60 D1, D2, D3
35 nm PVP-Ag-ND 5,15,20,30 D2, D7, D9
13 nm ALOs-ND 20, 40, 80, 100 D2, D7, D9
50 nm Al O3-ND 20, 40, 80, 100 D2, D7, D9
10-20 nm SiO,-ND 50, 100, 150, 200 D2, D6, D7
80 nm PS-ND 25,50, 75, 100, 125 D2, D7, D9

Pirmiausiai paruoSiamas lgsteliy kultivavimui reikalingas
mitybinis miSinys, kurj sudaro 13 daliy Iasteliy mitybiné terp¢ RPMI
1640, 2 dalys embrioninis verSiuky serumas (Sigma-Aldrich Co., JAV),
fitohemagliutininas (FHA) (10 pL/mL kultiiros) (Biological Industries,
Izraelis) ir 1 dalis heparinizuoto kraujo. MiSinys iSpilstomas i sterilius
buteliukus po 10 mL ir buteliukai uzdengiami steriliais guminiais
kamsteliais. Kraujo kultiira kultivuojama 72 val. (37 °C temperatiiroje,
5% CO») (2.7 pav., 1-4).

Meéginiai analizuojami
Sviesiniu mikroskopu

. 44val. 72val S. 'Preparatq

Preparaty dazymas
ruoSimas

o
<
s »
N
5
<
L

Giemsa dazais

Kraujo kultaros

Kraujo kultaros
uZséjimas
Poveikis
nanodalelémis
Jvedamas
citochalazinas B
fiksacija

2.7 pav. Sustabdytos citokinezés mikrobranduoliy tyrimo schema. Sukurta
naudojant Biorender.com

Fig. 2.7 A Schematic of micronucleus assay. Created with Biorender.com

Nanodaleliy tiriamosios koncentracijos (2.6 lentel¢) jvedamos
24-tg lasteliy kultiiros augimo valandg. Tyrimuose naudojama teigiama
kontrolé¢ — doksorubicino hidrochloridas (galutiné koncentracija 0,02
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pg/mL) (Teva Pharma B.V., Nyderlandai), neigiama kontrolé — tik
lasteliy suspensija ir jei buvo naudojama — tirpiklio kontrolé. 44 augimo
valandg i kiekvieng buteliukg jlaSinama citokineze stabdancio reagento
citochalazino B, kurio galutiné koncentracija yra 6 ug/mL (AppliChem
GmbH, Vokietija). Pragjus 72 val. nuo kultivavimo pradzios, kultiira
fiksuojama.

Kraujo kultiiros fiksacija pradedama méginius suplakant,
perpilant j stiklinius centrifugos mégintuvélius ir centrifuguojant 8 min.
400 xg grei¢iu. Virsnuosédinis sluoksnis nusiurbiamas, kiekviename
mégintuvélyje paliekant ~1 mL suspensijos. Nuosédos suplakamos ir
resuspenduojamos ~10 mL 4 °C temperatiros 0,075 M KCl
hipotoninio tirpalo (Sigma-Aldrich Co., JAV). Kultiira nedelsiant
centrifuguojama 8 min. 400 X g grei¢iu. ParuoSiamas fiksatorius ex
tempore, sudarytas i$ ledinés acto riigsties (Sigma-Aldrich Co., JAV) ir
metanolio (Fluka, Sigma-Aldrich Co., JAV) miSinio (santykiu 1:5). Po
centrifugavimo, virSnuosédinis sluoksnis nusiurbiamas, paliekant
~1 mL suspensijos. Pirma kartg fiksuojant, fiksatorius skiedziamas 0,9
% NaCl tirpalu (1:1). Nuosédos resuspenduojamos ir uZpilamos
nedideliu kiekiu (=1-2 mL) fiksatoriaus. Suspensija gerai suplakama,
ir meégintuvélis pilnai uzpilamas atskiestu fiksatoriumi (iki 8-10 mL).
Kultira 20 min. laikoma kambario temperatiiroje ir po to
centrifuguojama 8 min. 400 X g greiciu. Susiformaves virSnuosédinis
sluoksnis nusiurbiamas, mégintuvéliuose paliekant ~1 mL suspensijos.
Fiksavimo procediira kartojama dar du kartus, naudojant neskiesta
fiksatoriy ir juo uzpilant visa centrifugos mégintuveli. Pasibaigus
fiksacijai, méginiai uzdengiami sandarinimo plévele Parafilm® M
(Bemis, JAV) ir laikomi Saldiklyje —20 °C temperatiiroje iki kol bus
ruoSiami preparatai.

Limfocity preparaty ruoSimas prasideda nuo objektiniy stikleliy
plovimo distiliuotu vandeniu ir atSaldymo distiliuoto vandens vonel¢je,
—20 °C temperatiiroje, kad ant jy susiformuoty ledo kristaly sluoksnis.
Tuo metu kraujo kultiira centrifuguojama 8 min. 400 X g greiciu,
virSnuosédinis sluoksnis nusiurbiamas, palickant =1 mL Iasteliy
suspensijos. Naudojant Pastero pipete, nuosédos suspenduojamos
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fiksatoriaus likutyje. 4-5 lasteliy suspensijos laSai lasinami ant
nuriebalinty ir atSaldyty objektiniy stikleliy, palenkty 20-30° kampu i$
3-5 cm auks¢io (2.7 pav., 5). Tokie paruosti stikleliai paliekami
horizantalioje pozicijoje dziuti kambario temperatiiroje vieng para.

Preparaty dazymui naudojami atskiesti Giemsa dazai (1 dalis
dazy ir 20 daliy distiliuoto vandens) (Sigma-Aldrich Co., JAV).
Preparatai 5-10 min. laikomi daZuose, nuplaunami tekanc¢io vandens
srove, praskalaujami distiliuotu vandeniu ir paliekami i§dzitti.
vaizdy analizés sistema LUCIA, Sviesiniu mikroskopu Nikon Eclipse
901 (Nikon, Japonija), 20X didinanciu objektyvu. Suradus
mikrobranduolj, jis tiriamas 100X didinan¢iu objektyvu su imersiniu
aliejumi (Sigma-Aldrich Co., JAV). Ivertinamas mikrobranduoliy
skaiCius ne maziau nei 1000-yje dvibranduoliy lasteliy, vadovaujantis
Fenech et al. [114] aprasytais kriterijais.

Taip pat mikroskopu Euromex iScope IS.1152-EPL (Euromex,
Nyderlandai), 20x didinan¢iu objektyvu analizuotas Iasteliy
proliferacijos indeksas (angl. cytochalasin blocked proliferation index
(CBPI)) arba branduolio dalijimosi indeksas — BDI, kuris vertina
tiriamosios medziagos jtaka branduoliy proliferacijos greiciui.
Proliferacijos indeksas analizuotas 500 lasteliy ir apskaiCiuotas pagal
formule [97]:

CBP] = M1+21\1412+ 3My

kur M1, M2 ir M3 zymi, atitinkamai, vienbranduoliy,
dvibranduoliy ir tris arba daugiau branduoliy turin¢ias Iasteles, o n Zymi
bendra analizuoty Iasteliy skaiciy.

2.4.8 Seseriniy chromatidziy mainy testas

Papildomai Co304-ND sukeltas genotoksiSkumas buvo
jvertinamas seseriniy chromatidziy mainy (SCM) testu. Tyrimams
naudotas visas donory periferinis kraujas (2.7 lentel¢).
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2.7 lentelé. Seseriniy chromatidziy mainy (SCM) testu tirty nanodaleliy
koncentracijos ir donory ID

Table 2.7. Nanoparticle concentrations used in the sister chromatid exchange
assay and the IDs of the study donors

Nanodalelés / Tirtos ND koncentracijos | Donory ID /
Nanopartciles (ng/mL) / Concentrations | Donor ID
10-30 nm Co3;04-ND | 20, 30, 40, 50, 60 D2, D3, D4
<50 nm Co3;04-ND 20, 30, 40, 50, 60 D2, D3, D4

Kraujo meéginiai imti i§ donory alkiininés venos j mégintuvelius
su li¢io heparinu (Vacutainer®, Beliver Indestrial Estate, JK).
ParuoSiamas lasteliy kultivavimui reikalingas mitybinis miSinys, kurj
sudaro 13 daliy Iasteliy mitybinés terpés RPMI 1640, 2 dalys
embrioninio  verSiuky  serumo, fitohemagliutininas  (FHA)
(10 puL/mL kulttiros) ir 5-bromo-2’-deoksiuridinas — BrdU (galutiné
kocentracija 10 g/mL). Véliau | mitybinj miSinj jpilama 1 dalis
heparinizuoto kraujo, gautas miSinys iSpilstomas | sterilius buteliukus
po 10 mL ir buteliukai uzdengiami steriliais guminiais kamsteliais.
Kraujo kultura i§ viso kultivuojama 72 valandas (37 °C temperatiiroje,
5% CO) (2.8 pav., 1-4).

* SCM tyrimo metu, J SCM tyrimo metu, prie$ dazyma Giemsa,

mftybinés tgrpés * méginiai laikomi Hoechst fosfatiniame
midinys papildomas Serenseno buferyje, véliau veikiami
5-bromo-2’- Mcllveno buferiu ir Svitinami UV lempa

deoksiuridinu
(Brdu)

69 val. 72 val. 5. * Preparaty
Preparaty dazymas

ruosimas Giemsa dazais

=]
<
s »
Iy
3
<
=2

‘Méginiai
analizuojami
Sviesiniu mikroskopu

Kraujo kultros
uiséjimas
Poveikis
nanodalelémis
Jvedamas
kolhicinas
Kraujo kulttros
fiksacija

2.8 pav. Seseriniy chromatidziy mainy testo schema. Sukurta naudojant
Biorender.com

Fig. 2.8. A schematic of the sister chromatid exchange assay Created with
Biorender.com
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Tiriamosios nanodaleliy koncentracijos (2.7 lentel¢) i lasteliy
kultiirg jvedamos 48-tg kultivavimo valandg (2.8 pav., 1-4). Teigiamai
kontrolei buvo naudojamas metil-metansulfonatas (MMS), kurio i
megintuvelius  jvesta po 0,013 pL/mL. Neigiamai kontrolei |
meégintuvelius nebuvo jnesta jokiy papildomy medziagy. Likus trims
valandoms iki kultivavimo pabaigos (69-ta valandg), i buteliukus
ivestas kolhicinas (galutiné koncentracija 0,6 pg/mL). Praéjus 72
valandoms nuo lasteliy kultivavimo pradzios, kulttira fiksuojama.

Pasibaigus kultivavimo laikui, kultiira perpilama j centrifugos
meégintuvelius ir centrifuguojama 10 min. 600 X g greiCiu. Po
centrifugavimo vir§nuosédinis sluoksnis nusiurbiamas,
mégintuvéliuvose paliekant apie 1 mL suspensijos. Ant suspensijos
uzpilama =10 mL 40 °C temperatiiros 0,075 M KCl hipotoninio tirpalo.
Tokie méginiai laikomi inkubatoriuje 37 °C temperatiiroje 30 min. Po
inkubacijos, kraujo kultira centrifuguojama 10 min. 600 x g greiciu.
Tuo metu, paruoSiamas fiksatorius ex tempore (acto rugsties ir
metanolio miSinys santykiu 1:3). Po centrifugavimo, virSnuoseédinis
sluoksnis nusiurbiamas, mégintuvelivose paliekant apie 1 mL
suspensijos. Fiksuojant pirma karta nuosédos uzpilamos nedideliu
kiekiu (apie 1-2 mL) fiksatoriaus. Suspensija nedelsiant suplakama ir
fiksatoriaus pripilama iki mégintuvéliy virSaus (apie 10 mL). Lastelés
laikomos Saldiklyje — 20 °C temperatiiroje 30 min. Po to meéginiai
centrifuguojami 10 min. 600 X g grei¢iu, o susiformaves
virSnuosédinis  sluoksnis nusiurbiamas, paliekant apie 1 mL
suspensijos. Fiksavimo procediira kartojama dar du kartus uZzpilant
fiksatoriy vienu uzpylimu. Pasibaigus fiksacijai, meginiai uzdengti
sandarinimo plévele Parafilm® M ir laikyti Saldiklyje —20 °C
temperattiroje iki kol bus ruoSiami preparatai.

Chromosomy preparaty ruoSimas prasideda objektiniy stikleliy
plovimo distiliuotu vandeniu ir atSaldymu distiliuoto vandens vonel¢je,
—20 °C temperatiiroje, kad ant jy susiformuoty ledo kristaly sluoksnis.
Uzfiksuota kraujo kultira centrifuguojama 10 min. 600X g greiciu.
VirSnuosédinis sluoksnis nusiurbiamas, o nuosédos suspenduojamos
fiksatoriaus likutyje (0,5-1 mL), naudojant Pastero pipete. Lasteliy

50



suspensija (4-5 lasai) lasinama ant atSaldyty objektiniy stikleliy,
palenkty 20-30° kampu, i§ 40—50 cm aukscio. Preparatai dziovinti 3—4
kartus pervedant objektinj stiklelj vir§ spiritinés lempelés liepsnos ir 24
valandas paliekami baigti dzitti horizantalioje pozicijoje, kambario
temperattiroje.

Paruosti preparatai dazomi, naudojant modifikuotg Lazutka [115]
metodika. Pirmiausiai méginiai 15 min. dazomi Hoechst 33258 (Sigma
Chemical Co., JAV) fluorescenciniais dazais (1 mL Hoechst 33258
koncentruoto (100 pg/mL) tirpalo ir 9 mL Serenseno buferio (Riedel-
de-Haen, Vokietija)) tamsoje. Tuomet stikleliai nuplaunami distiliuotu
vandeniu ir dziovinami. Gaminamas citratinis (Mclveno) buferis (pH
8-8,5) 15 0,1 M citrinos rigsties C3H4(OH)COOH)3 ir i§ 0,2 M NaPOg4
(Sigma Chemical Co., JAV), atitinkamai: 0,55 mL ir 19,45 mL. Ant
preparaty uzlaSinama po 3 lasus citratinio buferio, méginiai uzdengiami
dengiamaisiais stikleliais ir Svitinami 14 min. 20 s., 400 W galingumo
32 UV lempa, 20 cm atstumu. Pra¢jus 5 min. nuo Svitinimo pradzios,
ties dengiamyjy stikleliy susidiirimais laSinamas citratinis buferis.
Tuomet preparatai nuplaunami distiliuotu vandeniu ir paliekami dzitti.
Giemsa dazais (1 dalis dazy ir 9 dalys distiliuoto H2O) preparatai
dazomi =7 min., po to nuplaunami distiliuotu vandeniu, i§dZziovinami
ir analizuojami.
mikroskopu (Nikon, Japonija) vaizda padidinus 1000X. Analizei
renkamos metafazinés ploksteles, turincios 44—47 chromosomas. SCM
skai¢iuojami gerai nudazytose, du replikacinius ciklus praéjusiose
lastelése (2.9 pav.).
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2.9 pav. Lastelé po dviejy replikaciniy cikly. Metafaziné plokstelé nudazyta
diferencialiniu dazymo metodu (1000X) (aut. mikrofotografija)

Fig. 2.9. A cell that has undergone two replication cycles. The metaphase
plate is stained using the differential staining technique (1000X)
(original microphotography)

Skai¢iuojamos mainy vietos tarp Sviesiosios ir tamsiosios
chromatidziy daliy. Kiekvienai koncentracijai analizuojama po 50
lasteliy, esanciy antrajame lgstelés dalijimosi cikle. Apskaiciuojamas
vidutinis SCM daznis vienai lastelei bei replikacinis indeksas (RI),
kuris apibiidina lasteliy dalijimosi greit] tirtoje kultiiroje. Kiekvienam
variantui  analizuojama po 200 metafaziniy ploksteliy. RI
apskaiciuojamas remiantis formule [115,116]:

Rl = (I1xM1)+ (2xM2)+ (3xM3)
n

Kur M1, M2 ir M3 yra metafaziniy lasteliy, esanciy, atitinkamai,
pirmame, antrame, treCiame/ketvirtame lastelés cikle, skai¢iy, o n Zymi
bendra analizuoty Iasteliy skaiciy.
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2.4.9. Statistiné analizé

Statistiniai metodai buvo naudojami atsizvelgiant i duomeny pobiidj
ir reikalingos analizés tipg. Nanodaleliy citotoksiSkumo tyrimy
rezultatai buvo analizuojami t-testu. Genotoksiskumo tyrimy rezultatai
buvo vertinami priklausomai nuo naudoto testo: Sarminio Kometos
testo rezultaty analizei buvo naudojamas Mann Whitney U testas, SCM
duomeny analizei — Welch testas (angl. unequal variances t-test
(Welch's)), o SCMB testo rezultatams — z-testas proporcijoms (angl. z-
test for proportions) (http://www.statskingdom.com/, prisijungta 2024

liepos 24 d.). Kadangi genotoksiSkumo tyrimai buvo kartojami kelis
kartus, naudojant skirtingy donory periferinio kraujo vienbranduoles
lasteles, Siy duomeny suvidurkinimas ir tokiy verciy naudojimas
statistinei analizei lemty statistinés galios praradima, todél kiekvieno
atskiro eksperimento p reikSmés buvo sudedamos ir vertinamos
naudojant FiSerio kombinuotgjj tikimybiy testa [117]. Pirmiausiai, F
reik§mé buvo apskaiéiuota pagal formule Fp = =2 })I*; In(Pi), kur n
zymi eksperimenty skai¢iy, o P; — i1 eksperimento apskaiciuotaja p
reik§me. Sio testo pasiskirstymas — x2, kai laisvés laipsnis (angl. degree
of freedom — df) lygus 2n. Kombinuota p reikSmé apskaiciuota kaip
desiniosios uodegos tikimybé (angl. right-tail probability), P,pon)(F), >
fp), kur f, yra stebima F), reikSmé. Siekiant sumaZzinti pirmojo tipo
klaidos tikimybe, kombinuota p reikSmé buvo koreguojama,
panaudojant Bonferroni korekcija, kur kiekviena apskaiciuota p
reikSmé buvo padauginta i§ n. Be to, visuose genotoksiSkumo
tyrimuose buvo naudojamas Jonckheere-Terpstra tendencijos testas,
siekiant jvertinti dozin¢ priklausomybe¢, naudojant Real Statistics
Resource Pack programing jrangg [118].
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3. REZULTATAI

3.1 Nanodaleliy charakterizavimas lasteliy mitybinéje terpéje

Visy tiriamyjy nanodaleliy hidrodinaminis dydis ir aglomeracijos
lygis lasteliy mitybinéje terp¢je jvertintas nanodaleliy sekimo analizés
(angl. nanoparticle tracking analysis — NTA) metodu, Nanosight
analizatoriumi (Nanosight LM10, Malvern Panalytical Ltd., Malvernk,
JK). Matavimai atlikti iSkart po nanodaleliy koloidinio tirpalo
ultragarsinio dispergavimo t. y. 0 val., pra¢jus 1 val. arba 3 val.
(priklausomai nuo tiriamyjy daleliy) ir pra¢jus 24 val. po tirpalo
ultragarsinio dispergavimo. Matavimy metu fiksuotas didZiausias
matomas pikas, zymintis didziausig kiekj tam tikro dydzio daleliy
tirpale, ir vidutinis daleliy dydzio pasiskirstymas koloidiniame tirpale
(3.1 lentele). Kai kuriy nanodaleliy dydis ir forma papildomai jvertintas
transmisine elektronine mikroskopija — TEM (10-30 ir <50 nm C0304-
ND), o hidrodinaminis dydis ir daleliy stabilumas koloidiniame tirpale
papildomai jvertintas dinaminés Sviesos sklaidos (angl. dynamic light
scattering — DLS) metodu, Nanosizer analizatoriumi (35 nm PVP-Ag,
5 ir 40 nm Au-ND).

3.1 lentelé. Nanodaleliy hidrodinaminio dydzio analizé lgsteliy mitybingje
terpéje RPMI 1640 Nanosight analizatoriumi laike, pra¢jus 0, 1 arba
3 ir 24 val. po sonikavimo. SN — standartinis nuokrypis automatiskai
apskaiCiuotas Nanosight analizatoriaus

Table 3.1. Analysis of the hydrodynamic size of nanoparticles in RPMI 1640
cell culture medium using Nanosight analyzer over time, at 0, 1 or 3,
and 24 h after sonication. SD — standart deviation automatically
calculated by the Nanosight analyzer

Pirminis ND dydis, Laikas po Didziausias | Vidutinis ND

(nm) / Primary size ultragarsinio pikas (nm) / | dydis tirpale (nm)

of NPs (nm) dispergavimo Highest ir SN / Average
(val.) / Time after | peak, nm NP size in the
sonication, h solution, nm (SD)

10-30 nm Co3O0+ND | 0 17 77 (59)

10-30 nm Co0304-ND | 1 14 94,5 (75)

10-30 nm Co0304+-ND | 24 52/88 82,8 (43)

<50 nm Co304+-ND 0 86 153,6 (79)

<50 nm Co304+-ND 1 83 132,2 (67)

<50 nm Co304+-ND 24 56 90,2 (71)
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3.1 lentelé. Tesinys
Table 3.1. Continued

Pirminis ND dydis, | Laikas po Didziausias | Vidutinis ND

(nm) / Primary size | ultragarsinio pikas (nm) / | dydis tirpale (nm)

of NPs (nm) dispergavimo Highest ir SN / Average
(val.) / Time after | peak, nm NP size in the
sonication, h solution, nm (SD)

35 nm PVP-Ag-ND | 0 115 138,5 (66,8)

35 nm PVP-Ag-ND | | 98 205,8 (103,7)

35 nm PVP-Ag-ND | 24 103 205,7 (90,6)

5 nm Au-ND 0 66 106,4 (63,4)

5 nm Au-ND 3 74 167,9 (87,3)

5 nm Au-ND 24 70 124,9 (62,3)

40 nm Au-ND 0 73 122,3 (67,1)

40 nm Au-ND 3 156 170,6 (44,7)

40 nm Au-ND 24 82 90,8 (20,7)

13 nm ALOs-ND 0 173 191,4 (80)

13 nm ALOs-ND 1 122 254,2 (106,4)

13 nm ALOs-ND 24 130 162,2 (78,7)

50 nm ALO3-ND 0 109 209,9 (106)

50 nm ALO3-ND 1 77 147,8 (87,6)

50 nm ALO3-ND 24 74 127,5 (66,1)

10-20 nm SiO2-ND | 0 335 321,7 (107,7)

10-20 nm SiO>-ND 1 147 223,4 (95,8)

10-20 nm SiOQ2-ND | 24 390 312,1 (108,7)

80 nm PS-ND 0 79 114,9 (45,9)

80 nm PS-ND 3 105 202 (103,1)

80 nm PS-ND 24 17 47,5 (34,1

Tiriant kobalto (II, III) oksido nanodaleles (Co304-ND), jy
forma ir dydis 0,9 % NacCl tirpale jvertinti transmisinés elektroninés

mikroskopijos (TEM) metodu. TEM vaizdai parodé, kad nanodalelés

buvo netaisyklingos formos ir i§ dalies atitiko gamintojo nurodyta dydj,

t. y. mazdaug 10-30 nm (3.1 pav. a) ir <50 nm (3.1 pav. b).
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3.1 pav. Kobalto oksido nanodaleliy TEM nuotraukos (a — 10—30 nm; b — <50

nm)
Fi%. 3.1. TEM images of cobalt oxide nanoparticles (a — 10-30 nm, b — <50
nm

NTA analiz¢ pirmiausiai atlikta su Co0304-ND dalelémis, kuriy
pirminis dydis buvo 10-30 nm. Nustatyta, kad iSkart po ultragarsinio
dispergavimo, vidutinis daleliy dydis buvo 77 nm, o dauguma daleliy
tirpale buvo 17 nm dydzio. Praéjus 1 ir 24 val. po ultragarsinio
dispergavimo, vidutinis daleliy dydis buvo, atitinkamai, 94,5 nm ir 82,8
nm, kur dauguma daleliy buvo, atitinkamai, 14 nm ir 52/88 nm dydzio
(3.2 pav. (a—c), 3.1 lentel¢). Skirtinga tendencija stebéta daleliy, kuriy
pirminis dydis buvo <50 nm, hidrodinaminio dydZio matavimuose.
ISkart po ultragarsinio dispergavimo vidutinis daleliy dydis buvo 153,6
nm, kur dauguma daleliy buvo 86 nm dydzio. Taciau pragjus 1 ir 24
val. po ultragarsinio dispergavimo, vidutiniai daleliy dydziai
koloidiniame tirpale sumazéjo, atitinkamai, iki 132,2 nm ir 90,2 nm, o
didziausias daleliy kiekis tirpale buvo, atitinkamai, 83 nm ir 56 nm
dydzio (3.2 pav. (d-f), 3.1 lentel¢). Toks daleliy dydzio mazéjimas
laike, gali buti paaiSkintas daliniu dideliy aglomeraty nusédimu ant
megintuvelio dugno.
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3.2 pav. Kobalto oksido nanodaleliy hidrodinaminio dydzio analizé
Nanosight analizatoriumi pra¢jus 0, 1 ir 24 val. po ultragarsinio
dispergavimo (10-30 nm, atitinkamai, a—); <50 nm, atitinkamai, d—f)

Dydis (nm)

Fig. 3.2. Hydrodynamic size analysis of cobalt oxide nanoparticles using
Nanosight analyzer at 0, 1, and 24 h after sonication (10-30 nm,
respectively, a—c,; <50 nm, respectively, d—f). X-axis — size (nm), Y-
axis — concentration (particles/mL)

Tyrimuose su 35 nm dydzio PVP-Ag-ND nustatyta, kad iSkart
po koloidinio tirpalo ultragarsinio dispergavimo (0 val.) didZiausias
pikas stebétas ties 115 nm, o vidutinis ND dydis tirpale buvo 138,5 nm.
Tai atitinka 3—4 kartus didesnes reikSmes negu nurodyta gamintojo.
Pra¢jus 1 val. po ultragarsinio dispergavimo, didziausias pikas isliko
panasus — 98 nm, taiau vidutinis daleliy dydis padidéjo 6 kartus,
palyginti su pirminiu ND dydZiu. Po ultragarsinio dispergavimo praéjus
24 val., ND dydis RPMI 1640 terpéje isliko stabilus, lyginant su ND
dydziu praéjus 1 val. po ultragarsinio dispergavimo (didziausias pikas
— 103 nm, vidutinis dydis — 205,7 nm) (3.3 pav., 3.1 lentelé).

57



Koncentracija (dalelés/ mL) .

Koncentracija (dalelés/ mL) .

Koncentracija (dalelés/ mL) -

4

e
3.3 pav. Sidabro nanodaleliy hidrodinaminio dydZzio analizé Nanosight

analizatoriumi pra¢jus 0, 1 ir 24 val. po ultragarsinio dispergavimo,
atitinkamai, a, b ir ¢

Dydis (nm) Dydis (nm)

Fig. 3.3. Hydrodynamic size analysis of silver nanoparticles using Nanosight
analyzer at 0, 1, and 24 h after sonication (rvespectively, a-c). X-axis
— size (nm), Y-axis — concentration (particles/mL)

Sidabro nanodaleliy dydzio pasiskirstymas koloidiniame tirpale,
papildomai buvo jvertintas DLS metodu. Nustatyta, kad vidutinis
nanodaleliy dydis tirpale buvo 37,15 nm ir i§ dalies atitiko gamintojo
nurodymus (35 nm) (3.4 pav. a). Be to, tirpalo polidispersinis indeksas
(PdI) — 0,425, leidzia daryti prielaida, kad tiriamasis nanodaleliy
tirpalas yra sglyginai monodispersinis (Pdl > 0,7 zymi didelj ND dydzio
pasiskirstyma tirpale). Papildomai buvo jvertintas nanodaleliy tirpalo
stabilumas, vertinant zeta (§) potencialg. Vidutiné zeta potencialo
reik§mé Ag-ND tirpale — 0,278 mV (3.4 pav. b). Nanodalelés, kuriy
zeta potencialo reikSmeés yra tarp —30 ir +30 mV laikomos
nestabiliomis ir linkusiomis agreguoti dél iSaugusios traukos ir
sumazejusios atstiimimo jégos [119].
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3.4 pav. Sidabro nanodaleliy (a) dydzio pasiskirstymo analizé dinaminés
Sviesos sklaidos (DLS) metodu ir (b) zeta potencialo jvertinimas
NanoSizer analizatoriumi

Fig. 3.4. Size distribution analysis of silver nanoparticles by DLS method (a).
X-axis — size (nm) Y-axis — intensity (%). Zeta potential assessment
using NanoSizer analyzer (b). X-axis —zeta potential (mV), Y-axis —
total count
Aukso nanodaleliy dydzio pasiskirstymas koloidiniame tirpale

ir tirpalo polidispersinis indeksas taip pat buvo nustatytas DLS metodu,

o tirpalo stabilumas nustatytas jvertinus zeta potencialo reikSmes

Nanosizer analizatoriumi. Nustatyta, kad mazesniy Au-ND (pirminis

dydis 5 nm) vidutinis dydis tirpale — 13, 41 nm, polidispersinis indekas

— 0,645, o zeta potencialas — —6,18 mV (3.5 pav. a, b). Sios nanodalelés

yra polidispersiskos, koloidinis tirpalas néra stabilus ir dalelés gali

aglomeruoti. Tyrimy su didesnémis Au-ND (pirminis dydis 40 nm)
metu nustatyta, kad vidutinis nanodaleliy dydis — 61,95 nm, Pdl —

0,154, zeta potencialas — —48,4 mV. Siy nanodaleliy dydis i§ dalies

atitinka gamintojo nurodymus, koloidiniame tirpale visos dalelés yra

panasaus dydzio (monodispersiskos), o pats tirpalas yra stabilus (3.5

pav. c, d).
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3.5 pav. Aukso nanodaleliy dydzio pasiskirstymo analizé dinaminés §viesos
sklaidos (DLS) metodu (a — 5 nm, ¢ — 40 nm) ir zeta potencialo
jvertinimas (b — 5 nm, d — 40 nm) Nanosizer analizatoriumi

Fig. 3.5. Size distribution analysis of gold nanoparticles by DLS method ((a)
— 5 nm, (c) — 40 nm). X-axis — size (nm), Y-axis — volume (%). Zeta
potential assessment using NanoSizer analyzer ((b) — 5 nm, (d) — 40
nm). X-axis —zeta potential (mV), Y-axis — (b, d) total count
Nanodaleliy hidrodinaminis dydis Igsteliy mitybinéje terpéje

RPMI 1640, pra¢jus 0, 3 ir 24 val. po ultragarsinio dispergavimo

procediiros buvo jvertintas nanodaleliy sekimo analizés metodu,

Nanosight analizatoriumi (3.6 pav., 3.1 lentel¢). Mazesnés nanodalelés

buvo linkusios aglomeruoti lasteliy mitybinéje terp¢je, vidutinis

nanodaleliy dydis buvo 20-30 karty didesnis nei jy pirminis dydis (5

nm). Nepriklausomai nuo inkubavimo laiko (0 val., 3 val. ar 24 val.),

didziausi stebéti pikai buvo panasiis, atitinkamai, ties 66, 74 ir 70 nm,

o vidutiniai ND dydziai tirpale buvo, atitinkamai, 106,4 nm, 167,0 nm

ir 1249 nm (3.6 pav. (a—c), 3.1 lentel¢). PrieSingai, méginiuose su

didesnémis nanodalelémis (pirminis dydis 40 nm), aglomeracijos lygis
buvo mazesnis, vidutinis daleliy dydis buvo 2—4 kartus didesnis nei jy

pirminis dydis. ISkart po sonikavimo, didZiausias pikas stebétas ties 73

nm, o vidutinis ND dydis tirpale — 122,3 nm. Pragjus 3 val. po

sonikavimo procediros, didziausias pikas iSaugo iki 156 nm (vidutinis
dydis — 170,6 nm). Idomu tai, kad po 24 val. inkubacijos tiek vidutinis
nanodaleliy dydis tirpale, tiek didziausias stebétas pikas sumazéjo,

atitinkamai, iki 90,8 nm ir 82,0 nm (3.6 pav. (d—f), 3.1 lentel¢). Tai i
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dalies patvirtina zeta potencialo analizés metu padarytas iSvadas apie
aukstesnj, 40 nm dydzio, Au-ND koloidinio tirpalo stabiluma.
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3.6 pav. Aukso nanodaleliy hidrodinaminio dydzio analizé Nanosight
analizatoriumi praéjus 0, 3 ir 24 val. po ultragarsinio dispergavimo (5
nm, atitinkamai, a-c; 40 nm, atitinkamai, d—f)

Fig. 3.6. Hydrodynamic size analysis of gold nanoparticles using Nanosight

analyzer at 0, 3, and 24 h after sonication (5 nm, respectively, a—c;

40 nm, respectively, d—f). X-axis — size (nm), Y-axis — concentration

(particles/mL)

Tyrimuose su 13 ir 50 nm dydzio Al,O3-ND nustatyta, kad
mazesnés nanodalelés (13 nm) yra linkusios aglomeruoti Igsteliy
mitybingje terp¢je. Vidutinis daleliy dydis pra¢jus O val., 1 val. ir 24
val. po ultragarsinio dispergavimo padidéjo, atitinkamai, 14,7, 19,6 ir
12,5 karty, lyginant su pirminiu, gamintojo nurodytu dydziu. O
didziausi pikai stebéti, atitinkamai, ties 173 nm, 122 nm ir 130 nm (3.7
pav. (a—c), 3.1 lentel¢é)
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3.7 pav. Aliuminio oksido nanodaleliy hidrodinaminio dydzio analizé
Nanosight analizatoriumi pra¢jus 0, 1 ir 24 val. po ultragarsinio
dispergavimo (13 nm, atitinkamai, a—c); 50 nm, atitinkamai, d—f)

Fig. 3.7. Hydrodynamic size analysis of alumina oxide nanoparticles using
Nanosight analyzer at 0, 1, and 24 h after sonication (13 nm,
respectively, a—c,; 50 nm, respectively, d—f). X-axis — size (nm), Y-axis
— concentration (particles/mL)

Palyginimui, didesnés aliuminio oksido nanodalelés (50 nm)
lasteliy mitybingje terpéje buvo stabilesnés ir dalinai iSlaiké savo
pirminj dydj (74—77 nm), o vidutinis daleliy dydis skirtingy matavimy
metu (0 val., 1 val., 24 val. po ultragarsinio dispergavimo), atitinkamai,
buvo tik 4, 3 ir 2,5 kartus didesnis né pirminis ND dydis (3.7 pav. (d—
f), 3.1 lentelé).

Silicio dioksido nanodaleliy hidrodinaminio dydzio analizés
metu nustatyta, kad nepriklausomai nuo tirpalo inkubacijos laiko (0
val., 1 val. ar 24 val.) vidutinis SiO>-ND dydis tirpale buvo 20-30 karty
didesnis nei jy pirminis dydis (10-20 nm), o didziausi pikai stebéti,
atitinkamai, ties 335 nm, 147 nm ir 390 nm (3.8 pav., 3.1 lentele).
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3.8 pav. Silicio dioksido nanodaleliy hidrodinaminio dydZio analizé
Nanosight analizatoriumi pra¢jus 0, 1 ir 24 val. po ultragarsinio

dispergavimo, atitinkamai, a—c

Fig. 3.8. Hydrodynamic size analysis of silica nanoparticles using Nanosight
analyzer at 0, 1, and 24 h after sonication (respectively, a—c). X-axis

— size (nm), Y-axis — concentration (particles/mL)

Taigi, nors silicio dioksido nanodaleliy aglomeracija lasteliy
mitybingje terpéje buvo akivaizdi, svarbu paminéti, kad dalelés, kuriy
dydis yra apie 10 nm, tirpale gali biiti uzdengiamos didesniy
aglomeraty, ir dél to matavimo metu maZesnés frakcijos néra
fiksuojamos [120].

PrieSingai, tyrimuose su polistireno nanodalelémis nustatyta,
kad iSkart po ultragarsinio dispergavimo didZiausias pikas, Zymintis
didziausig tam tikro dydzio daleliy kieki, buvo 79 nm, o vidutinis
daleliy dydis RPMI 1640 lIasteliy mitybinéje terpéje buvo 114,9 nm.
Pragjus 3 val. po ultragarsinio dispergavimo, nustatyta, kad daugiausia
daleliy buvo 105 nm dydzio, o vidutinis daleliy dydis tirpale — 202 nm.
Idomu tai, kad po ilgalaikés inkubacijos (24 val.), aglomeracijos lygis

Koncentracija (dalelés/ mL)
Koncentracija (dalelés/ mL)

Koncentracija (dalelés/ mL)

Dydis (nm) Dydis (nm)

Dydi.s (nm)

sumazéjo. Nustatyta, kad vidutinis PS-ND dydis tirpale sieké 47,5 nm,
daugiausiai daleliy tirpale buvo 17 nm dydzio (3.9 pav., 3.1 lentele).

3.9 pav. Polistireno nanodaleliy hidrodinaminio dydzio analizé Nanosight
analizatoriumi pra¢jus 0, 3 ir 24 val. po ultragarsinio dispergavimo,
atitinkamai, a, b ir ¢

Fig. 3.9. Hydrodynamic size analysis of polystyrene nanoparticles using
Nanosight analyzer at 0, 3, and 24 h after sonication (respectively, a—
¢). X-axis — size (nm), Y-axis — concentration (particles/mL)
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Tikétina, kad Zemesnis aglomeracijos lygis ir maZesnis ND
dydis po 24 valandy inkubacijos matomas dél galimo didesniy
aglomeraty nusédimo | mégintuvélio dugng.

3.2 Nanodaleliy patekimo j lastel¢ analize

Nanodaleliy  patekimas | Zmogaus periferinio  kraujo
vienbranduoles lasteles vertintas FACSCalibur tékmés citometru (BD
Biosciences) skirtingy donory lasteles 24 val. veikiant skirtingomis
nanodaleliy koncentracijomis (2.4 lentelé¢). Nanodaleliy internalizacija
nustatyta vertinant Soninés Sviesos sklaidos (SSC) intensyvuma.
Santykinis ND internalizacijos lygis, iSreikStas kartais (angl. fold-
increase), kuris buvo apskaiciuotas lyginant SSC intensyvuma lastelése
paveiktose nanodalelémis su SSC intensyvumu neigiamoje kontroléje
(0 pg/mL).

Kobalto oksido nanodaleliy tyrimo metu nustatyta, kad Co304-ND
efektyviai pateko | Zmogaus periferinio kraujo vienbranduoles lasteles
(3.10 pav.). Lyginant su neigiama kontrole, SSC intensyvumas
padidéjo beveik 1,4, 1,9, ir 2 karto, kai ZPKVL buvo veikiamos,
atitinkamai, 40, 80 ir 160 pg/mL 10-30 nm Co030s-ND. Lasteles
veikiant tomis paciomis <50 nm dydzio Co304-ND koncentracijomis,
SSC intensyvumas, palyginti su neigiama kontrole, padid¢jo,
atitinkamai, 1,7, 2 ir 3,3 karto (3.10 pav).
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3.10 pav. C0304-ND (10-30 nm ir <50 nm) patekimo i Zmogaus periferinio
kraujo vienbranduoles lasteles analizé tékmés citometrijos metodu,
analizuojant Soninés Sviesos iSsklaidymo (SSC) intensyvumga. (a)
Grafikas, vaizduojantis SSC intensyvumo procenting isSraiskg (n=2).
Paklaidy juostos zymi standarting paklaidg (SEM). (b) Pavyzdinis
tekmés citometrijos histogramos vaizdas, rodantis SSC intensyvumo
pokyti ND paveiktose lgstelése

Fig. 3.10. Analysis of the uptake of Co3;04-NPs (10-30 nm and <50 nm) into
human PBMCs using flow cytometry, analyzing the intensity of side
scatter (SSC). (a). Graph depicting the SSC intensity changes. X-axis
— concentration (ug/mlL), Y-axis — total count (%).Error bars
represent the standard error of the mean (SEM). (b) Representative
flow cytometry histogram showing changes in SSC intensity in
nanoparticle-treated cells. X-axis — SSC intensity, Y-axis — total count
(%)

35 nm dydzio PVP-Ag-ND patekimo | lastel¢ analizés metu
nustatyta, kad 35 nm dydzio PVP-Ag-ND taip pat efektyviai patenka |
ZPKVL. Lyginant su neigiama kontrole, SSC intensyvumas lastelése,
paveiktose PVP-Ag-ND (10, 20, 50 pg/mL), padid¢jo, atitinkamai
1,16, 1,57 ir 2,75 kartus. Be to, nustatyta statistiSkai reikSminga
priklausomybeé tarp Ag-ND koncentracijos ir ND internalizacijos lygio
(R?=0,99, P =0,006) (3.11 pav.).
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3.11 pav. PVP-Ag-ND (35 nm) patekimo j Zmogaus periferinio kraujo
vienbranduoles lgsteles analizé tékmés citometrijos metodu,
analizuojant Soninés Sviesos iSsklaidymo (SSC) intensyvumga. (a)
Grafikas, vaizduojantis SSC intensyvumo procenting iSraiska. (b)
Pavyzdinis t¢kmeés citometrijos histogramos vaizdas, rodantis SSC
intensyvumo pokytj ND paveiktose lastelése

Fig. 3.11. Analysis of the uptake of PVP-Ag-NPs into human PBMCs using
flow cytometry, analyzing the intensity of side scatter light (SSC). (a)
Graph depicting the SSC intensity changes. X-axis — concentration
(ug/mlL), Y-axis — total count (%). (b) Representative flow cytometry
histogram showing changes in SSC intensity in nanoparticle-treated
cells. X-axis — SSC intensity, Y-axis — total count (%)

Idomu tai, kad aukso nanodaleliy vidualasteliné internalizacija
buvo ribota — po 24 val. poveikio 5 nm Au-ND, SSC intensyvumas
ZPKVL nepakito arba tapo maZesnis, lyginant su neigiama kontrole
(3.12 pav., a, b), o Iasteles veikiant 40 nm dydzio Au-ND, stebétas tik
nezymus, 1,05 ir 1,1 karty, SSC intensyvumo padidéjimas, atitinkamai,
ties 2 ir 2,5 ug/mL koncentracijomis, lyginant su neigiama kontrole
(3.12 pav., a, ¢).
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3.12 pav. 5 ir 40 nm dydzio Au-ND patekimo j zmogaus periferinio kraujo
vienbranduoles lgsteles analizé tékmés citometrijos metodu,
analizuojant Soninés Sviesos i$sklaidymo (SSC) intensyvuma. (a)
Grafikas, vaizduojantis SSC intensyvumo procenting israiska. (b-c)
Pavyzdinis t¢kmeés citometrijos histogramos vaizdas, rodantis SSC
intensyvumo pokytj, atitinkamai, 5 ir 40 nm dydzio Au-ND
paveiktose lastelése

Fig. 3.12. Analysis of the uptake of Au-NPs (5 nm and 40 nm) into human
PBMCs using flow cytometry, analyzing the intensity of side scatter
(SSC). (a) Graph depicting the SSC intensity changes. X-axis —
concentration (ug/mL), Y-axis — total count (%). (b-c) Representative
flow cytometry histogram showing changes in SSC intensity in,
respectively, 5 nm and 40 nm size nanoparticle-treated cells. X-axis
— SSC intensity, Y-axis — total count (%)

PrieSingai, aliuminio oksido nanodalelés j zmogaus periferinio
kraujo vienbranduoles lasteles pateko efektyviai. Lyginant su neigiama
kontrole, 13 nm dydzio ALLOs-ND (40, 80, 100, 160 pg/mL) SSC
intensyvumg padidino, atitinkamai, 1,9, 2,8, 2,5 ir 3 karto (3.13 pav. a,
b). Po 24 val. poveikio 50 nm dydzio Al,O3-ND, SSC intensyvumas
PKVL padidéjo, atitinkamai, 2,9, 2,8, 3,5 ir 3,6 kartus (3.13 pav. a, c).
Nors didesnés nanodalelés | lasteles pateko efektyviau, lyginant su
mazesnémis, statistiSkai reikSminga priklausomybé¢ tarp Al.O3-ND
koncentracijos ir internalizacijos lygio buvo stebéta tik su 13 nm dydzio
ND (R?= 0,85, P =0,026).
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3.13 pav. 13 ir 50 nm dydzio aliuminio oksido nanodaleliy patekimo j

zmogaus periferinio kraujo vienbranduoles lgsteles analizé tékmés
citometrijos metodu, analizuojant Soninés Sviesos iSsklaidymo
intensyvuma (SSC). (a) Grafikas, vaizduojantis SSC intensyvumo
procenting iSraiskg. (b—c) Pavyzdinis tékmés citometrijos
histogramos vaizdas, rodantis SSC intensyvumo pokytj, atitinkamai,
13 ir 50 nm dydzio Al,O3; ND paveiktose lastelése

Fig. 3.13. Analysis of the uptake of gold nanoparticles (13 nm and 50 nm)

into human PBMCs using flow cytometry, analyzing the intensity of
side scatter (SSC). (a) Graph depicting the SSC intensity changes. X-
axis — concentration (ug/mlL), Y-axis — total count (%). (b—c)
Representative flow cytometry histogram showing changes in SSC
intensity in, respectively, 13 nm and 50 nm size nanoparticle-treated
cells. X-axis — SSC intensity, Y-axis — total count (%)

Panasi tendencija stebéta ir tyrimuose su silicio dioksido

nanodalelémis. Tyrimo metu nustatyta, kad silicio dioksido nanodalelés

efektyviai patenka | Zmogaus periferinio kraujo vienbranduoles

lasteles. Po 24 val. poveikio skirtingomis SiO2-ND koncentracijomis
(40, 80, 100, 160 pg/mL), SSC intensyvumas ZPKVL padidéjo,
atitinkamai, beveik 2,4, 2,2, 2.3 ir 1,6 kartus, lyginant su neigiama
kontrole (3.14 pav.).
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3.14 pav. Silicio dioksido nanodaleliy patekimo i Zzmogaus periferinio kraujo
vienbranduoles lgsteles analizé tékmés citometrijos metodu,
analizuojant Soninés Sviesos iSsklaidymo intensyvuma (SSC). (a)
Grafikas, vaizduojantis SSC intensyvumo procenting iSraiska. (b)
Pavyzdinis t¢kmeés citometrijos histogramos vaizdas, rodantis SSC
intensyvumo pokyti, SiO> ND paveiktose lastelése

Fig. 3.14. Analysis of the uptake of silica nanoparticles into human peripheral
blood mononuclear cells using flow cytometry, analyzing the intensity
of side scatter (SSC). (a) Graph depicting the SSC intensity changes.
X-axis — concentration (ug/mL), Y-axis — total count (%). (b)
Representative flow cytometry histogram showing changes in SSC
intensity in nanoparticle-treated cells. X-axis — SSC intensity, Y-axis
— total count (%)

Polistireno nanodaleliy vidulgstelinés internalizacijos analizés
metu nustatyta statistiSkai reik§minga priklausomybé tarp PS-ND
koncentracijos ir SSC intensyvumo (R? = 0,97, P = 0,002). Lyginant su
neigiama kontrole, po 24 wval. poveikio skirtingomis PS-ND
koncentracijomis (10, 50, 100, 500 pg/mL) SSC intensyvumas
zmogaus PKVL padidéjo, atitinkamai, beveik 1,13,2,2,2,13, 5,4 kartus
(3.15 pav.).

69



80 ; “ WO pg/mL
1 10 pg/mL
70 | 50 pg/mL
P 100 pg/mL
S 500 pg/mL|
«» 801
g -
R S
27 ] s
] 1 3
S0 o,
= 3
s 1
o e
51 3
2 | 2
020 — 2
a1
w 1
10 4
01 PRS— , :
0 10 50 100 500 ° 250 LW 750 1000
(a) Koncentracija, pg/mL (b) SSC signalo intensyvumas

3.15 pav. Polistireno nanodaleliy patekimo j Zmogaus periferinio kraujo
vienbranduoles lgsteles analizé tékmés citometrijos metodu,
analizuojant Soninés Sviesos iSsklaidymo intensyvuma (SSC). (a)
Grafikas, vaizduojantis SSC intensyvumo procenting iSraiska. (b)
Pavyzdinis t¢kmeés citometrijos histogramos vaizdas, rodantis SSC
intensyvumo pokytj, PS-ND paveiktose lgstelése

Fig. 3.15. Analysis of the uptake of polystyrene nanoparticles into human
peripheral blood mononuclear cells using flow cytometry, analyzing
the intensity of side scatter (SSC). (a) Graph depicting the SSC
intensity changes. X-axis — concentration (ug/mlL), Y-axis — total
count (%). (b) Representative flow cytometry histogram showing
changes in SSC intensity in nanoparticle-treated cells. X-axis — SSC
intensity, Y-axis — total count (%)

Apibendrinant gautus rezultatus, Co3Os-, PVP-Ag-, Al,Os-,
SiO2- ir PS-ND efektyviai pateko | Zmogaus periferinio kraujo
vienbranduoles lasteles po 24 val. poveikio. Deja, 5 ir 40 nm dydzio
Au-ND vidulgsteliné internalizacija buvo ribota. Jdomu tai, kad 50 nm
dydzio Co0304- ir ALO3-ND ] lasteles pateko efektyviau, nei,
atitinkamai, 10-30 nm Co304-ND ir 13 nm ALLO3-ND.

3.3 ROS formavimosi analizé

Nanodaleliy gebéjimas indukuoti reaktyvigsias deguonies formas
zmogaus periferinio kraujo vienbranduolése lastelése jvertintas
FACSCalibur tékmés citometru, skirtingy donory Iasteles 24 val.
veikiant skirtingomis nanodaleliy koncentracijomis (2.4 lentel¢).
Reaktyviyjy deguonies formy lygis nustatytas panaudojus 2,7-
dichlordihidrofluoresceino diacetata (H2DCFDA) ir lyginant DCF
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fluorescencijos intensyvuma meginiuose, paveiktuose ND ir neigiamos
kontrolés méginiuose (0 pg/mL).

Tyrimuose su kobalto oksido nanodalelémis nustatyta, kad
neigiamos kontrolés meéginiuose vidutinis ROS lygis sieké 8,01 %, o
10-30 nm dydzio Co304-ND (40, 80, 160 pg/mL), sukélé nezymy ROS
kiekio padid¢jimg. Nanodalelémis paveiktuose méginiuose stebétas
DCEF fluorescencijos intensyvumas sieké, atitinkamai, 8,00 %, 10,88 %
ir 9,90 %. PrieSingai, didesnés, <50 nm dydzio, Co30s-ND, DCF
fluorescencijos intensyvumg padidino, atitinkamai, iki 11,51 %, 13,84
% ir 23,36 % (3.16 pav.).
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3.16 pav. ROS lygis zmogaus periferinio kraujo vienbranduolése lgstelése, po
24 val. poveikio skirtingomis 10-30 nm ir <50 nm Co0304ND
koncentracijomis (40-160 pg/mL). (a) Grafikas, vaizduojantis DCF
fluorescencijos intensyvumo procenting iSraiska. Paklaidy juostos
zymi standarting paklaidg (SEM). (b) Pavyzdinis t¢kmés citometrijos
histogramos vaizdas, rodantis DCF fluorescencijos intensyvumo
pokyti ND paveiktose lastelése (n=2)

Fig. 3.16. ROS levels in human PBMCs after 24 h of exposure to different
concentrations of 10-30 nm and <50 nm Co304NPs (40-160
ug/mlL). (a) Error bars represent the standard error of the mean
(SEM). X-axis — concentration (ug/mL), Y-axis — total count (%). (b)
Representative flow cytometry histogram showing changes in DCF
fluorescence intensity in nanoparticle-treated cells (n=2). X-axis —
DCF fluorescence intensity, Y-axis — total count (%)

Jdomu tai, kad nepaisant efektyvios internalizacijos j ZPKVL,
PVP-Ag-ND paveiktose lastelése ROS lygio didé¢jimas nebuvo
stebimas. PrieSingai, did¢jant nanodaleliy koncentracijai (10, 20, 50
pg/mL), DCF fluorescencijos intensyvumas, lyginant su neigiama
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kontrole (3,6 %), mazéjo (atitinkamai, 2,03 %, 0,80 %, 0,17 %) (3.17
pav.).
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3.17 pav. Reaktyviyjy deguonies formy lygis zmogaus periferinio kraujo
vienbranduolése lgstelése, po 24 val. poveikio skirtingomis PVP-Ag-
ND koncentracijomis (10-50 pg/mL). (a) Grafikas, vaizduojantis
DCF fluorescencijos intensyvumo procenting israiska. (b) Pavyzdinis
tekmés  citometrijos  histogramos vaizdas, rodantis DCF
fluorescencijos intensyvumo pokytj, ND paveiktose lastelése

Fig. 3.17 ROS levels in human PBMCs after 24 h of exposure to different
concentrations of PVP-Ag-NPs (1050 ug/mL). (a) Graph depicting
the percentage expression of DCF fluorescence intensity. X-axis —
concentration (ug/mlL), Y-axis — total count (%). (b) Representative
flow cytometry histogram showing changes in DCF fluorescence
intensity in nanoparticle-treated cells. X-axis — DCF fluorescnece
intensity, Y-axis — total count (%).

Panasi tendencija stebéta ir su Au-ND, kai nepriklausomai nuo
nanodaleliy dydzio (5 ar 40 nm), né viena tirtoji ND koncentracija
nepadidino DCF fluorescencijos intensyvumo, lyginant su neigiama
kontrole (atitinkamai, 3.18 pav., a, bir a, c).
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3.18 pav. Reaktyviyjy deguonies formy lygis Zmogaus periferinio kraujo
vienbranduolése lgstelése po 24 val. poveikio skirtingomis 5 ir 40 nm
dydzio Au-ND koncentracijomis (2-5 pg/mL). (a) Grafikas,
vaizduojantis DCF fluorescencijos intensyvumo procenting iSraiska.
(b-c) Pavyzdinis tekmés citometrijos histogramos vaizdas, rodantis
DCF fluorescencijos intensyvumo pokytj, atitinkamai, 5 ir 40 nm
dydzio Au-ND paveiktose lastelése

Fig. 3.18. ROS levels in human PBMCs after 24 h of exposure to different
concentrations of 5 nm and 40 nm Au-NPs (10-50 ug/mlL). (a) Graph
depicting the percentage expression of DCF fluorescence intensity.
X-axis — concentration (ug/mL), Y-axis — total count (%). (b-c)
Representative flow cytometry histogram showing changes in
DCF fluorescence intensity in, respectively, 5 and 40 nm size
Au-NPs-treated cells. X-axis — DCF fluorescnece intensity, Y-axis
— total count (%)

Tyrimuose su Al>O3-ND nustatyta, kad Al,O3-ND paveiktose
lastelése, ROS lygis padidéjo neZymiai, lyginant su neigiama kontrole
(7,1 %). Auksciausias DCF fluorescencijos intensyvumo lygis,
lastelése paveiktose 13 nm dydzio ND, buvo stebétas ties 160 pg/mL
koncentracija (8,17 %) (3.19 pav., a, b), o paveiktose 50 nm Al,O3-ND,
ties 100 ug/mL koncentracija (10,03 %) (3.19 pav., a, ¢).
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3.19 pav. Reaktyviyjy deguonies formy lygis Zzmogaus periferinio kraujo
vienbranduolése Igstelése po 24 val. poveikio skirtingomis 13 ir 50
nm dydzio AlO3;-ND koncentracijomis (40-160 upg/mL). (a)
Grafikas, vaizduojantis DCF fluorescencijos intensyvumo procenting
iSraisSka. (b-c) Pavyzdinis t¢kmeés citometrijos histogramos vaizdas,
rodantis DCF fluorescencijos intensyvumo pokytj, atitinkamai, 13 ir
50 nm dydzio AlLOs-ND paveiktose Iastelése

Fig. 3.19. ROS levels in human PBMCs after 24 h of exposure to different
concentrations of 13 nm and 50 nm Al,O3-NPs (40-160 ug/mlL). (a)
Graph depicting the percentage expression of DCF fluorescence
intensity. X-axis — concentration (ug/mL), Y-axis — total count (%).
(b-c) Representative flow cytometry histogram showing changes in
DCF fluorescence intensity in, respectively, 13 and 50 nm size Al,Os3-
NPs -treated cells. X-axis — DCF fluorescnece intensity, Y-axis — total
count (%)

Reaktyviyjy deguonies formy lygio did¢jimas periferinio kraujo
vienbranduolése lastelése po poveikio SiO»-ND nebuvo nustatytas. N¢é
viena tirtoji ND koncentracija nepadidino DCF fluorescencijos
intensyvumo, lyginant su neigiama kontrole (3.20 pav.).
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3.20 pav. Reaktyviy deguonies riiS§iy formy Zmogaus periferinio kraujo
vienbranduolése lgstelése po 24 val. poveikio skirtingomis SiO,-ND
koncentracijomis (40-160 pg/mL). (a) Grafikas, vaizduojantis DCF
fluorescencijos intensyvumo procenting israiskg. (b) Pavyzdinis
tekmés  citometrijos  histogramos vaizdas, rodantis DCF
fluorescencijos intensyvumo pokytj SiO,-ND paveiktose lastelése

Fig. 3.20. ROS levels in human PBMCs after 24 h of exposure to different
concentrations of Si02-NPs (40—160 ug/mlL). (a) Graph depicting the
percentage expression of DCF fluorescence intensity. X-axis —
concentration (ug/mL), Y-axis — total count (%) (b) Representative
flow cytometry histogram showing changes in DCF fluorescence
intensity in nanoparticle-treated cells. X-axis — DCF fluorescence
intensity, Y-axis — total count (%)

Tyrimuose su polistireno nanodalelémis nustatyta, kad trys
tirtos PS-ND koncentracijos (10, 50, 100 pg/mL) DCF fluorescencijos
intensyvumg padidino iki, atitinkamai, 28,50 %, 30,97 % ir 24,65 %,
kai neigiamoje kontrol¢je DCF intensyvumas buvo 23,08 % (3.21
pav.).
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3.21 pav. Reaktyviy deguonies formy lygis Zmogaus periferinio kraujo
vienbranduolése lastelése po 24 val. poveikio skirtingomis PS-ND
koncentracijomis (10-500 pg/mL). (a) Grafikas, vaizduojantis DCF
fluorescencijos intensyvumo procenting 1sralskq (b) Pavyzdinis
tekmés  citometrijos  histogramos vaizdas, rodantis DCF
fluorescencijos intensyvumo pokytj PS-ND paveiktose lastelése

Fig. 3.21. ROS levels in human PBMCs after 24 h of exposure to different
concentrations of polystyrene nanoparticles (10500 ug/mlL). (a)
Graph depicting the percentage expression of DCF fluorescence
intensity. X-axis — concentration (ug/mlL), Y-axis — total count (%) (b)
Representative flow cytometry histogram showing changes in DCF
fluorescence intensity in nanoparticle-treated cells. X-axis — DCF
fluorescnece intensity, Y-axis — total count (%)

Apibendrinant gautus rezultatus, nei viena tirta PVP-Ag-, Au-
ir Si02-ND koncentracija neindukavo ROS formavimosi, lyginant su
neigiama kontrole. Nezymis ROS lygio pokyciai stebéti lgstelése,
paveiktose Al2O3-ND. Nors 50 nm Al,O3 nanodalelés indukavo didesnj
ROS kiekj, lyginant su 13 nm ND, taciau, DCF fluorescencijos
intensyvumo pokyciai nebuvo reikSmingi, nepriklausomai nuo ND
dydzio. PS-ND ir C0o304-ND indukavo reikSminga reaktyviy deguonies
formy lygj ZPKVL. Idomu tai, kad <50 nm dydzio Co3;0s-ND
nanodalelémis (40, 80, 160 pg/mL) veiktose lastelése stebétas,
atitinkamai, 1,44, 1,3 ir 2,4 karty didesnis DCF fluorescencijos
intensyvumas, lyginant su poveikiu 10-30 nm dydzio Co3O4-ND.

3.4 Nanodaleliy genotoksiSkumo tyrimai

Nanodaleliy gebé¢jimas indukuoti pirmines DNR pazaidas, t. y.
viengrandininius ir dvigrandininius DNR triikius arba apurinines ir
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apirimidinines vietas, buvo jvertintas Sarminiu kometos testu. 5-iy
donory periferinio kraujo vienbranduolés Iastelés, 1 val. arba 3 val. ir
24 val. buvo veikiamos skirtingomis nanodaleliy koncentracijomis (2.5
lentelé). Pries kiekvieng tyrimg buvo vertinamas ND citotoksiskumas
tripano meélio arba akridino oranzo / etidzio bromido (AO/EB) testais,
siekiant jvertinti necitotoksiSkas ND koncentracijas. Nanodaleliy
aneugeninis ir klastogeninis poveikis Zmogaus periferinio kraujo
limfocitams, buvo jvertintas sustabdytos citokinezés mikrobranduoliy
testu. 3-jy donory periferinis kraujas, 24-3ja lasteliy augimo valanda
buvo veikiamas skirtingomis nanodaleliy koncentracijomis (2.6
lentelé). Kaip sudétiné metodo dalis, buvo skaifiuojamas lgsteliy
sustabdytos citokinezés proliferacijos indeksas (angl. cytokinesis-
blocked proliferation index — CBPI), dar vadinamas branduolio
dalijimosi indeksu (BDI). Co304-ND genotoksiSkumas papildomai
buvo vertinamas seseriniy chromatidziy mainy (SCM) testu (2.7
lentelé).

3.4.1 Kobalto oksido nanodaleliy citotoksiSkumo ir
genotoksiskumo tyrimai

5-iy donory (D1, D2, D3, D4, D5) periferinio kraujo vienbranduolés
lastelés, 1 ir 24 valandas buvo veiktos 10-30 nm ir <50 nm dydzio
C0304-ND (20-80 pg/mL). Pirminés DNR pazaidos buvo jvertintos
Sarminiu kometos testu. Teigiamai kontrolei naudotas vandenilio
peroksido tirpalas (20 puM), kuris neturéjo itakos Iasteliy
gyvybingumui, nors ir suké¢lé reikSminga DNR kiekio padidéjimag
kometos uodegoje (angl. fail DNA — % TDNA, toliau — TDNR) —
40,09+9,80 % (%+SEM).

N¢ viena tirtoji kobalto oksido nanodaleliy koncentracija netur¢jo
reik§mingo poveikio Igsteliy gyvybingumui, nepriklausomai nuo tirto
nanodaleliy dydzio ir inkubacijos laiko (1 ar 24 val.) (S1 priedy
lentelé). Dél to pasirinktos ND koncentracijos (20-80 pg/mL) buvo
tirtos Sarminiu kometos testu (3.22 pav., 3.23 pav.).
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3.22 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles lgsteles 1 val. ir 24 val. paveikus skirtingomis 10-30
nm dydzio Co3;0s-ND koncentracijomis. Paklaidy juostos zymi
standarting paklaida (SEM). Statistiskai reikSmingas skirtumas (P <
0,05), palyginti su neigiama kontrole, Zymimas (*) (n=5)

Fig. 3.22. Percentage of DNA in a comet tail of human PBMCs after 1 and
24 h of exposure to 10-30 nm Co3;04~NP. Error bars represent the
standard error of the mean (SEM). Statistically significant DNA
damage (P < 0,05), compared to the untreated control (0 ug/mlL) is
indicated by an asterisk (*). X-axis — concentration (ug/mlL), Y-axis
— tail intensity (%) (n=5)

Visos tirtos 10-30 nm dydzio (3.22 pav.) ir < 50 nm dydzio (3.23
pav.) Co304-ND statistiskai reikSmingai padidino DNR pazaidy kiekj
tiek po 1 valandos, tieck po 24 valandy poveikio. Taciau ilgesnis
inkubacijos su nanodalelémis, laikas (24 val.), sukélé beveik tris kartus
daugiau pirminiy DNR pazaidy, lyginant su trumpalaike inkubacija
(1 val.). Taip pat tyrimo metu buvo nustatyta statistiSkai reikSminga
priklausomybé tarp Co304-ND koncentracijy ir DNR pazaidy kiekio (P
< 0,05, Jonckheere-Terpstra testas), nors po ilgalaikés inkubacijos (24
val.) su 10-30 nm dalelémis, $i priklausomybé nebuvo linijiné.
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3.23 pav. Procentinis DNR kiekis kometos uodegoje periferinio kraujo
vienbranduoles Igsteles 1 val. ir 24 val. paveikus skirtingomis <50 nm
dydzio Co304-ND koncentracijomis. Paklaidy juostos Zymi
standarting paklaida (SEM). Statistiskai reikSmingas skirtumas (P <
0,05), palyginti su neigiama kontrole, Zymimas (*) (n=5)

Fig. 3.23. Percentage of DNA in a comet tail of human PBMCs after 1 and
24 h of exposure to <50 nm Co304NP. Error bars represent the
standard error of the mean (SEM). Statistically significant DNA
damage (P < 0,05), compared to the untreated control (0 ug/mlL) is
indicated by an asterisk (*). X-axis — concentration (ug/mlL), Y-axis
— tail intensity (%) (n=5)

Apibendrinant Sarminiu kometos metodu gautus rezultatus
nustatyta, kad tirtos 10-30 nm ir <50 nm dydzio Co304-ND sukélé
statistiSkai reikSminga, nuo koncentracijos priklausomg DNR pazaidy
kiekio padidéjimg. Duomeny analizé Wilcoxon Signed-Rank testu
parodé, kad <50 nm dydzio ND indukavo statistiskai reikSmingai
daugiau DNR trukiy nei mazesnés, 10-30 nm dydzio ND (P = 0,0012
(po 1 val.) ir P = 0,012 (po 24 val.)). Po trumpalaikés inkubacijos su
<50 nm Co030s-ND nanodalelémis reikSminga koreliacija tarp
nanodaleliy citotoksiSkumo ir DNR paZzaidy kiekio nebuvo nustatyta (rs
=-0,24, P = 0,12, Spearmano koreliacija), taciau po ilgalaikio (24 val.)
poveikio nustatyta silpna, bet statistiSkai reikSminga koreliacija (rs = -
0,33, P = 0,03). PrieSingai, reikSminga koreliacija nebuvo nustatyta
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tyrimuose su 10-30 nm Co304-ND. Idomu tai, kad tiriant abiejy dydziy
nanodaleles buvo pastebéti statistiskai reikSmingi skirtumai ne tik tarp
nanodaleliy koncentracijy, bet ir tarp donory po 1 val. poveikio (P <
0,005, dvifaktorine ANOVA) ir po 24 val. poveikio su 10-30 nm
C0304-ND (P = 0,0001, dvifaktoriné ANOVA) (S2 priedy lentele).
Pirminés DNR pazaidos papildomai tirtos seseriniy chromatidziy
mainy (SCM) testu, o ND citotoksinis efektas stebétas vertinant Igsteliy
replikacinj indeksa (RI). 3-jy donory (D2, D3, D4) periferinis kraujas
buvo veikiamas skirtingomis 10-30 nm (3.24 pav.) ir <50 nm (3.25
pav.) dydzio Co0304-ND koncentracijomis (20-60 pg/mL). Kaip
teigiama kontrolé naudotas metilmetansulfonatas (MMS), kuris beveik
penkis kartus padidino seseriniy chromatidziy mainy daznj lgstel¢je,
lyginant su neigiama kontrole.
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3.24 pav. Seseriniy chromatidziy mainy daznis ir periferinio kraujo limfocity
replikacinis indeksas juos paveikus 10-30 nm dydzio Co3;04-ND.
Paklaidy juostos zymi standarting paklaidg (SEM). Statistiskai
reikSmingas skirtumas (P < 0,05), palyginti su neigiama kontrole,
zymimas (*) (n=3)

Fig. 3.24. Sister chromatid exchange frequency and replication index of
human lymphocytes after exposure to 10—30 nm Co3;04NPs. Error
bars represent the standard error of the mean (SEM). Statistically
significant DNA damage (P < 0,05), compared to the untreated
control (0 ug/mL) is indicated by an asterisk (*) (n=3). X-axis —
concentration (ug/mL), Y-axis — SCE/cell, secondary Y-axis —
Replication Index
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StatistiSkai reikSmingas ir nuo koncentracijos priklausomas (P <
0,05, Jonckheere-Terpstra testas) seseriniy chromatidziy mainy kiekio
didéjimas, lyginant su neigiama kontrole, buvo nustatytas lasteles
veikiant 30-60 pg/mL 10-30 nm dydzio nanodalelémis (3.24 pav.) ir
20-60 pg/mL <50 nm dydzio Co3;04-ND (3.25 pav.). MaZesnés
nanodalelés neturé¢jo reikSmingo poveikio lasteliy replikacijos
efektyvumui, tac¢iau dvi <50 nm dydzio Co3O4s-ND koncentracijos (40
ir 50 pg/mL) reikSmingai sumaZino lasteliy replikacin] indeksa,
lyginant su neigiama kontrole (3.25 pav.). Be to, buvo nustatyta
statistiSkai reikSminga neigiama koreliacija tarp SCM daznio ir lastelés
replikacinio indekso po poveikio abiejy dydziy (10-30 nm ir <50 nm)
nanodalelémis (atitinkamai, rs = —0,55, P = 0,02 ir s, = — 0,47, P =
0,005). Dvifaktorinés ANOVA analizés metu nustatyta, kad SCM
dazniui reik§Smingos jtakos turéjo ne tik 10-30 nm dydzio nanodaleliy
koncentracijos, bet ir donorai. Nors abu Sie faktoriai netur¢jo
reikSmingos jtakos tyrimuose su <50 nm Co304-ND (S2 priedy lentel¢).
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3.25 pav. Seseriniy chromatidziy mainy daznis ir periferinio kraujo limfocity
replikacinis indeksas juos paveikus <50 nm dydZio Co3O4-ND.
Paklaidy juostos zymi standarting paklaidg (SEM). Statistiskai
reikSmingas skirtumas (P < 0,05), palyginti su neigiama kontrole,
zymimas (*) (n=3)

Fig. 3.25. Sister chromatid exchange frequency and replication index of
human lymphocytes after exposure to <50 nm Co3O4NPs. Error bars
represent the standard error of the mean (SEM). Statistically
significant DNA damage (P < 0,05), compared to the untreated
control (0 ug/mL) is indicated by an asterisk (*) (n=3). X-axis —
concentration (ug/mL), Y-axis — SCE/cell, secondary Y-axis —
Replication Index

Siekiant jvertinti Co3O4-ND aneugeninj ir klastogeninj poveikj
buvo atliktas sustabdytos citokinezés mikrobranduoliy testas. 3 donory
periferinis kraujas (D1, D2, D3), 24-3j3 lasteliy augimo valandg buvo
veikiamas skirtingomis 10-30 nm ir <50 nm dydZio C0304-ND (20-60
ug/mL) koncentracijomis. Kaip teigiama kontrol¢ naudotas
doksorubicinas (45 pg/mL), kuris mikrobranduoliy daznj padidino 6,1
karto, lyginant su neigiama kontrole (0 pg/mL).

1030 nm dydzio nanodalelés reikSmingai padidino
mikrobranduoliy daznj, Igsteles veikiant 20, 30, 40, ir 60 ug/mL ND
koncentracijomis. Lyginant su neigiama kontrole, mikrobranduoliy
daznis padidéjo, atitinkamai, 2,4, 2,8, 2,9 ir 2,3 kartus (3.26 pav.),
taciau dozin¢ priklausomybé nenustatyta (P = 0,12, Jonckheere-
Terpstra testas). Taciau Co304-ND, kuriy pirminis dydis <50 nm,
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sukele statistiSkai reikSmingg ir nuo koncentracijos priklausoma (P =
0,008, Jonckheere-Terpstra testas) mikrobranduoliy daznio padidéjima
ties 30, 40, 50, ir 60 pg/mL koncentracijomis (stebétas, atitinkamai, 3,3,
3,8, 3,6 ir 3,5 karty MB daznio padid¢jimas, lyginant su neigiama
kontrole) (3.27 pav.).
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3.26 pav. Mikrobranduoliy daznis dvibranduolése lastelése ir branduolio
dalijimosi indeksas (BDI), periferinio kraujo limfocitus paveikus 10—
30 nm dydzio Co304-ND. Paklaidy juostos Zymi standarting paklaida
(SEM). Statistiskai reikSmingas skirtumas (P < 0,05), palyginti su
neigiama kontrole, Zymimas (*) (n=3)

Fig. 3.26. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to 10—-30 nm Co304NPs.
Error bars represent the standard error of the mean (SEM).
Statistically significant DNA damage (P < 0,05) compared to the
untreated control (0 ug/mlL) is indicated by an asterisk (*) (n=3). X-
axis — concentration (ug/mlL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI
Tirty nanodaleliy citotoksiSkumas buvo apskaiciuotas 1§
BDI/CBPI duomeny. Nustatyta, kad <50 nm dydZzio nanodalelés tur¢jo
stipresnj poveikj lgsteliy gyvybingumui, lyginant su mazesnémis
C0304-ND. Didziausios tirtos 10-30 nm dydzio nanodaleliy
koncentracijos (50 ir 60 pg/mL) Iasteliy gyvybinguma sumazino iki,

atitinkamai, 65 % ir 73 %, o tos pacios <50 nm dydzio nanodaleliy
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koncentracijos, lasteliy gyvybinguma sumazino, atitinkamai, beveik iki
54 % ir 49 % (S3 priedy lentel¢). Be to, buvo nustatyta statistiSkai
reik§Sminga neigiama koreliacija tarp 10-30 nm (3.26 pav.) ir <50 nm
(3.27 pav.) Co304-ND paveikty lasteliy BDI ir mikrobranduoliy daznio
(atitinkamai, rs = —0,56, P = 0,01 ir rs = —0,72, P = 0,001).
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3.27 pav. Mikrobranduoliy daznis dvibranduolése lastelése ir branduolio
dalijimosi indeksas (BDI), periferinio kraujo limfocitus paveikus <50
nm dydzio Co304-ND. Paklaidy juostos Zymi standarting paklaida
(SEM). Statistiskai reikSmingas skirtumas (P < 0,05), palyginti su
neigiama kontrole, Zymimas (*) (n=3)

Fig. 3.27. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to <50 nm Co304NPs.
Error bars represent the standard error of the mean (SEM).
Statistically significant DNA damage (P < 0,05) compared to the
untreated control (0 ug/mlL) is indicated by an asterisk (*) (n=3). X-
axis — concentration (ug/mlL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI
Apibendrinant citogeneting analize, abiejy dydziy kobalto
nanodalelés reikSmingai padidino DNR pazaidy kieki Zmogaus
periferinio kraujo limfocituose. <50 nm dydzio Co0304-ND sukéle
daugiau DNR pazaidy, lyginant su mazesnémis Co0304-ND. Be to,
didesnés nanodalelés statistiSkai reikSmingai sumazino lasteliy

replikacinj (RI) ir proliferacijos (BDI arba CBPI) indeksus. Idomu tai,
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kad kaip ir Sarminio kometos testo metu, nustatyti statistiSkai
reikSmingi skirtumai tarp donory, nepriklausomai nuo Co304-ND
dydzio (dvifaktoriné ANOVA, P <0,05) (S2 priedy lentel¢).
3.4.2 Sidabro nanodaleliy citotoksiskumo ir genotoksiSkumo
tyrimai

PVP-Ag-ND citotoksiSkumas nustatytas tripano mélio ir/ arba
AO/EB testais, ZPKVL, 1 ir 24 val. veikiant skirtingomis ND
koncentracijomis. CitotoksiSkumo tyrimai su 35 nm dydzio PVP-Ag-
ND atlikti su 5 donory lagstelémis (D2, D3, D6, D7, D9) ir nustatyta,
kad po trumpalaikés inkubacijos (1 val.), kelios ND koncentracijos (20,
80 ir 100 pg/mL) statistiSkai reikSmingai sumazino lasteliy
gyvybingumg, tac¢iau gyvybingumas nesumaz¢jo daugiau nei 20 %.
PrieSingai, po 24 val. inkubacijos, Ag-ND koncentracijos, didesnés nei
30 ug/mL turéjo citotoksinj poveiki (S4 priedy lentelé), tad siekiant
iSvengti klaidingai teigiamy (angl. false positive) kometos tyrimo
rezultaty, su Siomis ND koncentracijomis tolimesni tyrimai neatlikti.

35 nm PVP-Ag-ND geb¢jimas indukuoti pirmines DNR pazaidas
buvo jvertintas Sarminiu kometos metodu, 5 donory periferinio kraujo
vienbranduoles Igsteles (D2, D3, D6, D7, D9), 1 ir 24 val. veikiant
skirtingomis PVP-Ag-ND koncentracijomis (5-100 ug/mL). Kaip
teigiama kontrol¢ naudotas vandenilio peroksido tirpalas (20 uM),
kuris netur¢jo jtakos lgsteliy gyvybingumui, taciau sukélé statistiSkai
reikSmingg %TDNR padidéjimg (15,45+£3,9 % (%+SEM)). Kaip
tirpiklio kontrolé¢ naudotas 0,2 % polivinilpirolidono (PVP) tirpalas.
Kaip pavaizduota 3.28 paveiksle, tiek po 1 val. inkubacijos, tiek po 24
val. inkubacijos, visos tirtos PVP-Ag-ND koncentracijos indukavo
statistiSkai reikSmingg DNR paZzaidy kiekio padidéjima, lyginant su
tirpiklio kontrole. Kaip ir tikétasi, DNR pazaidy kiekis buvo nuo 3 iki
5 karty didesnis, po 24 val. inkubacijos, lyginant su DNR pazaidy
kiekiu po trumpalaikés inkubacijos (1 val.). Be to, tik po 24 val.
poveikio nustatyta reikSminga DNR pazaidy kiekio priklausomybé nuo
PVP-Ag-ND koncentracijos (P < 0,001, Jonckheere-Terpstra testas).
Idomu tai, kad tiek po ilgalaikes, tiek po trumpalaikés inkubacijos su
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PVP-Ag-ND, nustatyti reikSmingi skirtumai tarp donory (atitinkamai,
P <0,001 ir P = 0,005, Dvifaktoriné ANOVA) (S4 priedy lentele).
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3.28 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles Igsteles 1 val. ir 24 val. paveikus skirtingomis PVP-
Ag-ND koncentracijomis. Paklaidy juostos Zymi standarting paklaida
(SEM). Statistiskai reikSmingas skirtumas (P < 0,05), palyginti su
tirpiklio (PVP) kontrole, Zymimas (*) (n=5)

Fig. 3.28. Percentage of DNA in a comet tail of human PBMCs after 1 and
24 h of exposure to 35 nm PVP-Ag-NPs. Error bars represent the
standard error of the mean (SEM). Statistically significant DNA
damage (P <0,05), compared to the solvent control (PVP) is
indicated by an asterisk (*)(n=>35). X-axis — concentration (ug/mlL), Y-
axis — tail intensity (%)

m1val. 24 val.

35 nm dydzio PVP-Ag-ND sukeltos chromosominés pazaidos ir
jtaka lasteliy proliferacijai buvo vertinamos sustabdytos citokinezés
mikrobranduoliy metodu (3.29 pav.). 3 donory periferinis kraujas (D2,
D6, D9) buvo veikiamas skirtingomis 35 nm dydzio PVP-Ag-ND
koncentracijomis (5-30 pg/mL), 24 lasteliy kultiiros augimo valanda.
Kaip teigiama kontrol¢ naudotas doksorubicinas (45 pg/mL), kuris
reikSmingai padidino Iasteliy su mikrobranduoliais (MB) daznj —
7,73£0,78 %o (%0SEM).
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3.29 pav. Mikrobranduoliy daznis dvibranduolése lastelése ir branduolio
dalijimosi indeksas (BDI), periferinio kraujo limfocitus paveikus
PVP-Ag-ND. Paklaidy juostos Zymi standarting paklaida (SEM)
(n=3)

Fig. 3.29. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to 35 nm PVP-Ag-NPs.
Error bars represent standard error of the mean (SEM) (n=3). X-axis
— concentration (ug/mlL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI

Po poveikio PVP-Ag-ND reikSminga priklausomyb¢ tarp ND
koncentracijos ir MB daZznio nebuvo nustatyta (P = 0,55, Jonckheere-
Terpstra testas). Be to, nei viena tirta nanodaleliy koncentracija
neindukavo nei reikSmingo mikrobranduoliy daznio padidéjimo, nei
reikSmingy proliferacijos indekso pokyc¢iy — apskaiciuotas nanodaleliy
citotoksiSkumas nevirsijo 4 % (3.29 pav., S6 priedy lentel¢). Taciau,
dvifaktorine ANOVA analize nustatyta statistiSkai reikSminga donory
jtaka mikrobranduoliy formavimosi dazniui ir branduolio dalijimosi
indeksui (P = 0,02) (S5 priedy lentel¢).

3.4.2 Aukso nanodaleliy citotoksiSkumo ir genotoksiSkumo tyrimai

Tyrime naudotos trijy tipy aukso nanodalelés (Au-ND) — 5 nm
dydzio sferos, 40 nm dydzio sferos ir 10 nm dydzio nanovamzdeliai.
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Daleliy citotoksiskumas tirtas AO/EB dazy miSiniu, o genotoksiSkumas
jvertintas Sarminiu kometos metodu. Kadangi 10 nm nanovamzdeliai
tur¢jo citotoksinj poveikj, tolimesni tyrimai su jais nebuvo atliekami.
PrieSingai, nei viena tirta 5 nm (0,25-7,5 pg/mL) ir 40 nm (0,25-4,5
pg/mL) Au-ND koncentracija neturéjo reikSmingos jtakos Igsteliy
gyvybingumui (S7 priedy lentel¢). Kaip teigiama kontrolé naudotas
vandenilio peroksido tirpalas (20 uM), kuris nesumazino Igsteliy
gyvybingumo, tafiau sukélé statistiSkai reikSmingg %TDNR
padidéjima (14,80+0,81 % (%+SEM)). Kaip tirpiklio kontrol¢ naudotas
citratinis buferis — CB (0,2 %).

Sarminiu kometos metodu nustatyta, kad po 3 val. ir 24 val.
poveikio, visos tirtos 5 nm dydzio nanodaleliy koncentracijos sukélé
statistiSkai reikSmingus DNR pazaidy kiekio padidéjimus, lyginant su
tirpiklio kontrole. Be to, nepriklausomai nuo inkubacijos laiko su ND,
nustatyta, statistiSkai reikSminga priklausomybé tarp 5 nm dydzio Au-
ND koncentracijy ir DNR pazaidy masto (P < 0,0001, Jonckheere-
Terpstra testas) (3.30 pav.).
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3.30 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles lasteles 3 val. ir 24 val. paveikus skirtingomis 5 nm
dydzio Au-ND koncentracijomis. Paklaidy juostos Zymi standarting
paklaidg (SEM). StatistiSkai reikSmingas skirtumas (P < 0,05),
palyginti su tirpiklio kontrole (CB), Zymimas (*) (n=5)

Fig. 3.30. Percentage of DNA in a comet tail of human PBMCs after 3 and
24 h of exposure to 5 nm Au-NPs. Error bars represent the standard
error of the mean (SEM). Statistically significant DNA damage
(P < 0,05), compared to the solvent control (CB) is indicated by an
asterisk (*) (n=5). X-axis — concentration (ug/mL), Y-axis — tail
intensity (%)

Kaip pavaizduota 3.31 paveiksle, visos tirtos 40 nm dydzio aukso
nanodaleliy koncentracijos taip pat indukavo reik§minga DNR pazaidy
kiekio padidé¢jima, lyginant su tirpiklio kontrole. Taip pat, doziné
priklausomybé¢ nustatyta tiek po 3 val. (P=0,0002, Jonckheere-Terpstra
testas), tiek po 24 val. poveikio (P = 0,008).
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3.31 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles lasteles 3 val ir 24 val. paveikus skirtingomis 40 nm
dydzio Au-ND koncentracijomis. Paklaidy juostos Zymi standarting

paklaidg (SEM). StatistiSkai reikSmingas skirtumas (P < 0,05),
palyginti su tirpiklio kontrole (CB), Zymimas (*) (n=5)

Fig. 3.31. Percentage of DNA in a comet tail of human PBMCs after 3 and
24 h of exposure to 40 nm Au-NPs. Error bars represent the standard
error of the mean (SEM). Statistically significant DNA damage (P <
0,05), compared to the solvent control (CB) is indicated by an asterisk
(*) (n=35). X-axis — concentration (ug/mL), Y-axis — tail intensity (%)

Apibendrinant gautus rezultatus, 10 nm dydzio aukso
nanovamzdeliai pasizyméjo citotoksiniu efektu ZPKVL. Priesingai, 5
ir 40 nm dydzio sferos formos Au-ND, nepriklausomai nuo inkubacijos
laiko, lasteliy gyvybingumg sumaZino nereikimingai. Sarminiu
kometos metodu gauty duomeny analizé Wilcoxon Signed-Rank testu
parod¢, kad 5 nm dydzio ND indukavo statistiSkai reikSmingai daugiau
DNR pazaidy nei didesnés, 40 nm dydzio ND (P = 0,004 (po 3 val.) ir
P = 0,008 (po 24 val.)). Taip pat pastebéta statistiSkai reikSminga
priklausomybe¢ tarp 5 ir 40 nm dydzio Au-ND kocentracijy ir DNR
pazaidy kiekio tiek po 3 val., tiek ir po 24 val. poveikio. Taciau,
dvifaktorine ANOVA analizé atskleidé, kad DNR pazaidy kiekis
reikSmingai skyrési ne tik tarp skirtingomis ND koncentracijomis
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paveikty méginiy, bet ir tarp skirtingy donory (P <0,05) (S8 priedy
lentelé).

3.4.3 Aliuminio oksido nanodaleliy citotoksiSkumo ir
genotoksiskumo tyrimai

Aliuminio oksido nanodaleliy genotoksiSkumas buvo jvertintas
Sarminiu kometos ir sustabdytos citokinezés mikrobranduoliy
metodais. Sarminio kometos tyrimo metu, penkiy donory (D2, D3, D6,
D7, D9 — 13 nm ir D2, D3, D5, D7, D9 — 50 nm) periferinio kraujo
vienbranduolés lastelés, 1 val. ir 24 val. buvo veikiamos skirtingomis
ALO3-ND  koncentracijomis  (0-100 pg/mL).  Nanodaleliy
citotoksiSkumas nustatytas panaudojus AO / EB dazy miSinj. Kaip
teigiama kontrol¢ naudotas vandenilio peroksido tirpalas (20 pM),
kuris neturéjo jtakos lgsteliy gyvybingumui, taciau reikSmingai
padidino DNR pazaidy kiekj (11,1743,40 % (%+SEM)).

Nepriklausomai nuo nanodaleliy dydzio, nei viena tirta Al2O3-ND
koncentracija netur¢jo reikSmingos itakos lasteliy gyvybingumui (S9
priedy lentele). Kaip pavaizduota 3.32 pav., beveik visos tirtos, 13 nm
ALOs3-ND koncentracijos sukélé reikSminga pirminiy DNR pazaidy
kiekio padidéjima, lyginant su neigiama kontrole tiek po trumpalaikés,
tiek po ilgalaikés (iSskyrus 15 pg/mL) inkubacijos. Taciau, statistiSkai
reik§Sminga doziné priklausomyb¢ nustatyta nebuvo.
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3.32 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles lasteles 1 val. ir 24 val. paveikus skirtingomis 13 nm
dydzio AlOs;-ND koncentracijomis. Paklaidy juostos Zymi
standarting paklaidag (SEM). Statistiskai reikSmingas skirtumas (P <
0,05), palyginti su neigiama kontrole, Zymimas (*)

Fig. 3.32. Percentage of DNA in a comet tail of human PBMCs after 1 and
24 h of exposure to 13 nm Al,O3-NPs. Error bars represent the
standard error of the mean (SEM). Statistically signi]fcant DNA
damage (P < 0,05), compared to the untreated control (0
ug/mlL) is indicated by an asterisk (*) (n=5). X-axis —
concentration (ug/mlL), Y-axis — tail intensity (%)

Panasi tendencija stebéta ir tyrimuose su didesnémis, 50 nm
dydzio Al,O3-ND. Po trumpalaikio poveikio (1 val.), viena (40 pg/mL),
o po 24 val. poveikio dvi (50 ir 80 pg/mL) ND koncentracijos nesukélé
reikSmingo DNR pazaidy kiekio padidé¢jimo, lyginant su neigiama
kontrole (3.33 pav.). Idomu tai, kad po 1 val. poveikio stebéta silpna,
taciau reikSminga priklausomybé tarp ND koncentracijos ir DNR
pazaidy kiekio (P = 0,045, Jonckheere-Terpstra testas), o po 24 val.
reik§minga priklausomybé¢ stebéta nebuvo.
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3.33 pav. DNR kiekis (%) kometos uvodegoje periferinio kraujo
vienbranduoles lasteles 1 val. ir 24 val. paveikus skirtingomis 50 nm
dydzio AlOs;-ND koncentracijomis. Paklaidy juostos Zymi
standarting paklaida (SEM). Statistiskai reikSmingas skirtumas (P <
0,05), palyginti su neigiama kontrole, Zymimas (*) (n=5)

Fig. 3.33. Percentage of DNA in a comet tail of human PBMCs after 1 and
24 h of exposure to 50 nm Al,O3-NPs. Error bars represent the
standard error of the mean (SEM). Statistically significant DNA
damage (P < 0,05), compared to the untreated control (0 ug/mlL) is
indicated by an asterisk (*) (n=>5). X-axis — concentration (ug/mlL),
Y-axis — tail intensity (%)

Atlikus duomeny analiz¢ Wilcoxon Signed-Rank testu
nustatyta, kad 13 nm dydzio ND indukavo statistiskai reikSmingai
daugiau DNR pazaidy nei didesnés, 50 nm dydzio ND (P = 0,01 (po 1
val.) ir P = 0,002 (po 24 val.)). Idomu tai, kad atlikus dvifaktorine
ANOVA analizg, nepriklausomai nuo nanodaleliy dydzio ar
inkubacijos su ND laiko, reikSmingy skirtumy, tarp ND koncentracijy
nenustatyta. Tuo tarpu, nustatyti reikSmingi skirtumai tarp donory (P <
0,001, dvifaktorine ANOVA) (S10 priedy lentel¢).

Sustabdytos citokinezés mikrobranduoliy tyrimo metu,
periferinio kraujo limfocitai i§ trijy donory (D2, D7, D9), 24 Iasteliy
kultiiros augimo valandg buvo veikiami skirtingomis 13 nm (3.34 pav.)
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ir 50 nm (3.35 pav.) dydzio Al,O3-ND koncentracijomis (0—100
pg/mL). Kaip teigiama kontrolé naudotas doksorubicinas (45 pg/mL),
kuris reikSmingai padidino Igsteliy su mikrobranduoliais (MB) daznj —
13,6+3,4 %o (%0+SEM).
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3.34 pav. Mikrobranduoliy daZnis dvibranduolése lgstelése ir branduolio
dalijimosi indeksas (BDI), periferinio kraujo limfocitus paveikus 13
nm dydzio Al,O3-ND. Paklaidy juostos Zymi standarting paklaida
(SEM). Statistiskai reikSmingas skirtumas (P < 0,05), palyginti su
neigiama kontrole, Zymimas (*) (n=3)

Fig. 3.34. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to 13 nm Al;O3-NPs.
Error bars represent standard error of the mean (SEM). Statistically
significant DNA damage (P < 0,05) compared to the untreated
control (0 ug/mL) is indicated by an asterisk (*) (n=3). X-axis —
concentration (ug/mL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI

Kaip pavaizduota 3.34 pav., dvi tirtos 13 nm ALOs;-ND
koncentracijos (40 ir 100 pg/mL) indukavo  reikSminga
mikrobranduoliy daznio padidéjimg. Lyginant su neigiama kontrole,
mikrobranduoliy daznis padid¢jo, atitinkamai 3,2 ir 2,7 kartus. Be to,
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nustatyta statistiSkai reikSminga priklausomybé tarp MB daznio ir
13 nm ALO3;-ND koncentracijy (P = 0,006, Jonckheere-Terpstra
testas). Atlikus branduolio dalijimosi indekso duomeny ir ND
citotoksiSkumo analiz¢ nustatyta, kad nei viena ND koncentracija
netur¢jo reikSmingos jtakos BDI ir lgsteliy gyvybingumui — didziausia
tirta koncentracija (100 pg/mL) lasteliy gyvybinguma sumazino iki 80
% (S11 priedy lentelé).
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3.35 pav. Mikrobranduoliy daznis dvibranduolése lastelése ir branduolio
dalijimosi indeksas (BDI), periferinio kraujo limfocitus paveikus 50
nm dydzio Al,O3;-ND. Paklaidy juostos Zymi standarting paklaida
(SEM). Statistiskai reikSmingas skirtumas (P < 0,05), palyginti su
neigiama kontrole, Zymimas (*) (n=3)

Fig. 3.35. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to 50 nm Al;O3-NPs.
Error bars represent standard error of the mean (SEM). Statistically
significant DNA damage (P < 0,05) compared to the untreated
control (0 ug/mL) is indicated by an asterisk (*) (n=3). X-axis —
concentration (ug/mL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI
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Tyrimuose su 50 nm dydzio Al2O3-ND, 20, 40 ir 100 pg/mL
koncentracijos statistiSkai reikSmingai padidino mikrobranduoliy daznj
zmogaus periferinio kraujo limfocituose (3.35 pav.). Lyginant su
neigiama kontrole, mikrobranduoliy daznis padidéjo, atitinkamai, 2,6,
2,3 ir 1,9 kartus, taciau doziné priklausomybé¢ nustatyta nebuvo (P =
0,42, Jonckheere-Terpstra testas). Be to, nei viena tirta ND
koncentracija neturé¢jo reikSmingos jtakos BDI ir lasteliy
gyvybingumui, nepriklausomai nuo ND koncentracijos, lasteliy
gyvybingumas visais atvejais buvo aukstesnis nei 85 % (S11 priedy
lentelé).

3.4.4 Silicio dioksido nanodaleliy citotoksiskumo ir genotoksiSkumo
tyrimai

5 donory periferinio kraujo vienbranduolés lastelés (D2, D3,
D6, D7, D9), 1 ir 24 wval. veiktos skirtingomis SiO>-ND
koncentracijomis (0—-500 ng/mL). Kaip teigiama kontrol¢ naudotas
vandenilio peroksido tirpalas (20 uM), kuris netur¢jo itakos lgsteliy
gyvybingumui, taciau sukélé statistiSkai reikSmingg %TDNR
padidéjima.

Nustatyta, kad po 1 wval. inkubacijos, visos tirtos ND
koncentracijos, didesnés nei 150 pg/mL statistiSkai reikSmingai
sumazino lasteliy gyvybinguma (S12 priedy lentel¢). Nepaisant to,
gyvybingumas nesumaz¢jo daugiau nei 20 %, tad tolimesni tyrimai su
Siomis ND koncentracijomis buvo tgsiami. Po ilgalaikés inkubacijos,
visos tirtos SiO>-ND koncentracijos didesnés nei 60 pg/mL,
reik§mingai sumazino lasteliy gyvybinguma, o koncentracijos didesnés
nei 300 pg/mL gyvybinguma sumazino daugiau nei 20 %, lyginant su
neigiama kontrole (S12 priedy lentel¢). D¢l to tolimesni DNR pazaidy
tyrimai po 24 val. poveikio buvo vykdyti su 10-300 pg/mL SiO>-ND
koncentracijomis (3.36 pav.).
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3.36 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles lgsteles 1 val. ir 24 val. paveikus skirtingomis SiO»-
ND koncentracijomis. Paklaidy juostos Zymi standarting paklaida
(SEM). Statistiskai reikSmingas skirtumas (P < 0,05), palyginti su
neigiama kontrole (0 pg/mL), Zymimas (*)

Fig. 3.36. Percentage of DNA in a comet tail of human PBMCs after 1 and
24 h of exposure to 10-20 nm SiO>-NPs. Error bars represent the
standard error of the mean (SEM). Statistically significant DNA
damage (P < 0,05), compared to the untreated control (0 ug/mlL) is
indicated by an asterisk (*) (n=>5). X-axis — concentration (ug/mlL),
Y-axis — tail intensity (%)

Kaip pavaizduota 3.36 pav., nepriklausomai nuo inkubacijos laiko,
visos tirtos SiO2-ND koncentracijos indukavo statistiSkai reikSmingg ir
nuo koncentracijos priklausomga DNR pazaidy kiekio padidéjima (P <
0,001, Jonckheere-Terpstra testas). Po 24 val. poveikio, koncentracijos,
didesnés nei 100 pg/mL sukélé, nuo 2,4-5,9 karty daugiau DNR
pazaidy, nei tos pacios koncentracijos po 1 val. poveikio. Be to,
reik§mingi skirtumai buvo stebéti ne tik tarp tirty ND koncentracijy, bet
ir tarp donory, po 1 val. ir 24 val. poveikio (atitinkamai, P = 0,02 ir P =
0,0001, dvifaktorine ANOVA) (S13 priedy lentele).

Si0>-ND genotoksiskumas ir jtaka lasteliy proliferacijos greiciui
papildomai jvertinta sustabdytos citokinezés mikrobranduoliy metodu
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(3.37 pav.). Periferinis kraujas i§ 3 skirtingy donory (D2, D6, D7) buvo
veiktas skirtingomis SiO2-ND koncentracijomis (50-200 pg/mL), 24-3
kultiros augimo valanda. Kaip teigiama kontrol¢ naudotas
doksorubicinas (45 pg/mL), kuris reikSmingai padidino Iasteliy su
mikrobranduoliais (MB) daznj — 28,3+10,2 %o (%0+SEM).
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3.37 pav. Mikrobranduoliy daznis dvibranduolése lastelése ir branduolio
dalijimosi indeksas (BDI), periferinio kraujo limfocitus paveikus
SiO, ND. Paklaidy juostos zymi standarting paklaidg (SEM) (n=3)

Fig. 3.37. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to 10—-20 nm SiO>-NPs.
Error bars represent standard error of the mean (SEM) (n=3). X-axis
— concentration (ug/mL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI

Nors buvo nustatyta statistiSkai reikSminga priklausomybé tarp
nanodaleliy koncentracijos ir mikrobranduoliy daznio (P = 0,01,
Jonckheere-Terpstra testas ), nei viena tirta SiO>-ND koncentracija
reikSmingos jtakos mikrobranduoliy dazniui neturéjo (3.37 pav.).
Lyginant su neigiama kontrole, mikrobranduoliy daznis lastelése,
veiktose SiO» ND koncentracijomis (50, 100, 150 ir 200 pg/mL)
padid¢jo, atitinkamai tik 1, 1,4, 1,2 ir 1,7 kartus. Be to, nei viena SiO»-
ND koncentracija neturéjo reikSmingos jtakos lasteliy branduolio
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dalijimosi greiciui (3.37 pav.). I$ BDI duomeny apskaiciavus tiriamyjy
nanodaleliy citotoksiSkuma, nustatyta, kad SiO, ND néra citotoksiskos
zmogaus limfocitams. Stipriausig poveiki Iasteliy gyvybingumui turéjo
150 ir 200 pg/mL ND koncentracijos, kurios lasteliy gyvybinguma
sumazino nereikSmingai, iki, atitinkamai, 85 % ir 90 % (S14 priedy
lentelé).

3.4.5 Polistireno nanodaleliy citotoksiSkumo ir genotoksiskumo
tyrimai

Polistireno nanodaleliy citotoksiSkumas ir jtaka pirminiy
DNR pazaidy formavimuisi buvo jvertinta, atitinkamai, AO/EB testu ir
Sarminiu kometos metodu, 5 donory (D2, D6, D7, D8, D9) periferinio
kraujo limfocitus 3 val. ir 24 valandas veikiant skirtingomis PS-ND
koncentracijomis (0-100 pg/mL). Kaip teigiama kontrol¢ naudotas
vandenilio peroksido tirpalas (20 uM), kuris netur¢jo itakos lgsteliy
gyvybingumui, taciau sukélé statistiSkai reikSmingg %TDNR
padidéjimg (15,45+3,9 % (%+SEM)).

Nustatyta, kad nepriklausomai nuo inkubacijos laiko, nei
viena tirta PS-ND koncentracija netur¢jo reikSmingos jtakos lasteliy
gyvybingumui (S15 priedy lentelé). Analizuojant Sarminiu kometos
metodu gautus rezultatus nustatytas nuo PS-ND koncentracijos
priklausomas DNR pazaidy kiekio didé¢jimas po 3 ir 24 val. poveikio (P
< 0,001, Jonckheere-Terpstra testas). Visos tirtos PS-ND
koncentracijos reikSmingai padidino DNR pazaidy kiekj, palyginti su
neigiama kontrole (3.38 pav.). Be to, nustatyta, kad DNR pazaidy
kiekiui reikSmingos jtakos tur¢jo ne tik skirtingos PS-ND
koncentracijos, bet ir skirtingi donorai (P < 0,001, dvifaktoriné
ANOVA) (S16 priedy lentelé).
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3.38 pav. DNR kiekis (%) kometos uodegoje periferinio kraujo
vienbranduoles lasteles 3 val. ir 24 val. paveikus skirtingomis
polistireno nanodaleliy koncentracijomis. Paklaidy juostos zymi
standarting paklaida (SEM). Statistiskai reikSmingas skirtumas (P <
0,05), palyginti su neigiama kontrole, Zymimas (*) (n=5).

Fig. 3.38. Percentage of DNA in a comet tail of human PBMCs after 3 and
24 h of exposure to 80 nm PS-NPs. Error bars represent the standard
error of the mean (SEM). Statistically significant DNA damage
(P < 0,05), compared to the untreated control (0 ug/mlL) is indicated
by an asterisk (*) (n=>5). X-axis — concentration (ug/mlL), Y-axis — tail
intensity (%)

Siekiant jvertinti klastogeninj ir aneugeninj polistireno
nanodaleliy poveikj, atlikti sustabdytos citokinezés mikrobranduoliy
tyrimai ir jvertintas proliferacijos indeksas Iastelése, paveiktose
polistireno nanodalelémis. 24-3 lasteliy augimo valanda, 3 donory (D2,
D7, D9) periferinis kraujas buvo paveiktas skirtingomis PS-ND
koncentracijomis (25-125 pg/mL). Kaip teigiama kontrol¢ naudotas
doksorubicinas (45 pg/mL), kuris statistiskai reikSmingai padidino MB
daznj. Kelios polistireno nanodaleliy koncentracijos (50, 75, 125
pg/mL) indukavo statistiSkai reikSmingg mikrobranduoliy daznio
padidéjimg — lyginant su neigiama kontrole, mikrobranduoliy daznis
padidé¢jo, atitinkamai, 3,6, 3,5 ir 3,1 kartus (3.39 pav.). Taciau
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reik§minga priklausomybé tarp MB daznio ir ND koncentracijy nebuvo
nustatyta (P = 0,12, Jonckheere-Terpstra testas).
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3.39 pav. Mikrobranduoliy daznis dvibranduolése Iastelése ir lasteliy
proliferacijos indeksas, periferinio kraujo limfocitus paveikus PS-
ND. Paklaidy juostos zZymi standarting paklaida (SEM). Statistiskai
reikSmingas skirtumas (P < 0,05), palyginti su neigiama kontrole
zymimas (*) (n=3)

Fig. 3.39. Frequency of micronuclei in binucleated cells and nuclear division
index of human lymphocytes after exposure to 80 nm PS-NPs. Error
bars represent standard error of the mean (SEM). Statistically
significant DNA damage (P < 0,05) compared to the untreated
control (0 ug/mL) is indicated by an asterisk (*) (n=3). X-axis —
concentration (ug/mL), Y-axis — frequency of micronuclei (%o),
secondary Y-axis — NDI / CBPI

Analizuojant PS ND jtakg Iagsteliy branduolio dalijimosi
indeksui, nustatytas nuo ND koncentracijos priklausomas BDI
sumazejimas (3.39 pav.). Be to, panaudojant BDI duomenis buvo
apskaiciuotas tirty nanodaleliy citotoksiSkumas. Nustatyta, kad
didZiausios tirtos PS ND koncentracijos (100, 125 ir 150 pg/mL)
lasteliy gyvybinguma sumazino labiausiai, iki, atitinkamai, 80 %, 83 %
ir 79 % (S17 priedy lentel¢).
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4. REZULTATU APTARIMAS

Siame darbe tirta 11 skirtingy nanodaleliy tipy: kobalto oksido (10—
30 nm ir <50 nm), sidabro (13 nm ir 35 nm), aukso (5 nm sferos, 10 nm
nanovamzdeliai ir 40 nm sferos), aliuminio oksido (13 nm ir 50 nm),
silicio dioksido (10—20 nm) ir polistireno (80 nm) nanodalelés. Tyrimo
metu buvo jvertintas $iy daleliy gebéjimas patekti j Zmogaus periferinio
kraujo vienbranduoles lasteles (ZPKVL) ir sukelti citotoksinj ir (arba)
genotoksinj poveiki.

Nanodaleliy sekimo analizés testu nustatyta, kad visos tirtosios
nanodalelés buvo linke aglomeruoti Igsteliy mitybinéje terpéje ir
dazniausiai buvo didesnés nei jy pirminis dydis. Nanodaleliy
aglomeracijos lygis gali turéti jtakos jy toksiSkumui, taciau vieningos
nuomoneés Sia tema néra. Murugadoss su kolegomis [121] tyré TiO»
nanodaleliy mazy ir dideliy aglomeraty toksiSkuma ir nustaté, kad
dazniausiai skirtumai tarp S$iy aglomeraty aktyvumo buvo statisiSkai
nereik§mingi. Taciau reikSmingi skirtumai buvo stebéti tyrimuose su
THP-1 lgstelémis, kur dideli TiO> aglomeratai sukélé daugiau pazaidy
nei mazi. Dél fagocitiniy lasteliy savybiy, THP-1 lastelés yra linkusios
efektyviau jsisavinti submikroninio ir mikroninio dydzio aglomeratus,
dél to buvo stebima efektyvesné dideliy aglomeraty vidulasteliné
internalizacija ir didesnis pazaidy kiekis, palyginant su poveikiu
mazaisiais TiO; aglomeratais. Misy atliktame tyrime buvo naudojamos
periferinio kraujo vienbranduolés lastelés, kur didzioji dalis lasteliy yra
limfocitai ir nedidelé dalis monocity [122], o tai galéty paaiskinti Siek
tiek efektyvesne didesniy aglomeraty internalizacijg (SiO2, Al,Os ir
t.t.), palyginti su maZesniais (Au). Magdolenova su kolegomis [123]
nustate, kad didesni ND aglomeratai yra maziau stabils, todel pavienés
nanodalelés gali nesudétingai atsipalaiduoti nuo didZiojo aglomerato ir
patekti j lastelés vidy. Be to, dideli aglomeratai yra linke greiciau
nusésti | mégintuvelio dugna, o tai gali sukelti didesnj realy poveikj ir
stipresnj toksiSkumg, palyginti su neaglomeravusiomis dalelémis.
Minétas Magdolenovos ir kolegy tyrimas parodé, kad didesni
aglomeratai sukelé reikSmingai daugiau DNR paZzaidy visose tirtose in
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vitro sistemose, o0 méginiai su mazesniais ND aglomeratais
genotoksiSko poveikio neturéjo [123]. Taigi, nuomonés apie tai, ar
nanodaleliy aglomeracija padidina ND toksiskuma, vis dar yra jvairios.
Manome, kad nors aglomeracija kai kuriais atvejais gali palengvinti ND
vidulgsteling internalizacijg, toksiSkumui jtakos turi keletas veiksniy ir
ju kombinacijos, ne tik ND aglomeracija.

Nanodalelés, patekusios i1 organizmg, gali sgveikauti su lasteliy
membranos komponentais ir patekti i lastelés vidy endocitozés biidu
[7]. Misy tyrimo metu buvo nustatyta, kad kobalto oksido (Co304)
nanodalelés, nepriklausomai nuo dydzio (10-30 nm ar <50 nm), po 24
val. inkubacijos, geba efektyviai patekti j ZPKVL. Idomu tai, kad
didesnés nanodalelés, kuriy pirminis dydi buvo <50 nm, i lasteles
pateko efektyviau, palyginti su mazesnémis. Mokslingje literattiroje
teigiama, kad optimalus nanodaleliy dydis turéty biti apie 50 nm
dydzio, kad Sios efektyviai patekty i lasteles [58,72,124] ir tai visiskai
atitinka musy tyrime gautus rezultatus. Kobalto ir kobalto oksido
nanodaleliy vidulgstelin¢ internalizacija buvo patvirtinta V79, ECV-
304 ir HepG2 lasteliy linijose [125,126]. Taciau rasta tik keletas tyrimy
su zmogaus periferinio kraujo vienbranduolémis Igstelémis:
Chattopadhyay ir kolegy [127] darbas, kurio metu buvo patvirtintas
CoO nanodaleliy patekimas j zmogaus periferinio kraujo limfocitus
(PKL) po 8 ir 12 valandy poveikio. Taip pat CoO nanodaleliy
patekimas j PKL buvo patvirtintas Colognato ir kt. [128]. Nanodalelés,
patekusios ] organizma, gali tiesiogiai arba netiesiogiai pazeisti DNR.
Vienas 1§ pagrindiniy veiksniy, turin€iy jtakos nanodaleliy
genotoksiskumui yra reaktyviyjy deguonies formy indukavimas [129].
Miisy tyrime nustatyta, kad <50 nm dydzio Co304-ND indukavo ROS
formavimasi, kai 10-30 nm dydzio nanodalelémis paveiktose lastelése
ROS lygis pakilo nezymiai, palyginti su neigiama kontrole. Anksciau
atliktuose tyrimuose buvo patvirtintas kobalto ir kobalto oksido
nanodaleliy geb¢jimas indukuoti ROS formavimasi ir pazeisti DNR
[26,130-133]. Po 72 val. poveikio su Co304-ND, Zmogaus periferinio
kraujo vienbranduolése lastelése stebétas iSauges visy tirtyjy
prieSuzdegiminiy citokiny kiekis [130]. Taip pat nustatytas didesnis
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ROS lygis limfocituose, po poveikio CoO ND [133]. Teigiama, kad nuo
kobalto oksido nanodaleliy atsipalaiduoja Co'" jonai, gebantys
aktyvinti NADPH oksidazes ir indukuoti ROS formavimasi [133].
Padidéjes ROS kiekis buvo stebétas ziurkiy skilveliy monocituose po 1
val. poveikio Co3O4 ND (5 ir 50 ug/mL) [131] ir HepG2 lastelése po
48 val. poveikio (10 ir 15 pg/mL) [132]. Taigi kobalto ir kobalto oksido
nanodalelés gali sukelti oksidacinj stresg ir indukuoti ROS formavimasi
jvairiose lasteliy linijose. Analizuojant Co3O4 ND genotoksiskumo
tyrimy rezultatus nustatyta, kad nepriklausomai nuo inkubacijos laiko
(1 ar 24 val.) Co304-ND sukélé statistiskai reikSmingg ir, daznu atveju,
nuo koncentracijos priklausomg pirminiy DNR pazaidy kiekio
did¢jimg. To paties gamintojo nanodalelés (<50 nm, CAS number
1308-06-1, Sigma-Aldrich, Inc.) buvo tirtos ir kity tyréjy. StatistiSkai
reik§mingas DNR pazaidy kiekio augimas po poveikio Co3O4 ND buvo
nustatytas V79 [126], A549, BEAS-2B [134] ir ZPKVL [12]. Miisy
tyrime buvo nustatyta, kad <50 nm dydzio nanodalelés sukelé daugiau
pirminiy DNR pazaidy, palyginti su 10-30 nm dydzio Co3;O4 ND.
Tokie rezultatai gali buti paaiskinami dél efektyvesnio <50 nm ND
patekimo j ZPKVL ir gebé¢jimo indukuoti aukstesnj ROS lygj.
Dauguma tyrimy, vertinan¢iy kobalto ir kobalto oksido nanodaleliy
genotoksin] potencialg, yra atliekami su pers¢jamomis lgsteliy
kultiromis. Dél to miisy gauti rezultatai su pirminémis Zmogaus
periferinio kraujo vienbranduolémis lastelémis, negali biiti tiesiogiai
lyginami su kity tyréjy darbais. Svarbu paminéti, kad Kometos testo
metu, kai ZPKVL yra veikiamos nanodalelémis, jos yra Go lastelés
ciklo stadijoje, o pers¢jamos lastelés yra Gi, S arba G: stadijose.
Zinoma, kad nanodalelés su lastelés branduoliu dazniausiai gali
saveikauti mitozés metu, kai branduolio membrana iSnyksta. Taigi
lastelés ciklo stadija gali turéti jtakos ND patekimui j lastele ir
toksiSkumui, kur didziausia vidulgsteliné ND internalizacija stebima
G2/M stadijy metu, o maziausia — GO/Gl stadijose [11,135].
Nanodaleliy genotoksinis potencialas gali pasireiksti d¢l nanodaleliy ir
lasteliniy struktiiry, pvz., mitozinés verpstés, mechaniniy saveiky [11],
o tai gali turéti jtakos lasteliy replikacijos ir proliferacijos greiciui ir
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padidinti aneuploidijy tikimybe [136]. Seseriniy chromatidziy mainy ir
mikrobranduoliy testy rezultatai patvirtino, kad beveik visos tirtosios
Co304 ND koncentracijos sukélé statistiSkai reikSminga ir, daznu
atveju, nuo koncentracijos priklausoma, chromosomy pazaidy kiekio
didéjimg. Kaip ir Sarminio Kometos testo metu, didesnés, <50 nm
dydzio nanodalelés sukélé daugiau chromosominiy pazaidy, palyginti
su 10-30 nm Co304 ND. Statistiskai reik§Smingas MB daznio didéjimas
taip pat buvo nustatytas Uboldi ir kolegy darbe [13], BEAS-2B Iasteles
paveikus didesnémis Co304 ND (~397 nm) [13]. PrieSingai, Co-ND
genotoksiSkumas, MB testu, nebuvo patvirtintas periferinio kraujo
limfocituose  [128,137], taCiau Siuose tyrimuose naudotos
koncentracijos buvo mazesnés (0,8—6 pg/mL) , lyginant su misy
tyrimu (20—100 pg/mL).

Sékminga vidulasteliné internalizacija buvo patvirtinta ir tyrimuose
su aliuminio oksido nanodalelémis. Kaip ir tyrimuose su Co030s4,
didesnés, 50 nm dydzio, dalelés j ZPKVL pateko efektyviau, palyginti
su mazesnémis, 13 nm dydzio, Al,03 ND. Nors ROS kiekis po 24 val.
poveikio pakito nezymiai, abiejy dydziy nanodalelés indukavo
statistiSkai reikSmingg DNR triikiy formavimasi. Jalili ir kolegy tyrime
nustatyta efektyvi 30 nm dydzio Al2O3 ND vidulastelin¢ internalizacija
Caco-2 ir HepG2 lastelése, taciau reikSmingo kiekio DNR triikiy Sios
dalelés neindukavo [138]. ReikSmingas pazaidy kiekis nenustatytas ir
zmogaus periferinio kraujo vienbranduolése lastelése jas veikiant 39
nm [12] ir 16 nm dydzio Al,Os; [139]. PrieSingai, Sliwinska su
kolegomis nustat¢ nuo koncentracijos priklausomg viengrandininiy
DNR trikiy ir oksidaciniy DNR pazaidy did¢jimg limfocituose po 24
val. poveikio 30 nm Al,O3 ND [14]. Mikrobranduoliy analizés metu
nustatytas nuo koncentracijos priklausomas MB daznio did¢jimas,
lasteles veikiant 13 nm ND, kur dvi tirtosios koncentracijos (40 ir
100 pg/mL) reikSmingai padidino MB daznj. Tyrimuose su 50 nm
ALOs; ND, trys tirtosios koncentracijos indukavo reikSmingg MB
daznio padidéjima, taCiau doziné priklausomybé nustatyta nebuvo.
Panasi tendencija stebéta ir CHO-K1 Igstelése, kur visos tirtosios =28
nm dydzio AlO; ND indukavo reikSmingg ir nuo koncentracijos
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priklausomg MB daznio augimg [140]. Nors kiti tyréjai teigia, kad
ALOs netur¢jo reikSmingos jtakos mikrobranduoliy formavimuisi in
vitro ir in vivo [141,142], tadiau Siuose tyrimuose nebuvo vertintas
nanodaleliy patekimas | Iastelés vidy arba (in vivo atveju)
pasiskirstymas audiniuose, taigi néra aiSku, ar nanodalelés i$ tikryjy
nesukeéle genotoksinio poveikio, ar tiesiog nepasieké taikinio Igstelés.
Tyrimuose su PVP dengtomis sidabro nanodalelémis nustatyta, kad
13 nm dydzio nanodalelés pasizyméjo citotoksiniu poveikiu ZPKVL,
del to tolimesni tyrimai su Siomis nanodalelémis tgsiami nebuvo.
Teigiama, kad mazesnio dydzio (5-28 nm) Ag-ND gali skatinti didesnj
katepsiny praradimg lizosomose, indukuoti vidulgstelinio K*
praradima, superoksido kiekio didéjimag mitochondrijy membranose ir
didesniy uzdegiminiy procesy indukcija, o tai gali lemti auksStesnj tokiy
ND citotoksiskuma [143]. Po 24 val. inkubacijos su 35 nm dydzio PVP-
Ag-ND, nustatyta nuo koncentracijos priklausoma vidulgsteliné ND
internalizacija ir reikSmingas pirminiy DNR pazaidy kiekio
padidéjimas, be ROS indukcijos. Kiti tyréjai taip pat demonstravo
s¢kmingg PVP-dengty sidabro nanodaleliy internalizacija Zmogaus
periferinio kraujo vienbranduolése lastelése [144—146]. Vukovic su
kolegomis nustaté ne tik nuo koncentracijos priklausomg PVP-Ag ND
internalizacijg po 1 ir 3 val. poveikio, bet ir reik§mingg pirminiy DNR
pazaidy kiekio padidéjima ZPKVL veikiant 1 pg/mL koncentracija
[144]. Taip pat, po 1 val. poveikio, PVP-Ag indukavo ROS
formavimagsi (HDCFDA), taciau po 3 val. toks poveikis stebétas
nebuvo. Manoma, kad po ilgesnés inkubacijos, pavyzdziui, 3 val. arba
24 val. (miisy tyrimo atveju), ROS lygio mazéjimas gali biiti siejamas
su efektyviu ROS neutralizavimu dél lasteliy antioksidacinés apsaugos
[147]. Idomu tai, kad kiti ROS aptikimo metodai, t.y. DHE ir DiOCg,
parod¢é reikSmingg ROS kiekio didéjimg po poveikio PVP-Ag ND
[144]. Tai jrodo, kad ROS aptikimo metody jautrumas ir specifiSkumas
gali turéti jtakos fiksuojamiems ROS tipams ir gaunamiems
rezultatams. PrieSingai, Rasmus su kolegomis ROS lygio pokyc¢ius
THP-1 monocituose tyré HxDCFDA testu po 6 ir 24 val. poveikio 69
nm dydzio PVP-Ag nanodalelémis ir nustaté reikSmingg ROS lygio
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augimg [148]. Toks neatitikimas su miisy gautais rezultatais gali buti
aiSkinamas skirtingu Igsteliy jautrumu. Monocitai yra produktyvis
ROS gamintojai, Zinomi dé¢l savo vaidmens tiesiogiai kovojant su
patogenais, o milsy tyrimuose, d¢l natiiraliai mazesnio monocity kiekio
kraujyje, vyrauja limfocitai [149]. PVP-Ag ND geb¢jimas indukuoti
pirmines DNR paZzaidas buvo patvirtintas Zmogaus plauciy epitelio
lastelese BEAS-2B ir A549 [150,151], o PVA-Ag ND indukavo
reik§mingg DNR pazaidy kiekj HepG2 ir ZPKV lastelése [152].
PrieSingai, tyrimuose su zmogaus bronchy 3D modeliu, 50 nm ir 200
nm PVP-Ag ND reikSmingo poveikio DNR pazaidy kiekiui netur¢jo
[153]. Palyginti su 2D modeliais, ND vidulasteliné internalizacija 3D
modeliuose yra naturaliai mazesné, kas gali lemti mazesnj DNR
pazaidy lygj. Nors musy tyrime beveik visos tirtos PVP-Ag ND
koncentracijos indukavo reikSminga pirminiy DNR pazaidy kiekio
augimg, né¢ viena tirtoji koncentracija netur¢jo jtakos chromosomy
pazaidy dazniui, vertintam Sustabdytos citokinezés mikrobranduoliy
testu. Sarminiu kometos testu nustatomos pirminés DNR pazaidos,
tokios kaip viengrandininiai ir dvigrandininiai DNR triikiai [95]. DNR
trikiai gali buiti iStaisyti lastelés reparacijos sistemos. D¢l Sios
priezasties, Mikrobranduoliy testu daznai stebimas mazesnis DNR
pazaidy kiekis, lyginant su Sarminio Kometos testo rezultatais [154].
Ruiz-Ruiz su kolegomis tyré¢ 35 nm ir 50 nm dydzio PVP-Ag-ND
gebéjima indukuoti mikrobranduoliy formavimasi Zzmogaus periferinio
kraujo limfocituose ir nustaté, kad né¢ viena tirtoji ND koncentracija
neturéjo reikSmingos jtakos mikrobranduoliy dazniui [155]. Panasis
rezultatai stebéti BEAS-2B lastelése, veiktose 42,5 nm dydzio PVP-Ag
ND — né¢ viena tirta ND koncentracija nesukélé statistiSkai reikSmingo
mikrobranduoliy daznio did¢jimo, taciau indukavo reikSmingg ir nuo
koncentracijos priklausoma pirminiy DNR pazaidy augimg [150].
Tyrime teigiama, kad BEAS-2B lastelés sékmingai reparavo
indukuotus DNR trukius, tad chromosomy pazaidos aptiktos nebuvo.
Taciau, didelis kiekis viengrandininiy ir dvigrandiniy DNR triikiy gali
virSyti lastelés klaidy taisymo pajégumg arba padidinti reparacijos
klaidy tikimybe ir lemti chromosominiy pazaidy atsiradima [156]. Li
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su kolegomis tyré 5 nm dydzio Ag-ND genotoksisSkumag TK6 Iastelése
ir nustate nuo koncentracijos priklausoma mikrobranduoliy daznio
did¢jima, kur 25 ir 30 pg/mL koncentracijos indukavo statistiSkai
reikSmingg skirtumg [157]. StatistiSkai reikSmingas ir nuo
koncentracijos priklausomas MB daznio did¢jimas buvo nustatytas ir
Li su kolegomis darbe [158], L5178Y ir TK6 lasteliy linijas veikiant 5
nm Ag-ND ir 5 nm PVP-Ag-ND. Tyrime teigiama, kad tirtyjy
nanodaleliy  apvalkalas  gal¢jo  turéti  reikSmingos  jtakos
genotoksiSkumo rezultatams.

Tyrimuose su aukso nanodalelémis nustatyta, kad 10 nm dydZzio
aukso nanovamzdeliai pasizyméjo citotoksiniu poveikiu ZPKVL, dél
to tolimesni genotoksiskumo tyrimai su Siomis nanodalelémis nebuvo
tesiami. Tyrime su A549 Iasteliy linija nustatyta, kad aukso
nanovamzdeliy citotoksiSkumas priklauso nuo naudojamos ND
koncentracijos, kur pagrindinis veiksnys, lemiantis citotoksinj efekta
yra oksidacinis stresas [159]. Analizuojant ND geb¢jima patekti |
ZPKVL buvo nustatyta, kad nepriklausomai nuo tirty nanodaleliy
dydzio (5 ar 40 nm) Au-ND patekimas | Zmogaus periferinio kraujo
vienbranduoles lasteles yra ribotas. Taip pat, né¢ viena tirtoji ND
koncentracija neturéjo jtakos ROS formavimuisi. Nanodaleliy
internalizacija aktyvina imunines lasteles, jskaitant makrofagus ir
neutrofilus, o tai gali skatinti reaktyviyjy deguonies formy formavimasi
[160]. Taigi, ribotas Au-ND patekimas j lasteles gali paaiskinti ROS
nebuvimg. Nepaisant to, abiejy dydziy ND indukavo statistiskai
reik§mingg ir nuo koncentracijos priklausoma DNR pazaidy kiekj po 3
ir 24 val. poveikio. Be to, mazesnés, 5 nm dydzio, nanodalelés
indukavo didesnj DNR trukiy kiekj, palyginti su didesnémis, 40 nm
dydzio Au-ND. May su kolegomis nustat¢, kad 2—4 nm dydzio Au-ND
efektyviai pateko | A549 Iasteles, bet, kaip ir musy atliktame tyrime,
neindukavo ROS formavimosi ir po 24 val. poveikio sukél¢ statistiSkai
reikSmingg DNR pazaidy kiekj [161]. PrieSingai, Paino ir kolegy tyrime
18,2 nm Au-ND indukavo reik§minga kiekji ROS HepG2 ir ZPKV
lastelése, taciau neturéjo reikSmingos jtakos DNR pazaidoms [162].
Tokie prieStaringi rezultatai tik jrodo, kad nanodaleliy
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genotoksiSkumas ir jo mechanizmas gali priklausyti nuo daugybés
veiksniy, pvz., tiriamosios lasteliy linijos, nanodaleliy sudéties, dydzio
ir poveikio laiko. Aukso nanodaleliy genotoksiskumas ir ND dydZzio
jitaka genotoksiskumui buvo patvirtinta kity tyréjy darbuose. Lebedova
su kolegomis nustate, kad 5 nm dydzio Au-ND sukéle daugiau DNR
pazaidy HBEC Iastelése nei 50 nm dydzio dalelés [120]. Taip pat 5 nm
dydzio Au-ND indukavo nuo koncentracijos priklausoma DNR pazaidy
kiek; HepG2 lastelése, kai 20 ir 50 nm dydzio dalelés Sio poveikio
netur¢jo [163]. Tokia ND dydzio jtaka jy genotoksiSkumui gali biiti
paaiskinama tuo, kad mazesnio dydzio nanodalelés paprastai turi
didesnj pavirSiaus plotg ir didesnes katalizines savybes, lemiancias
didesn;j jy toksiSkuma [164]. Taip pat, manoma, kad mazesnés aukso
nanodalelés geba iSskirti toksiSkus jonus, kurie slopina tioredoksino
reduktazés aktyvuma, taip pazeisdamos mitochondrijas ir sukeldamos
DNR pazaidas per antrinio genotoksiSkumo mechanizmus [165].
Silicio dioksido nanodaleliy tyrimuose stebétas efektyvus ND
patekimas j ZPKVL ir reikiminga pirminiy DNR pazaidy indukcija,
tac¢iau ROS lygis lgstelése po 24 val. poveikio SiO»-ND reikSmingai
nepakito. Taip pat, miisy tyrime buvo stebétas nuo koncentracijos
priklausomas MB daznio augimas, taiau né viena tirtoji ND
koncentracija MB daZnio statistiSkai reik§mingai nepadidino. Mu ir
kolegy tyrime gauti panasiis rezultatai A549, HT29 ir HaCaT Iasteliy
linijose, kur SiO2-ND efektyviai pateko | minétas lasteles ir indukavo
reikSmingg DNR trukiy kiekio padidéjimg net esant mazoms ND
koncentracijoms (0,1-10 pg/mL) [166]. Tyrime su 70 nm dydzio SiO»-
ND, buvo stebétas nuo ND koncentracijos priklausomas vidulastelinio
ROS lygio augimas HaCaT ir TLR-1 Igstelése, taciau reikSmingas DNR
pazaidy kiekis nustatytas tik HaCaT lastelése [167]. PrieSingai, nors
10-20 nm SiO,-ND gebéjo efektyviai patekti j ZPKVL ir indukuoti
ROS formavimasi, reikSmingo poveikio lasteliy gyvybingumui arba
DNR pazaidy kiekiui stebéta nebuvo [12]. Be to, atlikus Chromosomy
aberacijy testa, 100 pg/mL SiO>-ND koncentracija reikSmingos jtakos
chromosominiy pazaidy dazniui netur¢jo [12]. Panasi tendencija buvo
nustatyta ir A549 Iasteliy linijoje, kur nepriklausomai nuo nanodaleliy
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dydzio (16 ar 60 nm) ir poveikio laiko (15 min. ar 2 val.), reikSmingo
ROS lygio ir DNR trukiy kiekio didéjimo stebéta nebuvo [168].
Gonzalez ir kolegy tyrime nebuvo stebétas ir reikSmingas
mikrobranduoliy daznio didéjimas po poveikio SiO2-ND [168]. Misy
tyrime, didZiausig pirminiy DNR pazaidy kiekj indukavo didziosios
ND koncentracijos (100-300 pg/mL, po 24 val. poveikio). Taciau,
svarbu paminéti, kad analizuojant Sarminio Kometos testo rezultatus,
buvo stebéta statistiSkai reikSminga koreliacija tarp DNR trukiy ir
nanodaleliy citotoksiSkumo. Manoma, kad koncentracijos, didesnés né¢
100 pg/mL, gali sukelti klaidingai teigiamus rezultatus, tod¢l ateityje
Siy koncentracijy naudoti nerekomenduojama, o genotoksiSkumo
rezultatus geriausia vertinti méginiuose, paveiktuose iki 100 pg/mL
koncentracija [100].

Analizuojant t€kmés citometrijos tyrimy rezultatus, nustatyta, kad
po 24 val. poveikio polistireno nanodalelémis, buvo stebima efektyvi ir
nuo nanodaleliy koncentracijos priklausoma PS-ND vidulasteliné
internalizacija ir padidéjes ROS lygis ZPK VL. Naudojant molekulines
simuliacijas, Rossi ir kt. [169] nustaté, kad polistireno nanodalelés geba
prasiskverbti pro lipidines membranas, pakeisdamos membranos
struktiirg, ja suminkStindamos ir drastiSkai ribodamos molekulinj
transporta. Be to, nanoplastiko ir citoplazmos baltymy sgveikos tyrimas
[170] atskleide, kad tam tikri citoplazmos baltymai pasizymi stipriu
afiniSkumu plastiko nanodaleléms ir aplink jas geba sukurti iSorinj
baltymy sluoksnj (angl. protein corona), dél kurio nanodalelés gali
efektyviau kirsti l1astelés membrang. Rubio ir kolegy darbe [171] po 24
ir 48 val. poveikio buvo nustatytas s¢kmingas polistireno nanodaleliy
patekimas  tris limfoblastines lasteliy linijas (THP-1, TK6, Raji-B). Po
poveikio didziausia tirta koncentracija (50 pg/mL) polistireno
nanodalelés stebétos beveik visose 1gstelése. Be to, kaip ir miisy tyrime,
PS-ND indukavo ROS formavimasi TK6 ir Raji-B lasteliy linijose.
StatistiSkai reikSmingas ROS lygio did¢jimas po poveikio PS-ND taip
pat buvo patvirtintas ZPKVL, HCT116 ir Hs27 lasteliy linijose
[15,172,173]. Teigiama, kad kaip ir kitos nanodalelés, mikro- ir
nanoplastikai, DNR pazaidas gali sukelti indukuodami oksidacinj
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stresg [174]. Musy tyrime, visos tirtosios PS-ND koncentracijos
indukavo statistiSkai reik§Smingg pirminiy DNR pazaidy kiekj tiek po 3,
tiek po 24 val. poveikio ir reik§mingai padidino mikrobranduoliy daznj.
StatistiSkai reikSmingas DNR pazaidy kiekis buvo stebétas ir Raji-B ir
TK6 lasteliy linijose [171]. Be to, pastebétas skirtingas PS-ND
genotoksiSkumo mechanizmas tarp lasteliy, kur TK6 Iastelése, PS-ND
daugiausiai sukéle oksidacinius pazeidimus, o Raji-B lastelése — DNR
trikius. Stiprus PS-ND genotoksinis poveikis buvo nustatytas
monocituose ir polimorfonuklearinése (PMN) Iastelése, 24 wval.
veiktose 100 pg/mL  koncentracija, o genotoksinis poveikis
limfocituose buvo nezymus [175]. Analizuojant chromosomy pazaidas,
kaip ir miisy atliktame tyrime, PS-ND indukavo statistiSkai reikSminga
MB daznio padidéjima Hs27 ir ZPKV lastelése [173,176]. Sarma ir
kolegy tyrime taip pat buvo stebétas chromosominio tipo aberacijy
(chromosominiai trukiai, chromosominiai ziedai ir dicentrinés
chromosomos) didéjimas ZPKVL [176]. Ta¢iau tyrime naudotos daug
auksStesnés PS-ND koncentracijos (500-2000 pg/mL) né miisy
atliktame darbe, tad tiesiogiai lyginti rezultaty negalime. Be to,
remiantis naujausiomis (2024 m.) rekomendacijomis, tiriamoji
nanodaleliy koncentracija neturéty virSyti 100 pg/mL, siekiant iSvengti
klaidingai teigiamy rezultaty [100]. Analizuojant misy tyrime
pateiktus Sarminés kometos testo rezultatus, kai visos tirtos nanodaleliy
koncentracijos sukélé statistiSkai reikSminga ir nuo koncentracijos
priklausomg DNR pazaidy kiekio augima, nustatyta, kad tokios
tendencijos nebuvo stebimos analizuojant mikrobranduoliy daznj. Tai
gali buti del metody specifiSkumo, kai kometos testas jvertina pirmines
DNR pazaidas, o mikrobranduoliy testu aptinkamos chromosomy
pazaidos. Taciau idomy dalyka pastebéjo Ballesteros su kolegomis
tyrimas [175], kur buvo jvertintas skirtingy baltyjy kraujo kiineliy
(limfocity, monocity ir PMN lgsteliy) jautrumas PS-ND. Tyrimo metu
nustatyta, kad ne tik vidulgsteliné PS-ND internalizacija limfocituose
buvo ribota, bet ir tirtosios koncentracijos nesukéle reikSmingo DNR
pazaidy kiekio padidé¢jimo, palyginti su monocitais ir PMN Iastelémis,
bet monocitai ir PMN buvo jautriis PS-ND genotoksiniam poveikiui.

111



Taigi, jeigu misy tyrime, Mikrobranduoliy testo metu, mes paprastai
analizauojame tik limfocitus (dé¢l FGA, esancios lasteliy kultiiros
auginimo terp¢je), kurie yra maziau jautris PS-ND genotoksiniam
poveikiui, tai kometos tyrime, kur FGA néra naudojamas, turime
baltyjy kraujo kiineliy miSinj, kai lgstelés pasizymi skirtingu jautrumu
PS-ND. Taciau, $ig hipoteze ateityje reikéty patvirtinti.

Apibendrinant gautus rezultatus nustatyta, kad didzioji dauguma
tirtyjy nanodaleliy (Co304-ND, ALO3-ND, SiO>-ND, PVP-Ag-ND,
PS-ND) po 24 val. poveikio efektyviai pateko | Zmogaus periferinio
kraujo vienbranduoles lasteles. Vienintelés nanodalelés, kuriy
patekimo efektyvumas buvo ribotas — 5 ir 40 nm dydzio aukso
nanodalelés. Visos nanodalelés indukavo reik§Smingg pirminiy DNR
pazaidy kiekio did¢jima tiek po trumpalaikio (1 arba 3 val.), tiek po
ilgalaikio (24 wval.) poveikio, tafiau buvo stebéti skirtingi
genotoksiSkumo mechanizmai. 10-30 nm ir <50 nm dydZio kobalto
oksido, 50 nm aliuminio oksido ir polistireno nanodalelés, patekusios |
lastelés vidy gebéjo indukuoti didesnj ar mazesnj ROS formavimasi ir,
greiCiausiai, taip sukelti DNR trukius. Kitos nanodalelés (PVP-Ag,
Si0,, 13 nm Al,O3, Au), nors ir sukélé reikSmingg pirminiy DNR
pazaidy kiekj, ROS lygis Igstelése nepakito arba pakito labai nezymiai.
Tai leidZzia manyti, kad veikia kiti, su ROS nesusij¢ nanodaleliy
genotoksiSkumo mechanizmai: tiesioginé ND saveika su DNR ir
mechaninis jos pazeidimas, arba sgveika su molekulémis, atsakingomis
uz DNR replikacijg arba reparacija. Aukso nanodaleliy atveju gali buti
stebimas dar vienas genotoksiSkumo mechanizmas, kai nanodalelés
nepateko ] lagstelés vidy ir neindukavo vidulgstelinés ROS gamybos,
taiau indukavo reikSmingg DNR pazaidy kiekj. Analizuojant
chromosomy pazaidas nustatyta, kad abiejy dydziy kobalto oksido
nanodalelés ir polistireno nanodalelés suké¢lé didziausia MB daznio
didéjimg. Palyginamajame Rajiv ir kolegy tyrime [12], kur buvo
vertinamas Co30s-, Fe;03-, SiOz- ir ALO3-ND genotoksiSkumas
kometos ir mikrobranduoliy testais ZPKVL, buvo nustatyta, kad
C0304- ir Fe203-ND sukelé didziausig DNR ir chromosominiy pazaidy
kiekj, kuris buvo statistiSkai reikSmingas. SiOz- ir AlLOs3-ND
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genotoksiniu poveikiu nepasiZzymeéjo, o tai i§ dalies atitinka misy
tyrime gautus rezultatus. Jdomu tai, kad beveik visuose miisy atliktuose
genotoksiSkumo tyrimuose buvo stebéti reikSmingi skirtumai tarp
donory rezultaty, leidzian¢iy manyti apie individualy donory jautruma
skirtingoms nanodaleléms (S18 priedy lentel¢). Apie individualy
donory jautruma buvo kalbéta ir kituose tyrimuose, tiriant kobalto
genotoksiSkumg Sarminiu kometos testu [177] arba jonizuojancios
spinduliuotés poveiki mikrobranduoliy testu [178]. Siekiant jvertinti
nanodaleliy genotoksinj potencialg ir sauguma, svarbu atkreipti démesj
i egzistuojantj individualy donory jautruma. Zinoma, kad tick DNR,
tieck chromosominiy pazaidy daznis gali priklausyti nuo donoro
amziaus, gyvenimo biido ir reparacinés sistemos efektyvumo. Jei vieny
donory lastelés geba efektyviai iStaisyti susiformavusias DNR paZzaidas
ir neleidZia formuotis mutacijoms, kity donory atveju §is mechanizmas
gali buiti sutrikes ir gali lemti mutacijy atsiradimg [179,180]. D¢l to,
siekiant jvertinti nanodaleliy genotoksiSkuma, rekomenduojama
tyrimus atlikti su kuo daugiau skirtingy donory [177]. Taip pat kyla
abejoniy dél to, ar genotoksiSkumo tyrimy rezultatai, gauti persé¢jamose
lasteliy kulttrose, tiesiogiai atspindi realig situacija.
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ISVADOS

. Po 24 val. poveikio nustatyta efektyvi CosOa-, Al2Os-, SiO2-, PVP-
Ag-, ir PS-ND vidulastelin¢ internalizacija j zmogaus periferinio
kraujo vienbranduoles lgsteles. PrieSingai, 5 nm ir 40 nm aukso
nanodaleliy vidulasteliné internalizacija yra ribota.

13 nm PVP-Ag- ir 10 nm Au-NDs pasizyméjo citotoksiniu poveikiu
zmogaus periferinio kraujo vienbranduolése lastelése.

C0304-ND (10-30 nm and <50 nm), AL:Os-ND (13 ir 50 nm), ir PS-
ND indukavo reaktyviy deguonies formy formavimasi, o kitos
tirtosios nanodalelés (PVP-Ag-, SiO2-, Au-ND), tokio poveikio
zmogaus PKVL netur¢jo.

Sarminiu kometos testu nustatyta, kad visos tirtos nanodalelés
statistiSkai  reikSmingai indukavo pirminiy DNR pazaidy
susidaryma, kuris buvo proporcingas inkubacijos su nanodalelémis
laikui.

. Abiejy dydziy Co3;04+-ND ir PS-ND indukavo didziausig kieki
chromosomy pazaidy, palyginti su likusiomis tirtosiomis
nanodalelémis (PVP-Ag-, Al,O3-, Si02-ND).

. Beveik visy tirty rodikliy atzvilgiu buvo stebéti statistiSkai
reikSmingi skirtumai tarp tiriamyjy donory.
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SUMMARY OF DOCTORAL DISSERTATION

List of Abbreviations Used in Summary

%TDNA - %DNA in comet tail

AO — Acridine Orange

BrdU — 5-bromo-2’-deoxyuridine

CAGR - Compound Annual Growth Rate
CBMN - Cytokinesis-Blocked Micronucleus Assay
CBPI — Cytokinesis-Blocked Proliferation Index
DCF — 2’7’-dichlorofluorescein

DLS — Dynamic Light Scattering

EB — Ethidium Bromide

ECHA - The European Chemical Agency

FSC — Forward Scatter

H>DCFDA — 2°7’-dichlorodihydrofluorescein diacetate
MMS — Methyl Methanesulfonate

MN — Micronucleus

NDI — Nuclear Division Index

NM — Nanomaterials

NP — Nanoparticles

NTA — Nanoparticle Tracking Analysis

PBMC — Peripheral Blood Mononuclear Cell
PHA — Phytohaemagglutinin

PVP — Polyvinylpyrrolidone

RI — Replication Index

ROS — Reactive Oxygen Species

SCE — Sister Chromatid Exchange assay

SSC — Side Scatter

TEM — Transmission Electron Microscopy
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INTRODUCTION

Nanotechnology is rapidly becoming one of the fastest-growing
markets globally, significantly revolutionizing various industries [1]. In
2022, the global market for nanomaterials (NMs) was valued at USD
10.88 billion and is expected to grow at a compound annual growth rate
(CAGR) of 14.8 % from 2023 to 2030 [2]. The European Chemical
Agency (ECHA) anticipates that the EU’s NMs market will expand at
a CAGR of 13.9% in volume and 18,4% in value over the next 5 years,
creating a positive economic impact [3]. According to European
Commision Recommendation 2022/C 229/01, nanomaterials are
described as materials with one or more external dimensions in size
range of 1 nm—100 nm [4]. Due to their small size, composition, shape,
and surface functionalities nanoparticles (NPs) possess unique
physicochemical properties [5]. As a result, the number of
anthropogenic NPs being synthesized and applied in various fields,
such as medicine, food science, cosmetics, pharmaceuticals, and
electronics, continues to rise. This exponential growth raises concerns
about the potential negative effects of NPs on living organisms [6].

NPs can enter the human body through inhalation, ingestion,
skin or direct injection, when used in biomedical applications [7]. Once
inside the body, they inevitably interact with a wide variety of
biomolecules and can eventually penetrate cells [8]. Nanoparticles can
induce DNA damage directly by binding to DNA or indirectly by
interfering with nuclear proteins or generating oxidative stress [88].
Reactive oxygen species (ROS) can cause the oxidation of purines or
pyrimidine, leading to DNA strand breaks. If the cell’s repair system is
intact, these damages may be repaired. However, if not repaired, this
can result in gene mutations or chromosomal abnormalities [9].
Numerous studies have demonstrated the ability of NPs to accumulate
in cells and organs, leading to the generation of reactive oxygen species
(ROS) and genotoxic, DNA-damaging effects [12—15]. Therefore, over
the past decade, there has been a significant focus on analyzing the
genotoxic potential of NPs and developing strategies for such
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assessments [104,181,182]. Since NPs can damage DNA through
various mechanisms, new methods are being developed, and well-
established tests are being refined to more accurately assess the
genotoxic potential of NPs [6,93,100,101].

This thesis aims to explore the genotoxicity of 11 different types
of nanoparticles, with a particular focus on their size, concentration,
and ability to induce ROS formation. Using human peripheral blood
mononuclear cells (PBMCs) and established genotoxicity assays, the
study contributes to a better understanding of the DNA damage that is
induced by various NPs, as well as to inform future strategies for
assessing nanoparticle safety. The rapid expansion of nanotechnology
makes it critical to identify the risks associated with nanoparticle
exposure and this study provide insights, contributing to the growing
knowledge in the field.

The aim of this study — To investigate the ability of
nanoparticles of different compositions, sizes, and shapes to penetrate
human peripheral blood mononuclear cells and induce cytotoxic and/or
genotoxic effects.

The main tasks:

1. Analyze the hydrodynamic size of nanoparticles and its changes
in the cell culture medium.

2. Determine the efficiency of nanoparticle uptake by human
peripheral blood mononuclear cells.

3. Assess the ability of nanoparticles to induce the formation of
reactive oxygen species in vitro.

4. Evaluate the cytotoxic effects of nanoparticles on human

PBMC:s in vitro.

5. Assess the genotoxic potential of nanoparticles on human

PBMC:s in vitro.
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SCIENTIFIC NOVELTY

In this study we investigated the cytotoxic and genotoxic
potential of various types of nanoparticles (NPs) in human peripheral
blood mononuclear cells (PBMCs) in vitro, using both the alkaline
comet assay and the cytokinesis-block micronucleus (CBMN) assay.
Based on the results, we identified three distinct mechanisms of
nanoparticle-induced genotoxicity. Nanoparticles that were efficiently
internalized and induced ROS formation—such as Cos0s, Al-Os, and
polystyrene (PS)—caused not only primary DNA damage but also
significant chromosomal aberrations. In contrast, nanoparticles that did
not induce ROS (e.g., PVP-Ag, SiO2) resulted solely in primary DNA
strand breaks. The study also showed that nanoparticle uptake and ROS
generation might be limited, as observed with gold NPs (Au-NPs);
however, they still caused a statistically significant increase in primary
DNA damage.

Additionally, this study revealed significant variability in
genotoxicity results, not only across different NP concentrations but
also among different donors, suggesting that individual donor
sensitivity may significantly impact genotoxicity outcomes. This
finding raises questions about the conventional approach of reporting
genotoxicity results from blood-based studies as mean values and
highlights the importance of considering individual donor sensitivity to
more accurately assess genotoxic potential.

The results of this study provide theoretical insights into
nanoparticle-induced genotoxic mechanisms and underscore the
importance  of comprehensive testing in the field of
nanogenotoxicology. They may also contribute to developing new
recommendations for nanoparticle research and safety assessment.
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STATEMENTS TO BE DEFENDED

. Internalization of nanoparticles by PBMCs varies significantly
across NP types and sizes.

. All tested nanoparticles induce a significant amount of primary
DNA damage.

. Nanoparticles inducing ROS were associated with
chromosomal damage, while those not inducing ROS showed
no such effect.

. Extended NP exposure notably induces primary DNA damage,

supporting a time-dependent relationship in genotoxicity for
human PBMCs.

. Donor-specific factors may significantly impact the outcomes
of genotoxicity testing.
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MATERIALS AND METHODS

Preparation  of Nanoparticle  Suspension  and  Particle
Characterization

This study evaluated the cytotoxic and genotoxic potential of 11
different nanoparticles (Table 2.2). Cobalt oxide nanoparticles (Co3Os-
NPs) were purchased from US Research Nanomaterials, Inc. (USA)
(CAS No. 1308-06-1, Stock No. US3056) and Sigma Aldrich Inc.
(USA) (CAS No. 1308-06-1, Cat. No0.637025). According to the
manufacturer, the primary particle sizes were 10-30 nm, purity — 99%
trace metal basis, and specific surface area (SSA) of particles — 50—-150
m?/g, and <50 nm size, purity — 99,5% trace metals basis, and specific
surface area of the particles as determined by Brunauer, Emmett, Teller
analysis (BET) — 40-70 m?/g, respectively.

Gold nanoparticles (Au-NPs) were obtained from Sigma
Aldrich (St. Louis, MO, USA), with primary particle sizes of 5 nm (Cat.
No. 741949), 40 nm spheres (Cat. No. 741981), and 10 nm gold
nanorods (Cat. No. 716820), stabilized in citrate buffer. Cytotoxicity
analysis revealed that the 10 nm gold nanorods were cytotoxic to
human PBMCs. All tested concentrations of NP (0.25 — 7.5 ug/mL)
reduced cell viability to 0 %, regardless of the exposure time (3 or 24
hours). Consequently, no further experiments with 10 nm gold
nanorods were performed.

Polyvinylpyrrolidone (PVP)-coated silver nanoparticles (PVP-
Ag-NPs) were kindly provided by UAB Rho Nano (Vilnius, Lithuania)
and were reported to have particle sizes of 13 nm and 35 nm.
Interestingly, 13 nm size PVP-Ag-NPs showed a cytotoxic effect on
human PBMCs, with most tested concentrations (5-100 pg/mL)
reducing cell viability by more than 30% after 1-hour exposure, and
completely inhibiting viability after 24-hour exposure (Supplementary
materials, Table S4). Therefore, further experiments with 13 nm PVP-
Ag-NPs were not conducted.

Silica nanoparticles (SiO2-NPs) were purchased from Sigma
Aldrich, Inc. (USA) (CAS No. 7631-86-9, Cat. No. 637238). According
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to the manufacturer, the primary particle size was 10-20 nm, purity —
99.5% trace metals basis.

Aluminum oxide nanoparticles (AlO3;-NPs) were also
purchased from Sigma Aldrich Inc. (USA), with a size of 13 nm (CAS
No. 1344-28-1, Cat. No. 718475) and purity of 99.8% trace metals
basis, and size of 50 nm (CAS No. 1344-28-1, Cat. No. 544833).
Additionally, polystyrene nanoparticles (PS-NPs) with sizes ranging
from 0,05 to 0.1 pm (PP-008-10) were purchased from Spherotech
(Chicago, IL, USA).

All nanoparticles were stored according to the manufacturers’
recommendations after purchase. Nanoparticle suspensions were
prepared depending on the specific assay. For NP uptake, ROS
induction analysis, cytotoxicity assessment, and primary DNA damage
analysis via alkaline comet assay, suspensions were prepared at a
concentration of 0.1% (1 mg/mL). For the sister chromatid exchange
assay, micronucleus assay, and chromosome aberration assay,
suspensions were prepared at a concentration of 0.5% (5 mg/mL). PVP-
Ag-NPs suspensions were prepared in 0.2% PVP solution, Co304-NPs
in 0.9% NaCl solution and Au-NPs were supplied as a colloidal
stabilized stock suspension in citrate buffer. SiO»-, Al2Os., and PS-NP
solutions were prepared in RPMI 1640 cell culture medium. All
nanoparticle solutions were sonicated at 35 kHz for 30 min in a
Bandelin Sonorex Super sonication bath (BANDELIN electronic
GmbH & Co. KG, Berlin, Germany) and immediately used.

Hydrodynamic particle size was evaluated via Nanoparticle
Tracking Analysis (NTA) (Nanosight LM 10, Malvern Panalytical Ltd.,
Malvern, UK) immediately (0 h), 1 or 3, and 24 h after sonication. The
samples were injected into the chamber with a sterile syringe until the
liquid reached the tip of the nozzle. Each measurement was performed
at 22 °C, with a camera level of 10. The Nanosight NTA 3.1 analytical
software was employed. The highest peak size (size distribution peak
with most particles) and mean particle size distribution were
determined by tracking analysis of the particles’ Brownian motion in
solution. Additionally, the size and shape of certain nanoparticles were
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evaluated by transmission electron microscopy (TEM) (Co304-NPs)
and dynamic light scattering (DLS) (PVP-Ag-NPs and Au-NPs).

Biological Material

Experiments were conducted using human peripheral blood
obtained from healthy 22-36-year-old volunteers (non-smoking, with
no known illness) (Table 2.3). Peripheral blood was collected by
venipuncture in heparinized vacutainer tubes (Becton- Dickinson,
Franklin Lakes, NJ, USA). Informed consent was obtained from all
subjects involved in the study. The study was conducted in compliance
with research ethics requirements adopted by Vilnius University and
approved by the Doctoral Committee of Vilnius University
(Authorization No. 93 (21 November 2019).

Approximately 6—7 mL of blood was collected into heparinized
vacutainer tubes (Becton-Dickinson, USA). The whole blood from
donors was used for the micronucleus (MN) and sister chromatid
exchange (SCE) assays, whereas isolated PBMCs were used for the NP
uptake and ROS generation analysis, cell viability, and alkaline comet
assay.

PBMCs were isolated by Lymphoprep™ density gradient
centrifugation according to the manufacturer’s instructions (Axis-
Shield, Norway). Briefly, equal parts of the blood and RPMI 1640
medium was added to the centrifuge tube and an equal part of
Lymphoprep™ was carefully stratified. The resulting solution was
centrifuged at room temperature at 800X g for 20 minutes. The cells
were then aspirated and washed with RPMI 1640 medium, by
centrifugation at 800X g for 10 minutes (Figure 2.1).

Cellular Uptake Analysis using Flow Cytometry

To determine the potential uptake of NPs in human PBMCs,
flow cytometry light scatter analysis was conducted according to
Suzuki et al., [107]. Following PBMC isolation, cells were resuspended
in RPMI 1640 medium at a concentration of 4x10°. The cells were then
transferred into sterile 15 mL tubes and exposed to various
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concentrations of different NPs for 24 h (Table 2.4). After exposure to
NPs, the cells were centrifuged at 800x g for 10 min, the supernatant
was removed, and the cells were resuspended in phosphate-buffered
saline (PBS). The levels of particles taken up by cells were evaluated
using the flow cytometer FACSCalibur (BD Biosciences) using 488 nm
laser beam (Figure 2.2). A total of ten thousand cells were analyzed for
each sample. Data processing was carried out through Floreada.io
software. The intensities of forward-scatter(ed) (FSC) light, which
represent the size of cells, and side-scatte(ed) (SSC) light, which is
proportional to the intracellular density and granularity, which reflects
the NPs uptake, were measured [107].

Intracellular ROS Evaluation

Reactive oxygen species (ROS) production in human PBMCs
was evaluated using the cell-permeant 2°7°-dichlorodihydrofluorescein
diacetate (HDCF-DA) fluorescent probe (Abcam, Cambridge, UK).
Intracellular ROS induced the conversion of HDCF-DA into a cell-
impermeable green, fluorescent product that can be quantified by flow
cytometry within the FITC channel (excitation: 488 nm/emission: 519
nm) [108].

For this analysis, PBMCs were prepared exactly as for the
cellular uptake analysis, but after centrifugation, the cells were stained
in cell culture media with 20 uM HoDCFDA. Samples were incubated
for 30 min at 37 °C and immediately analyzed on a flow cytometer. Ten
thousand cells were analyzed for each sample, and data processing was
performed using Floreada.io software.

Cell Viability and DNA Damage Analysis

Once the uptake of NPs and ROS generation were evaluated,
the cytotoxicity and DNA damage-inducing potential of tested NPs
were assessed. Following PBMC isolation, cells were resuspended in
RPMI 1640 medium at 1-2x 103 cells/mL in sterile 15 mL centrifuge
tubes and treated with different concentrations of NPs for 1 or 3 and 24
hat 37 °C in a 5% CO; environment (Table 2.5). As a positive control,
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20 uM hydrogen peroxide was used, 1 h before the end of incubation
time. A negative/untreated (0 pg/mL) control was also included. After
the exposure, samples were centrifuged at 800X g for 10 min. The
supernatant was removed and the cells were resuspended in RPMI 1640
medium.

Cytotoxicity was determined by calculating the number of
viable cells using a dual acridine orange and ethidium bromide
(AO/EB) staining technique, according to Liu et al. [110] with minor
modifications or trypan blue exclusion test (Figure 2.3). Briefly, the
staining solution was prepared by combining 1 pL of AO (5 mg/mL)
and 1 pL of EB (3 mg/mL) with 1 mL PBS. Finally, 20 pL of cell
suspension and 2 pL of prepared AO/EB stain were placed on a clean
microscope slide, covered with a cover slip, and analyzed under a
fluorescent microscope Nikon Eclipse 80i (Fujisawa, Japan) (Figure
2.5). For the trypan blu exclusion test, equal parts of 0.4% trypan blue
stain solution and cell suspension were added on a clean microscope
slide, covered with a cover slip, and analyzed under a light microscope
Nikon ECLIPSE Ti-S (Figure 2.4). At least 100 cells from each sample
were scored to determine the percentage of viable cells. According to
Azqueta et al. [103], high levels of cytotoxicity can influence DNA
migration in the comet assay. To minimize the risk of false positive
results, it is recommended that cell viability be maintained above 70—
75%.

Levels of primary DNA damage were determined using an
alkaline comet assay according to Singh et al. [109]. Briefly, 40 pL of
cell suspension was mixed with 40 pL of fresh 1% low melting point
agarose (LMP) in PBS at 37 °C (final LMP concentration — 0.5%). A
mixture of cells and agarose (80 pL) was pipetted onto glass
microscope slides precoated with 1% normal melting point (NMP)
agarose and covered with a 24 mm x 24 mm coverslip and allowed to
solidify for 10 min at 4 °C. Two gels were prepared per sample. After
the gels solidified, the coverslips were gently removed and the slides
were placed in a cold freshly prepared lysis solution (2.5 M NacCl, 100
mM NaEDTA, 10 mM Tris, with 1% Triton X-100 and 10% DMSO
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added just before use, pH 10) and kept in the dark for 90 min at 4 °C.
After lysis, slides were placed in a horizontal gel electrophoresis tank
COMET-20 SYSTEM (Scie-Plas, Cambridge, UK) filled with cold (4
°C), fresh electrophoresis buffer (1 mM Na;EDTA and 300 mM NaOH,
pH 13) and left in the solution for 20 min to facilitate DNA unwinding.
Then, electrophoresis was carried out at 19 V and 300 mA (1 V/cm) for
30 min. To maintain the buffer temperature during electrophoresis, the
platform was cooled using a refrigeration unit (FL300, Julabo,
Seelbach, Germany), and the circulation of the buffer was additionally
maintained by a pump (Watson-Marlow sci Q400, Marlow, UK). After
electrophoresis, the slides were neutralized with Tris HCI buffer (0.4 M
Tris HCI, pH 7.5) and each gel was stained with 80 uL. of 20 ug/mL
ethidium bromide. All the above steps were conducted under dim light
to prevent additional DNA damage (Figure 2.6).

The slides were examined under 400X magnification using a
fluorescence microscope (Nikon Eclipse 807, Japan) by a single scorer.
Image capture and analysis were performed using LUCIA Comet
AssayTM software version 7.60 (Laboratory Imaging, s.r.o., Praha,
Czech Republic). For each sample, two gels were prepared and 50
nucleoids (“comets”) per gel were randomly selected and scored,
resulting in a total of 100 comets per sample. The comet’s head contains
intact DNA, while fragmented (damaged) DNA is located in its tail.
Thus, the percentage of DNA in the comet tail (% TDNA) was used as
an indicator of DNA damage.

Five independent cytotoxicity and comet assay experiments
using blood samples from different donors were carried out. Results are
presented as mean+SEM.

Micronucleus Assay

Heparinized whole blood was diluted in the ratio of 1:15 with
HEPES-buffered RPMI 1640 medium supplemented with 12% heat-
inactivated newborn calf serum, 7.8 pg/mL phytohemagglutinin P, and
50 pg/mL gentamycin. Cell cultures were incubated in the glass vials
at 37 °C for a total period of 72 h (Figure 2.7). Nanoparticle solutions
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were prepared as described above and added to the lymphocyte cultures
24 hours after initiation of culture (Table 2.6). Two parallel cultures
were used for each concentration. Two cultures were left untreated and
served as untreated control (0 pg/mL), while two cultures were treated
with 45 pg/mL of doxorubicin (final concentration 0.02 pg/mL) and
were used as a positive control. Cytochalasin B was added forty-four
hours after initiation of culture at 6 pg/mL to block cytokinesis and to
obtain binucleated cells. After a total period of 72 hours, cells were
harvested by centrifugation for 8 min at 400X g. Before fixation, cells
were subjected to cold hypotonic treatment (0.075 M KCl), then
centrifuged immediately and fixed three times with cold fixative
(methanol: acetic acid, 5:1; the first portion of fixative was diluted with
an equal volume of 0.9% NaCl). The fixed cells were dropped onto
slides and air-dried. Conventional staining with May-
Griinwald/Giemsa stains was used. Slides were analyzed with a Nikon
Eclipse E200 microscope. No less than a thousand cytochalasin B-
blocked binucleated cells were analyzed per culture and concentration.
Binucleated cells containing MN were documented using LUCIA
Cytogenetics™ Database software (Laboratory Imaging, s.r.o., Czech
Republic). To compare the proliferation status of the culture CBMN
assay for lymphocyte samples treated with different nanoparticle
concentrations, the Cytokinesis-Block Proliferation Index (CBPI) was
calculated. The proportion of mononuclear (MONO), binucleated
(BN), tri-, and tetranucleated (MULTIN) cells per 500 cells scored were
calculated for each sample according to the equation [97]:

(No.MONO cells)+(2 x No.BN cells)+(3 x No.MULTIN cells)

(total number of cells)

CBPI =

b

The percentage of cytostasis was calculated as described by
OECD (TG487) [97]:

% cytostasis = 100 — 100 X (),
where T — cell cultures treated with nanoparticles and C -

negative/untreated control cultures.
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Sister Chromatid Exchange (SCE) Assay

Whole blood cultures were set up as described in the MN
section, except with 5-bromo-2’-deoxyuridine (10 pg/mL). Cell
cultures were incubated in glass vials at 37 °C for a total period of 72 h
(Figure 2.8). Different NP concentrations were added 48 hours after the
culture initiation (Table 2.7). Two parallel cultures were used for each
concentration. Two cultures were left untreated and served as untreated
control (0 pg/mL), while two cultures were treated with methyl
methane sulfonate (MMS, final concentration 25 pug/mL) which was
used as a positive control. The cultures were exposed to colchicine at a
final concentration of 0.6 pg/mL for the last 3 h of incubation. The cells
were harvested at 72 hours of growth, hypotonically swollen in warm
0.075 M KCl, and fixed in cold methanol: acetic acid (3:1). Air-dried
slides were differentially stained by fluorescence plus the Giemsa
technique as has been described previously [115]. Briefly, the slides
were stained for 10 min. with 10 pug/ml of Hoechst 33258 dye
(dissolved in 0.07 M Sorensen’s buffer, pH 6.8). Then the slides were
rinsed, mounted with citrate buffer (pH 8.5), covered with coverslips,
and exposed to UV light (400 W mercury lamp at a distance of 15 cm)
for 67 min. Slides were then rinsed and stained for 3—4 minutes with
5% Giemsa.

Fifty 2" division metaphases per concentration were analyzed
for sister chromatid exchanges (Figure 2.9). Additionally, the average
number of replications completed by metaphase cells was evaluated by
calculating the replication index (RI) for each sample, following
equation [115,116]:

Rl = (1 xM1)+(2 x M2)+(3 x M3) ,

n

where M1, M2, and M3 are the number of metaphase cells in the first,
second, or third/fourth cell cycle, respectively and n marks the total
number of cells (in our case a total of 200).
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Statistical Analysis

Statistical methods were used according to the nature of the data
and the type of analysis needed. A t-test was used to analyze the trypan
blue exclusion test results. In separate experiments conducted with cells
from different donors, tests for p-values were assessed based on the
data: Mann-Whitney U test was used for the comet assay results, an
unequal variances t-test (Welch’s) was used for SCE data analysis, and
a z-test for proportions for MN analysis
(https://www.statskingdom.com/, accessed on 24 of July, 2024). Since

all genotoxicity tests were repeated several times using peripheral
blood mononuclear cells from different donors, it was impossible to
pool a raw data from these experiments, and calculating significance of
differences of in mean values would result in a loss of statistical power.
Therefore, p-values from each separate experiment were pooled and
evaluated using Fisher's combined probability test. First, Fisher’s
statistics were calculated using the formula Fp = =237, In(Pi),
where 7 is number of experiments, and P; is p-value calculated for the
i experiment. This test statistics has x2- distribution with df = 2n. The
combined p-value was calculated as the right-tail probability P,en)(F)
> f,) , where £, is the observed F), value. To decrease the probability of
Type I error, the combined p-value was adjusted using the Bonferroni
correction — each calculated p-value was multiplied by 7.

In addition, the Jonckheere-Terpstra trend test was used to
evaluate a dose-dependency in the case of all three genotoxicity
endpoints using Real Statistics Resource Pack software [118].
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RESULTS

Characterization of Nanoparticles

The hydrodynamic diameter of nanoparticles in cell culture
medium (RPMI 1640) was evaluated using NTA immediately (0 h), 1
or 3 h (depending on NPs tested), and 24 h after sonication. The NTA
analysis showed that all tested nanoparticles agglomerated in cell
culture medium in time, as mean size distributions of up to 320 nm were
observed (Table 3.1).

Nanoparticles with a primary size of less than 20 nm, such as
Si02- (10-20 nm), Al2O3- (13 nm), Au- (5 nm), and Co304-NPs (10—
30 nm) exhibited significant agglomeration in cell culture media, with
mean particle sizes increasing up to 20—-30 times their primary times. It
is important to note that it may be difficult to detect primary
nanoparticles that are approximately 10 nm in size, as they can be
overshadowed by the larger agglomerates [120]. In comparison, Al>Os-
(50 nm), Au- (40 nm), and 50 nm Co304-NPs retained some fraction of
their primary size (73—82 nm), with the mean particle sizes being 3—4
times larger than their primary sizes.

Nanoparticle Uptake Analysis

The capacity of tested NPs to be internalized by human PBMCs,
following 24 h of exposure, was evaluated by measuring changes in
side-scattering light intensities using a flow cytometer. The percentage
of relative uptake (fold-increase) was determined by measuring the
increase in the side-scattering light intensities compared to the
untreated control.

It was observed that Co304-NPs with the primary size of 10-30
and <50 nm were efficiently internalized by human PBMCs (Figure
3.10). Compared to the untreated control (0 pg/mL), a nearly 1.4-fold,
1.9-fold, and 2-fold increase in SSC intensities were observed when
cells were exposed to 40, 80, and 160 pg/mL of 10-30 nm C0304-NPs,
respectively. When exposed to the same concentrations of <50 nm
C0304-NPs, the SSC intensities, compared to the untreated control
increased by 1.7-fold, 2-fold, and 3.3-fold, respectively. Interestingly,
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the uptake levels of particles with a primary size of <50 nm were higher
than those of particles with a primary size of 10-30 nm (Figure 3.10).

PVP-coated Ag nanoparticles were efficiently taken up by
human PBMCs. Compared to the untreated control, nearly 1.2-fold,
1.6-fold, and 2.8-fold increases in SSC intensities were observed when
cells were exposed to 10, 20, and 50 ug/mL of AgNPs, respectively
(Figure 3.11).

In contrast, following 24 h exposure of human PBMCS to
different concentrations (2—4.5 pg/mL) of 5 and 40 nm gold
nanoparticles, no changes in SSC intensities were observed, indicating
limited internalization (Figure 3.12).

High SSC intensities (histogram shifts to the right) were
observed following a 24 h treatment of human PBMCs to 13 nm and 50
nm size A1bO3-NPs (40-160 pg/mL) (Figure 3.13). Compared to the
untreated control, 1.9-fold, 2.8-fold, 2.5-fold, and 3- fold increases
were detected at 40, 80, 100, and 160 pg/mL concentrations of 13 nm
ALO3-NPs (Figure 3.13 b), while 3-fold, 2.8-fold, 3.5-fold, and 3.6-
fold increases in SSC intensities were observed in PBMCs exposed to
50 nm ALO3-NPs, respectively, (Figure 3.13 c). Although the uptake
of larger Al2O3 nanoparticles was more efficient, the uptake of smaller
nanoparticles was concentration-dependent (R2 =0.85, P=10.026).

A 2.2-2.4-fold increase in SSC intensities over the background
was detected following human PBMC exposure to different
concentrations of SiO2-NPs(40-100 pg/mL), indicating the notable
uptake of these nanoparticles (Figure 3.14). Although uptake decreased
at 160 ug/mL, likely due to the formation of larger agglomerates, SSC
intensities remained 1.6-fold higher than in the untreated control.

Finally, during the analysis of intracellular internalization of
polystyrene nanoparticles, a statistically significant correlation was
found between PS-NP concentration and SSC intensity (R2 =0.97,P=
0.002). Compared to the negative control, after 24 hours of exposure to
different concentrations of PS-NPs (10, 50, 100, 500 pg/mL), SSC
intensity in human PBMCs increased by approximately 1.13, 2.2, 2.13,
and 5.4 times, respectively (Figure 3.15).
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Analysis of Nanoparticle Induced ROS

One of the pathways through which nanoparticles induce DNA
damage is via ROS generation [129]. Therefore, the nanoparticles’
abilities to induce reactive oxygen species (ROS) generation in human
PBMCs after a 24 h exposure was evaluated using HoDCFDA
fluorescent dye and a flow cytometer.

Most of the particles tested did not induce ROS generation. No
significant induction of ROS in human PBMCs, following 24 h
exposure to PVP-Ag-NPs (10-50 pg/mL) was observed compared to
the untreated control (0 pg/mL) (Figure 3.17). Similarly, ROS
generation was not induced by SiO>-NPs and Au-NPs, regardless of
their size (5 or 40 nm) (Figure 3.20 and Figure 3.18, respectively).

Interestingly, aluminum oxide nanoparticles induced slight
ROS generation in human PBMCs compared to the background levels
(7.1%). The highest levels of ROS were generated in cells exposed to
160 pg/mL of 13 nm Al2O3-NPs and to 100 pg/mL of 50 nm AlO:s-
NPs (8.2% and 10.0%, Figure 3.19). Compared to the untreated control,
these ROS changes were not considered biologically relevant; however,
they should be taken into consideration.

Exposure to smaller Co304-NPs (primary size: 10-30 nm)
resulted in a slight increase in fluorescence intensity of DCF, measuring
at 8 %, 10.88 %, 9.9 %, respectively, compared to the untreated control
(8.06 %). Conversely, exposure to nanoparticles with a primary size of
<50 nm elicited higher ROS formation, with percentages reaching
11.51%, 13.84%, and 23.36%, respectively (Figure 3.16).

A similar tendency was observed when human PBMCs were
exposed to polystyrene nanoparticles (10, 50, 100 pg/mL). DCF
fluorescence intensities were increased up to 28.5%, 30.97%, and
24.65%, respectively, while in negative control it was 23.08% (Figure
3.21).
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Cytotoxicity and Induction of DNA damage

Human PBMCs were treated with different concentrations of
nanoparticles (Table 2.5) for 1 or 3 and 24 h to determine their cytotoxic
potentials using a dual ethidium bromide and acridine orange staining
technique or trypan blue exclusion test and DNA-damaging properties
via alkaline comet assay. The aneugenic and clastogenic effects of
nanoparticles were assessed using a cytokinesis-block micronucleus
assay. Peripheral blood from 3 donors was exposed to different
nanoparticle concentrations at the 24th hour of cell growth (Table 2.6).
As part of the methods, the cytokinesis-blocked proliferation index
(CBPI) or nuclear division index (NDI) was calculated. Additionally,
the genotoxicity of Co304-NPs was evaluated using a sister chromatid
exchange (SCE) test in vitro (Table 2.7).

Cobalt Oxide Nanoparticles

The cells of five healthy donors were exposed to 10-30 nm and
<50 nm primary size C0304-NPs (concentrations 20—80 pg/mL) for 1
and 24 hours. As a positive control, H>O> (20 uM) was used, which did
not have an impact on cell viability, although induced a significant
increase in %TDNA — 40.09+9.8 % (%+SEM). None of the tested
C0304-NPs concentrations exert any relevant cytotoxicity on human
PBMC:s after short- and long-term exposure (Supplementary materials,
Table S1). Therefore 20-80 pg/mL NP concentrations were used in
DNA damage analysis with an alkaline comet assay. As demonstrated,
a statistically significant increase in % TDNA was observed in PBMCs
following 1 and 24 hours of exposure to all 10-30 nm and <50 nm
C0304-NPs concentrations (Figure 3.22 and Figure 3.23, respectively).
Dose-dependent increase in % TDNA was evident for all treatment
regiments (P < 0.05, Jonckheere-Terpstra test), however, in the case of
10-30 nm nanoparticles and 24 hours exposure dose-effect relationship
was clearly non-linear. Overall, exposure to Co304-NPs was generally
associated with a concentration-dependent increase in DNA lesions. As
expected, longer exposure times (24 hours) induced significantly more
DNA damage compared to 1-hour treatments. Additionally, data
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analysis using the Wilcoxon Signed-Rank test indicated that larger NPs
caused substantially higher amounts of DNA damage compared to
smaller NPs (P =0.0012 for 1-hour exposure and P = 0.012 for 24-hour
exposure). Interestingly, interindividual differences were observed. A
two-way ANOVA analysis revealed statistically significant differences
not only between doses of nanoparticles but also between all donors
after both 1-hour and 24-hour incubation (Supplementary materials,
Table S2). It was non-significant correlation between cytotoxicity and
%TDNA in cultures treated for 1 hour with <50 nm nanoparticles (rs=
—0.24, P = 0.12, Spearman's rank correlation) and weak significant
correlation for cultures treated with nanoparticles for 24 hours (rs=—
0.33, P = 0.03). Significant correlation was not observed with 10-30
nm Co0304—NPs.

Additionally, primary DNA damage and cytotoxic effects of
differently sized C0304s—NPs were evaluated using a sister chromatid
exchange (SCE) assay and measurements of the cell replication index
(RI). Whole blood from three donors was exposed to Co304—NPs with
a primary size of 10-30 nm (Figure 3.24) and <50 nm (Figure 3.25) in
a dose range of 20—60 pug/mL. As a positive control, methyl methane
sulfonate (MMS) was used, resulting in an approximately five-fold
increase in the frequency of SCE per cell, compared to the untreated
control (0 pg/mL). A statistically significant increase in sister
chromatid exchanges was observed at concentrations of 30-60 pg/mL
for 10-30 nm Co0304-NPs and 20-60 pg/mL for <50 nm Co0304—NPs
(respectively, Figure 3.24 and Figure 3.25). Based on averaged mean
values from three donors, the frequency of SCE was concentration-
related (P < 0.05, Jonckheere-Terpstra test). Two-way ANOVA
showed that both doses and inter-donor variability were significant for
cultures treated with 10-30 nm nanoparticles, however, both factors
were insignificant for cultures treated with <50 nm nanoparticles
(Supplementary materials, Table S2). These results could be explained
by the fact, that in the case of <50 nm nanoparticles all results were
quite consistent among all three donors — most of the concentrations
tested significantly increased number of SCEs compared to control but
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not to each other. For RI, two-way ANOVA showed statistically
significant effect of inter-donor variability for cultures treated with 10—
30 nm nanoparticles (Supplementary materials, Table S2).
Additionally, a statistically significant negative correlation between
SCE/cell and RI values were found for 10—30 nm NPs (rs = —0.55, P =
0.02), and for <50 nm nanoparticles such correlation was not quite
significant (rs=—-0.41, P = 0.09).

For the analysis of micronuclei induction and the effect of NPs
on cell proliferation, whole blood from three donors was exposed to
10-30 nm and <50 nm Co304—NPs (2060 pg/mL) at 24 hours of cell
culture growth (Figure 3.26 and Figure 3.27). As a positive control,
doxorubicin (45 pg/mL) was used, substantially increasing the
frequency of micronuclei in binucleated cells of all three donors,
resulting in an overall mean value of nearly a 6.1-fold increase
compared to the untreated control (0 ug/mL). The Co3O4—NPs with a
primary size of 10-30 nm significantly induced micronuclei, showed a
2.4-fold, 2.8-fold, 2.9-fold, and 2.3-fold increase over background
levels at doses of 20, 30, 40, and 60 pug/mL, respectively (Figure 3.26).
Meanwhile, Co3O04—NPs with a primary size of <50 nm showed even
higher increases of 2.1-fold, 3.3-fold, 3.8-fold, 3.6-fold, and 3.5-fold
compared to negative control (Figure 3.27). However, at some doses
this increase was not statistically significant due to a relatively high
inter-donor variability. Two-way ANOVA showed that both treatment
and donors were significant factors influencing the MN frequency in
cultures treated with nanoparticles of both diameters (Supplementary
materials, Table S2). The trend for dose response was insignificant for
1030 nm nanoparticles (P = 0.12, Jonckheere-Terpstra test) but
significant for <50 nm nanoparticles (P = 0.008). As for MN frequency,
inter-donor variability was also significant for CBPI (P < 0.05, two-
way ANOVA; Supplementary materials, Table S2). A statistically
significant negative correlation between MN frequency and CBPI
values were found for both 10-30 nm and <50 nm nanoparticles (rs=—
0.56, P=0.01 and rs=—-0.72, P = 0.001, respectively). Additionally, the
cytostatic effects of Co3O4 nanoparticles were evaluated by calculating
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%cytostasis from the CBPI. Co;04—NPs with a primary size of <50 nm
had a higher impact on cell viability, compared to the smaller NPs,
resulting in nearly 52% of cytostasis at 60 pg/mL, suggesting that
higher concentrations of <50 nm Co0304—NPs may impair cell
proliferation and affect their viability (Supplementary materials, Table
S3).

Silver Nanoparticles

Periferal blood mononuclear cells from five healthy donors
were exposed to 35 nm PVP-Ag-NPs for 1 and 24 hours. Hydrogen
peroxide (H202) at a concentration of 20 uM was used as a positive
control, which significantly increased the %TDNA to 15.45+3.9%
(%+SEM) whithout affecting cell viability. A 0.2 % PVP solution was
used as a solvent control. PBMCs exposed to PVP-coated Ag
nanoparticles at a concentration ranging from 5 to 100 pg/mL showed
no relevant cytotoxic responses following 1 hour exposure. However,
after 24 hours, concentrations exceeding 30 pg/mL reduced cell
viability by more than 40% and were therefore considered cytotoxic
and not tested further (Supplementary materials, Table S4). DNA
damage was significantly increased at all tested Ag-NPs concentrations
compared to the solvent control, regardless of the exposure timw. After
24 h of exposure, higher DNA damage was observed, with a more than
2-fold increase at 10-20 pg/mL and a 3.9-fold at 30 pg/mL compared
the solvent control (0.2% PVP in water) (Figure 3.28). A dose-
dependent increase in %TDNA was observed after 24-hour exposure,
(P < 0.001, Jonckheere-Terpstra test), and statistically significant
differences between donors were observed, regardless of the exposure
time (1- or 24-hour exposure) (P < 0.001 and P=0.005, respectively,
two-way ANOVA) (Supplementary materials, Table S4).

Chromosomal damage and CBPI were evaluated by CBMN
assay. Blood samples from three healthy donors were exposed to a
different concentration of PVP-Ag-NPs (5 — 30 pg/mL). As a positive
control, doxorubicin (45 pg/mL) was used, which significantly
increased the frequency of micronuclei (7.73+0.78%0 (%0tSEM)).
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None of the tested NP concentrations induced a statistically significant
increase in micronucleus frequency or changes in CBPIL, with
nanoparticle-induced cytotoxicity remaining below 4% (Figure 3.29,
Supplementary materials Table S6). Additionally, no significant
correlation between nanoparticle concentration and micronucleus
frequency was found (P = 0.55, Jonckheere-Terpstra test). However,
two-way ANOVA analysis revealed a statistically significant influence
of donor variability on both micronucleus formation frequency and
nuclear division index (NDI or CBPI) (P = 0.02) (Supplementary
materials, Table S5).

Gold Nanoparticles

The PBMC:s of five healthy donors were exposed to 5 nm and
40 nm primary size Au-NPs for 3 and 24 hours. Cytotoxicity and DNA
damage was assessed using an alkaline comet assay. As a positive
control, H>O, (20 uM) was used. No reduction in cell viability was
observed when human PBMCs were exposed to 5 nm AuNPs of up to
7.5 pg/mL, and 40 nm NPs of up to 4.5 pg/mL (the highest test
concentrations possible from the supplied stock sample), regardless of
the exposure time (3 or 24 h) (Supplementary materials, Table S7).
Using the alkaline comet assay, it was determined that after 3 and 24
hours of exposure, all tested concentrations of 5 nm NPs caused a
statistically significant increase in DNA damage compared to the
solvent control (Figure 3.30). Additionally, regardless of the exposure
time, a statistically significant correlation between 5 nm Au-NP
concentration and DNA damage was found (P < 0.0001, Jonckheere-
Terpstra test). As shown in figure 3.31, all tested concentrations of 40
nm Au-NPs also induced a significant increase in DNA damage. A
dose-dependent relationship was observed after both 3 hours (P =
0.0002, Jonckheere-Terpstra test) and 24 hours of exposure (P = 0.008).

In summary, 5 and 40 nm Au-NPs, did not exert cytotoxic
effects on human PBMCs. The analysis of data obtained using alkaline
comet assay with the Wilcoxon Signed-Rank test showed that 5 nm NPs
induced significantly more DNA damage that the larger 40 nm Au-NPs
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(P = 0.004 after 3 hours; P = 0.008 after 24 hours). Additionally, a
statistically significant correlation between the concentrations of 5 and
40 nm Au-NPs and the amount of DNA damage was observed.
However, two-way ANOVA revealed that the amount of DNA damage
significantly differed not only between samples, but also between
different donors (P < 0.05) (Supplementary materials, Table S8).

Aluminum Oxide Nanoparticles

The genotoxicity of aluminum oxide nanoparticles was assessed
using the alkaline comet and cytokinesis-block micronucleus assay. In
the alkaline comet assay, PBMCs from five healthy donors were
exposed to different concentrations of Al>O3-NPs (0—100 pg/mL) for 1
and 24 hours. The cytotoxicity of the NPs was determined using an
AO/EB dye mixture. Hydrogen peroxide solution (20 pM) was used as
a positive control, which did not affect cell viability but significantly
increased DNA damage (11.7+ 3.4% (%+=SEM)). Regardless of NPs
size, none of the tested Al2O3-NP concentrations had a significant effect
on cell viability (Supplementary material, Table S9). As shown in
Figure 3.32, almost all tested concentrations of 13 nm AlO3-NPs
caused a significant increase in primary DNA damage compared to
negative control after both short- and long-term incubation (except for
15 pg/mL). However, no statistically significant dose-dependent
relationship was observed. A similar trend was observed in studies with
50 nm size Al2O3-NPs. After short-term exposure, one concentration
(40 pg/mL), and after 24-hour of exposure, two concentrations (50 and
80 pg/mL) did not cause a significant increase in DNA damage
compared to a negative control (Figure 3.33). Interestingly, after 1-hour
of exposure, a weak but significant correlation between nanoparticle
concentration and DNA damage was observed (P = 0.045, Jonckheere-
Terpstra test), while no significant correlation was found after 24 hours.
Data analysis using Wilcoxon Signed-Rank test revealed that 13 nm
NPs induced significantly more DNA damage than 50 nm NPs (P =
0.01 after 1 hour and P = 0.002 after 24 hours). Interestingly, two-way
ANOVA showed that, regardless of NP size or exposure time, no
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significant differences were observed NP concentrations. However,
significant differences were observed between donors (P <0.001, two-
way ANOVA) (Supplementary materials, Table S10).

In the cytokinesis-block micronucleus assay, whole blood from
three donors was exposed to 13 nm (Figure 3.34) and 50 nm (Figure
3.35) ALOs-NPs. Doxorubicin was used as a positive control, which
significantly increased the frequency of micronucleated cells — 13.6
+3.35%0 (%0+SEM). As shown in Figure 3.34, exposure to 13 nm
ALOs3-NPs at concentrations of 40 and 100 pg/mL resulted in a
significant increase in the frequency of micronuclei, with a 3.2-fold and
2.7-fold increase, respectively, compared to a negative control.
Furthermore, a statistically significant correlation was found between
the concentration of 13 nm Al,O3-NP and micronucleus frequency (P =
0.0006, Jonckheere-Terpstra test). Analysis of the nuclear division
index (NDI) data and nanoparticle cytotoxicity showed that none of the
NP concentrations had a significant effect on the NDI or cell viability.
At the highest concentration tested (100 pg/mL), cell viability was
reduced to 80% (Supplementary material, Table S11). In studies with
50 nm ALOs-NPs, concentrations of 20, 40, and 100 pg/mL
significantly increased micronucleus frequency in human PBMCs
(Figure 3.35). Compared to negative control, the micronucleus
frequency increased by 2.6-fold, 2.3-fold, and 1.9-fold, respectively.
However, no dose-dependent relationship was found (P = 0.42,
Jonckheere-Terpstra test). Additionally, none of the tested
concentrations had a significant effect on the nuclear division index or
cell viability, with cell viability remaining above 85% in all cases
(Supplementary materials, Table S11).

Silica Nanoparticles

The cytotoxicity and genotoxicity of silica nanoparticles were
evaluated in PBMCs from 5 healthy donors following 1- and 24-hour
exposures to SiO2-NPs (0-500 pg/mL) using alkaline comet assay.
After 1 hour of exposure, all NP concentrations above 150 pg/mL
significantly reduced cell viability. However, viability did not decrease
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by more than 20%, allowing further experiments with these
concentrations. In contrast, after 24-hour exposure, SiO>-NP
concentrations above 300 pg/mL resulted in more than a 20% decrease
in cell viability (Supplementary materials, Table S12). Therefore, DNA
damage studies following the 24-hour exposure were performed using
concentrations ranging from 10 to 300 pg/mL. As shown in Figure
3.36, all tested concentrations of SiO>-NPs induced a statistically
significant, concentration-dependent increase in DNA damage,
regardless of incubation time (P < 0.001, Jonckheere-Terpstra test).
After 24 hours of exposure, concentrations above 100 pg/mL caused
24- to 5.9-fold more DNA damage compared to the same
concentrations after 1 hour of exposure. Additionally, significant
differences were observed not only between tested concentrations but
also between donors after both 1 hour and 24 hours of exposure (P =
0.02 and P = 0.0001, respectively, two-way ANOVA) (Supplementary
materials, Table S13).

The genotoxicity of SiO2-NPs and their effect on cell
proliferation rates were further assessed using a cytokinesis-block
micronucleus assay in the peripheral blood of three healthy donors
(Figure 3.37). Doxorubicin was used as a positive control and
significantly increased the frequency of micronucleated cells to
28.3+10.16%0 (%o0+SEM). Although a statistically significant
correlation between NP concentration and micronucleus frequency was
found (P = 0.01, Jonckheere-Terpstra test), none of the tested SiO2-NPs
concentrations had a significant effect on micronucleus frequency
(Figure 3.37). Compared to the negative control, only, a 1-fold, 1.4-
fold, 1.2-fold, and 1.7-fold increase in micronucleus frequency was
found in cells after exposure to 50, 100, 150, 200 pg/mL SiO,-NPs
concentrations, respectively. Additionally, none of the SiO»-NPs
concentrations significantly affected the nuclear division rate. Based on
the NDI data used to assess the cytotoxicity, it was determined that
SiO>-NPs are not cytotoxic to human PBMCs (Supplementary
materials, Table S14).
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Polystyrene Nanoparticles

The PBMCs from five healthy donors were exposed to
polystyrene nanoparticles for 3 and 24 hours. Cytotoxicity and DNA
damage were assessed using an alkaline comet assay. As a positive
control, H,O> (20 uM) was used, which did not affect cell viability but
significantly increased %TDNA (15.45+3.9% (%+SEM). Regardless
of the exposure time, none of the tested PS-NP concentrations had a
significant effect on cell viability (Supplementary materials, Table
S15). Analysis of the alkaline comet assay results revealed a
concentration-dependent increase in DNA damage after 3 and 24 hours
of exposure to PS-NPs (P < 0.001, Jonckheere-Terpstra test). All tested
PS-NP concentrations caused a statistically significant increase in DNA
damage compared to the negative control (Figure 3.38). Additionally,
significant interindividual differences were observed in the extent of
DNA damage (P < 0.001, two-way ANOVA) (Supplementary
materials, Table S16).

To evaluate the clastogenic and aneugenic effects of PS-NPs,
the cytokinesis-block micronucleus assay was performed, and CBPI or
NDI was assessed in the whole blood of three healthy donors. Several
concentrations of PS-NPs (50, 75, and 125 pg/mL) induced a
statistically significant increase in micronucleus frequency compared
to the negative control, with fold increases of 3.6, 3.5, and 3.1,
respectively (Figure 3.39). However, no significant dose-response
relationship between MN frequency and NP concentration was
observed (P = 0.12, Jonckheere-Terpstra test). Analysis of the impact
of PS-NPs on the NDI revealed a concentration-dependent decrease in
NDI (Figure 3.39). Additionally, cytotoxicity was calculated based on
NDI data, showing that the highest concentrations of PS-NPs (100, 125,
and 150 pg/mL) reduced cell viability to 80, 83, and 79%, respectively
(Supplementary materials, Table S17).
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DISCUSSION

This study evaluated the cytotoxicity and DNA damaging
properties of 11 different types of nanoparticles, including Co3O4-NPs
(10-30 nm and <50 nm), PVP-Ag-NPs (13 nm and 35 nm), Au-NPs (5
nm, 40 nm, and 10 nm), Al0O3-NPs (13 nm and 50 nm), SiO>-NPs (10—
20 nm), and PS-NPs (70 nm). The nanoparticles’ ability to penetrate
human peripheral blood mononuclear cells, generate reactive oxygen
species and induce cytotoxic and/or genotoxic effects was assessed.

Nanoparticle tracking analysis (NTA) revealed that all tested
nanoparticles agglomerated in cell culture media, in most cases
resulting in sizes larger than their primary sizes. Regarding the impact
of nanoparticle agglomeration on their toxicity, there was no consensus.
Murugadoss et al. [121] investigated the toxicity of small agglomerates
(SAs) and large agglomerates (LAs) of TiO2 nanoparticles. The study
revealed that in most in vitro analyses, there were no significant
differences between SA and LA samples, leading to the conclusion that
LAs are not less active than SAs. Interestingly, notable differences were
observed in THP-1 cells, where LAs induced more damage than SAs.
THP-1 cells, being phagocytic, may be more suitable for the uptake of
submicron and micron-sized agglomerates, resulting in higher LA
uptake and increased cellular damage compared to SAs. In our study,
the peripheral blood mononuclear cell layer mainly contains
lymphocytes, with a small number of monocytes [122], which could
explain the slightly higher uptake levels of larger agglomerates (SiO2,
ALO3 NPs, C0304, etc.) compared to smaller ones (Au-NPs). However,
it is important to note that the DNA-damaging potential is influenced
not only by the agglomeration or uptake of NPs but also by the
composition of particles and selected cell lines. Magdolenova et al.
[123] proposed that larger agglomerates might be less stable, allowing
individual NPs to be released from the agglomerate and subsequently
taken up by the cells. They also suggested that larger agglomerates
precipitate quickly, potentially leading to higher real exposure to NPs
compared to particles dispersed in the cell culture media, thus making
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them more toxic. Their study showed that large agglomerates induced
more DNA damage in all tested cell cultures in vitro, whereas NP
suspensions with agglomerates smaller than 200 nm had no genotoxic
effects [123]. Overall, there are mixed opinions on whether
agglomeration increases the toxicity of nanoparticles. We believe that
while agglomeration can facilitate the uptake of NPs in some cases,
toxicity is influenced by multiple factors beyond agglomeration alone.

Following exposure, some NPs can interact with plasma
membrane components and enter the cell, mainly by endocytosis [7].
According to our findings, Co3O4-NPs are efficiently taken up by
human PBMCs in a concentration-dependent manner after 24-hour
exposure. Before us, just a few studies explored the uptake of cobalt
and cobalt-based NPs by human PBMCs. One of them is the study of
Chattopadhyay et al. [127] where the uptake of 62 nm size CoO-NPs
by normal cells, including human lymphocytes, was reported after 8
and 12 hours of exposure. Uptake of CoO by PBLs was also confirmed
by Colognato et al. [128]. However, most studies with cobalt-based
NPs are conducted in different cell types. Uptake of =50 nm size
C0304-NPs was successfully confirmed in Chinese hamster lung
fibroblast (V79), ECV-304, and HepG2 cells [125,126]. In our study,
NPs with a primary size of <50 nm exhibited higher uptake levels,
compared to smaller 10-30 nm size NPs. Several studies suggest that
the optimal size for NPs to effectively enter cells via the membrane-
wrapping process without a receptor shortage affecting endocytosis
should be between 30 and 60 nm [58,72,73,124], which completely
agrees with our findings. The uptake of cobalt and cobalt oxide
nanoparticles has been previously confirmed in V79, ECV-304, and
HepG2 cell lines [125,126]. However, there are limited studies
investigating cobalt and cobalt oxide NP uptake in human lymphocytes.
Chattopadyay et al., [127] demonstrated efficient uptake of CoO-NPs
by human peripheral blood lymphocytes (PBLs) after 8 and 12-hour
exposure, while Colognato et al. [128] similarly confirmed CoO-NPs
uptake in PBLs. Once internalized, NPs can damage DNA through both
direct and indirect mechanisms, with one of the main pathways being
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the induction of reactive oxygen species [129]. In our study, CosOa
nanoparticles (NPs) with a size of <50 nm induced significant ROS
formation, while cells exposed to 10—30 nm NPs showed only a slight
increase in ROS levels compared to the negative control. Previous
studies have confirmed the ability of cobalt and cobalt oxide
nanoparticles to induce ROS production and cause DNA damage
[26,130-133]. After 72 hours of exposure to CosO4 NPs, an elevated
level of all tested pro-inflammatory cytokines was observed in human
peripheral blood mononuclear cells [130]. Additionally, higher ROS
levels were detected in lymphocytes following exposure to CoO NPs.
It has been suggested that CoO NPs release Co** ions, which can
activate NADPH oxidases and induce ROS generation [133]. Increased
ROS levels were also observed in rat ventricular monocytes after 1 hour
of exposure to Cos04s-NPs (5 and 50 pg/mL) [131] and in HepG2 cells
after 48 hours of exposure (10 and 15 pg/mL) [132]. Thus, cobalt and
cobalt oxide nanoparticles can induce oxidative stress and promote
ROS formation in various cell lines.

Analysis of the genotoxicity of CosOs nanoparticles (NPs)
revealed that, regardless of incubation time (1 or 24 hours), CosOs NPs
induced a statistically significant, and often concentration-dependent,
increase in primary DNA damage. Nanoparticles from the same
manufacturer (<50 nm, CAS number 1308-06-1, Sigma-Aldrich, Inc.)
have been tested in other studies, where a significant increase in DNA
damage was observed in V79 [126], A549, BEAS-2B [134], and
PBMCs [12] after exposure to CosO4 NPs. In our study, <50 nm NPs
induced more primary DNA damage compared to 10-30 nm Co030a
NPs, which may be explained by the more efficient cellular uptake of
<50 nm NPs and their ability to induce higher ROS levels. The results
from the sister chromatid exchange and Micronucleus assays confirmed
that nearly all tested concentrations of Co030s-NPs induced a
statistically significant, and often concentration-dependent, increase in
chromosomal damage. As observed in the alkaline Comet assay, larger
<50 nm NPs also caused more chromosomal damage compared to 10—
30 nm Cos04 NPs. A statistically significant increase in micronucleus
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frequency was also reported by Uboldi et al. [13], who exposed BEAS-
2B cells to larger Cos0s4 NPs (=397 nm). In contrast, Co-NP
genotoxicity was not confirmed in peripheral blood lymphocytes using
the micronucleus test [128,137]; however, these studies used lower
concentrations (0.8—6 pg/mL) compared to our study (20—100 pg/mL).

Successful intracellular internalization was also confirmed in
studies with aluminum oxide nanoparticles (Al203-NPs). Similar to the
findings with Cos0a, larger 50 nm particles were internalized more
efficiently into PBMCs compared to smaller 13 nm ALOs-NPs.
Although the ROS levels showed minimal changes after 24 hours of
exposure, both particle sizes induced statistically significant DNA
strand breaks. In the study by Jalili et al., efficient intracellular
internalization of 30 nm Al.Os-NPs was observed in Caco-2 and HepG2
cells, but these particles did not induce significant DNA strand breaks
[138]. Similarly, no significant DNA damage was observed in PBMCs
after exposure to 39 nm [12] and 16 nm Al:O3-NPs [139]. In contrast,
Sliwinska et al. reported a concentration-dependent increase in single-
strand DNA breaks and oxidative DNA damage in lymphocytes after
24 hours of exposure to 30 nm Al.Os NPs [14]. Micronucleus analysis
revealed a concentration-dependent increase in micronucleus
frequency after exposure to 13 nm NPs, with two concentrations (40
and 100 pg/mL) significantly increasing the frequency. In studies with
50 nm Al:Os-NPs, all three tested concentrations induced a significant
increase in micronucleus frequency, although no dose-dependency was
observed. A similar trend was noted in CHO-K1 cells, where all tested
concentrations of =28 nm ALOs NPs induced a significant and
concentration-dependent increase in micronucleus frequency [140].
While other researchers have reported that Al:0s-NPs had no
significant effect on micronucleus formation in vitro or in vivo
[141,142], these studies did not evaluate the nanoparticles'
internalization into cells or tissue distribution in vivo, raising the
question of whether the particles failed to induce genotoxic effects or
simply did not reach their target cells.
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In studies involving PVP-coated silver nanoparticles (PVP-Ag-
NPs), it was found that 13 nm particles exhibited cytotoxic effects on
PBMCs, leading to the discontinuation of further studies with these
nanoparticles. Smaller Ag-NPs (5-28 nm) have been reported to
promote greater cathepsin loss in lysosomes, induce intracellular K+
loss, increase superoxide levels in mitochondrial membranes, and
trigger more pronounced inflammatory processes, which may result in
higher cytotoxicity of these NPs [143]. After 24 hours of incubation
with 35 nm PVP-coated silver nanoparticles, a concentration-
dependent intracellular internalization and a significant increase in
primary DNA damage were observed, without ROS induction. Other
researchers have also demonstrated the successful internalization of
PVP-coated silver nanoparticles in PBMCs [144—146]. Vukovic et al.
found not only concentration-dependent internalization of PVP-Ag NPs
after 1 and 3 hours of exposure but also a significant increase in primary
DNA damage in PBMCs at a concentration of 1 pg/mL [144].
Additionally, after 1 hour of exposure, PVP-Ag-NPs induced ROS
formation (H.DCFDA), although this effect was not observed after 3-
hour exposure. It is suggested that after prolonged incubation (e.g., 3 or
24 hours, as in our study), the decrease in ROS levels may be associated
with efficient ROS neutralization by the cell’s antioxidant defenses
[147]. Interestingly, other ROS detection methods, such as DHE and
DiOCs, showed a significant increase in ROS levels after exposure to
PVP-Ag-NPs [144], highlighting that the sensitivity and specificity of
ROS detection methods may influence the types of ROS detected and
the results obtained. In contrast, Rasmus et al. detected significant ROS
level increases in THP-1 monocytes using the HDCFDA assay after 6
and 24 hours of exposure to 69 nm PVP-Ag nanoparticles [148]. This
discrepancy with our results may be explained by the varying
sensitivity of cell types. Monocytes are known for their role in directly
combating pathogens and are proficient ROS producers. However,
lymphocytes predominate in our studies due to the naturally lower
monocyte levels in the blood [149]. The ability of PVP-Ag-NPs to
induce primary DNA damage has been confirmed in human lung
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epithelial cells BEAS-2B and A549 [150,151], while PVA-Ag-NPs
induced significant DNA damage in HepG2 and PBMCs [162]. In
contrast, in studies using a human bronchial 3D model, 50 nm and 200
nm PVP-Ag NPs had no significant effect on DNA damage levels
[154]. Compared to 2D models, NP internalization is naturally lower in
3D models, which may result in reduced DNA damage levels. Although
almost all tested concentrations of PVP-Ag NPs in our study induced
significant increases in primary DNA damage, none of the
concentrations affected chromosome damage, as assessed by the
cytokinesis-block micronucleus assay. The alkaline comet assay
detects primary DNA damage such as single- and double-strand breaks
[95]. These breaks can be repaired by the cell’s repair systems, which
may explain why the micronucleus assay often shows lower levels of
DNA damage compared to the alkaline comet assay [154]. Ruiz-Ruiz
et al. investigated the ability of 35 nm and 50 nm PVP-Ag-NPs to
induce micronuclei formation in PBMCs and found that none of the
tested NP concentrations significantly affected micronucleus frequency
[155]. Similar results were observed in BEAS-2B cells exposed to 42.5
nm PVP-Ag-NPs, where none of the tested NP concentrations caused a
statistically significant increase in micronucleus frequency, although
they did induce a significant and concentration-dependent increase in
primary DNA damage [150]. It is suggested that BEAS-2B cells
successfully repaired induced DNA breaks, hence no chromosome
damage was detected. However, a high number of single- and double-
strand DNA breaks could overwhelm the cell’s repair capacity or
increase the likelihood of repair errors, potentially leading to
chromosome damage [156]. Li et al. studied the genotoxicity of 5 nm
Ag-NPs in TK6 cells and found a concentration-dependent increase in
micronucleus frequency, where concentrations of 25 and 30 pg/mL
induced statistically significant differences [157]. A statistically
significant and concentration-dependent increase in micronucleus
frequency was also observed by Li et al. [158] when 5 nm Ag-NPs and
5 nm PVP-Ag-NPs were tested on L5178Y and TK6 cell lines. It is
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suggested that the coating of the tested nanoparticles may have
significantly influenced the genotoxicity results.

In studies with gold nanoparticles (Au-NPs), it was found that
10 nm gold nanotubes exhibited cytotoxic effects on PBMCs, and thus,
further genotoxicity studies with these nanoparticles were not
continued. A study on the A549 cell line revealed that the cytotoxicity
of gold nanotubes was concentration-dependent, with oxidative stress
identified as the primary factor driving the cytotoxic effect [159]. When
evaluating the ability of Au-NPs to enter PBMCs, it was found that,
regardless of nanoparticle size (5 or 40 nm), the internalization of Au-
NPs into PBMCs was limited, and none of the tested NP concentrations
had an impact on ROS formation. Nanoparticle internalization can
activate immune cells, such as macrophages and neutrophils, which
may promote ROS formation [160]. Therefore, the limited entry of Au-
NPs into cells could explain the absence of ROS. Despite this, both
sizes of NPs induced a statistically significant, concentration-
dependent increase in DNA damage after 3 and 24 hours of exposure.
Furthermore, smaller 5 nm NPs caused more DNA strand breaks
compared to larger 40 nm Au-NPs. May and colleagues found that 2—4
nm Au NPs efficiently entered A549 cells, but, similar to our study, did
not induce ROS formation, but caused a statistically significant increase
in DNA damage after 24 hours of exposure [161]. In contrast, Paino et
al. reported that 18.2 nm Au-NPs induced significant ROS production
in HepG2 and PBMC:s, but had no significant impact on DNA damage
[162]. Such contradictory findings highlight that the genotoxicity of
nanoparticles and its mechanisms may depend on various factors,
including the cell line studied, nanoparticle composition, size, and
duration of exposure. The genotoxicity of gold nanoparticles and the
influence of NP size on genotoxicity have been confirmed in other
studies. Lebedova and colleagues found that 5 nm Au-NPs caused more
DNA damage in HBEC cells than 50 nm particles [120]. Similarly, 5
nm Au-NPs induced a concentration-dependent increase in DNA
damage in HepG2 cells, whereas 20 and 50 nm particles did not have
this effect [163]. The impact of NP size on their genotoxicity can be
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explained by the fact that smaller nanoparticles generally have a larger
surface area and greater catalytic properties, which lead to increased
toxicity [164]. Additionally, it is suggested that smaller gold
nanoparticles may release toxic ions that inhibit thioredoxin reductase
activity, thereby damaging mitochondria and causing DNA damage
through secondary genotoxic mechanisms [165].

In studies with silicon dioxide nanoparticles (SiO>-NPs),
efficient NP internalization into PBMCs was observed, along with a
significant induction of primary DNA damage. However, ROS levels
in the cells did not significantly change after 24 hours of exposure to
SiO>-NPs. Additionally, a concentration-dependent increase in
micronucleus (MN) frequency was observed, although none of the
tested NP concentrations significantly increased MN frequency. Mu
and colleagues reported similar results in A549, HT29, and HaCaT cell
lines, where SiO,-NPs effectively entered these cells and induced a
significant increase in DNA strand breaks, even at low NP
concentrations (0.1-10 pg/mL) [166]. In a study with 70 nm SiO>-NPs,
a concentration-dependent increase in intracellular ROS levels was
observed in HaCaT and TLR-1 cells, but significant DNA damage was
only detected in HaCaT cells [167]. Conversely, although 1020 nm
Si0,-NPs effectively entered PBMCs and induced ROS formation, no
significant effects on cell viability or DNA damage were observed [12].
Furthermore, in the Chromosome Aberration Test, a SiO2-NP
concentration of 100 pg/mL did not significantly affect the frequency
of chromosomal damage [12]. A similar trend was noted in the A549
cell line, where no significant increase in ROS levels or DNA strand
breaks was observed, regardless of nanoparticle size (16 or 60 nm) or
exposure time (15 min or 2 hours) [168]. Gonzalez and colleagues also
reported no significant increase in micronucleus frequency following
SiO2-NP exposure [168]. In our study, the highest levels of primary
DNA damage were induced by higher NP concentrations (100-300
pg/mL, after 24 hours of exposure). However, it is important to note
that a statistically significant correlation between DNA strand breaks
and nanoparticle cytotoxicity was observed when analyzing the
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Alkaline Comet Assay results. It is believed that concentrations above
100 pg/mL may lead to false-positive results; therefore, future studies
should avoid using such concentrations, and genotoxicity outcomes are
best evaluated at concentrations up to 100 pg/mL [100].

Analysis of flow cytometry results revealed that after 24 hours
of exposure to polystyrene nanoparticles (PS-NPs), there was effective
and concentration-dependent internalization of PS-NPs into PBMCs,
accompanied by increased ROS levels. Molecular simulations by Rossi
et al. [169] demonstrated that polystyrene nanoparticles can penetrate
lipid membranes, alter membrane structure, and disrupt molecular
transport. Additionally, interactions between nanoplastics and
cytoplasmic proteins [170] showed that certain cytoplasmic proteins
strongly bind to plastic nanoparticles, forming a protein corona that
enhances nanoparticle cellular uptake.Rubio and colleagues [171]
observed successful internalization of polystyrene nanoparticles in
three lymphoblastoid cell lines (THP-1, TK6, Raji-B) after 24 and 48
hours of exposure, with the highest tested concentration (50 pg/mL)
found in nearly all cells. In line with our study, PS-NPs induced ROS
formation in TK6 and Raji-B cell lines. Statistically significant
increases in ROS levels after PS-NP exposure were also confirmed in
PBMCs, HCT116, and Hs27 cell lines [15,172,173]. It is suggested
that, like other nanoparticles, micro- and nanoplastics can induce DNA
damage through oxidative stress [176]. In our study, all tested PS-NP
concentrations induced statistically significant increases in primary
DNA damage both after 3 and 24 hours, and significantly increased
micronucleus (MN) frequency. Significant DNA damage was also
observed in Raji-B and TK®6 cell lines [171]. A differential genotoxic
mechanism of PS-NPs was noted between cell lines: in TK6 cells, PS-
NPs primarily caused oxidative damage, whereas in Raji-B cells, they
caused DNA strand breaks. Strong genotoxic effects of PS-NPs were
found in monocytes and polymorphonuclear (PMN) cells at 100
pg/mL, with minimal effects in lymphocytes [175]. Regarding
chromosomal damage, as in our study, PS-NPs induced statistically
significant increases in MN frequency in Hs27 and PBMCs [173,176].
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Sarma and colleagues also observed an increase in chromosomal
aberrations (chromosomal breaks, rings, and dicentric chromosomes)
in PBMCs [176]. However, their study used much higher PS-NP
concentrations (500-2000 pg/mL), making direct comparison difficult.
Recent recommendations suggest that nanoparticle concentrations
should not exceed 100 pg/mL to avoid false-positive results [100]. In
our study, all tested PS-NP concentrations caused a statistically
significant and concentration-dependent increase in DNA damage as
measured by the Alkaline Comet Assay. However, such trends were not
observed for micronucleus frequency. As mentioned before, this
discrepancy may be due to methodological differences, with the Comet
Assay detecting primary DNA damage and the Micronucleus Assay
detecting chromosomal damage. However, Ballesteros and colleagues
[175] noted that lymphocytes, monocytes, and PMNs had different
sensitivities to PS-NPs. Their study found limited internalization and
DNA damage in lymphocytes compared to monocytes and PMNs,
which were more sensitive to PS-NP genotoxicity. This suggests that
Micronucleus Assay, which primarily analyzed lymphocytes due to the
FHA in the cell culture medium, might show less sensitivity compared
to the Comet Assay, which included a mixed population of white blood
cells. However, this hypothesis should be further investigated.

In summary, the majority of nanoparticles tested (CosOa-,
ALOs-, SiO2-, PVP-Ag-, and PS-NPs) efficiently entered human
peripheral blood mononuclear cells after 24 hours of exposure. The
only nanoparticles with limited uptake efficiency were the 5 nm and 40
nm gold nanoparticles. All tested nanoparticles induced a significant
increase in primary DNA damage after both short-term (1 or 3 hours)
and long-term (24 hours) exposure. However, different genotoxicity
mechanisms were observed. Cobalt oxide nanoparticles (10-30 nm and
<50 nm), aluminum oxide (13 nm and 50 nm), and polystyrene
nanoparticles, once internalized, induced varying degrees of ROS
formation, likely contributing to DNA strand breaks. Other
nanoparticles (PVP-Ag-, SiO2-, Au-), while still inducing significant
levels of primary DNA damage, did not significantly alter ROS levels
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or showed only minimal changes. This suggests that alternative, ROS-
independent genotoxic mechanisms may be involved, such as direct
interaction of the nanoparticles with DNA, mechanical disruption, or
interference with molecules involved in DNA replication or repair. In
the case of gold nanoparticles, another genotoxicity mechanism may be
at play, where the nanoparticles did not enter the cells or induce
intracellular ROS production but still caused significant DNA damage.
Most studies assessing the genotoxic potential of nanoparticles have
been conducted in immortalized cell lines. Therefore, our results with
primary human peripheral blood mononuclear cells (PBMCs) cannot
be directly compared to those of other researchers. It is important to
note that during the Comet assay, PBMCs are in the GO phase of the
cell cycle, while immortalized cells are in the G1, S, or G2 phases.
Nanoparticles typically interact with the nucleus during mitosis when
the nuclear membrane disintegrates. Thus, the stage of the cell cycle
can influence nanoparticle uptake and toxicity, with the highest levels
of intracellular NP internalization observed during the G2/M phases
and the lowest during the GO/G1 phases [11,135]. The genotoxic
potential of nanoparticles may arise from mechanical interactions
between nanoparticles and cellular structures, such as the mitotic
spindle [11], which can affect the rate of cell replication and
proliferation, increasing the likelihood of aneuploidy [136].
Chromosome damage analysis revealed that cobalt oxide nanoparticles
of both sizes and polystyrene nanoparticles caused the greatest increase
in micronucleus (MN) frequency. In a comparative study by Rajiv et al.
[12], which assessed the genotoxicity of CosO4, Fe20s, SiO2, and Al2Os
nanoparticles using the Comet and Micronucleus assays in PBMCs,
C0304 and Fe:0s nanoparticles induced the highest levels of DNA and
chromosomal damage, which were statistically significant. SiO. and
AlL:Os nanoparticles showed no genotoxic effects, which partially aligns
with our findings.

Interestingly, almost all genotoxicity studies conducted by our
group revealed significant inter-donor variability, suggesting individual
sensitivity to different nanoparticles (Supplementary materials, Table
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S18). Only a few studies have also reported individual donor sensitivity
when assessing cobalt genotoxicity using the alkaline Comet assay
[177] or ionizing radiation effects with the Micronucleus assay [178].
To evaluate the genotoxic potential and safety of nanoparticles, it is
crucial to consider individual donor sensitivity. It is well-known that
the frequency of both DNA and chromosomal damage can depend on
the donor's age, lifestyle, and the efficiency of their DNA repair
systems. While some donors' cells can effectively repair DNA damage
and prevent mutation formation, others may have impaired
mechanisms, leading to increased mutation rates [179,180]. Therefore,
it is recommended to conduct genotoxicity studies with a larger number
of donors [177]. Additionally, concerns arise regarding whether the
results obtained from genotoxicity studies in cultured cells accurately
reflect real-life conditions.
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CONCLUSIONS

C0304-, ALOs-, SiO2-, PVP-Ag-, and PS-NPs are efficiently
internalized by human peripheral blood mononuclear cells
(PBMCs) after 24-hour exposure, while 5 nm and 40 nm gold NPs
cellular internalization is limited.

13 nm PVP-Ag- and 10 nm Au-NPs exert cytotoxic effects on
human PBMCs

C0304-NPs (10-30 nm and <50 nm), Al2Os-NPs (13 nm and 50
nm), and PS-NPs induced ROS formation. Other nanoparticles
(PVP-Ag-, SiO2-, Au-NPs), did not alter ROS levels or showed only
minimal changes.

. All tested nanoparticles induced a significant amount of primary
DNA damage, evaluated by an alkaline comet assay, with long-term
(24 hours) exposure inducing more damage than short-term (1 or 3
hours) exposure.

Chromosome damage analysis revealed that Cos0s-NPs of both
sizes and polystyrene nanoparticles caused the greatest increase in
micronucleus (MN) frequency, compared to remaining NPs (Al.Os-
, Si02-, PVP-Ag-NPs).

Statistically significant differences between donors were observed
with most nanoparticles nearly in all assays.
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testas)

PRIEDAI
SUPPLEMENTARY MATERIALS

S1 lentelé. Lasteliy gyvybingumas, po 1 ir 24 val. poveikio 10-30 nm ir <50
nm dydzio Co3;O4 nanodalelémis. Tyrimai atlikti su 5 skirtingy donory (D1,
D2, D3, D4, D5) periferinio kraujo vienbranduolémis lgstelémis. Statistiskai
reikSmingi pokyciai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-

Table S1. Percentage of viable cells following I- and 24-hour exposure to 10-
30 nm and < 50 nm size Co3O4nanoparticles. The study was conducted on
PBMCs from 5 donors (D1, D2, D3, D4, D5). Statistically significant
changes, compared to untreated control (0 ug/mL) are indicated by an
asterisk (*) (z-test)

_ %Gyvybingumas + SEM / % Viability
S
g é go Vidurkis /
§ g s Mean Value
= g
S| %] &
2| 2| g D1 D2 D3 D4 D5
15} Q
| E| 5
= [-» M
0 | 9402 98+0,1 | 92403 | 97402 |95+02 | 952+1,1
o |20 [97=02 99+0,1 | 9502 | 9702 | 86-04* | 948+22
g 40 | 96+02 97+02 | 92403 | 96+02 |90+03 | 942+14
60 | 91+0,3 88=03* | 9402 | 9502 | 980, | 932+17
| 80 | 95+02 94+02 | 88+03 | 9602 | 9303 | 93214
0 | 9402 98+0,0 | 92£03 | 9702 | 95+02 | 952<1,1
_ [20]9%=02 98+0,1 | 97+02 | 93+03 | 9702 | 962+0,9
% |40 [ 9502 92+03 | 96+£02 | 9402 | 9402 | 942+0,7
60 | 93+0,3 92+03 | 96£02 | 9402 | 98=0,1 | 946<1,1
80 | 9303 94+02 | 95+02 | 9402 | 98=0,1 | 948+0,9
0 | 88+03 92+03 | 8703 | 9502 | 88+03 | 90,015
o |20 [92x03 8703 | 97+£02% | 93£03 | 93+03 | 92,4+ 1,6
@ 40 [ 91+03 93+03 | 88+03 | 93+03 | 9203 | 91,4+0,9
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60 | 9303 93+03 |89+03 |90£03 |93£03 | 9164009
80 | 94=02 85:04 | 8803 | 78=04* | 8903 | 868%2,6
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S2. lentelé. Dvifaktorinés ANOVA analizés duomenys, vertinant donory ir
poveikio jtaka Co304-ND genotoksisSkumui

Table S2. Two-way ANOVA analysis of donor variability and treatment
effects on Co304-NPs genotoxicity

= =
£ Z
g = z g %
I En, E % i g £% B £
g |3 EZ s 2|03 5 E 5 g
z2 | 2 538 £ 28| £ S35 5 g
= ~ > g2 M a .= M VS = o
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) kometos Poveikis!! 4 23,36 5,84 5,73 0,005
g uodegoje, % Klaida' 16 16,29 1,02
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2 .
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° V7% "Klaida 16 200,16 | 12,51
Viso 24 278,64 | 11,61
D i 4 47,43 11,86 10,76 0,0002
DNR kiekis onorat
kometos Poveikis 4 38,58 | 9,65 8,76 0,001
. uodegoje, %
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3 Y .
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[}
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g ‘; Viso 24 600,35 | 25,01
3; & Donorai 4 51,44 12,86 1,71 0,20
on
S| 2 | Gyvybi
R = yvybingumas .
%/ Viability, % Poveikis 4 25,84 6,46 0,86 0,51
Klaida 16 120,16 | 7,51
Viso 24 197,44 | 8,23
DR Eekis Donorai 4 125,55 | 31,39 2,76 0,06
kometos Poveikis 4 585,58 | 146,40 | 12,86 0,0001
. 1 0,
E “‘/’fe%; AA’ Klaida 16 182,12 | 11,38
3 ’ Viso 24 893,25 | 37,22
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S
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\
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S2 lentelé. Tgstinys
Table S2. Continued

Donorai 2 | 1689 | 84434 | 867 0,01
SCM/last. / .
SCE/cell Poveikis 5 18,00 3,60 3,70 0,04
£ Klaida 10 | 9,74 0,97
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con
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2 Viso 17 | 1,87 0,11
g Donorai 2 | 1002 | 501 2,61 0,12
> SCM/last. | poyeiki 5 | 1424 | 2,85 1,48 0,28
S SCE/cell overtis ’ ’ ’ ’
. Klaida 10 [ 1920 [ 192
E Viso 17 | 4346 | 2,56
(=}
v Donorai 2 | o012 0,06 334 0,08
RI Poveikis 5 10,18 0,04 1,92 0,18
Klaida 10 | 0,18 0,02
Viso 17 | 048 0,03
Donorai 2 | 4020 | 20,10 | 882 0,01
MBY%o / MN %, | Poveikis 5 | 7629 | 1526 | 6,70 0,01
£ Klaida 10 | 2280 | 228
Z Viso 17 | 13928 | 8,19
o
S Donorai 2 | 033 0,164 | 7,73 0,01
§ BDI/ CBPI Poveikis 5 0,16 0,033 1,542 0,30
= Klaida 10 [ 021 0,021
= Viso 17 [ 070 [ 0041
2]
g Donorai 2 | 137,60 | 68,80 | 10,89 0,003
Q
g MBY%o / MN %, | Poveikis 5 | 18548 | 37,00 | 5,87 0,01
. Klaida 10 | 63,19 | 631
E Viso 17 | 386,28 | 22,72
(=}
v Donorai 2 | 050 0,25 40,98 0,00001
BDI/CBPI | Poveikis 5 | 030 0,06 9,94 0,001
Klaida 10 | 0,06 0,006
Viso 17 | 087 0,05
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S3 lentelé. Lasteliy branduolio dalijimosi indeksas po poveikio 10-30 nm ir
<50 nm dydzio Co30O4 nanodalelémis ir apskaiciuotas ND citotoksiskumas.
Tyrimai atlikti su 3 skirtingy donory (D1, D2, D3) periferiniu krauju.
StatistiSkai reikSmingi poky¢iai, lyginant su neigiama kontrole (0 pg/mL),
pazyméti * (z-testas) arba * (Studento t-testas)

Table S3. Nuclear division index of PBMCs exposed to 10-30 nm and < 50 nm
size Co304NPs and their cytotoxicity. The study was conducted on PBMCs
from 3 donors (D1, D2, D3). Statistically significant changes, compared to
untreated control (0 ug/mlL) are indicated by an asterisk (*) (z-test) or (*)
(Student t-test)

2
2
Branduolio Dalijimosi Indeksas (BDI) = SEM / IS
Nuclear division index (NDI) S
- S
=) <
g = —_
% | E X
5| @ e
35 . . i+
% £ D1 D2 D3 Vidurkis / =
-2 = Mean value g2
B= 1] S
£l :
| & )
0 1,81 £ 0,04 1,88 0,03 1,62 £ 0,04 1,66 + 0,06 0
20 1,50 £0,03* 1,67 £ 0,03* 1,92 +0,03* 1,63+0,13 3.85
o | 30 1,53 £0,03* 1,73 £0,03* 1,82 £0,04%* 1,58 £0,12
a 10,30
(e}
— |40 1,32 £0,03* 1,77 £0,03 1,60 + 0,04 1,46 + 0,04 2726
50 1,28 £0,02* 1,74 £0,03* 1,50 £ 0,04* 1,39 +£0,03* 34.66
60 1,23 £0,02* 1,77 £0,03 1,68 £0,03 1,46 £ 0,08 2728
0 1,81 £ 0,04 1,88 0,03 1,62 £ 0,04 1,66 + 0,06 0
20 1,77 £ 0,04 1,63 £0,02%* 1,21 £0,04* 1,49 £ 0,10 3048
+ * + * + * + *
2 30 1,67 £ 0,04 1,56 0,02 1,20 £ 0,02 1,44 £0,10 38.27
\Y
40 1.51 £0.03* 1,59 £ 0,02* 1,21 £0,02* 1,37 £0,05* 4328
+ * + * + * + *
50 1,46 0,03 1,61 +£0,02 1,19+0,02 1,39+0,10 4549
60 1,44 £0,03* 1,52 £0,02* 1,17 £0,02* 1,3 £ 0,04* 5142
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S4 lentelé. Lasteliy gyvybingumas, po 1 ir 24 val. poveikio 13 nm ir 35 nm
dydzio PVP-Ag nanodalelémis. Tyrimai atlikti su skirtingy donory (D2, D3,
D5, D6, D7, D9) periferinio kraujo vienbranduolémis Iastelémis. Statistiskai
reikSmingi pokyciai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-
testas) ir * (Studento t-testas)

Table S4. Percentage of viable cells following 1- and 24-hour exposure to 13
nm and 35 nm size PVP-Ag-NPs. The study was conducted on PBMCs from 5
donors (D2, D3, D5, D6, D7, D9). Statistically significant changes, compared
to solvent control (PVP) are indicated by an asterisk (*) (z-test) or (*)
(Student t-test)

. %Gyvybingumas + SEM / % Viability
£
on
1 N
= 5
= E
w | E D2 D3 D5 D6 D7 D9 =
(5]
> 5] ER
g | & 23
> =
0 93403 89+ 0,3 91,0 2,0
PVP | 89+0,3 94+0,2 91,5+2,5
5 83+ 0.4 83+ 0.4 83,0 £ 0,0
10 | 87403 26+ 04 56,5 £ 30,5
|15 | s1+04 16+ 0.4 48,5+32,5
<
Z 120 |61+05 0 30,5+30,5
El30 |18+04 0 9.0+9,0
on
| 40 0 0 0
5 |0 0 0
60 |0 0 0
80 |0 0 0
100 |0 0 0
0 91+£03 | 85+04 88403 | 92403 | 90£03 | 892+1.2
PVP | 88403 | 94+072 93+£03 | 9502 | 86+04 | 912+18
5 75+£04% | 88+0,3 87403 | 80+04* | 91£03 | 84229
10 | 88+03 | 91403 91+£03 | 87+03* | 87+03 | 888+09
|15 | 77+04% | 92403 88403 | 90+03 | 93+£03 | 88,0£2,9
<
Z 120 |81x04 | 84+04* 89403 | 87+03% | 87+£03 | 85,6+ 1,4*
E 30 |[8+04 |80+04* 84+£04% | 91+£03 | 8903 | 860+1,9
w
“ |40 |92+03 | 89+03 92+£04 | 85+£04* | 91+03 | 89.8+13
50 | 88+03 | 88+03 85+£04 | 89403 | 92+£03 | 884+1,1
60 | 89403 | 91+03 92+£03 | 91+£03 | 89+03 | 904+06
80 | 86+04 | 86+04 88403 | 86+£04% | 8604 | 86,4 +04*
100 | 80£04 | 84+04* 82+04% | 89+03 | 78£04 | 82,6+ 1,9%
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S4 lentelé. Tesinys
Table S$4. Continued

0 88 +0,3 89 +0,3 88,5+0,5
PVP | 93+0,3 91+0,3 92,0+ 1,0
ERE 84404 79 £ 0,4 81,525
2 10 | 29405 84+ 0,4 56,5+27,5
; 15 | 11+£03 58+0,5 345£235
20 |0 18404 9,049,0
30 | 1804 0 9,049,0
0 92403 | 96402 98+ 0,1 | 99+0,1 | 97402 | 964+12
PVP | 74404 | 98402 99+0,1 | 98+0,1 | 94+02 | 92,6+4,7
ERE 9303 | 91402 95403 | 92402 | 95402 | 932422
2 10 | 91403 | 75+0.2% 94403 | 89+£02* | 96+0,2 | 89,0 +0,8
5 15 | 82404 | 78+0,3* 95403 | 89+£02* | 92403 | 87,2+3,7
20 | 86+04 | 66+03* 88+0,3% | 87+03% | 91+0,3 | 83,6+32
30 | 4540,5% | 55+03* 86+0,3% | 88+04* | 91+£0,3 | 73,0+ 9,6
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S5 lentelé. Dvifaktorinés ANOVA analizés duomenys, vertinant donory ir
poveikio jtakg 35 nm PVP-Ag-ND genotoksisSkumui

Table S5. Two-way ANOVA analysis of donor variability and treatment
effects on PVP-Ag-NPs genotoxicity

3 . Tn g
B .2 s = 3"
2 a = 3 S
2] < (=N =} o= ~ o
o g T =] Z = | 2 2
_ .2 = 17} = < 172} B7)
8| 3 5 £ 3 s g % g
= oo > M — M M 29 8
DNR kickis | Donorai'® | 4 | 1167,15 | 291,79 | 100,99 | <0,0001
uog;’;)?:’i ., | Poveikis™ [ 11 [ 61.79 5,62 1,94 0,06
, /0 "
oo DNA Klaida” 44 | 127,12 2,89
= Viso" 59 | 1356,06 | 22,98
> 8
g~ Donorai 4 | 91,48 22,87 | 1,23 0,31
T E
2| w Poveikis 12 | 388,99 3242 | 1,75 0,09
) “ | Gyvybingumas
2 % / Viability, % | Klaida 48 | 889,32 18,53
< .
S Viso 64 | 1369,79 | 21,40
3 -
Z DNR kickis | Donorai 4 | 522,65 130,66 | 491 0,005
7 Kometos Poveikis 6 | 180873 | 30146 | 11,33 | <0,0001
E wodegoje, %/ | Klaida 24 | 638,55 26,61
E ' %TDNA Viso 34 | 2969,92 | 87,35
2z | 8
¢ § Donorai 4 | 145865 | 364,66 | 5.61 0,002
E o
- Poveikis 7 | 2010,38 | 287,19 | 4,41 0,002
a Gyvybingumas
%/ Viability, % | Klaida 28 | 1821,75 | 65,06
Viso 39 | 5290,78 | 135,66
Donorai 2 | 791 3,95 5,93 0,02
3 MB %o / MN %o | Poveikis 5 | 345 0,69 1,03 0,45
§ Klaida 10 | 667 0,67
N Viso 17 | 18,03 1,06
R Donorai 2 o012 0,06 16,86 | 0,001
8
g BDI/CBPl | Poveikis 4 001 0,003 | 0,86 0,53
Klaida 8 | 003 0,004
Viso 14 | 0,16 0,01

Assay, 2Treatment, *Biological Endpoint, “Source of Variation, SDF, °Sum of square (SS),
"Mean square, 8F statistics (dfi, df), °P-value, '’Donors, ' Exposure, *Error, *Total
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S6 lentelé. Lasteliy branduolio dalijimosi indeksas po poveikio 35 nm dydzio
PVP-Ag-ND ir apskaiCiuotas ND citotoksiSkumas. Tyrimai atlikti su 3
skirtingy donory (D2, D6, D9) periferiniu krauju. StatistiSkai reikSmingi
poky¢iai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-testas)

Table S6. Nuclear division index of PBMCs exposed to PVP-Ag-NPs and their
cytotoxicity. The study was conducted on PBMCs from 3 donors (D2, D6, D9).
Statistically significant changes, compared to solvent control (PVP) are
indicated by an asterisk (*) (z-test)

Branduolio Dalijimosi Indeksas (BDI) = SEM / =~
6 Nuclear division index (NDI) §
g 2 2s
= £ E 2
= en RS
&=
2|z s
a 5 2S5
Z < . . 8
E ‘E D2 D6 DY Vidurkis / &
k= g Mean value O
£ 3
-9 N
0 1,94 +£ 0,03 1,82 +0,03 2,15+0,03 1,97 +£0,10
PVP | 2,00+ 0,04 1,90 £ 0,03 2,11+0,04 2,00+ 0,06
5 2,03+0,03 1,91 +0,03 1,95 +£0,04* 1,96 + 0,04 4,09
35
15 2,13 +£0,03* 1,89 +£ 0,03 2,09 +0,03 2,03+0,08 -3,12
20 2,15+£0,03* 1,83 £0,03* 2,11+0,04 2,03+0,10 -2,80
30 2,07 +£0,03* 1,86 + 0,03 2,01 +£0,03* 1,98 + 0,06 2,36
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S7 lentelé. Lasteliy gyvybingumas, po 3 ir 24 val. poveikio 5 nm ir 40 nm
dydzio Au-ND. Tyrimai atlikti su skirtingy donory (D2, D6, D7, D8, D9)
periferinio kraujo vienbranduolémis lgstelémis. StatistiSkai reikSmingi
poky¢iai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-testas). CB
— citratinis buferis

Table S7. Percentage of viable cells following 3- and 24-hour exposure to 5
nm and 40 nm size Au-NPs. The study was conducted on PBMCs from 5
donors (D2, D6, D7, DS, DS8). Statistically significant changes, compared to
untreated control (0 ug/mlL) are indicated by an asterisk (*) (z-test). CB —
citratic buffer

V
— S
E %Gyvybingumas + SEM / %Viability E
2 s
= S
5 =
o g P
R 5 b
L g D2 D6 D7 D8 D9 3
£ M S
0 88+03 | 97+02 | 97+0,2 89+ 0,3 99 + 0,1 94,0+2.3
CB 90+0,3 | 96+0,2 | 98+0,1 97+0,2 97 +0,2 95,6+ 1,4
025 | 92+03 | 98+0,1 96+ 0,2 92+0,3 96+ 0,2 94,8+1,2
0,5 8604 | 98+0,1 99 + 0,1 94 +0,2 99 + 0,1 952425
£ |1 86+04 | 96+02 | 96+0,2 90 + 0,3* 98+ 0,1 932423
on
E |15 86+04 | 97+02 | 99+0,1 91+0,3 95+0,2 93,6+2,3
wv
2 85+0,4 | 94402 | 95+0,2 92+0,3 95+0,2 922+1,9
2,5 76+04% | 92403 | 98+0,1 81+ 0,4* 97 +0,2 88,8 + 4,4
45 74+£04% | 9602 | 97+0,2 65+0,5* 95+0,2 85,4+6,7
7,5 74+04% | 95402 | 96+0,2 77 + 0,4% 96+ 0,2 87,6 £5,0
0 8803 | 99+0,1 97 +£0,2 96+ 0,2 96+ 1,0 952+1,9
CB 90+0,3 | 96+0,2 | 98+0,1 97+0,2 97 +£0,2 95,6+ 1,4
025 | 85+04 | 96+02 | 97+0.2 96+ 0,2 93+0,3 93,4+22
= 105 88+03 | 97+0,2 | 98+0,1 95+0,2 96+ 0,2 94,8+ 1,8
>
on
g1 90+£0,3 | 98+0,1 99 + 0,1 96+ 0,2 97 +£0,2 96,0+ 1,6
a
g |15 94+0,2 | 95+02 | 98+0,1 91+0,3 94 +0,2 944+1,1
2 87+03 | 94+02 | 98+0,1 88+ 0,3 92+0,3 91,8+2
2,5 90+£0,3 | 98+0,1 97 +£0,2 95+0,2 98+ 0,1 95,6+ 1,5
45 77+£04% | 95+£02 | 97+0,2 92+0,3 91+0,3 90,4 +3,5
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S7 lentelé. Tesinys
Table S7. Continued

0 96 +0,2 91+0,3 99+0,1 90+0,3 97+0,2 94,6 +1,8
CB 90 +0,3 91+0,3 98 +0,1 93+0,3 99+0,1 92,0+ 1,8
0,25 | 93+£0,3 94+0,2 97+0,2 98+0,1 97+0,2 942+ 1,0
0,5 92+0,3 92+0,3 98+ 0,1 96 +0,2 98 +0,1 952+ 1,4
E 1 94+0,2 91+0,3 96 +0,2 95+0,2 99+0,1 95,0+ 1,3
N
g 1,5 94+0,2 93+0,3 96 +0,2 93+0,3 95+0,2 94,2+ 0,6
” 2 98 +0,1 89+0,3 95+0,2 89+0,3 99+0,1 94,0+ 2,1
2,5 93+0,3 85+0,4 95+0,2 89+0,3 99+0,1 922+24
4,5 72 £0,5% 88+0,3 97+0,2 89+0,3 98 +0,1 88,8 4,7
7,5 72 £0,5% 86+0,4 95+0,2 90+0,3 97+0,2 88,044
0 92+0,3 97+0,2 96 +0,2 99+0,1 99+0,1 96,6 +2,6
CB 95+0,2 93+0,3 97+0,2 93+£0,3*% | 95+0,2 94,6 £ 0,8
0,25 | 95+£0,2 95+0,2 99+0,1 93+0,3 95+0,2 95,4+ 1,0
T;' 0,5 94+0,2 96 +0,2 96 +0,2 96 +0,2 91+0,3 94,6 £ 1,0
iﬁ 1 87+0,3 95+0,2 95+0,2 97+0,2 99+0,1 94,6 £2,0
§r 1,5 88+0,3 97+0,2 98 +0,1 94+0,2 94+0,2 942+ 1,7
2 95+0,2 95+0,2 97+0,2 95+0,2 96 +0,2 95,6+ 0,4
2,5 89+0,3 95+0,2 97+0,2 95+0,2 96 +0,2 944+14
4,5 90 +0,3 94+0,2 96 +0,2 93+0,3 90 +0,3 92,6 1,2
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S8 lentelé. Dvifaktorinés ANOVA analizés duomenys, vertinant donory ir
poveikio jtaka 5 nm ir 40 nm Au-ND genotoksiskumui

Table S8. Two-way ANOVA analysis of donor variability and treatment
effects on Au-NPs genotoxicity

<
v . =
.2 = 7
[=| <]
. . Z £ g
g = g 2 % %
“‘w E o 2 —_— E E‘Fm % E
7| 2 22 = 8 E ot 5 2
gl e £ 8 z E EE 2 E
3 2 53 E ‘= s > 5 =) =
| & > g2 M = M A wZ o
Donorai’® | 4 404,82 101,21 15,80 | <0,0001
DNR kiekis
kometos Poveikis!" | 9 295,11 32,79 5,12 0,0002
uodegoje, % /
. %TDNA Klaida' 36 | 230,58 6,41
g Viso! 49 | 930,51 18,99
on
§ Donorai 4 1637,32 409,33 20,78 | <0,0001
w
Gyvybingumas | Poveikis 9 535,52 59,50 3,02 0,009
% / Viability,
I Klaida 36 | 709,08 19,70
Viso 49 | 2881,92 58,82
=
S
N Donorai 4 301,23 75,31 2331 | <0,0001
2 DNR kiekis
S kometos Poveikis 8 136,17 17,02 527 0,0003
2 uodegoje, % /
3| _ %TDNA Klaida 32 | 103,37 3,23
| Viso 44| 540,77 12,29
g § Donorai 4 526,53 131,63 22,47 | <0,0001
Q
- S
% = Gyvybingumas | Poveikis 8 134,98 16,87 2,88 0,02
= % / Viability, -
s Y [Kiaida 32 | 18747 5.86
g Viso 44 | 848,98 19,30
5
N
Donorai 4 457,75 114,44 19,78 | <0,0001
DNR kiekis
Kkometos Poveikis 8 240,62 30,08 5,20 0,0003
uodegoje, % /
= 9%TDNA Klaida 32 | 185,18 5,79
>
S Viso 44 | 883,54 20,08
:
=g Donorai 4 586,68 146,67 7,41 0,0002
Gyvybingumas .
%/ Viability, | Poveikis 9 329,78 36,64 1,85 0,09
% Klaida 36 | 712,52 19,79
Viso 49 | 1628,98 33,25

Assay, 2Treatment, *Biological Endpoint, “Source of Variation, SDF, °Sum of square (SS),
"Mean square, 8F statistics (dfi, df), °P-value, '’Donors, ' Exposure, *Error, *Total
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S8 lentelé. Tesinys
Table S8. Continued

Donorai 4 70,78 17,70 5,76 0,002
DNR kiekis | poyeikis | 7 35,39 5,06 1,65 | 016
kometos
3 uodegoje, % /
3] . %TDNA Klaida 28 85,98 3,07
g| T
E S Viso 39 192,14 4,93
5 .
2| g
E ; Donorai 4 131,42 32,86 6,72 0,0005
= T
g
,5’) Gyvybingumas | Poveikis | 8 53,20 6,65 1,36 0,25
% / Viability,
% Klaida 32 156,58 4,89
Viso 44 341,20 7,76
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S9 lentelé. Lasteliy gyvybingumas, po 1 ir 24 val. poveikio 13 nm ir 50 nm
dydzio Al,O3-ND. Tyrimai atlikti su skirtingy donory (D2, D3, D5, D6, D7,
D9) periferinio kraujo vienbranduolémis lastelémis. StatistiSkai reikSmingi
poky¢iai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-testas) arba
* (Studento t-testas)

Table S9. Percentage of viable cells following 1- and 24-hour exposure tol3
nm and 50 nm size A;O3-NPs. The study was conducted on PBMCs from 5
donors (D2, D3, D5, D6, D7, D9). Statistically significant changes, compared
to untreated control (0 ug/mL) are indicated by an asterisk (*) (z-test) or (*)
(Student t-test)

- %Gyvybingumas + SEM / % Viability
2 | 3,
gl g% D2 D3 D5 D6 D7 D9 23
N >3
O | 9%02 185404 89:03 | 97202 | #*03 | 018420
1088203 1 g4 04 94402 | 93203 | ¥*% | g06+18
1588203 1 7404 96402 | 9502 | P0*%3 | o10:18
20 3903 gy i03 91403 | 93403 | ¥7*%3 | 904411
3
30 | 8TEOI ) g3.05 95:02 | 91403 | ¥*0% 190019
E 40 85504 ) 594 g5 9003 | 95+02 | 3004 | g30462
S0 | 8604 T g1 s 04 91203 | 9602 | B0 | 478405
60 | 8204% | oo 9602 | 92403 | 204 | g7g408
B0 | 8004 | g0 94502 | 89x03% | B0 | g7 4004
100 | 87£03% | oo 82404 | 95402 | HEOH | gs4i0g
O | 94202 199403 | 9003 9702 |09 1 o00s15
100193403 | 43,05 | 56204 9402 | M*%2 | 900415
15195402 | g4 0s | enzos 9402 | P*%2 | 940206
L0 902 I sgs03 [ 89203 9303 | B9*03 | 906410
3
230 | 92503 |o5i05 | g0s0a 93:03 | 2*%3 | 92408
E 40 91203 1 9gi00 | 93203 87403* | B*03 | 916413
0 195%02 194102 | 95202 89403* | 94+ | 03441,
60 | 94402 | g5 0o | 9103 7203 | 37503 1904417
80 9502 |g9i03 | 88203 g9+03% | 8803 | 995413
100193203 | gg103 | 91403 9502 | M1*03 | o6s1p
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S9 lentelé. Tesinys
Table S9. Continued

0 | 88£0.3 1 ¢g403 80403 | 93x03 | 3004 | gggx12
1071 86204 1 ¢4, 3 89:03 | 93x03 | B0F04 | gg6s13
151 86204 | o5, (4 8604 | 87:03 | 2204 | gsgsoa
g 200 89%03 1 89403 90+03 | 79£04% | 30*%4 | 866120
iﬁ 30| 82204 1 g 44 93+03 | 85404 | 3F04 | 850401
E 40| BI04 1 g0, 04 92403 | 83+04% | 8004 | 835403
30 185204 | gg .3 88403 | 73x04* | B2F04 | 8301038
60 | 83%04 ] ¢34 04 8903 | 71205% | 81204 | 514400+
80 | 79%04 | g5404 85404 | 90403 | %04 | 834405
100 81204 ) g1 404 8903 | 82204% | 4EOAT | g1 494
0 | 91403 | 92+03 | 94=02 99£0.1 | 87203 | 4y ¢ 50
10 | 90403 | 91£03 | 94+0.2 98501 | 95202 | gic .,
15 | 88403 | 93£03 | 96+0.2 97402 | 95202 | gig ¢
g} 20 | 87+03 | 97+02 | 95+02 96202 | 86204 | o0y o,
S| 30 | 91203 | 92203 | 9602 94202 | 92503 | 410 0
Eﬁ 40 | 92403 | 9402 | 93+03 95502 | 90£03 | gy¢ g
2
50 | 87+03 | 90+03 | 88403 95502 | 86204 | oo ¢
60 | 88+03 | 88203 | 90403 93402 | 86504 | g9,
80 | 90403 | 87403 | 85+04* 9402 | 94502 | 400 g
100 | 94402 | 8803 | 94+0.2 92£03 | 92503 | gy, 05
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S10 lentelé. Dvifaktorinés ANOVA analizés duomenys, vertinant donory ir
poveikio jtakg Al,O3-ND genotoksiskumui

Table S10. Two-way ANOVA analysis of donor variability and treatment
effects on Al,O3-NPs genotoxicity

= . T ]
B ] = %‘5 E
& Z £ 5 g
y : g | =] 2 | 2] %
- v < @ |72] >
w| = £ g £ 5 5 £ g
17 > b~ = RZ < IS S 15}
[} o o Ro! < > > ©n ol
= oo > M = N N = =¥
o 1o 62,3
DNR kiekis Donorai 4 751,44 187,86 2 <0,0001
kometos
= uodegoje, % / | Poveikis'' 9 22,92 2,55 0,85 | 0,58
z %TDNA Klaida” 36 | 108,51 3,01
g Viso'? 49 882,87 18,02
,i Donorai 4 671,72 167,93 6,15 0,001
" | Gyvybingumas | Poveikis 9 339,62 37,74 138 | 023
2 N
S % / Viability, % | Klaida 36 983,08 27,31
g Viso 49 1994,42 40,70
s . 83,1
KQ) DNR kiekis Donorai 4 705,71 176,43 9 <0,0001
N
S| - kometos Poveikis 9 28,76 3,20 1,51 | 0,18
g s uodegoje, % /
<~ - %TDNA Klaida 36 76,35 2,12
2 g Viso 49 810,83 16,55
% 2 Donorai 4 57,48 14,37 1,99 0,12
2 Gyvybingumas | Poveikis 9 76,58 8,51 1,18 0,34
g % / Viability, % | Klaida 36 260,52 7,24
£ Viso 49 394,58 8,05
é L Donorai 4 488,51 122,13 49,0 <0,0001
£ DNR kiekis 7
A kometos Poveikis 9 26,50 2,94 1,18 | 034
= uodegoje, % /
:r 2%TDNA Klaida 36 89,59 2,49
N Viso 49 604,61 12,34
E Donorai 4 270,32 67,58 4,06 0,008
@ Poveikis 9 324,42 36,05 2,17 0,048
Gyvybingumas -
% / Viability, % Klaida 36 598,88 16,66
Viso 49 1193,62 24,36

"Ussay, *Treatment, 3Biological Endpoint, *Source of Variation, DF, °Sum of square (SS),
1y, 8 4 q
"Mean square, 8F statistics (dfi, df), °P-value, '’Donors, ' Exposure, *Error, *Total
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S10 lentelé. Tesinys
Table S10. Continued

Donorai 4 263,71 65,93 34,45 | <0,0001
DNR kiekis
kometos Poveikis 9 19,73 2,19 1,15 0,36
3 uodegoje, % / -
B 9% TDNA Klaida 36 68,89 191
&l ¢ Viso 49 | 35233 7,19
o | <
=] N
S| g Donorai 4 193,48 48,37 6,09 0,001
7] =
2| 2
ENRE ) Poveikis 9 141,78 15,75 1,98 0,07
5 Gyvybingumas
N % / Viability, % | Klaida 36 | 286,12 7,95
Viso 49 | 62138 12,68
Donorai 2 5,55 2,77 1,79 0,23
MB %o/ MN %o | Poveikis 4 21,70 5,42 3,50 0,06
Klaida 8 12,39 1,55
£ Viso 14 | 39,63 2,83
on
- Donorai 2 0,11 0,06 426 0,06
N
3 BDI / CBPI Poveikis 4 0,08 0,02 1,44 0,31
g
P Klaida 8 0,12 0,01
= Viso 14| 030 0,02
s Donorai 2 58,86 29,43 423 0,06
Q
§ MB %o/ MN %o | Poveikis 4 41,19 10,30 1,48 0,30
Klaida 8 55,68 6,96
£ Viso 14| 155,69 11,12
S
@ Donorai 2 1,06 0,53 66,17 | <0,0001
BDI / CBPI Poveikis 4 0,05 0,01 1,63 0,26
Klaida 8 0,06 0,01
Viso 14 | 1,17 0,08
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S11 lentelé. Lasteliy branduolio dalijimosi indeksas po poveikio 13 nm ir 50
nm dydZzio AL,O3-ND ir apskai¢iuotas ND citotoksiSkumas. Tyrimai atlikti su
3 skirtingy donory (D2, D7, D9) periferiniu krauju. StatistiSkai reikSmingi
poky¢iai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-testas)

Table S11. Nuclear division index of PBMCs exposed to Al;Os3-NPs and their
cytotoxicity. The study was conducted on PBMCs from 3 donors (D2, D7, D9).
Statistically significant changes, compared to the negative control (0 ug/mL)
are indicated by an asterisk (*) (z-test)

&
Branduolio Dalijimosi Indeksas (BDI) = SEM / E
Nuclear division index (NDI) ,g
)
E| 4 g
2 £ 3
22 g
< . . ~
a 5 Vidurkis / 59
% § b2 b7 D9 Mean value %
) 1=} =
£ 3 32
E| £ S
[-o %
0 2,09 + 0,04 2,05+0,03 2,15+0,03 2,10+0,03
20 1,94 +£0,03 1,88 £ 0,03 2,16 +0,03 1,99 +£ 0,09 9,42
13 | 40 1,97 £ 0,04 1,94 +£ 0,03 2,09 +0,03 2,00+ 0,05 8,81
80 2,13+0,03 1,75 +£0,03* 2,16 +0,03 2,01+0,13 7,60
100 1,69 +0,03* 1,92 +£ 0,04 2,01 +0,03 1,87 £0,1 20,36
0 1,40 +£ 0,03 2,05+0,03 2,15+0,03 1,87 +0,23
20 1,38 £ 0,03 1,83 £0,03* 2,03 +0,04* 1,75+0,19 14,13
50 | 40 1,35+0,03 1,95+ 0,03 1,95 + 0,04* 1,75+£0,2 13,60
80 1,49 +0,03* 1,93 +0,03 1,99 +0,04* 1,80+ 0,16 7,37
100 1,60 + 0,03* 1,87+ 0,03 2,20+ 0,03 1,89+0,17 -2,38
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S12 lentelé. Lasteliy gyvybingumas, po 1 ir 24 val. poveikio 10-20 nm dydzio
Si0,-ND. Tyrimai atlikti su skirtingy donory (D2, D3, D6, D7, D9) periferinio
kraujo vienbranduolémis lgstelémis. Statistiskai reikSmingi poky¢iai, lyginant
su neigiama kontrole (0 pg/mL), pazyméti * (z-testas) arba * (Studento t-
testas)

Table S12. Percentage of viable cells following - and 24-hour exposure
t010-20 nm size SiO»-NPs. The study was conducted on PBMCs from 5 donors
(D2, D3, D6, D7, D9). Statistically significant changes, compared to
untreated control (0 ug/mlL) are indicated by an asterisk (*) (z-test) or (*)
(Student t-test)

% Gyvybingumas + SEM / % Viability
= S 32
5 £
z 25
-3
£ | g D2 D3 D6 D7 D9
& | &
0 100 98+0,1 | 99+0,1 [ 98+0,1 99 £0,1 98+ 1,1
10 | 98£0,1 | 96+02 | 97+02 | 99+0,1 97+0,2 97,4+0,5
20 | 98£0,1 | 93£03 | 96+02 | 97£0,2 95+0,2 95,8+0,9
40 [97+02 | 92+03 [96+02 | 97+0.2 96 £0,2 95,6 £0,9
|60 9702 | 9203 [ 94x02 | 94x0.2 96 £ 0,2 94,6 = 0,9%
S 180 |98+0,1 [91+03* | 9502 [95+02 95+0,2 94,8 +£2,5
= [ 100 [ 98+0,1 | 92£03 [95+02 | 94x0.2 96 £0,2 95+ 1,0
E [150 [ 95+02% [ 94502 | 93+03* | 92£03 95+0,2 93,8 £ 0,6*
S [ 200 98+0,1 | 94+0,2 | 93+0,3* | 90+0,3* 93 £ 0,3* 93,6 = 1,3*
S | 250 | 85£04* | 9303 | 91+0,3* | 89+0,3* 85+ 0,4* 88,6 £ 1,6
300 | 86+0,4* | 88+0,3* | 89+0,3* | 87+0,3* 87 +0,3* 87,4 0,5%
350 [ 86+£04* | 89+£0,3* | 88+0,3* | 88+0,3* 86 + 0,4* 87,4 0,6%
400 | 83+£0,4* | 80+£04* | 86+0,4* | 85+04* 83 +0,4* 83,4 £ 1,0
450 | 79+£04* | 85+£04* | 85+0,4* | 84+04* 84+ 0,4* 83,4 £ 1,1%
500 | 80+04* [ 83+£04* | 81+04* | 81+04* 79 + 0,4* 80,8 £ 0,7*
0 [95+02 | 100 97402 | 98+0,1 99 £0,1 97,8 0,9
10 [ 9602 | 96+02 [98+0,1 | 97+02 98 £ 0,1 97£0,5
|20 9502 [96=02 [95+02 | 95+0.2 98 £ 0,1 95,8+ 0,6
£ 140 [ 94+02 [97+02 [93+03 [97+02 96 £0,2 954+0,8
& [ 60 [ 9203 [ 95+£02* [ 9103 | 94x0.2 92 +0,3* 92,8 +0,7*
£ [80 |89+03 [91403 |87+03* | 92403 92 £ 0,3* 90,2 = 1,0%
S [ 100 | 86+04* [ 88+03* | 85+0.4* | 89+03* 91 £0,3* 87,8+ 1,1%
& [ 150 [ 75+04* | 86+0,4* | 75+04* | 87+0,3* 87 +0,3* 82 +2,9%
~ [ 200 | 69+0,5% | 86+£0,4* | 68+0,5% | 83+0,4* 82 + 0,4* 77,6 £ 3,8*
250 | 63£0,5% | 83+£0,4* | 66+0,5* | 81+04* 80 + 0,4* 74,6 £ 4,2*
300 [ 54+0,5* | 78 £0,4* | 60+0,5* | 78 +0,4* 73 + 0,4* 68,6 = 4,9%
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S13 lentelé. Dvifaktorinés ANOVA analizés duomenys, vertinant donory ir
poveikio jtakg SiO,-ND genotoksiskumui

Table S13. Two-way ANOVA analysis of donor variability and treatment
effects on SiO>-NPs genotoxicity

) T, R=] 2 o
o - T2 2 | e | Ea E
7| 2 g g £ 5 £% | 25 g
s o £ 4 - 7 3 s B s = 3]
3 2 =) £ ‘5 g g5 2o e
= ~ > 2 M = M (A w2 A
Donorai'® | 3 | 2,89 0,96 3,56 0,02
DNR kiekis
kometos Poveikis'! | 13 | 18,38 1,41 5,23 <0,0001
uodegoje, % /
9%TDNA )
= Klaida'? 39 | 10,53 0,27
>
= Viso 55 | 31,79 0,58
s £
< § Donorai 4 | 15,05 3,76 0,78 0,54
:| 2
© Gyvybingumas | Poveikis 15 | 2296,35 | 153,09 | 31,66 | <0,0001
£ % / Viability, %
= Klaida 60 | 290,15 4,84
T
& Viso 79 | 2601,55 | 32,93
Q
g Donorai 3 | 28627 95,42 | 10,01 | 0,0001
g
2 DNR kiekis
E kometos Poveikis 9 2525,37 280,60 29,43 <0,0001
= = uodegoje, % /
é > 0
3| 3 4TDNA Klaida 27 | 257,43 9,54
£ Viso 39 | 3069,06 | 78,69
§ Donorai 4 | 670,77 167,69 | 1035 | <0,0001
- Grvbi Poveikis 11 | 540725 | 491,57 | 30,34 | <0,0001
yvybingumas
%/ Viability, % | laida 44 | 712,83 16,20
Viso 59 | 6790,85 | 115,10
Donorai 2 | 21,04 10,52 | 4,23 0,06
=
5 MB %o/ MN %0 | Poveikis 4 | 3022 7,56 3,04 0,09
> | e Klaida § | 19.89 2.49
= | E Viso 14 | 7115 5,08
Z2] 3 Donorai 2 | o055 0,27 26,76 | 0,0003
g Poveikis 4 | 0,06 0,01 1,35 0,33
= BDI/ CBPI
Klaida 8 | 0,08 0,01
Viso 14 | 0,69 0,05

ssay, “Treatment, *Biological Endpoint, “Source of Variation, L °Sum of square X
Assay, T 3Biological Endpoint, *S. f Variation, °DF, °S f sq (SS)

"Mean square, 8F statistics (df, df), °P-value, '’Donors, ' Exposure, *Error, *Total
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S14 lentelé. Lasteliy branduolio dalijimosi indeksas po poveikio 10-20 nm
dydzio SiO,-ND ir apskaiCiuotas ND citotoksiSkumas. Tyrimai atlikti su 3
skirtingy donory (D2, D6, D7) periferiniu krauju. StatistiSkai reikSmingi
poky¢iai, lyginant su neigiama kontrole (0 pg/mL), pazyméti * (z-testas)

Table S14. Nuclear division index of PBMCs exposed to SiO>-NPs and their
cytotoxicity. The study was conducted on PBMCs from 3 donors (D2, D6, D7).
Statistically significant changes, compared to negative control (0 ug/mlL) are
indicated by an asterisk (*) (z-test)

&
A
Branduolio Dalijimosi Indeksas (BDI) = SEM / §
Nuclear division index (NDI) ']
=~
— )
=) <
=l | ~
Y g X
5 S =
5| 2 :
g g Vidurkis / %
% £ D2 D6 D7 idurkis iz
2 s Mean value =
E| £ g
& M o)
0 1,90+ 0,04 | 1,56+0,03 1,70 £ 0,03 1,72+ 0,10
50 1,86 £0,04 | 1,46+0,03* 1,67 £ 0,03 1,66 £ 0,12 7,87
(=}
g 100 1,96 £0,04 | 1,57+0,03 1,82 £0,03* 1,78 £ 0,11 -8,80
150 1,89+0,04 | 1,3+£0,03* 1,64 £ 0,03 1,61 £0,17 15,28
200 1,82+£0,04 | 1,25+0,02* 1,87 £ 0,04* 1,65+0,20 10,19
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S15 lentelé. Lasteliy gyvybingumas, po 3 ir 24 val. poveikio PS-ND. Tyrimai
atlikti su skirtingy donory (D2, D6, D7, D8, D9) periferinio kraujo
vienbranduolémis lgstelémis. Statistiskai reikSmingi poky¢iai, lyginant su
neigiama kontrole (0 pg/mL), pazyméti * (z-testas) arba * (Studento t-testas)

Table S15. Percentage of viable cells following 3- and 24-hour exposure to

PS-NPs. The study was conducted on PBMCs from 5 donors (D2, D6, D6, DS,

D9). Statistically significant changes, compared to untreated control (0
g/mL) are indicated by an asterisk (*) (z-test) or (*) (Student t-test)

v
% Gyvybingumas + SEM / % Viability Ni
-
©w ’TE‘ §
2| E 3
2 >
< 2]
=9 :5 %
£ 2
§ D2 D6 D7 D8 D9 S
=
o
N
0 95+0,22 99 £0,1 98+0,14 | 92+0,27 96 +0,2 96+ 1,2
10 94+ 0,24 96 £ 0,2 95+£0,22 | 92+0,27 96 +0,2 94,6 £ 0,8
15 93 +0,26 96 +0,2 97+0,17 | 91+0,29 93 +0,26 94+ 1,1
§ 20 97 +£0,17 97+0,17 93+026 | 91+0,29 96 £ 0,2 94,8+ 1,2
« |30 95+0,22 98 +0,14 96 £ 0,2 93 +0,26 95+0,22 95,4+0,8
g 40 97 +£0,17 97+0,17 96 +0,2 92 +0,27 96 +0,2 95,6 £0,9
(=3
* | 50 94+ 0,24 98 +0,14 96 £ 0,2 96 +0,2 97+0,17 96,2+ 0,7
60 91 +0,29 98 +£0,14 99 £0,1 94 +0,24 97+0,17 95,8+ 1,5
75 95+0,22 98 +£0,14 99 £0,1 92 +0,27 91+0,29 95+ 1,6
85 98 +0,14 99 £0,1 95+£0,22 | 96+0,2 95+0,22 96,6 £ 0,8
100 | 94+0,24 98 +£0,14 94+£0,24 | 90+0,3 90 +0,3 932+1,5
0 95+0,22 98 +0,14 99 +£0,1 95+0,22 95+0,22 96,4 +0,9
10 95+0,22 98 +£0,14 95+£0,22 | 96+0,2 95+0,22 95,8+0,6
15 94+ 0,24 97+0,17 96 £0,2 97+0,17 94+ 0,24 95,6 £0,7
= |20 95+0,22 98 +£0,14 98£0,14 | 96+0,2 95+0,22 96,4 +0,7
j,_ 30 95+0,22 99 £0,1 91£0,29 | 97+0,17 93 +£0,26 95+14
140 97+0,17 99+0,1 98£0,14 | 98+0,14 97+0,17 97,8+ 0,4
S 50 94 +0,24 99+0,1 97£0,17 | 94+0,24 94 +0,24 95,6 £1,0
2 |60 93 +£0,26 94 +0,24 94+0,24 | 92+0,27 91+0,29 92,8 +0,6*
75 95+0,22 98 +0,14 93+£0,26 | 92+0,27 91+0,29 93,8+1,2
85 91+0,29 94+ 0,24 97+0,17 | 91+0,29 91 +0,29 92,8 +1,2%
100 | 98+0,14 97+0,17 96 +0,2 89 +0,31 96 £ 0,2 952+1,6
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S16 lentelé. Dvifaktorinés ANOVA analizés duomenys, vertinant donory ir
poveikio jtakg PS-ND genotoksiskumui

Table S16. Two-way ANOVA analysis of donor variability and treatment
effects on PS-NPs genotoxicity

=
g
o, g 5 ) z - %
- ie] S g 2 s 53 i) -
3 5 E= s > 2 3 5% p=itS) =]
2 2 =5 = RZNS < ISIR= 8> 3]
4 2 o o £ 5 .= > S o 73 =
= ~ > 2 M a8 M S w2 A
Donorai'® 4 205,47 51,37 44,77 <0,0001
DNR kiekis
kometos Poveikis!! 10 100,02 10 8,72 <0,0001
uodegoje, % /
%TDNA b
= Klaida 40 45,89 1,15
>
«” Viso! 54 351,38 6,51
§| E
g s Donorai 4 152,26 38,06 11,56 <0,0001
e
3
S P
8 Gyvybingumas Poveikis 10 50,8 5,08 1,54 0,16
% / Viability, -
2 oF TP T | Klaida 40 | 13175 | 329
S
= Viso 54 334,8 6,2
3
8 Donorai 4 358,12 89,53 10,23 <0,0001
2 o
g DNR kiekis | p 0 i 10 | 49041 49,04 | 561 <0,0001
g kometos
~ uodegoje, % / .
£ s TDNA Klaida 40 349,96 8,75
E| S .
5| & Viso 54 1198,49 | 22,19
SN QN
g Donorai 4 88,62 22,16 6,66 0,0003
2
. Poveikis 10 119,2 11,92 3,59 0,002
Gyvybingumas
% / Viability,
70/ Viability, %\ ) 1ida 40 132,98 333
Viso 54 340,8 6,31
Donorai 2 7,86 3,93 1,75 0,21
5 MB % /| MN %, | _Poveikis 6 85,87 14,31 6,39 0,003
2 Klaida 12 26,9 2,24
=
S | g Viso 20 120,63 6,03
I =i
§ 8 Donorai 2 0,24 0,12 16,74 0,0003
Q
% BDI/ CBPI Poveikis 6 0,16 0,03 3,69 0,03
Klaida 12 0,09 0,01
Viso 20 0,48 0,02

ssay, “Treatment, *Biological Endpoint, “Source of Variation, L °Sum of square X
"Assay, T 3Biological Endpoint, *S. f Variation, °DF, °S f sq (SS)

"Mean square, 8F statistics (df, df), °P-value, '’Donors, ' Exposure, *Error, *Total
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S17 lentelé. Lasteliy branduolio dalijimosi indeksas po poveikio PS-ND ir
apskaiciuotas ND citotoksiSkumas. Tyrimai atlikti su 3 skirtingy donory (D2,
D7, D8) periferiniu krauju. Statistiskai reik§mingi poky¢iai, lyginant su
neigiama kontrole (0 pg/mL), pazyméti * (z-testas)

Table S17. Nuclear division index of PBMCs exposed to PS-NPs and their
cytotoxicity. The study was conducted on PBMCs from 3 donors (D2, D7, DS).
Statistically significant changes, compared to negative control (0 ug/mlL) are
indicated by an asterisk (*) (z-test)

&
Q
Branduolio Dalijimosi Indeksas (BDI) = SEM / §
Nuclear division index (NDI) :
N
_ )
=) NG
=l | —~
Y g X
5 & e
3 o Z
% £ D2 D7 D8 Vidurkis / 2
2 s Mean value =
S| ¢
& M o)
0 1,96 £0,03 | 1,99 0,04 2,32+0,02 2,09+0,11
25 1,79 £0,04 | 2,07 +0,03* 2,22 +£0,03* 2,03+0,13 5,70
50 1,77+£0,04 | 1,92+0,03 1,92 £ 0,04* 1,87 +£0,05 20,47
[l
g 75 1,81 £0,04 | 1,86+ 0,04* 1,91 £ 0,05* 1,86+ 0,03 20,93
=
100 1,78 £0,03 | 1,88 +0,03* 1,97 +£0,04* 1,87 £ 0,06 19,66
125 1,82+£0,04 | 1,78 £0,03* 2,11 +£0,04* 1,9+0,10 16,91
150 1,76 £0,04 | 1,78 £0,03* 2,03 +£0,04* 1,86+ 0,09 21,24
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S18 lentelé. Nanodaleliy genotoksiSkumo rezultaty apzvalga. + Zymi
teigiamus, o — neigiamus rezultatus

Table S18. Overview of nanoparticle genotoxicity results. + indicates
positive, and — indicates negative results

= Dvifaktoriné
< 3 ANOVA /
FE~8 ~ Two-
)E E " S PR = AV}/\(/)OV;Zy
S >3 a— 3=y - 5 EF
E 873 =8852 ¢ 35 522 an>
N TS S®EESS 5532 252278 =
= HZIE =R R = 0 5 25 s @ ~
2 g5 ZEZESS | 2555 | ££452 | 5| g
3 55 sEZSEn=s | BESIS| TE252 | 5| B3
= Z = 7w ELEZEHBQ | QAR 23502 A | AQ
— 10-30 nm
- + + - + +
) Co304
(g <50 nm Co304 + + - + +
£
& | 35mmPVP-Ag | + i . + .
E 10-20 nm SiO> + + + + +
5 13 nm ALO3 + - - + _
Q
g 50 nm Al>O3 + + - + -
S
4 5nm Au + + - + +
k=
'S 40 nm Au + + - + +
S
A 80 nm PS + + - + +
10-30 nm
+ + - + +
= Co304
E <50 nm Co304 + + + - +
S | 35mmPVP-Ag | + + + + +
<
2 10-20 nm Si0; | + + + + +
£ | 130mALO; + - + + -
E 50 nm ALLOs + - - + _
:E 5nm Au + + - + +
g
3 40 nm Au + + - + .
Lo}
80 nm PS + + + + +
10-30 nm
9 + + + + -
5 £ | Cos04
v L
= | <50 nm Co304 + + - + -
10-30 nm
+ - + + +
Co304
<50 nm Co304 + + + + +
& | 35nmPVP-Ag | - - - + -
8 .
e 10-20 nm SiO» - + - - -
= 13 nm ALO3 - + + - -
50 nm Al,O3 - - + - -
80 nm PS - - - - +

199



Vilniaus universiteto leidykla
Saulétekio al. 9, III riimai, LT-10222 Vilnius
El p. info@leidykla.vu.lt, www.leidykla.vu.lt

bookshop.vu.lt, journals.vu.lt

Tirazas 15 egz.


http://www.leidykla.vu.lt/
https://bookshop.vu.lt/
https://journals.vu.lt/

