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SANTRUMPOS

AF — autofluorescencija

Chl — chlorofilas

CoFe;04 — kobalto feritas
CyanoHAB — melsvabakteriy biomasé
DWW — grezinio vanduo

EC50 — efektyvi koncentracija 50 %
FL — fluorescencija

GNM - grafeno nanomedziagos

GO — grafeno oksidas

H20, — vandenilio peroksidas

KAT — katalazé

KT — kvantiniai taskai

LC50 — letali koncentracija 50 %
MDA — malondialdehidas

MIX — metaly miSinys

MWC — dirbtiné dumbliy augimo terpé
ND — nanodalelés

Pl — pasikliautinas intervalas

RJP — riiSiy jautrumo pasiskirstymas
ROS - reaktyvinio deguonies rasys
SF — sgvartyno filtratas

Sin — sinonimas

SM — sunkieji metalai

SOD - superoksido dismutazé

SSD — girdies susitraukimy daznis

TV — toksiSkumo vienetai
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IVADAS

Siuo metu nanodalelés (ND) yra ypaé aktualios dél plataus jy naudojimo
medicinoje, buityje ir pramongéje. I§ teigiamos pusés, matome daugybe puikiy
nanotechnologijy pritaikymo bidy. Si technologija i§ tiesy gali palengvinti
Zmoniy gyvenimg, o jos galimybés dar ne visiSkai iSnaudotos (Xuan ir kt.,
2023).

ND yra labai smulkios dalelés arba strukttros, kuriy dydis yra nuo 1 iki
100 nm, todél jos yra daug mazesnés nei dauguma makroskopiniy objekty,
tokiy kaip Zmogaus plaukai ar smélio grudeliai (El-Kady ir kt., 2023).
Placiausiai naudojamos nanotechnologijy srityje yra metaly, metaly oksidy,
anglies ND ir hibridinés struktiiros, kurios turi daugybe pritaikymo galimybiy
(El-Kady ir kt., 2023).

Vis délto, vienareikSmio atsakymo apie ND poveikj aplinkai vis dar néra.
Eksperimentai ir tyrimai trunka ilgai, taciau net naujausi rezultatai nesuteikia
aiskumo nei apie jy Zala, nei apie sauguma. Siuo metu tik tobulinamos ND
poveikio aplinkai vertinimo metodikos, o saugaus ND naudojimo
rekomendacijos daznai grindziamos cheminiy medziagy principais,
neatsizvelgiant | specifines ND savybes. Todél labai svarbu tinkamai
reguliuoti ir kontroliuoti ND naudojimg, kad biity minimalizuotas neigiamas
ju poveikis aplinkai ir zmogaus sveikatai (Xuan ir kt., 2023).

Siuo metu vykdoma vis daugiau nanotoksiskumo tyrimy, ir daugelis
mokslininky laikosi nuomonés, kad prie§ naudojant ND biitina i§samiai istirti
ju toksiskumg ir likimg. Musy ziniomis, iki $iol netirtas skirtingo dydzio ir
koncentracijy ND toksikologinis potencialas augalams, taip pat mazai istirtas
ND poveikio fotosintezés procesui mechanizmas. Tyrimai, skirti nustatyti ND
poveikj fotosintezés mechanizmui apima ND fiziniy ir cheminiy savybiy
analize, jy saveika su biologinémis membranomis, Igsteliy pavirSiais ir lasteliy
vidinémis struktiiromis. Taip pat svarbu jvertinti jvairius medziagy apykaitos
sutrikimus, susijusius su padidéjusia reaktyviyjy deguonies rasiy (ROS)
generacija, antioksidaciniy fermenty aktyvumo slopinimu, sukelianciu
oksidacin] stresg, kas gali turéti ilgalaikes pasekmes organizmy sveikatai
(Wang ir kt., 2019; Xu ir kt., 2020; Xiao ir kt., 2022). Todél svarbu atlikti
tyrimus, kad geriau suprastume ND poveik].

Dél nuolat augancio atlieky ir nuoteky kiekio pasaulyje didéja vandens
telkiniy tar$a ne tik jprastais, bet ir naujos kartos terSalais. ND su nuotekomis
i§ valymo jrenginiy ir su kietosiomis dalelémis patenka j vandens telkinius,
dirvozemj ir org, kur vyksta degradacija, agregacija, sedimentacija ir Kkiti
procesai (Bundschuh ir kt., 2018). ND patekimas j aplinka ypa¢ klimato kaitos



kontekste tampa aktualia problema, nes nedaug yra Zinoma apie $iy medziagy
elgseng ir lemtj vandens ekosistemose.

Aplinkosaugos pozitiriu, ND gali turéti tiek teigiama, tiek neigiama
poveikj. Viena vertus, jos gali buiti naudojamos tersaly Salinimui i§ vandens ir
dirvozemio (Peng ir kt., 2017; Sem¢uk 2018), tadiau kita vertus, jos pacios
gali tapti naujais terSalais, jei nebus tinkamai valdomos. Todél biitina nustatyti
$iy medziagy likimg aplinkoje, jy transportavimo ir kaupimosi mechanizmus,
bei poveikj ekosistemy funkcionalumui ir biotos jvairovei (Luo ir kt., 2018;
El-Kady ir kt., 2023).

Zinoma, kad JAV j savartynus patenka apie 63-91 % ND. Kita dalis ND
patenka j dirvg (8-28 %), vandens telkinius (0,47 %) ir atmosferg (0,1-1,5
%) (Keller ir kt.,, 2013). Pavyzdziui, Europoje TiO> ND koncentracija
pavirSiniuose vandenyse siekia apie 2 pg/L (2000 ng/L), o Ag ND-1,5 ng/L.
Taciau dél tinkamy analizés metody trukumo sunku kiekybiSkai jvertinti
daugelio kity ND patekimg j aplinkg (Asztemborska ir kt., 2015; Bundschuh
etal., 2018).

Taip pat sudétinga jvertinti ND likimg gamtoje dél jy unikaliy
fizikocheminiy savybiy ir sunkiai prognozuojamos elgsenos aplinkoje,
veikiant abiotiniams ir biotiniams veiksniams (Schwirn ir kt., 2020; El-Kady
ir kt., 2023). Todél vis aktualesni tampa natiiralios (gamtinés) ir dirbtinés
kilmés nano- ir mikro- dydzio medziagy bei jy daugiakomponenéiy miSiniy
toksikologinio potencialo tyrimai, naudojant biologiniy testy kompleksus,
kuriuos sudaro skirtingo trofinio lygmens ir vystymosi organizmai.

Siame darbe apzvelgti pagrindiniai tyrimai, nagrinéjantys naujai sukurty ir
gamtiniy nano- ir mikro- dydzio medziagy saveikas su modeliniais
organizmais, pabréziant jy poveikio mechanizmus ir galimas pasekmes
aplinkai. Taip pat bus aptariami metodologiniai i§8iikiai ir perspektyvos $ioje
tyrimy srityje, siekiant efektyviau valdyti §iy medziagy poveikj ir iSnaudoti jy
potencialg tvariai plétrai.



Tikslas ir uzdaviniai

Tyrimo tikslas buvo istirti nano- ir mikro- dydzio medziagy sgveikg su

modeliniais organizmais, i$siaiskinti galimus jos mechanizmus ir jvertinti Siy

medziagy poveikio pasekmes aplinkai.

Tyrimo uzdaviniai:

Nustatyti CdSe/ZnS-COOH kvantiniy tasky (KT) poveikj zaliadumblio
Desmodesmus communis augimui, populiacijos struktiirai ir
fotosintezés efektyvumui nattiraliose ir dirbtinése terpése.

Istirti jvairaus dydzio ir skirtingy koncentracijy kobalto ferito
(CoFe;04) ND poveikj Lepidium ativum bei Co ir Fe pernasa augale.
Istirti skirtingy koncentracijy grafeno oksido (GO), metaly (Cr (II1), Cu
(II), Ni (IT) ir Zn (II)) misinio (MIX) ir jy komplekso (MIX + GO)
poveiki modeliniy organizmy morfofiziologiniams ir biocheminiams
rodikliams bei jvertinti GO geba keisti metaly toksiskuma.

ISsiaiskinti tirty ND fitotoksisSkumo mechanizmus ir sukurti empirinj
modelj.

Istirti daugiakomponenciy antropogeninés kilmés misiniy toksikologinj
potencialg ir galimas pasekmes aplinkai.

Mokslinis naujumas

Pirmg karta:

1.

Istirtas KT poveikis dumbliy augimui, populiacijos struktiirai ir
fotosintezés procesams natiiraliose ir dirbtingje terpése;

Ivertintas KT pritaikomumas optiniais metodais stebéti pokycius
dumbliuose ir naudoti gautus rezultatus KT poveikio dumbliams
mechanizmy aiskinimui;

Istirtas jvairaus dydzio ir skirtingy koncentracijy CoFe.Os ND
fitotoksiskumas, jrodyta Co ir Fe pernasa i$§ Sakny j antZemines augalo
dalis;

Irodyta, kad GO i§ metaly miSinio geba sorbuoti metalus (Cr, Ni, Cu ir
Zn) 96 procenty efektyvumu ir tokiu biidu sumazinti metaly poveikj
augalams;

Nustatyta, kad KT kaip ND modelis ir dumbliai kaip modeliniai
organizmai taikant optinius metodus gali biiti naudojami prognozuojant
ND poveikj augalams ir likima aplinkoje.



Teoriné reikSmé

Gauti rezultatai yra naudingi siekiant geriau suprasti rysj tarp ND
fizikiniy ir cheminiy savybiy ir jy toksinio poveikio augalams.
Sitloma KT kaip nano dydzio medziagos modeling sistemg naudoti
aiskinantis nanofitotoksiskumo reiskinj ir jo mechanizmus skirtingose
aplinkos terpése.

Ivairiy dydziy ir skirtingos koncentracijos CoFe;Os ND poveikio
augalams rezultatai yra aktualiis vertinant ir prognozuojant rizika
sausumos ekosistemoms ir zmogaus sveikatai, kylanciag dél aplinkos
uzterSimo magnetinémis ND.

GO, MIX, MIX + GO uaminio poveikio Lepidium sativum metu
nustatyti ir atrinkti informatyviausi biologiniai parametrai, kurie padés
aiskintis galimus ir kity ND sgveikos su gamtoje esanciomis
medziagomis mechanizmus.

Gauti rezultatai yra svarbils tobulinant sausumos ir vandens ekosistemy
rizikos vertinimo strategija dél spariai augancCios ND gamybos,
patekimo j aplinkg ir galimo jy poveikio organizmams.

Gauti rezultatai papildo duomeny baze, skirta, naudojant riisiy jautrumo
pasiskirstymo (RJP angl. SSD) metoda, jvertinti ND rizikg aplinkai.

Praktiné reikSmé

Tyrimo rezultatai padés spresti ND ir metaly ekotoksiskumo ir
fitotoksiSkumo problemas.

Gauti rezultatai leis prognozuoti galima ND poveikj vandens ir
Sausumaos organizmams.

Skirtingo dydzio ir koncentracijy ND poveikio augalams rezultatai yra
vertingi aiskintis poveikio fotosintezés procesui mechanizmus.
Grafeno oksido ND sorbcinés savybés gali biiti naudojamos Salinant
metalus, su nuotekom patenkancius j vandens ir sausumos ekosistemas.
Gauti rezultatai bus naudingi kuriant saugias aplinkai ND ir prisidés
prie integruotos nuoteky vertinimo sistemos tobulinimo.

Ginamieji teiginiai

Kvantiniy tasky (CdSe/ZnS-COOH) poveikis dumbliy Desmodesmus
communis augimui, populiacijos struktiirai ir fotosintezés efektyvumui
priklauso nuo auginimo terpés cheminés sudéties.



Kobalto ferito (CoFe204) ND poveikis Lepidium sativum priklauso nuo
ND dydzio ir koncentracijos.

Lepidium sativum veikiant CoFe;O4 ND Co ir Fe perneSamas i$ $akny
1 antzeming augalo dalj.

Grafeno oksido poveikis Lepidium sativum, Desmodesmus communis ir
Daphnia magna priklauso nuo GO koncentracijos.

Grafeno oksidas geba sorbuoti metalus ir sumazina metaly poveikj
Lepidium sativum, Desmodesmus communis ir Daphnia magna.
Nanodalelés sukelia pigmenty kiekio pokycius augaluose.
Daugiakomponenciai miSiniai (sgvartyno filtratas ir cyanoHAB
biomase¢), sukelia modeliniy organizmy augimo pokycius ir
mirtinguma, kurie priklauso nuo tirtos medziagos koncentracijos ir
organizmo trofinio lygio.



1. LITERATUROS APZVALGA
1.1. Nanodaleliy apibtidinimas

Sparciai tobuléjant nanotechnologijoms daugéja nanonodaleliy (ND),
kurios placiai naudojamos jvairiose srityse. Nanotechnologijos suteikia naujas
galimybes pramonés, Zemés tkio ir medicinos pazangai, kurios vaidina
pagrindinj  vaidmenj  skatinant pasaulio  ekonomikos  augima.
Nanotechnologijy siekis yra racionaliai naudoti ND ir sumazinti jy Zalinga
poveikj aplinkai ir zmoniy sveikatai (Xuan ir kt., 2023). Taciau jau yra
nemazai informacijos apie pavojy aplinkai ir zmonéms (Hardman 2006; Liu
ir kt., 2017; Kumah ir kt., 2023; Xuan ir kt., 2023). Siuolaikinés technologijos
leidzia susintetinti daugybe skirtingos sudéties ir funkcijy ND.
Nanotechnologijos padeda gaminti, apdoroti, atvaizduoti, matuoti ir pritaikyti
medziagas, kuriy dydis yra iki 100 nm (El-Kady ir kt., 2023; Kumah ir kt.,
2023). ND galima klasifikuoti pagal jy kilme (natdrali ir dirbtin¢), chemines
savybes (organings, neorganinés ir misrios) ir homogeniskuma (viena arba
hibridiné sudétis) (El-Kady ir kt., 2023). ND yra skirstamos j keturis tipus: 1)
neorganinés, 2) anglies, 3) organinés/polimerinés ir 4) kompozitinés.
Neorganinés ND yra sudarytos i§ skirtingy metaly ir metaly oksidy. Anglies
ND pagamintos apima fulereng, grafena, keliy ir vienos sienelés anglies
nanovamzdelius, suodzius ir anglies pluostus (Marcano ir kt., 2010; Saison ir
kt.,, 2010; Kumah ir kt.,, 2023). ND pasizymi unikaliomis fizikinémis
savybémis (optinémis, Siluminémis, elektrinémis ir magnetinémis), turi didelj
pavirSiaus plota ir didelj jo ir masés santykj (El-Kady ir kt., 2023; Kumah ir
kt., 2023). Pastaraisiais metais ND sulauké vis didesnio démesio dél jy plataus
vartojimo (Kumah ir kt., 2023). ND dé¢l skirtingy fizikiniy ir cheminiy savybiy
yra pladiai naudojamos medicinoje, zemés ukyje, maisto pramonéje,
biotechnologijoje ir elektronikoje, nes jy savybés skiriasi nuo analogisky
medziagy (El-Kady ir kt., 2023).

1.1.1. Metaly nanodalelés

Vienos i§ hibridinés struktiros ND, pasizymincios iSskirtinémis
savybémis, yra kvantiniai taskai (KT). Jie skiriasi savo dydziu, forma, kriiviu,
sudétimi, strukttra, pavirSiaus danga ir kitais aspektais, kurie daro jtaka jy
saveikai su biosistemomis (Saison ir kt., 2010; Oh ir kt., 2016; Albalawi ir kt.,
2021; Abdellatif ir kt., 2022). Kad KT tapty inertiskesni biologinéje terpéje,
jie yra padengiami polimerine danga. Nemazai démesio yra skiriama KT
panaudojimo galimybéms medicinoje tirti (Zhou ir kt., 2015).



Kobalto ferito (CoFe;04) ND pastaraisiais deSimtmeciais buvo plaéiai
tirtos dél jy taikymo jvairiose srityse, tokiose kaip biomedicina, aplinka,
pramoné, Zemés tikis ir kt. (Srinivasanas ir kt., 2018; Abdellatif ir kt., 2022).
Jos naudojamos gaminant magneto-optinius prietaisus, kontrastines
medziagas, vaisty gamyboje ir taikomosios fizikos srityse. Sios ND
naudojamos Zemés tkyje, nes gali paankstinti augaly daiguma, padidinti jy
atsparumg ligoms ir kenkéjams, gali biiti naudojamos kaip veiksmingas
fungicidas pries kai kuriy ligy sukéléjus. Kadangi pastaruoju metu magnetiniy
ND gamyba ir naudojimas dél jy unikaliy savybiy (dydis, forma,
kristaliskumas, pavir$ius ir hibridiniai dariniai) labai iSsiplété (Srinivasanas ir
kt., 2018), todél padidéjo ir jy patekimo j aplinkg galimybés (Lopez-Moreno
ir kt., 2016). Sios pagamintos ND j aplinka patenka i§ sgvartyny, nuotekuy,
kuro ir komunaliniy atlieky deginimo jrenginiy.

1.1.2. Anglies nanodalelés

Anglies nanovamzdeliai, grafenas ir fulerenas yra pagrindiniai anglies ND
elementai, sudaryti i§ anglies elementy, kuriy bent vienas matmuo yra
nanometry skaléje. Dél savo specifiniy savybiy, tokiy kaip lengvas svoris,
didelis stiprumas, didelis laidumas ir kt., jie daug pritaikomi pramonéje,
biomedicinoje, Zemés tikyje (Mukherjee ir kt., 2016; He ir kt., 2018; Power ir
kt., 2018; Pandey ir kt., 2019; Serrano-Lujan ir kt., 2019; Vochita ir kt., 2019;
Maiti ir kt., 2019; Peng ir kt., 2020). D¢l didelés gamybos ir taikymo jvairiose
pramonés Sakose plétros pasauliné anglies ND ir grafeno pagrindu pagaminty
ND rinka sparciai auga. Grafenas ir jo dariniai (grafeno oksidas ir redukuotas
grafeno oksidas) yra anglies ND hibridizuoty laksty pavidalu (Serrano-Lujan
ir kt., 2019). Jie yra vieno atomo storio ir pasizymi tokiomis i$skirtinémis
savybémis kaip padidéjes pavirSiaus plotas, puikus Silumos ir elektros
laidumas bei didelis mechaninis stiprumas (Guo ir Mei, 2014). Dél savo
unikalios struktiiros ir i$skirtiniy savybiy grafeno oksidas (GO) vis dazniau
naudojamas jvairiose pramonés srityse, todél neiSvengiamai patenka j aplinka,
kur sgveikauja su jvairiais terSalais. Patekes j vandens aplinka, GO gali
saveikauti ir egzistuoti kartu su jvairiomis toksiSkomis medziagomis (Ni ir Li,
2018). Taciau informacija apie GO gebéjima paveikti tersaly toksiskuma vis
dar yra ribota.

1.2. Nanodaleliy patekimas j aplinka

Dél nuolat augan¢io municipaliniy, pramonés jmoniy, Zemés tikio veiklos
atlieky ir nuoteky kiekio pasaulyje didé¢ja vandens telkiniy tarSa ne tik



tradiciniais, bet ir naujos kartos terSalais. ND patekimas ] aplinkg, ypac
klimato kaitos kontekste, tampa aktualia problema, nes nedaug yra zinoma
apie Siy medziagy elgesj ir lemt] vandens ekosistemose, saveikos su jos
sandais mechanizmus, poveikj vandens organizmams (Mattsson ir kt., 2011;
Xuan ir kt., 2023). ND gali patekti j aplinka gaminant ir transportuojant bei
iSmetant gaminius pasibaigus jy naudojimui. ND taip pat gali biiti nuotekose,
dumble, atlieky deginimo likuc¢iuose ir savartyny filtratuose (Kumah ir kt.,
2023).

Bendras ND iSmetimo jvertinimas rodo, kad didziausia dalis iSmetama j
sgvartynus (apie 63-91 %) ir dirvoZzemj (apie 8—28 %), kiek maziau j vandens
aplinkg ir org (atitinkamai 7 ir 1,5 %) (Keller ir kt., 2013). Be pagaminty ND
iSmetimo, yra ir antropogeniniy ND kietyjy daleliy ir kt.

Pavyzdziui, Europoje TiO» ND koncentracija pavirSiniuose vandenyse
siekia apie 2 pg/L (2000 ng/L), o Ag ND-1,5 ng/L. Taciau dél tinkamy
analizés metody trikumo sunku kiekybiskai jvertinti daugelio kity ND
patekima j aplinkg (Asztemborska ir kt., 2015; Bundschuh et al., 2018). ND
aptikimas ir charakterizavimas yra sudétingas dél jy itin mazo dydzio.
Tinkamy jautriy bei selektyviy metody stoka apsunkina tikslius daleliy
dydzio, kiekio ir pavirSiaus ploto matavimus (Kumah ir kt., 2023).

I§ turimy duomeny dar neaisku ir néra pakankamai istirta ND pavojingumo
sveikatai, jy toksikokinetika aplinkoje, pasiskirstymo skirtumai jvairiose oro,
sausumos ir vandens aplinkose bei veiksmingi jy skaidymo mechanizmai
(Xuan ir kt., 2023). D¢l vis didéjancio démesio ekotoksiniam ND poveikiui ir
nanotechnologijy keliamai rizikai, tampa biitina greitai parengti ir jdiegti
tinkamas rizikos vertinimo metodikas, efektyvias prevencines bei reguliavimo
priemones, kad biity galima sumazinti nanotechnologijy rizika ir didinti jy
plétros tvarumg. (Xuan ir kt., 2023). Pastaraisiais metais mokslininkai ir
aplinkosaugininkai yra susiriipine dél kylanc¢io ND poveikio zmoniy sveikatai.
Sis poveikis gali kilti darbo aplinkoje, per saveika su plataus vartojimo
produktais ir kitais veiksniais, reikalaujanciais tinkamo pavojaus sveikatai
vertinimo ir naudojimo saugos taisykliy (El-Kady ir kt., 2023). Be to,
mokslininkai iSreiskia didelj susiripinima dél aplinkos tarSos ir nanomedziagy
likimo natiiralioje aplinkoje, ypa¢ vandens aplinkoje. Norint apibudinti ND
rizikos veiksnius ir jy likimg aplinkoje, labai svarbu suprasti jvairias ND
formas ir galima jy poveikio mechanizma (El-Kady ir kt., 2023). Todél vis
aktualesni tampa natiiralios (gamtinés) ir dirbtinés kilmés nano- ir mikro-
dydzio medziagy ir jy daugiakomponenc¢iy misiniy toksikologinio potencialo
tyrimai naudojant biologiniy testy (angl. bioassays) kompleksus, kuriuos
sudaro skirtingo trofinio lygmens ir vystymosi organizmai (Persoone ir kt.,
2003) Pavyzdziui, pagamintos ir patekusios j aplinkg CoFe,O4 ND pasiskirsto



jvairiose jos komponentuose, nusésdamos nuosédose arba dirvoZzemyje
(Bundschuh ir kt., 2016; Luo ir kt., 2018). Ypatinga susirlipinimag kelia tai,
kad zemés tkio paskirties zemé gali buti viena i§ pagrindiniy Siy ND buvimo
viety (Chen 2018). GNM buvimas aplinkoje ir jy poveikis organizmams turéty
biti siejamas su placiu jy naudojimu. Taigi pagrindiniai veiksniai, lemiantys
galimg GNM poveikj aplinkai priklauso nuo jy stabilumo ir reakcijos i
aplinkos sglygas.

1.3. Nanodaleliy toksiskumo tyrimai

Norint jvertinti ND poveikj organizmams, gyvenantiems sausumos ir
vandens aplinkoje, reikia atsizvelgti j toksinj tokiy medziagy poveikj. ND
elementai ir jy fizikinés ir cheminés savybés veikia kaip organizmo vystymasi
trikdantys veiksniai, trukdantys jy jprastoms fiziologinéms funkcijoms ir
sukelia apsigimimus, taip pat paveikia kai kuriuos fiziologinius procesus ir
sukelia augaly deformacijas, dél kuriy sumazéja produktyvumas (El-Kady ir
kt., 2023). ND gali patekti j augalus ir per maisto grandines pasiekti zmones
ir gyviinus, kas ateityje gali sukelti pavojingas ligas. Augalai gali adsorbuoti
ND i8 vandens, dirvozemio ir atmosferos. (EI-Kady ir kt., 2023).

ND toksiskumas priklauso nuo jy fiziniy ir cheminiy savybiy, jskaitant
dydj, forma, pavirSiaus kriivi, Serdies ir apvalkalo cheming sudét] bei
stabilumg. ND nanotoksiSkumas yra glaudZiai susijes su jy pavirSiaus
savybémis (jskaitant apvalkalo, ligando ir pavirSiaus modifikacijas),
skersmeniu, naudojamu toksiskumo tyrimo tipu ir ekspozicijos trukme. Norint
pakeisti ND optines, magnetines ir elektrines savybes, ant ND pavirSiaus
bitina uzdéti apvalkala, kuris pagerina ND biologinj suderinamuma ir tirpuma
vandenyje bei biologiniuose skys¢iuose, mazina jy kaupimosi pajéguma,
didina stabiluma ir kt. (Hardman, 2006; Oh ir kt., 2016; Sukhanova ir kt.,
2018). ND dydis ir pavirSiaus plotas vaidina svarby vaidmenj, daugiausia
lemia unikaly ND sgveikos su gyvomis sistemomis mechanizmg. ND yra
budingas labai didelis specifinis pavirSiaus plotas (ND specifinis pavir§iaus
plotas yra santykis tarp jy pavirSiaus ir tiirio), kuris lemia jy aukstg reakcijos
pajéguma ir katalizinj aktyvuma. ND toksiSkumas labai priklauso nuo jy
formos. ND gali buti jvairiy formy, jskaitant sferines, elipsines, cilindrines,
plokscias, kubines ir pluostines. ND toksiSkumas labai priklauso nuo jy
cheminés sudéties ir kristaly struktiiros. (Hoshino ir kt., 2004; Hardman, 2006;
Oh ir kt., 2016; Sukhanova ir kt., 2018). Lietuvoje jau daug mety yra vykdomi
fundamentiniai KT toksiskumo ir kaupimosi Zuvyse ankstyvoje ontogenezéje
tyrimai, iStirti KT patekimo keliai j Zuvy embriono vidy, jy prasiskverbimo
per biologinius barjerus mechanizmai (Cibulskaité ir kt., 2015, 2016, 2017;



Jurgeléné ir kt., 2018, 2022; Rotomskis ir kt., 2018). Nustatyta, kad KT gali
mechaniskai uzkimsti zuvy embriony chorione poras ir neigiamai paveikti
besivystantj organizma (Jurgeléné ir kt., 2018; Rotomskis ir kt., 2018).
Daugybé tyrimy patvirtino, kad zinduoliy ir augaly lastelés pasisavina KT,
rodé jy patekima j augaly lasteles ir jy poveik] jvairiems organizmams (Oh ir
kt., 2016; Elzorkany ir kt., 2019; Zhu ir kt., 2019; Ren ir kt., 2021). Taciau yra
nedaug darby, susijusiy su KT patekimu j dumbliy lasteles ir jy toksiSkumu
(Jackson ir kt., 2012; Xiao ir kt., 2016; Elzorkany ir kt., 2019). Teigiama, kad
kai kurie dumbliai tampa pirmuoju KT taikiniu vandens aplinkoje. Dumbliy
lastelés gali kaupti jvairius terSalus, pvz., sunkiuosius metalus, todél daznai
yra naudojami kaip modeliniai organizmai tiriant toksinj medziagy poveiki
ekosistemoms ir globaliems aplinkos procesams. Zinoma, kad dumbliai, kaip
pirminiai gamintojai, atlieka pagrindinj vaidmenj vandens maisto grandingje;
tad dumbliy bendrijy risinés sudéties ir struktiiros pokyciai gali turéti jtakos
vandens ekosistemy energijos srautui, medziagy apykaitai ir informacijos
perdavimui (Grigoriev ir kt., 2021). Desmodesmus communis yra viena i$
populiariausiy zaliadumbliy risiy, naudojamy toksiskumo tyrimuose. Ta¢iau
informacijos apie toksinj magnetiniy ND poveikj organizmams (ypac
valgomiesiems augalams) yra labai mazai, nors jy poveikis sveikatai ir
galimas biologinis poveikis turi buti nustatytas atsizvelgiant | jy rizikos
aplinkai vertinimg (Ahmad ir kt., 2015; Libralato ir kt., 2015; Oprica ir kt.,
2015; Lopez-Moreno ir kt., 2016; Lopez-Luna ir kt., 2018). Ankstesni tyrimai
rodo, kad CoFe;O4 ND poveikis skiriasi priklausomai nuo jo savybiy (dydzio,
formos) ir organizmy rasiy. ND, kuriy skersmuo yra apie 50 nm, j lasteliy vidy
patenka sparciau; patekimas j lgsteles 1étéja, kai didéja ilgio ir skersmens
santykis, o kai $is santykis yra mazas, ND sparCiau patenka j lasteles. Buvo
pastebéta, kad CoFe20, ND sukélé iminj toksisSkumg dryzuotosios danijos
(Danio rerio) embrionams ir lervoms, turéjo jtakos jy vystymuisi ir elgesio
pokyéiams (Ahmad ir kt., 2015). Stipry $iy ND antimikrobinj aktyvuma pries$
Saccharomyces cerevisiae, keleta Candida rasiy, ir daugeliui vaistams
atspariy bakterijy (Escherichia coli ir Staphylococcus aureus) pademonstravo
ZalnéraviGiaus ir kt. (2016, 2018) atlikti tyrimai. Tyringjant CoFe,O, ND
fitotoksiSkuma buvo gauti skirtingi ir nevienodai interpretuojami rezultatai
(Lopez-Mor ir kt., 2016; Lopez-Luna ir kt., 2018). Todél musy tyrimui
CoFe204 ND toksiskumui jvertinti buvo pasirinktas Lepidium sativum ne tik
kaip augalas, vartojamas visame pasaulyje dél savo maistiniy medziagy ir
farmakologiniy (pvz., antianeminiy ir antioksidaciniy) savybiy (Algahtani ir
kt., 2018), bet ir kaip darZoviniy augaly rusis, skirta skirtingy terSaly
toksiskumui vertinti (Montvydiené ir Marciulioniené 2004; Asztemborska ir
kt., 2015; Lekamge ir kt., 2018; Szara ir kt., 2020).



Bundschuh ir kt., (2016) ir Ou ir kt., (2016) nurodo, kad pagrindinés
grafeno savybés, galin€ios turéti jtakos GNM poveikiui ir organizmy elgsenai,
yra koncentracija, pavirSiaus struktiira, funkcinés grupés ir grynumas. Pagal
Wang ir kt., (2019), GNM tyrimai daugiausia yra skirti jy poveikiui Zzmonéms
ir zinduoliams, ta¢iau jy poveikiui augalams iki $iol skiriamas nepakankamas
mokslinis démesys. IS vienos pusés, GNM gali turéti teigiamag poveikj
organizmams, veikdami kaip antioksidantai (Markovi'c ir kt., 2019), traSos
(Kabiri ir kt., 2017) arba sinergiskai su pesticidais (Wang ir kt., 2019). Kita
vertus, jie gali elgtis kaip toksiskos medziagos ir suaktyvinti organizmy
gynybinius mechanizmus (Ou ir kt., 2016; Gao ir kt., 2019; Zhang ir
Tremblay, 2020). GO pasizymi stipriu antibakteriniu aktyvumu (Efremova ir
kt., 2015; Olborska ir kt., 2020), Gimiu toksiniu poveikiu Zuvims (Yang ir kt.,
2019), véziagyviams (Cavion ir kt., 2020) ir vabzdziams (Dziewiecka ir kt.,
2020) bei nustatytas citotoksinis poveikis zmogaus odos lgstelése (Peng ir kt.,
2020).

1.4. Nanodaleliy sgveika su kitais terSalais

GO gali sagveikauti ir egzistuoti kartu su jvairiomis toksiSkomis
medziagomis, kai patenka | vandens aplinka (Ni ir Li, 2018), taciau
informacija apie jo geb&jima paveikti terSaly toksiSkumg vis dar yra ribota.
Lietuvoje vykdomi tyrimai, kuriuose tiriama susintetinto GO ND sorbcija su
radionuklidais ir metalais. Nustatyta, kad susintetintas GO geba i$ skysty
terpiy sorbuoti metalus (Co?*, Cu®, Pb%, Ni?*) (Semé&uk, 2018). Yra darby
apie GO gebéjima adsorbuoti sunkiuosius metalus i§ vandeniniy tirpaly
(Ahmad ir kt., 2020; Elgengehi ir kt., 2020; Jurgeléné ir kt., 2022). Atlikta tik
keletas tyrimy, kuriuose nagrinéjamas GO, metaly miSinio ir jy bendras
poveikis véziagyviams ir ankstyvosiose vystymosi stadijose esancioms
zuvims (embrionams ir lervoms) (Juregeléné ir kt., 2022).

Taciau kai kuriuose tyrimuose pateikiami priestaringi duomenys apie GO
fitotoksiskuma, jo poveikj kartu su metalais ir jy sgveikg (Hu ir kt., 2014; Yin
ir kt., 2018). Augaly svarba maisto grandinéje slypi ne tik tame, kad jie, kaip
pirminiai gamintojai, yra maisto Saltinis aukStesnio trofinio lygio
organizmams, bet ir tai, kad jie yra pagrindiniai jvairiy medZiagy
bioakumuliatoriai. Yra tik keli tyrimai, susije su GO poveikiu valgomiesiems
augalams (He ir kt., 2018; Chen ir kt., 2018; Park ir kt., 2020). Kadangi GO
per maisto grandine gali paveikti Zmoniy sveikatag (Wang ir kt., 2019), jo
toksiSkumo valgomiesiems augalams jvertinimas tampa ypac svarbus.
Specifinés fizinés GO savybés gali biiti atsakingos uz tokj fitotoksinj poveikj
kaip Sesélio efektas (tai reiskia, kad dalelés gali sukurti Se$élj arba barjera,



kuris gali trukdyti normaliam augaly arba organizmy augimui, vystymuisi ar
funkcijoms), mechaninis suzalojimas ir fizinis blokavimas (Wang ir kt.,
2019). Duomenys apie GO kaupimasi augaly Saknyse ir perkélima j auks¢iau
esanéias augaly dalis yra taip pat priestaringi (Chen ir kt., 2018; Zhao ir kt.,
2015). Chen ir kt. (2017) pastebéjo, kad augaly Saknys sugeria GO, nors
tolesnis jy perkélimas j antzemines augaly dalis gali biiti apribotas.

Yra zinoma, kad sunkieji metalai (SM) i§ dirvozemio ir vandens per maisto
granding gali patekti | augalg (iskaitant darzoves), o tai kelia rimta pavojy
zmoniy sveikatai (Rai ir kt., 2019, Angulo-Bejarano ir kt., 2021). Cr (111), Cu
(II), Ni (I) ir Zn (II) yra labiausiai paplite metalai vandens ir sausumos
ekosistemose, tod¢l jy pasalinimas i§ dirvoZzemio, nuoteky ir pavirSinio
vandens yra ypa¢ svarbus ekologiniu pozitriu. D¢l lengvos sklaidos
vandenyje, hidrofiliSkumo, greitos kinetikos, didelio pavirSiaus ploto ir
skirtingy deguonies turin¢iy funkciniy grupiy, kurios gali veikti kaip metaly
suri§imo vietos, GO yra vienas ekologiSkiausiy ir santykinai efektyviausiy
metaly Salinimo metody (Peng ir kt., 2017; Elgengehi ir kt., 2020; Kong ir kt.,
2021).

Wang ir kt. (2019) teigia, kad GO ND ir metaly saveika daugeliu atvejy
yra adityvi (kai veiksniai ar medZziagos veikia sinergiskai ir stiprina vienas
kitg) arba antagonistiné (kai veiksniai ar medziagos veikia priesingai ir slopina
vienas kito efektus). Hu ir kt. (2014) parodé¢, kad GO padidina As (IIT ir V)
fitotoksiskuma kvie¢iams, taciau Yin ir kt. (2018) parodé, kad GO slopina Cd
(I) toksiskuma ryziams. Buvo pastebétas slopinamasis GO poveikis
bakterijoms, kurios buvo kartu veikiamos GO ir Cd (I1), Co (I1) ir Zn (1I) (Gao
ir kt., 2019). Sugrieztéjus aplinkos apsaugos reikalavimams, vyksta spartus
nuoteky valymo technologijy tobulinimas ir atlieky tvarkymo gerinimas.
Pastaruoju metu intensyviai tiriama galimybé panaudoti anglies ND,
pasizymincias i$skirtinémis sorbcinémis savybémis, nuoteky valymo
procesuose (Semcuk, 2018).

1.5. Nanodaleliy poveikio mechanizmas

Tyrimais nustatyta, kad veikiant ND sumazéja organizmuose fermentiniy
ir nefermentiniy antioksidanty aktyvumas, padidéja baltymy, reaktyviyjy
deguonies rasiy (ROS), lipidy peroksidacijos produkty kiekis, sumazéja
mitochondrijy aktyvumas, prarandama normali lgsteliy morfologija ir
sustabdomas lagsteliy ciklas (El-Kady ir kt., 2023). Manoma, kad ND
toksiSkumo augalams mechanizmas apima jvairius procesus, susijusius su
ROS susidarymu ir oksidaciniu stresu. Chloroplastas, kaip pagrindinis ROS
gamybos Saltinis augaluose, uztikrina ROS kontrole ir jy pasalinimg esant



stresui (Heath ir kt., 1968; Wellburn, 1994; Das ir Roychoudhury, 2014).
Todél fotosintezes pigmenty kiekio poky¢iai laikomi ND sukelto augaly streso
rodikliais (Wei ir kt., 2010; Barreto ir Lombardi, 2016; Zheng ir kt., 2019;
Wang ir kt., 2019). Wang ir kt. (2023) raso, kad labai svarbu atkreipti démes;j
j adsorbcijos migracijos ir transformacijos procesus paséliuose, taip pat j ND
sgveika su aukstesniaisiais augalais ir jy jtaka augaly toksiskumui zemés
tkyje. Tyrimai rodo, kad ND gali biti adsorbuojamos augaly ir turéti jtakos
augaly fiziologinei veiklai, ta¢iau ND adsorbcijos ir transportavimo
mechanizmas vis dar neaiSkus (Wang ir kt., 2023). Darbe autoriy
apibendrinama ND adsorbcijos ir transportavimo augaluose tyrimy eiga, ypac
ju dydzio, pavirSiaus kravio ir cheminés sudéties jtaka adsorbcijai ir
transportavimui lapuose ir Saknyse, apzvelgiamas ND poveikis augaly
fiziologiniam aktyvumui (Wang ir kt., 2023). Navarro ir kt. (2008) rezultatai
parodé stipry rysj tarp CoFe;O4 ND fitotoksiskumo ir jy fiziniy bei cheminiy
savybiy.

Taigi miusy tikslas buvo palyginti tirty metaly ir anglies ND fitotoksinj
poveikj augalams ir iSsiaiSkinti galima jo mechanizmg. ND toksiskumo
mechanizmo supratimas padés susintetinti ND, turinéias mazesnj poveikj
aplinkai (Buchman ir kt., 2019). Atliktas darbas suteiks naujy Ziniy apie ND
toksiskumg bandomiesiems organizmams poveikio metu ir pagilins supratima
apie ND nanotoksi$kumo mechanizmus.

KT poveikis dumbliams yra taip pat susijes su ROS susidarymu, kuris gali
turéti jtakos geny ekspresijai, metabolizmui, fotosintezei, azoto fiksacijai ir
dumbliy lasteliy augimui (Chen ir kt., 2019; Chakraborty ir kt., 2021).

KT biisenos poky¢iai yra jautriai atpazjstami pagal fluorescencijos (FL)
intensyvumo ir spektrinio juostos poslinkio pokycius, veikiant jvairiems
aplinkos veiksniams, tokiems kaip tirpikliai, $viesa ir biologinés medziagos.
Mikrodumbliy autofluorescencijos (AF) tyrimai atskleidé, kad KT gali veikti
kaip sulaikymo elementas, sulétinantis mikrodumbliy fotoadaptacija
natiiraliomis apsvietimo salygomis (Chen ir kt., 2002; Walker ir kt., 2003;
Mandal ir Tamai 2008; Kalnaityté ir kt., 2018; Kalnaityté ir Bagdonas 2019).

Skirtinga dumbliy augimo terpés sudétis gali turéti jtakos tiek dumbliy
lasteléms, tiek KT. Tai ne tik gali paveikti Iasteliy maistiniy medziagy tiekima,
bet ir didesnis jony stiprumas dumbliy augimo terp¢je nei distiliuotame
vandenyje gali skatinti KT agregacija. Si salyga ne tik neblokuoja jy saveikos
su dumbliy lgstelémis, bet ir sukelia nenuspéjamy sgveiky, kurios dar nebuvo
istirtos (Lin ir kt., 2009; Zhang ir kt., 2012; Morelli ir kt., 2013; Chen ir kt.,
2019; Liu ir Wang, 2020; Liu ir kt., 2022).

Feritai yra laikomi chemiskai ir termiskai stabiliis vandeninése sistemose
(Casbeer ir kt., 2012; Jagminas ir kt., 2013; 2014), tafiau tam tikroms
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sglygoms pasikeitus gali jvykti jy degradacija, dél kurios gali i$siskirti metalo
jonai i aplinkg. Suardzius CoFe,O4 ND, j aplinkg gali issiskirti Co?* ir Fe3*
jonai (Zhong ir kt., 2009; Algahtani ir kt., 2018). Zinoma, kad Co? ir Fe3*
jonai gali sukelti oksidacinj stresg ir toksiSkumag pavienéms lgsteléms arba
organizmams (Ponti ir kt., 2009; Lange ir kt., 2017; Nikolic ir Pavlovic, 2018).

Yra zinoma, kad GO gali paveikti augaly sé¢kly daiguma, Sakny ir
antzeminiy daliy augimg bei fotosintez¢ (Wang ir kt., 2019). Be to, GO gali
sukelti jvairius medziagy apykaitos sutrikimus, jskaitant padidinta ROS
gamybg ir antioksidaciniy fermenty aktyvumo slopinimg, dél ko atsiranda
oksidacinis stresas (Chen ir kt., 2017; Hsieh ir kt., 2019; Wang ir kt., 2019;
Xu ir kt., 2020; Xiao ir kt., 2022). Taciau kai kuriuose tyrimuose pateikiami
priestaringi duomenys apie GO fitotoksiSkuma, poveikj su metalais ir jy
saveikg (Hu ir kt., 2014; Yin ir kt., 2018).

1.6. Nanodaleliy ir gamtiniy mikro dydzio medziagy rizika aplinkai

Daugybei gaminiy nuolat yra kuriamos naujos ND. Zinios apie galima
zalinga jy poveikj progresuoja léCiau nei technologiné raida. Vis didéjantis
ND naudojimas padidina $iy medziagy patekimo j aplinkg rizika. ND patekus
] aplinka, gali pasireiksti tokios savybés kaip aglomeracija, sedimentacija,
tirpumas ir jvairiis cheminiai pokyciai. ND gali kauptis maisto grandinéje,
kelti grésme gyviiny, augaly ir zmoniy sveikatai (Quigg ir kt., 2013; Gupta ir
Xie, 2018; Xuan ir kt., 2023; El-Kady ir kt., 2023). Moksliniai tyrimai
atskleidé, kad sukurtos ND gali sukelti toksiSkuma organizmams ir zalinga
poveiki zmoniy sveikatai. Tac¢iau dél ND savybiy, tokiy kaip reaktyvumas,
lydymosi temperatiira, mechaninis stiprumas, fluorescencija ir elektrinis
laidumas, sudétinga jvertinti jy sgveikg su gyvais organizmais ir aplinka (EI-
Kady ir kt., 2023). Kadangi sukurtos ND gali kelti pavojy aplinkai, tai kelia
didelj susirpinimg visuomenéje. Jau suprantama, kad kai kurie rizikos
vertinimo metodai tinkamai neatspindi ND keliamy pavojy (Schwirn ir kt.,
2020). Pirmiausia, truksta i§samaus atitinkamy medziagy savybiy aprasymo,
kuris butinas vertinant jy likimg ir poveikj. Taip pat triksta atitinkamy
ekspozicijos duomeny ir Ziniy apie tai, kurioms rtsims ND daro didZiausia
poveikj (pvz., dabartiniuose metoduose pirmenybé teikiama vandens
organizmams, nors ND poveikis labiau tikétinas Sausumos organizmams).
Siuo metu néra galimybés tinkamai atsizvelgti i svarbius ND parametrus
rizikos apibtidinime.(European Chemicals Bureau, 2003; Lei ir kt., 2010;
Predicted No Effect Concentration, 2015; Scott-Fordsmand ir kt., 2017;
Schwirn ir kt., 2020).


https://pubmed.ncbi.nlm.nih.gov/?term=Xuan%20L%5BAuthor%5D

TaCiau tyrimai parodé, kad ND kaip ir gamtoje esancios smulkios
organinés (HAB), neorganinés kilmés medziagos (molis) ir mikroplastikas
turi panasy poveikj organizmams ankstyvose jy vystymosi stadijose
(Jurgeléng, 2018).

Savartyno filtratas (SF) ir melsvabakteriy biomasé (cyanoHAB) yra
daugiakomponenéiai miSiniai, Kkurie tapo pasauliniu rapes¢iu dél vis
didéjancio komunaliniy atlieky kiekio, pasikartojanciy atsitiktiniy nuoteky
i8siliejimy, o taip pat vis daznesniy ir sunkesniy cyanoHAB reiskiniy, kuriuos
sukélé eutrofikacija ir klimato kaita (Huisman ir kt., 2018). SF ir cyanoHAB
aplinkos terSalai, neigiamai veikiantys ekosistemas bei darantys zalg jy rasiy
strukttrai bei jos dinamikai. Didziausias daugelio antropogeniniy veiksniy
poveikis vandens ekosistemoms apima biologinés jvairovés nuostolius,
sumazejusj vandens telkiniy atsparuma ir ekologinj stabiluma, ir sutrikdyta
ekosistemos funkcionavimg (Brookes ir Carey 2011; Grizzetti ir kt., 2017,
Oliver ir kt., 2015; Poikane ir kt., 2017). Sgvartyno filtrato ekotoksikologinio
poveikio skirtingiems vandens organizmams tyrimai, vertinant aplinkos
rizika, palyginus néra dazni, todél mazai zinomi ir suprantami.

CyanoHAB biomasés keliamos rizikos vertinimas paprastai yra pagristas
fitoplanktono bendrijos sudéties analize, chlorofilo a koncentracijos
matavimais ir cianotoksiny analize. Tyrimai, kuriuose naudojami i§gryninti
cianotoksinai, parodé didelj toksiskumo lygj ivairiems vandens organizmams
(Ferrao-Filho ir Kozlowsky-Suzuki, 2011; Freitas ir kt., 2015). Taciau tokios
analizés atliekamos tik su ribotu skai¢iumi zinomy cianobakterijy toksiny.
Buvo jrodyta, kad cianotoksiny buvimas ne visada atspindi cyanoHAB
biomasés toksiskuma (Suléius ir kt., 2017). Tiek SF, tiek cyanoHAB biomasg
galima apibudinti kaip antropogeniniy ir natiiraliy medziagy misinj, jskaitant
didele organiniy medziagy ir esminiy maistiniy medziagy (pvz., anglies ir
azoto) koncentracija (Bolyard ir Reinhart, 2017; Stuart ir kt., 2016). Abu
miSiniai dél toksiniy ir teratogeniniy ir (arba) mutageniniy junginiy gali sukelti
stipry toksiSkuma organizmams (Anderson ir kt., 2012; Kaléikova ir kt., 2012
m.; Raihana ir kt., 2014; Backer ir Miller, 2016; Qiu ir kt., 2016) Tac¢iau
skirtingai nei cyanoHAB biomasé, kurioje organiné medziaga yra lengvai
prieinama bakterijoms, sgvartynuose, kuriuose gausu organiniy medziagy, Siy
junginiy skaidymas vyksta létai (Bittar ir kt., 2015; Tessarolli ir kt., 2018).
Tiek SF, tiek cyanoHAB biomasé yra gerai zinomi dél savo Giminio ir 1étinio
toksiskumo augalams, gyviinams ir net zmonéms (Backer ir Miler, 2016; Qiu
ir kt., 2016). Nors jy sudétis labai skiriasi, SF paprastai yra jvairiy junginiy
(organiniy ir neorganiniy), kurie yra labai kenksmingi ir gali islikti aplinkoje
ilga laikg (Derco ir kt., 2010; Mukherjee ir kt., 2014; Qiu ir kt., 2016). SF
aplinkosauginis vertinimas paprastai apima jo reguliariy fizikiniy ir cheminiy



parametry analiz¢ (Renou ir kt., 2008), jskaitant maistiniy medziagy ir metaly
(jony ir anijony) koncentracijy matavimus ir jvairiy organiniy komponenty
kiekybinius jvertinimus.

Pagal Cetkauskaite ir kt. (2016), vandens toksiskumo baly sistemos buvo
iSplétotos ir yra svarbios vertinant nuoteky toksiskuma, i§leidziamy j vandens
aplinka. Ilga laika toksiSkumo vertinimo sistemos yra pagristos LC50/EC50
vertémis, nors pastaruoju metu, iesSkoma naujy toksiskumo vertinimo kriterijy
(Altenburger ir kt., 2018). Organizmo mirtis kaip galutinis toksiSkumo
rodiklis vis dar yra svarbi priemoné cheminiy medziagy ar jy miSiniy
toksikologiniam potencialui jvertinti, kuri leidzia palyginti jvairiy tyrimy
rezultatus. (Sobrino-Figueroa, 2018).

Literattros analiz¢ leidzia teigti, kad ND likimas, jy poveikio ypatumai ir
veikimo mechanizmai esminiais bruozais skiriasi nuo tradiciniy cheminiy
medziagy. Vis délto, ND turi priezastinj ry$j su vandens ir sausumos
organizmais bei zmoniy sveikata.



2. MEDZIAGA IR METODAI

Tyrimai buvo atlikti Gamtos tyrimy centro Ekotoksikologijos, Algologijos
ir mikroorganizmy ekologijos ir Geoaplinkos tyrimy laboratorijose, Fiziniy ir
technologijos moksly centre (FTMC), Vilniaus universiteto Lazeriniy tyrimy
centro Biofotonikos grupéje.

Detali informacija apie tyrimy medziaga ir naudotus metodus pateikta
Sesiose publikacijose.

2.1. Tyrimo dizainas

Supaprastinta eksperimentinio projekto schema ir pagrindiniai Siame darbe
naudojami metodai pateikti 1 pav.



NAUJAI SUKURTU IR GAMTINIU NANO IR MIKRO DYDZIO MEDZIAGU POVEIKIS ORGANIZMAMS

MEDZIAGOS

1

SKIRTINGO TROFINIO LYGIO MODELINIAI ORGANIZMAI

Metaly ND (KT ir kobalto feritas (CoFe,0,); Anglies ND; (GO);
Metaly misinys (MIX) (Cr(lIl), Cu(ll), Zn(11), Ni(ll));
Savartyno filtratas (SF); CyanoHAB biomasé (cyanoHAB);
Dumbliy augimo terpé (MWC), artezinis vanduo (DWW),
Balsio eZero vanduo (Balsys)

1

Dumblis (Desmodesmus communis (Turpin) Brébisson) — pirminis gamintojas;

Augalas (Lepidium sativum L.) — pirminis gamintojas;
Véziagyvis (Daphnia magna Straus) — pirminis vartotojas.

JL

R Z
METODAI IR PARAMETRAI
FIZIKOCHEMINIAI OPTINIS: BIOTESTAVIMAS MORFOFIZIOLOGINIAI BIOCHEMINIAI
SPEKTROSKOPINIS
~N 7~ N 7~ ~N 7~ ~N 7~
Hidrochemija, ND ir metaly kaupimasis, FitotoksiSkumas (OECD 201, Augimas, Igsteliy skaicius, Pigmenty kiekis, vandenilio
ND charakteristikos: metaly translokacija 2011; OECD 208, 2006; EK populiacijos struktira, peroksidas (H,0,),
stabilumas, dydis, . 89/BE2/D3); imobilizacija, Sirdies malondialdehidas (MDA)
koncentracija ir kt. Toksiskumas (IS06341:2012) susitraukimy daznis ($SD),
eloesvs
) )

Sz Nz

Nz

< <

NANOTOKSISKUMO MECHANIZMAS

s

RIZIKOS APLINKAI PROGNOZE

1 pav. Disertacijos tyrimy schema.
Fig. 1. Scheme of the thesis experimental design.




2.2. Tyrimo medziagos

Tyrimuose naudotos medZiagos, jy sintezés budai ir jy koncentracijos nurodytos 1-0je lenteléje.

1 lentelé. Tyrimuose naudotos medziagos (I-V1 publikacijos)
Table 1. Materials used in the studies (Publications 1-VI)

Grafeno oksidas (GO)* + Metaly miSinys (MIX)
(11 publikacija)

Savartyno filtratas (SF)
(1V publikacija)

CyanoHAB biomasé
(IV publikacija)

Keturiy metaly (Cu, Ni, Cr, Zn) misinys (MIX), kurio
koncentracija yra: Cr - 0,01 mg/L, Cu - 0,01 mg/L, Ni - 0,034
mg/L ir Zn - 0,1 mg/L, buvo paruostas pagal ES vidaus
vandenims nustatyta didziausia leisting koncentracija (DLK).
Naudojant susintetintg GO ir MIX, buvo paruostas MIX +
GO misinys.

Filtratas (SF) buvo surinktas i§ uzdaryto Kairiy sgvartyno,
Siauliy mieste, Lietuvoje. SF fizikiniai ir cheminiai
parametrai buvo nustatyti pagal ISO gairése nustatytas
standartizuotas procediiras.

1§ KurSiy mariy, Lietuvoje, buvo surinkta dviejy
skirtingy ruiy natiraliy melsvadumbliy biomas¢
(Sulgius ir kt., 2017).

Tyrimo teritorijos ir
sgvartyno filtrato rezervuaro
(F) méginiy émimo viety
schema.

Kairiy sgvartynas yra 5 km j
rytus nuo Siauliy miesto
(55°55'42,7",23° 23"
42,81", WGS).

(Perspausdinta i§ Kazlauskiené ir kt., 2012)

Nano dydzio
cyanobakterijy
“\P A biomasés
Particles,of (HAB) daleliy
= vaizdas.

A
L @ 2%

(Perspausdinta i$
Jurgeléné 2018)

KONCENTRACHOS

GO -1, 20, 40, 80 mg/L;
MIX - 1, 20, 40 ir 80 kartai

SF atitinka 100 %

50, 100, 200 mg/L

*ND susintetintos Fiziniy moksly ir technologijy centre, Lietuvoje (FTMC)




CdSe/ZnS kvantiniai taskai (KT)
(I publikacija)

Cobalto ferrito (CoFe,04)* ND
(I publikacija)

Grafeno oksidas (GO)*
(111 publikacija)

Komerciniai puslaidininkiniai CdSe/ZnS kvantiniai taskai
(KT), sudaryti i8 Serdies ir apvalkalo, padengti polimeriniu
sluoksniu (polietilenglikoliu (PEG)), turiniu
karboksiriigities (-<COOH) Sonines grupes. Siy KT FL
smailé yra ties 625 £ 5 nm (kat. Nr. A10200, Life
Technologies, JAV).

CoFe:04 nanodalelés (ND), kuriy vidutinis dydis yra
1,65, 5 ir 15 nm, buvo susintetintos vandeniniuose
Sarminiuose Co(I) ir Fe(IIT) drusky tirpaluose naudojant
nusodinimo metoda.

Grafeno oksidas (GO) buvo susintetintas taikant
modifikuota Hummerio metoda.

(Perspausdinta i§ Seméuk 2018)

POLIMERINE

S DANGA _

(Perspausdinta i$ I publikacijos)

Susintetinty
CoFe204
nanodaleliy
(ND) AFM
vaizdai (a, d, 9)
ir HRTEM
vaizdai (b, e, h).

(Perspausdinta i§ Il publikacijos)

Susintetinto grafeno oksido (GO) SEM vaizdas.

(Perspausdinta i§ Il publikacijos)

KONCENTRACHOS

4nM

1, 10, 25, 50, 100, 200 mg/L

1, 20, 40, 80 mg/L

*ND susintetintos Fiziniy moksly ir technologijy centre, Lietuvoje (FTMC)




2.3. Modeliniai organizmai

Tyrimai atlikti su skirtingo trofinio lygio modeliniais organizmais:
zaliadumbliu Desmodesmus quadricauda (Turpin) Brébisson (Syn.
Scenedesmus quadricauda), véziagyviu Daphnia magna Straus ir s¢jamaja
pipirne Lepidium sativum L. (I-VI publikacijos) (2 lentel¢). Zaliadumbliy
(Chlorophyceae) Desmodesmus communis izoliatas 2012/KM/G2 buvo
gautas i§ Gamtos tyrimy centro dumbliy ir melsvabakteriy grynyjy kultiiry
kolekcijos (Koreiviené ir kt., 2016). Tyrimuose naudoti metodai ir tirti
biologiniai rodikliai pateikti 2 lenteléje, o iSsamiai metodika aprasyta |-VI
publikacijose.

2 lentelé. Modeliniai organizmai, tyrimo metodai ir rodikliai (I-VI
publikacijos)
Table 2. Model organisms, research methods and parameters (Publications 1-VI)

Desmodesmus communis
(sin. Scenedesmus Lepidium sativum Daphnia magna

quadricauda)

(Foto M. Kazlauskas, 2023) | (Foto M. Kazlauskas, 2019) | (Foto M. Kazlauskas, 2023)

I1SO 6341:2012

OECD, 2011, Test Nr. 201: | OECD, 2006. Test Nr. 208 OECD, 2004, Test Nr. 202

PARAMETRAI
Sékly daigumas;
Sakny ilgis;
Augaly Sakny ir antzeminiy
Lasteliy skaicius; daliy biomasg¢; Imobilizacija;
Cenobiy skaicius; Chlorofilas a ir b, Sirdies darbas;
Chlorofilas a. karotinoidai, Elgsena.
Malondialdehidas (MDA);
Vandenilio peroksidas
(H202).
VERTINIMAS

96 val. EC50 pagal dumbliy 96 val. EC50 pagal Sakny 48 val. EC50 pagal
lasteliy kiekj augima imobilizacija




2.4. Poveikio biologinis tyrimas

Modeliniai organizmai buvo auginami jiems tinkamose terpése: Lepidium
sativum — Balsio ezero vandenyje, 0 Desmodesmus communis — modifikuotoje
dumbliy auginimo terpéje (angl. artificial algae growth medium, MWC),
Balsio ezero vandenyje (angl. water of Lake Balsys, Balsys) ir grezinio
vandenyje (angl. deep well water, DWW). Terpés, j kurias nebuvo pridéta
tirilamoji medziaga, buvo laikomos kontrolinémis. ISsami informacija apie
DWW ir Balsys fiziko-chemine sudétj pateikta I-I1l publikacijose. MWC
terpés apraSyma galima rasti atviruose Saltiniuose (Guillard ir Lorenzen,
1972). Ruosiant terpes buvo naudojami analitiniai arba aukstesnés kokybés
reagentai i§ Sigma Aldrich (Vokietija) ir Carl Roth (Vokietija). Savartyno
filtrato (SF) fiziko-cheminés ir melsvabakteriy, surinkty i§ KurSiy mariy
pavir§inio vandens, biomasés analizé iSsamiai aprasyta IV publikacijoje.

2.5. Metaly akumuliacijos tyrimai

Metaly Fe ir Co (Il ir V publikacija) bei Cu, Ni, Cr ir Zn (Publikacija I1I)
akumuliacijai nustatyti Lepidium sativum Sakny ir antzeminés augalo dalies
méginiai buvo mineralizuojami ir metaly kiekis juose buvo iSmatuotas
atominés adsorbcijos spektrofotometru (Shimadzu TOC-L CSH/TMN-L
(Japan)).

GO geba sorbuoti metalus (Cr (II), Cu (II), Ni (II) ir Zn (1)) i$ jy miSinio
buvo jvertinta taikant periodiskos sorbcijos tyrimo metodus, kurie detaliai
aprasyti III publikacijoje.

Tyrimy metu taikyti statistiniai metodai yra iSsamiai aprasyti |-VI
publikacijose.



3. REZULTATAI IR JU APTARIMAS

ISsamils rezultatai pateikti 1-VI publikacijose, 9 ir 10 praneSimy
santraukose.

3.1. Kvantiniy taSky poveikis dumbliams Desmodesmus communis (|
publikacija)

Yra zinoma, kad neigiamo kriivio Cd pagrindu pagaminty hidrofiliniy KT
(CdSe/ZnS-COOH) koloidinj stabilumg lemia aplinkos veiksniai, todél miaisy
tyrimo tikslas buvo istirti 4 nM koncentracijos CdSe/ZnS-COOH KT poveikj
zaliadumbliy Desmodesmus communis, auganéiy skirtingose terpése (DWW,
MWC ir Balsys) augimui ir populiacijos struktirai.

Gauti rezultatai parodé, kad Desmodesmus. communis augimas ir
populiacijos struktiiros pokytis reikSmingai priklaus¢ nuo augimo terpés
(DWW, MWC ir Balsys) tipo. Nustatyta, kad auginimo terpés tipas
Desmodesmus communis autofluorescencinéms (AF) savybéms daré didesng
jtakg nei KT buvimas joje. Galima daryti prielaidg, kad dumbliy auginimo
terpés sudétis gali sukelti fotosistemy (PSI ir PSII) vystymosi pakitimus ir
pakeisti jy indélj j fotosintezés procesa (I publikacija, 5 pav.).

Gauti rezultatai parodé, kad dumbliy augimas Balsio ezero ir grezinio
vandenyse nesiskyré nuo jy augimo Balsys + KT ir DWW + KT terpése, taciau
dumbliy augimas MWC terpéje buvo didesnis (p < 0,05) nei MWC + KT
terpéje (I publikacija, 7 pav.).

Be to, buvo nustatyta, kad Desmodesmus communis kolonijy struktiira
auginimo terpése be KT skyrési nuo jy struktiros terpése su KT. MWC ir
MWC + KT terpése jau po 48 val. buvo pastebétas vienos lastelés cenobiy
vyravimas ir §i tendencija isliko iki eksperimento pabaigos (96 val.), taciau
Balsys ir DWW terpése KT skatino keturiy lasteliy kolonijy susidarymg
Desmodesmus communis populiacijoje, kuri i$ry§kéjo po 96 val. Cornwallis ir
kt. (2023) teigia, kad dumbliams pradéjus formuoti keliy lasteliy kolonijas
pradéjo vystytis nauji morfologinio sudétingumo lygiai, taciau vis dar neaisku,
kokius ekologinius pranasumus ar naudg jie suteikia. Vienu i§ galimy tokiy
kolonijy formavimo pranaSumy yra laikomas vienalgsCiy dumbliy
prisitaikymas apsisaugoti nuo jvairiy aplinkos veiksniy, tokiy kaip plésrunai
ir toksinai (Kapsetaki ir kt., 2019; Cornwallis ir kt., 2023). Todél KT
inicijuotas keturiy lgsteliy kolonijy susidarymas Desmodesmus communis
populiacijoje natiiraliose terpése gali biiti susijgs su dumbliy apsaugos nuo
toksiny poreikiu.



Tyrimai parodé, kad dumbliy auginimo terpé ne tik skirtingai veikia
Desmodesmus communis augimo modelj, fiziologinius procesus ir
fotoadaptacijos savybes, bet ir modifikuoja jy reakcija j CdSe/ZnS-COOH
KT. Misy nuomone, pavieniy lasteliy vyravimas MWC ir MWC + KT
terpése, taip pat populiacijos nesugebéjimas MWC + KT terpése atkurti savo
populiacijos jvairove per 96 val. pademonstravo, kad Desmodesmus
communis negali tinkamai reaguoti | streso veiksnius dirbtinéje auginimo
terpéje. Todél, remiantis tyrimy duomenimis, gautais auginant dumblius
dirbtinése terpése, padarytos iSvados ir prognozés negali buti placiai
ekstrapoliuojamos natiiralioje vandens aplinkoje.

3.2. Skirtingo dydzio CoFe»O4 nanodaleliy toksinis poveikis Lepidium
sativum (11 ir V publikacijos)

Vieni pagrindiniy veiksniy, lemian¢iy nanofitotoksiskuma yra ND dydis ir
ju koncentracija aplinkoje. Todél buvo jvertintas CoFe;Os ND poveikis
Lepidium sativum biologiniams (morfologiniams, fiziologiniams ir
biocheminiams) parametrams, priklausomai nuo ND dydZio ir koncentracijy.

Atlikti tyrimai parodé reikSmingus Lepidium sativum sékly daigumo
skirtumus tarp kontrolés ir CoFe>O4 ND paveikty grupiy. Nustatyta, kad visos
tirtos CoFe,0 ND koncentracijos (i$skyrus 200 mg/L koncentracija 1,65 nm
dydzio ND), reikSmingai nepaveiké (p < 0,05) Lepidium sativum Sakny
augimo, bet 1,65 nm dydzio ND esant 50 ir 100 mg/L koncentracijoms
reikSmingai padidino Sakny, o 10, 25, 50 ir 100 mg/L koncentracijos —
antZzeminés augaly dalies biomase. Tyrimas parodé, kad kai kuriais atvejais
tirtos CoFe;04 ND paveiké Lepidium sativum pigmenty chlorofilo b (Chl b),
chlorofilo (Chl a+b) ir karotinoidy kiekj (I publikacija, 2 pav.).

Nustatyta, kad Chl a yra atsparesnis CoFe,O4 ND poveikiui nei Chl b. Chl
b ir Chl a+b kiekio padidéjimas atspindi padidéjusig angliavandeniliy gamybg
Lepidium sativum. Esant 5 nm dydzio CoFe,Os ND 10, 50 ir 200 mg/L
koncentracijoms ir 1,65 bei 15 nm dydzio 1 mg/L CoFe-OsND koncentracijai
karotinoidy kiekis reikSmingai padidéjo, palyginus su kontroliniais augalais.
Buvo nustatyta, kad visais atvejais CoFe;O4 ND sukélé malondialdehido
(MDA) kiekio padidéjimg Saknyse ir antzemingje augalo dalyje (Il
publikacija, 4 pav.).

Siekiant jvertinti CoFe;O4 ND kaupimasi Lepidium sativum, buvo
iSmatuotas Co ir Fe kiekis augalo $aknyse ir antzeminéje dalyje, kuris buvo
reikSmingai didesnis nei kontroliniuose augaluose. Nustatyta, kad Co ir Fe yra
pernesami i§ Sakny j antZemines augalo dalis (Il publikacija, 5 pav.).



Apibendrinant galima teigti, kad CoFe;O4 ND poveikis Lepidium sativum
priklauso nuo ND dydzio ir koncentracijos. Tai patvirtino Navarro ir kt.
(2008) teiginj apie stipry rysj tarp CoFe.Os ND fitotoksisSkumo ir Siy
nanodaleliy fiziniy bei cheminiy savybiy. Manome, kad tyrimo metu gauti
rezultatai bus reikSmingi vertinant magnetiniy ND poveikj aplinkai, nes $iy
ND likimas, poveikio profiliai ir mechanizmai i§ esmés skiriasi nuo tradiciniy
cheminiy medziagy ir yra priezastiniu ry$iu susij¢ su zmoniy sveikata dél
galimo jy perdavimo i§ vandens ] sausumos ekosistemas ir ypaé |
valgomuosius augalus (Bundschuh ir kt., 2016).

3.3. Grafeno oksido poveikis metaly miSinio jsisavinimui, translokacijai ir
toksiskumui Lepidium sativum augaluose: metalo fitotoksiskumo
mazinimas naudojant nanosorbcija (111 publikacija)

GO yra isskirtiné medziaga, turinti daug unikaliy savybiy, dél kuriy jis yra
vertingas jvairiose pramongs srityse. GO patekimas j aplinkg yra susijes su jo
naudojimu ir $alinimu i§ pramoniniy procesy bei gamybos veikly. Jis gali
sgveikauti su kitomis medziagomis, jskaitant toksinius metalus. Todél svarbu
atidziai stebéti GO naudojimg ir jo poveikj aplinkai bei zmoniy sveikatai.

Taciau kai kuriuose tyrimuose pateikiami priestaringi duomenys apie GO
fitotoksiSkuma ir jo sgveika su metalais (Hu ir kt., 2014; Yin ir kt., 2018). GO
yra medziaga su labai dideliu pavirSiaus plotu, kuris suteikia galimybe
efektyviai adsorbuoti kitas medziagas. Taip pat gali sukelti Ses¢lio efekta,
kuomet GO sugeria Sviesg ir mazina augaly fotosintezés galimybes, turintj
jtakos augaly augimui ir vystymuisi. Taip pat, dél GO mechaniniy savybiy,
tokiy kaip jo tvirtumas, jis gali pakenkti organizmams mechaniniu btdu.
(Wang ir kt., 2019). Daugybé tyrimy parodé, kad jvairiy cheminiy medziagy,
tokiy kaip sunkieji metalai, kaupimasis augaluose sukelia fiziologiniy ir
biocheminiy procesy pokycius, kurie neigiamai veikia augaly augima ir
vystymasi (Khan ir kt., 2019; Usman ir kt., 2019; Angu lo-Bejarano ir kt.,
2021). Yra darby apie GO geb¢jimg adsorbuoti i§ vandens sunkiuosius
metalus (Kuzenkova ir kt., 2020; Ahmad ir kt., 2020; Elgengehi ir kt., 2020;
Jurgeléné ir kt., 2022).

Taigi darbo tikslas buvo istirti skirtingy koncentracijy GO, metaly misSinio
(Cr (1), Cu (II), Ni (II) ir Zn (IT)) ir jy komplekso poveiki modeliniy
organizmy morfofiziologiniams ir biocheminiams rodikliams bei jvertinti GO
geba keisti metaly poveikj organizmams. Nustatyta statistiSkai reikSminga
koreliacija tarp poveikio ir miSinio koncentracijos, ir Sakny augimo bei
biomasés (Il publikacija, 5 pav.). ReikSmingas Sakny augimo slopinimas,
lyginant su kontrolinémis grupémis, nustatytas tik augalams, paveiktiems 20



karty padidintomis metaly miSinio komponenty koncentracijomis. Esant
maziausioms ir didziausioms MIX koncentracijoms, Sakny biomasé isliko
zymiai maZesné nei kontrolinés augaly grupés. Po poveikio GO visomis
tirtomis koncentracijomis nustatytas Sakny biomasés sumazéjimas (p < 0,05),
lyginant su kontroline grupe. Be to, miisy rezultatai aiSkiai parodé, kad
maziausia ir didziausia MIX + GO koncentracija Zymiai sumazino metaly
poveikj Sakny biomasei. Esant didesnei metaly koncentracijai MIX,
antzeminés daigy dalies biomasé svyravo mazdaug 10 % ribose ir $ie poky¢iai
buvo reikSmingi. AntZeminés dalies biomas¢ reik§mingai sumazéjo veikiant
1, 20 ir 40 mg/L GO koncentracijomis. Augalus veikiant GO ir MIX + GO
antZeminés dalies biomasé taip pat padidéjo. Taciau Begum ir kt., (2011)
pastebéjo laipsniska daigy biomasés ir Sakny bei iigliy augimo mazéjima,
veikiant did¢janciai grafeno koncentracijai (iki 2000 mg/L). Todél,
remdamiesi miisy ir Lee ir kt., (2021) pateiktais duomenimis, padaryta iSvada,
kad veikiant gana dideléms GO koncentracijoms, gali biti neigiamai
paveiktas konkrecios riiSies augaly ankstyvasis augimas.

Miisy tyrimas parodé, kad kai kuriais atvejais tirtos MIX, GO ir MIX + GO
koncentracijos tur¢jo jtakos Lepidium sativum pigmenty Chl a ir Chl b ir
karotinoidy gamybai, tac¢iau nebuvo atskleista aiski pigmento kiekio kitimo
tendencija (111 publikacija, 6 pav.).

Nustatyta, kad Chl a kiekis buvo didesnis (p < 0,001) veikiant Lepidium
sativum MIX, kuriame metaly koncentracija buvo padidinta 40 karty, o MIX
+ GO metaly koncentracijos padidinus 20 ir 40 karty, palyginus su kontrole.
Tuo tarpu nezymiai sumazéjo Chl a kiekis, palyginus su kontrole Lepidium
sativum paveikus 1, 20 ir 40 mg/L GO koncentracija. Nustatyta, kad Chl a
kiekis yra reikSmingai mazesnis nei kontrol¢je esant didziausiai GO
koncentracijai (80 mg/L).

Remiantis misy rezultatais, Chl b kiekis daugeliu atvejy reikSmingy
poky¢iy neparodeé, iSskyrus reikSmingg Sio parametro padidéjimg Lepidium
sativum veikiant didZiausia MIX koncentracija, GO esant 1 ir 80 mg/L ir kartu
veikiant MIX + GO, kai metaly koncentracija padidéjo atitinkamai 20 ir 40
karty. Chl b kiekio poky¢iai rodo reik§mingg $io parametro sumazéjima
veikiant MIX ir GO esant didZiausioms koncentracijoms, palyginus su
kontrole, ir nezymy sumazéjima, kai kartu veikia MIX + GO. Sis faktas rodo,
kad GO sumazina neigiamag metaly poveikj Lepidium sativum fotosintezei.
Yra zinoma, kad metalai slopina chlorofilo ir karotinoidy gamyba augaluose,
o chlorofilo gamyba yra jautresné metaly poveikiui nei karotenoidai (Baek ir
kt., 2012). Taip pat zinoma, kad GO poveikis Siems pigmentams yra
priestaringas (Siddiqui ir kt., 2019; Zhao ir kt., 2022a). Chl a yra svarbus
deguonies gamybos augaluose procesuose, o pagrindinis Chl b vaidmuo yra



mélynosios $viesos energijos adsorbcija. Kaip nefermentiniai antioksidantai,
karotinoidai atlieka svarby vaidmenj apsaugant chlorofilo pigmentus streso
salygomis ir reguliuoja augaly ir aplinkos sgveika (Xie ir kt., 2019; Yang ir
kt., 2020).

Esant maziausioms ir didziausioms MIX koncentracijoms, reikSmingy
MDA kiekio poky¢iy MIX paveikty Lepidium sativum antzeminése dalyse
nepastebéta. PrieSingai, esant visoms tirtoms koncentracijoms, MIX sukeltas
MDA kiekis Saknyse buvo reik§Smingai didesnis nei kontrol¢je. MDA kiekis
reikSmingai padidéjo (p < 0,05) antzeminése dalyse (iSskyrus 20 mg/L). MDA
kiekis Saknyse sumazéjo tik esant didZiausiai GO koncentracijai (I11
publikacija, 7 pav.). Tuo tarpu GO poveikyje MDA kiekis tabako Saknyse
(Jiao ir kt., 2016) ir sojos pupeliy augaluose (Zhao ir kt., 2022b) sumazéjo
palyginus su kontrole. Kita vertus, Ren ir kt. (2020) nustaté, kad GO 1000
mg/L koncentracija slopino kvie¢iy daigy augima, skatino antioksidaciniy
fermenty ir MDA kiekio padidéjima Saknyse ar lapuose. Be to, jie parodé, kad
GO poveikis sukélé reikSminga nuo koncentracijos priklausoma membranos
depoliarizacija Saknyse. MDA kiekis kontroliniy Lepidium sativum
antZeminése dalyse ir Saknyse reikSmingai nesiskyre, paveikus MIX + GO
maziausia koncentracija. Taciau Sio parametro reikSmé buvo Zymiai mazesné,
nei uzfiksuota paveikus Lepidium sativum MIX + GO, kai koncentracija buvo
padidinta 20, 40 ir 80 karty, lyginant su kontrole.

Visose paveiktose antzeminése dalyse H2O: turéjo reikSminga poveikj
augalams paveiktiems GO, lyginant su kontrole. Daugeliu atvejy H.O, Kiekis
Saknyse buvo statistiSkai didesnis nei kontroliniy augaly (iSskyrus 40 ir 80
mg/L). Kity autoriy pateikti duomenys (Zhao ir kt., 2015; Wang ir kt., 2019;
Gao ir kt., 2019; Kim ir kt., 2020) parodé¢, kad H>O; kiekis GO paveiktuose
augaluose, yra gana jvairus ir priklauso nuo augalo rusies.

Apibendrinant galima teigti, kad GO, dél savo gebéjimo sorbuoti
sunkiuosius metalus, gali padéti augalams taupyti energija ir sumazinti
toksisky medziagy poveikj aplinkai. Tai yra svarbus Zingsnis siekiant aplinkos
apsaugos ir tvarumo. Misy tyrimas suteikia naujg pozitrj j biologinj GO
poveikj ir sudaro teorinj ir praktinj pagrindg GO naudojimui zemés tkyje.
Placiai paplitegs GO taikymas sukélé galimg susirlipinimg dél neigiamo jo
poveikio ekosistemoms. Siekiant sumazinti GO toksiskuma buvo atliktas
didelis darbas, ta¢iau jy naudojimas $iuo metu yra susijes su didele rizika
(Ahmed ir kt., 2021). Misy rezultatai atskleidé, kad GO naudojimas pasirodé
esas veiksmingas sumazinant metaly akumuliacija augaluose ir jy toksiskuma
ir tai gali turéti teigiama poveikj aplinkai ir zmoniy sveikatai.



3.4. Grafeno oksido ir metaly mi$iniy toksi§kumo tyrimas Zaliadumbliams
Desmodesmus communis ir véziagyviams Daphnia magna (9 ir 10
pranesimy santraukose)

Miisy duomenys rodo, kad tirtos GO, MIX ir MIX + GO koncentracijos
dazniausiai turi jtakos dumbliy lasteliy kiekiui ir jy populiacijy struktirai.
Gauti duomenys parodé, kad Desmodesmus communis veikiant 96 val.
visomis GO ir MIX koncentracijomis jos kultiiroje dominavo vienalgsté
populiacija. Tuo tarpu, po 96 val. poveikio MIX20 - MIX80 + GO20 - GOS80
koncentracijoms dumbliy kultiroje buvo pastebétas didesnis daugialgstés
populiacijos kiekis. Nustatyta, kad GO, MIX ir MIX + GO visomis
koncentracijomis po 96 val. poveikio sumazino Chl a, pagrindinio
Desmodesmus communis fotosintezés pigmento, kiekj.

Tyrimai su Daphnia magna jaunikliais parodé skirtingus rezultatus.
Nustatyta, kad visy koncentracijy GO po 24 ir 48 val. poveikio reikSmingo
Daphnia magna jaunikliy mirtingumo nesukélé. Tuo tarpu visos tirtos MIX
koncentracijos sukélé reik§mingg Daphnia magna mirtinguma, taciau MIX +
GO sukélé zymiai mazesn] mirtingumg. Gauti rezultatai parodé, kad GO
nesukélé Daphnia magna jaunikliy Sirdies ritmo pokyc¢iy, tiek didéjant
koncentracijai, tiek ekspozicijos trukmei. Ta¢iau MIX maksimaliai priimtina
koncentracija sukélé Daphnia magna jaunikliy bradikardija po 24 ir 48
valandy, o §irdies susitraukimy daZnis (SSD) sulétéjo atitinkamai 1,2 ir 1,4
karto. Tuo tarpu po 24 val. poveikio MIX + GO maziausiomis
koncentracijomis Daphnia magna jaunikliy SSD reik§mingai nesiskyré nuo
kontrolés.

Apibendrinant gautus rezultatus, galima teigti, kad GO negali buti
naudojamas kaip metalo sorbentas aplinkoje, kurioje yra zaliadumbliy, nes
GO ND sukuria $esélj, slopina Chl a gamybg ir sukelia mechaninius Igsteliy
pazeidimus. Tuo tarpu MIX + GO poveikis Daphnia magna jaunikliy SSD
parode¢, kad GO gali sumazinti toksinj metaly poveikj véziagyviams, todél
mazos GO koncentracijos gali buti naudojamos kaip vandens dezaktyvavimo
priemoné (9 ir 10 prane$imy santraukos).

3.5. Nano- ir mikro- dydzio medziagy rizikos sausumos ir vandens
ekosistemoms vertinimas (1V ir VI publikacijos)

Savartyny filtratas (SF) ir melsvabakteriy Zydéjimo biomasé (cyanoHAB)
laikomi svarbiais aplinkos terSalais, turiniais didelj neigiama poveikj
mitybinei grandinei ir jos dinamikai, taip pat ekologinei ekosistemos biiklei.
Didziausias  daugelio antropogeniniy  veiksniy poveikis  vandens



ekosistemoms apima biologinés jvairovés nykimg, vandens telkiniy
atsparumo ir ekologinio funkcionavimo sumaz¢jima ir t. t. (Brookes ir Carey
2011; Oliver ir kt., 2015; Grizzetti ir kt., 2017; Poikane ir kt., 2017). SF ir
cyanoHAB biomasé yra daugiakomponenciai miSiniai, kurie kelia
susiriipinima dél nuolat didéjanc¢io komunaliniy atlieky kiekio ir atsitiktiniy
avariniy iSsiliejimy, taip pat dél vis daznesniy ir sunkesniy cyanoHAB
reiskiniy, kuriuos sukelia eutrofikacija ir klimato kaita (Huisman ir kt., 2018).
Tiek SF, tiek cyanoHAB yra gerai zinomi dél savo tmaus ir létinio
toksiSkumo augalams, gyviinams ir net zmonéms (Thomas ir kt., 2009;
Toufexi ir kt., 2013; Hilborn ir Beasley, 2015; Backer ir Miller, 2016; Qiu ir
kt., 2016).

Tiek SF, tiek cyanoHAB galima apibudinti kaip antropogenings ir
nattralios kilmés medziagy misinj, savo sudétyje turintj didele organiniy ir
maistiniy medziagy (pvz., anglies ir azoto) koncentracijg (Stuart ir kt., 2016;
Bolyard ir Reinhart, 2017). Abu miS$iniai gali sukelti sunky toksiS§kumag
organizmams, nes juose yra toksisky ir teratogeniniy ir (arba) mutageniniy
junginiy (Stomczynska ir Stomczynski, 2004; Anderson ir kt., 2012; Connon
ir kt., 2012; Kal¢ikova ir kt., 2012; Backer ir Miller, 2016; Qiu ir kt., 2016;).
Be to, cyanoHAB toksiskumas yra biologiskai aktyviy junginiy, i$siskirianciy
i§ melsvabakteriy lasteliy, kiekio rezultatas, o SF toksiskumas atsiranda dél
didelés metaly koncentracijos jame (Osada ir kt., 2011). Todél labai tikétina,
kad SF ir cyanoHAB poveikis tiems patiems organizmams yra skirtingas ir
priklauso nuo organizmo gebéjimo toleruoti padidéjusias biologiskai aktyviy
organinés kilmés junginiy arba metaly koncentracijas.

Buvo istirtas SF ir cyanoHAB biomasés poveikis skirtingo trofinio lygio ir
vystymosi stadijy organizmams. Tyrimo metu nustatyta, kad SF ir cyanoHAB
miSiniy poveikis priklausé nuo organizmo riiSies ir koncentracijos.
CyanoHAB biomasés poveikis tiriamiesiems organizmams buvo skirtingas
(IV publikacija, 4 lentelé). Jis taip pat skyrési nuo SF. Jautriausias organizmas
cyanoHAB biomasei buvo Desmodesmus communis (EC = 4,47 mg/L), kurio
atsakas skyrési nuo Lemna minor atsako. Taip pat nustatyta, kad Daphnia
magna yra maziau jautri cyanoHAB biomasés poveikiui (EC50 = 114 %) (IV
publikacija, 4 lentelé) nei Lemna minor. CyanoHAB biomasés poveikis Danio
rerio lervoms (LC50 — 72,8 mg/L) buvo reikSmingai stipresnis nei ant
Oncorhynchus mykiss mailiui (LC50 — 115 mg/L; 4 lentel¢). EC50 vertés
Aliivibrio fischeri ir LC50 vertés Oncorhynchus mykiss embrionams ir
lervoms nebuvo apskai¢iuotos, nes cyanoHAB biomasés didZiausios
koncentracijos neslopino bakterijy bioliuminescencijos arba nesukelé 50 %.
Zuvy mirtingumo.



SF poveikio Desmodesmus communis, Lemna minor, Daphnia magna ir
Aliivibrio fischeri EC50 vertés ir Danio rerio ir Oncorhynchus mykiss LC50
vertés pateiktos 3 lenteléje (IV publikacija). Nustatyta, kad Oncorhynchus
mykiss ir Danio rerio lervos buvo jautriausios SF (LC50 = 2,82 % ir LC50 =
2,35 %, atitinkamai). Desmodesmus communis (EC50 = 16,7 %) (IV
publikacija, 3 lentelé) buvo Zymiai jautresnés SF, palyginus su Lemna minor
(EC50 = 42,8 %). Be to, SF poveikis Daphnia magna skyrési nuo Lemna
minor. Nustatyta, kad Aliivibrio fischeri bakterijos maziausiai jautrios SF
poveikiui (EC50 = 65,3 %) (IV publikacija, 3 lentel¢), o jo EC50 reik§mé
statistiSkai skyrési nuo Desmodesmus communis ir Daphnia magna.
Oncorhynchus mykiss skirtingose vystymosi stadijose, i$skyrus embriono
stadija, jautrumas SF poveikiui nenustatytas, prie kuriy buvo uzfiksuotos
reik§mingai didesnés LC50 reiksmeés (1V publikacija, 1 pav.).

Rezultatai parodé, kad cyanoHAB biomasés EC50 verté Desmodesmus
communis ir Lemna minor buvo mazesné uz EC50 vertes apskaiciuotas
Daphnia magna. CyanoHAB pagal toksiSkumo vienetus gali bati apibréztas
kaip ,,labai toksiskas* Desmodesmus communis, ,,toksiskas* Lemna minor ir
,»,mazai toksiSkas* Daphnia magna. Nustatyta, kad cyanoHAB ekotoksiskumo
klasé pagal gauta toksiSkumg tirtiems organizmams svyravo nuo II klasés
Daphnia magna iki IV klasés Desmodesmus communis. Gauty duomeny
palyginimas parodé, kad tirty organizmy jautrumas SF ir cyanoHAB poveikiui
skyrési ir pagal TV reikSmes: SF (Lemna minor < Daphnia magna <
Desmodesmus communis) ir cyanoHAB biomasei (Daphnia. magna < Lemna
minor < Desmodesmus communis (IV straipsnis). Rezultatai taip pat parodé,
kad tirti miSiniai sukélé skirtingg poveikj tirtiems organizmams, kas sutampa
su kity autoriy tyrimy rezultatais (Toufexi ir kt., 2013; Ghosh ir kt., 2017).

Apibendrinus gautus rezultatus galima teigti, kad SF ir cyanoHAB gali
daryti jtaka skirtingiems vandens ekosistemy maisto tinklo trofiniams lygiams
ir bendras SF poveikis Siems tinklams biity didesnis nei cyanoHAB poveikis,
nes SF slopina ne tik Zemesniam trofiniam lygiui priklausanéiy organizmy
vystymasi, bet ir sukelia didelj auksto trofinio lygio organizmy mirtinguma
(IV straipsnis). Todél timaus toksiskumo tyrimo metodai ir jais grindZziamos
toksiSkumo vertinimo sistemos gali buti taikomi ne tik nuoteky, bet ir
cyanoHAB ar kity gamtoje randamy misiniy toksiskumo jvertinimui (Brack ir
kt., 2019). Taciau daugiakomponenciy misiniy ekotoksiskumo skirtumy
iSaiskinimui reikéty naudoti skirting0o trofinio lygio ir ontogenezés
organizmus, nes jy reakcija j poveikj yra svarbi vertinant ekosistemy
ekologine biikle (Ostaszewska ir kt., 2016; Cetkauskaité ir kt., 2016, Schuijt
ir kt., 2021). Tyrimai, paremti organizmy atsaku j misiniy poveikj ir palyginti
su jprastu misiniy fizikiniu ir cheminiu apibiidinimu, leidzia jvertinti sinerginj,



antagonistinj ar adityvy jy poveikj (Cetkauskaité ir kt., 2016). Siuo tyrimu
jrodéme, kad tyrimai, kuriuose naudojami jvairtis organizmai, prieSingai nei
vienos rasies tyrimai (Toufexi ir kt., 2013; Ghosh ir kt., 2017), pateikia
tikslesnj daugiakomponen¢iy miSiniy galimo toksiSkumo jvertinima.
Skirtingy miSiniy poveikio palyginimas keliems skirtingiems organizmams
leidzia pasirinkti veiksmingesne jvairaus antropogeninio poveikio
paveiktuose vandens telkiniuose rizikos vertinimo strategija (Schuijt ir kt.,
2021).

VI publikacijoje buvo apibendrinti ND (KT, GO, CoFe;O4 ND) ir mikro-
dydzio medziagy (cyanoHAB, SF) @imaus poveikio tyrimai, naudojant
skirtingo trofinio lygio ir ontogenezés modelinius organizmus, ir poveikj
jvertinus toksiSkumo vienetais (TV, angl. toxicity units TU), pagristais
LC(EC)50 vertémis. Tyrimo metu buvo nustatyta, kad GO toksiskas
Desmodesmus communis, CoFe;Os ND nepriklausomai nuo dydzio buvo
netoksiSkos Lepidium sativum ir Daphnia magna, ta¢iau KT amus
toksiSkumas nebuvo jvertintas nei Lepidium sativum, nei Desmodesmus
communis, nei Daphnia magna, nes nebuvo pasiektos LC/EC50 vertés (IV
publikacija).

Taigi nano- ir mikro- dydziy medziagy toksiskumo vertinimas ir rizikos
vandens ekosistemai prognozavimas yra pakankamai sudétingas dél unikaliy
iy medziagy fizikocheminiy savybiy ir skirtingo tiriamyjy rasiy jautrumo.
Nustatyta, kad aplinkai reikSmingos ND koncentracijos daugeliu atvejy
nesukelia modeliniy organizmy mirtingumo, taciau jos gali paveikti medziagy
apykaitos procesus ir sukelti oksidacinj stresa. Apibendrinus galima teigti, kad
ND, su nuotekom patekusios j aplinka, sukelia neigiama poveikj organizmams
ir tuo paciu padidina rizikg vandens ir sausumos ekosistemoms.



3.6. Nanodaleliy fitotoksiSkumo mechanizmas (empirinis modelis).
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2 pav. Nanodaleliy fitotoksiSkumo empirinis modelis
Fig. 2. Mechanism of phytotoxicity of nanoparticles (empirical model).



Gauty rezultaty pagrindu buvo sukurtas empirinis modelis, kuris paaikina
fitotoksiskumo mechanizma (I-I1l ir V' publikacijos). Tyrimai atskleidé, kaip
ND ir aplinkos salygos gali neigiamai paveikti augaly augimg ir vystymasi.
Apibendrinus tirty skirtingo tipo, skirtingy koncentracijy, stabilumo ir
skirtingo dydzio ND poveikio vandens ir sausumos augalams rezultatus,
nustatyta, kad priklausomai nuo aplinkos veiksniy ir terpiy tirtos ND jau esant
salyginai trumpai poveikio ekspozicijai (iki 4 pary) sukelia morfofiziologinius
(augimo, biomases, struktiros) ir biocheminius (pigmenty, karotinoidy,
MDA, H.0O; kiekiy) augaly pokycius, kurie akivaizdziai parodo ND
fitotoksinj poveiki. Empirinis modelis leidzia prognozuoti fitotoksiskumo
poveiki esant skirtingomis salygomis, pateikiant vertingas jZvalgas apie
cheminiy medziagy saveikg su augalais. Taigi $iy tyrimy visuma pateikia
iSsamy supratimg apie fitotoksiSkumo mechanizmus ir jy poveikj, 0 taip pat
apie su tuo susijusig rizikg aplinkai (IV ir VI publikacijos) Tai leidzia kurti
tikslesnes prevencines ir valdymo strategijas siekiant apsaugoti aplinkg nuo
fitotoksiniy medziagy poveikio.



ISVADOS

Dumbliy Desmodesmus communis augimas nattraliose terpése (be KT)
buvo mazesnis nei dirbtinéje terpéje, taciau buvo stebimi pokyciai
populiacijos struktiiroje. KT nattiraliose terpése neturéjo poveikio
dumbliy augimui, taciau paveikeé jy populiacijos struktiira, o dirbtinéje
terpéje sukélé augimo slopinimg ir pokycius populiacijos struktiroje.
Nustatyta, kad per 96 val. Desmodesmus communis
autofluorescencinéms (AF) savybéms daugiau jtakos turéjo auginimo
terpés tipas (natarali DWW ir dirbtiné MWC), bet ne KT buvimas jose.
Lepidium sativum paveikus jvairaus dydzio ir skirtingy koncentracijy
CoFe,04 ND, Co ir Fe daugiausiai kaupiasi Saknyse, taCiau dalis jy
perneSama j antzeming augalo dalj. Nustatyta, kad CoFe,O4 ND sukelia
reik§mingus chlorofilo b, karotinoidy ir MDA kiekiy poky¢ius.

Cr perneSimo intensyvumas i§ Sakny ] antZeming augalo dalj buvo
maziausias, o Zn didziausias, paveikus Lepidium sativum GO, MIX ir
MIX + GO (Cr < Cu < Ni < Zn). MIX ir MIX + GO poveikio
palyginimas parodé¢, kad GO Lepidium sativum augimo terpéje daugeliu
atvejy sumazina metaly misinio fitotoksiskuma.

Didé¢jancios GO, MIX ir MIX + GO koncentracijos bei poveikio trukmé
neigiamai veikia Desmodesmus communis augimg ir kei¢ia cenobiy
struktiirg. GO ir MIX veikiamose Desmodesmus communis dominuoja
vienalasciai cenobiai, o0 MIX + GO stebimas didesnis daugialasCiy
cenobiy kiekis. GO, MIX, MIX + GO sumazino chlorofilo a kiekj.
Daugiakomponenciai misiniai (sgvartyno filtratas (SF) ir cyanoHAB
biomasé) modeliniams organizmams (pirminiams gamintojams,
antriniams vartotojams ir skaidytojams) sukélé skirtingus augimo ir
mirtingumo pokycius, priklausomai nuo koncentracijos ir organizmo
trofinio lygio. Ivertinus tirty misiniy ekotoksikologinj potenciala jie
buvo priskirti skirtingoms ekotoksiskumo klaséms (nuo mazo iki
didelio toksiskumo), kurios leidzia apibudinti $iy miSiniy rizika
vandens ir sausumos aplinkai. Nustatyta, kad tradiciniai ekotoksiskumo
vertinimo metodai netinka vertinant ND toksiskuma, nes aplinkai
reikSmingos ND koncentracijos nesukelia modeliniy organizmy
mirtingumo, tadiau paveikia medziagy apykaitos procesus ir sukelia
oksidacinius pazeidimus.



SUMMARY
ABBREVIATIONS

AF — autofluorescence

Balsys — water of Lake Balsys

CAT - catalase

Chl — chlorophyll

Cl — confidence interval

CNM - carbon nanomaterials
CoFe;04 — cobalt ferrite

CyanoHAB - cyanobacterial biomass
DWW — deep well water

EC50 — effective Concentration 50 %
FL — fluorescence

GNM - graphene nanomaterials

GO — graphene oxide

H20, — hydrogen peroxide

HM — heavy metals

HR — heart rate

LC50 — lethal Concentration 50 %
LL — landfill leachate

MDA — malondialdehyde

MIX — mixture of metals

MWC — artificial algae growth medium
NPs — nanoparticles

QDs — quantum dots

ROS - reactive Oxygen Species
SOD - superoxide dismutase

SSD — species sensitivity distribution
Syn — synonym

TU — toxicity units



INTRODUCTION

Currently, nanoparticles (NPs) are particularly relevant due to their wide
use in medicine, household products, and industry. On the positive side, we
see numerous excellent applications of nanotechnology. This technology can
indeed facilitate human life, and its potential is far from being exhausted
(Xuan et al., 2023).

NPs are very small particles or structures ranging in size from 1 to 100 nm,
making them much smaller than most macroscopic objects, such as human
hair or grains of sand (El-Kady et al., 2023). The most widely used in the field
of nanotechnology are metals, metal oxides, carbon NPs, and hybrid
structures, which have numerous application possibilities (El-Kady et al.,
2023).

However, there is still no definitive answer regarding the effects of NPs.
Experiments and research take a long time, but even the latest results do not
provide clarity on either their harm or their safety. Currently, NPs impact
assessment methodologies are being refined, and safe usage recommendations
are often borrowed from chemical substances without considering the specific
properties of NPs. Therefore, it is crucial to properly regulate and control the
use of NPs to minimize their negative impact on the environment and human
health (Xuan et al., 2023).

More and more nanotoxicity studies are being conducted, and many
scientists believe that the toxicity and fate of NPs must be thoroughly
investigated before their application. To our knowledge, the toxicological
potential of NPs of different sizes and concentrations on plants has not yet
been studied, nor has the mechanism of NPs impact on the photosynthesis
process been well explored. Mechanistic studies of impact involve the analysis
of NPs' physical and chemical properties, their interaction with biological
membranes, cell surfaces, and internal cell structures. It is also important to
assess various metabolic disorders associated with increased reactive oxygen
species (ROS) generation, inhibition of antioxidant enzyme activity, leading
to oxidative stress, which can have long-term consequences for organism
health (Wang et al., 2019; Xu et al., 2020; Xiao et al., 2022). Therefore, it is
important to conduct research to better understand the impact of NPs.

Due to the constantly increasing amount of waste and wastewater
worldwide, water pollution is increasing not only with traditional pollutants
but also with new-generation contaminants. NPs enter water bodies, soil, and
air through wastewater treatment plants and solid particles, where processes
such as degradation, aggregation, and sedimentation occur (Bundschuh et al.,
2018). The entry of NPs into the environment, especially in the context of



climate change, becomes a relevant problem as little is known about the
behavior and fate of these materials in aquatic ecosystems.

From an environmental perspective, NPs can have both positive and
negative effects. On one hand, they can be used to remove pollutants from
water and soil (Peng et al., 2017; Semcuk, 2018), but on the other hand, they
can themselves become new pollutants if not managed properly. Therefore, it
is necessary to determine the fate of these materials in the environment, their
transport and accumulation mechanisms, and their impact on ecosystem
functionality and biotic diversity (Luo et al., 2018; El-Kady et al., 2023).

It is known that approximately 63-91 % of NPs in the United States end
up in landfills. The remainder of NPs enters soil (8-28 %), water bodies (0.4—
7 %), and the atmosphere (0.1-1.5 %) (Keller et al., 2013). For example, in
Europe, the concentration of TiO, NPs in surface waters reaches about 2 pg/L
(2000 ng/L), and Ag ND is about 1.5 ng/L. However, due to the lack of
suitable analysis methods, it is challenging to quantitatively assess the release
of many other ND into the environment (Asztemborska et al., 2015;
Bundschuh et al., 2018).

It is also challenging to assess the fate of NPs in nature due to their unique
physicochemical properties and unpredictable behavior in the environment
under abiotic and biotic factors (Schwirn et al., 2020; El-Kady et al., 2023).
Therefore, research on the toxicological potential of naturally and artificially
derived nano- and micro- sized materials and their multicomponent mixtures
is becoming increasingly relevant, using biological test complexes consisting
of organisms from different trophic levels and developmental stages.

This work reviews basic studies investigating the interactions of newly
developed and natural nano- and micro- sized materials with model
organisms, emphasizing their mechanisms of action and potential
environmental consequences. Methodological challenges and perspectives in
this research field will also be discussed to manage the impact of these
materials and harness their potential for sustainable development more
effectively.



Purpose and tasks

The purpose of the current thesis was to investigate the interaction of nano-
and micro- size materials with model organisms, to elucidate the potential
mechanisms underlying it and to assess the consequences of these materials
impacts for the environment.

Tasks of the study

1. To determine the effect of CdSe/ZnS-COOH quantum dots (QDs) on
the growth, population structure and photosynthetic efficiency of the
green alga Desmodesmus communis in natural and artificial media.

2. Toinvestigate the effect of exposure to different-size and concentration
CoFe;O4 NPs on Lepidium sativum and the translocation of Co and Fe
in the plant.

3. To investigate the effects of exposure to different concentrations of
graphene oxide (GO), to the mixture of metals (Cr (111), Cu (1), Ni (I1)
and Zn (1)), and the co-exposure effects of GO and the metal mixture
on the morphophysiological and biochemical indicators of model
organisms, and to evaluate the ability of GO to modify the toxicity of
metals.

4. To elucidate the mechanisms underlying the phytotoxicity of the
studied NPs and to develop an empirical model.

5. To investigate the toxicological potential of the multicomponent
mixtures of the anthropogenic origin and their potential impacts on the
environment.

Scientific novelty of the thesis

Scientific novelty of the current thesis research lies in the first-time
elucidation of the following issues:

1. The effect of QDs on algal growth, population structure and
photosynthesis processes in natural and artificial media was revealed.

2. The applicability of QDs for the monitoring of changes in algae using
optical methods and the use of the obtained results for the explanation of
the mechanisms underlying QDs effects on algae were assessed.

3. The phytotoxicity of different-size and -concentration CoFe.Os NPs was
investigated, the translocation of Co and Fe from the roots to the above-
ground parts of plants was demonstrated.



The ability of GO to sorb metals (Cr, Ni, Cu and Zn) from metal mixtures
with the 96 percent efficiency and thus to mitigate the effect of metals on
plants was proved.

The suitability of QDs as NPs models and algae as model organisms for
predicting NPs effects on plants and their fate in the environment by
applying optical methods was confirmed.

Theoretical significance

The obtained results will prove useful in deepening the understanding of
the relationship between the physicochemical properties of NPs and their
toxic effects on plants.

It is proposed that QDs should be used as a model system of nano size
materials for explaining the phenomenon of nanophytotoxicity and its
mechanisms in different environmental media.

The results of plant exposure to different sizes and concentrations of
CoFe,O4 NPs are important in assessing and predicting the risks posed by
environmental pollution with magnetic NPs to terrestrial ecosystems and
human health.

The most informative biological parameters determined and selected
during the test of the acute exposure of Lepidium sativum to GO, MIX,
MIX + GO will help elucidate the potential mechanisms underlying the
interaction of other NPs with substances occurring in nature.

The obtained results are important in developing strategies for the
assessment of the risks posed to terrestrial and aquatic ecosystems by the
rapidly increasing production, entry into the environment and potential
impacts of NPs on organisms.

The obtained results complement the database for assessing NPs risks to
the environment employing the species sensitivity distribution (SSD)
method.

Practical significance

Research results will help solve the ecotoxicity and phytotoxicity
problems of NPs and metals.

The obtained results will allow predicting the potential NPs effects on
aquatic and terrestrial organisms.

The obtained results of plants exposure to different-size and -
concentration NPs are valuable for elucidating the mechanisms
underlying NPs exposure effects on the photosynthesis process.



The sorption properties of GO NPs can be exploited for the removal of
the metals entering the aquatic and terrestrial ecosystems with
wastewater.

The obtained results will prove useful for developing environmentally
safe NPs and will contribute to the improvement of the integrated
wastewater assessment system.

Defended statements

The effect of CdSe/ZnS-COOH QDs on the growth, population structure
and photosynthetic efficiency of the algae Desmodesmus communis
depends on the chemical composition of the culture medium.

The effect of CoFe,Os NPs on Lepidium sativum is NPs size- and
concentration- dependent.

Exposure of Lepidium sativum to NPs of CoFe.Os induces the
translocation of Co and Fe from the roots to the above-ground part of the
plant.

The effect of graphene oxide on Lepidium sativum, Desmodesmus
communis and Daphnia magna depends on GO concentration.

Graphene oxide has the ability to sorb metals and reduce the effect of
metals on Lepidium sativum, Desmodesmus communis and Daphnia
magna.

Exposure to NPs causes changes in the amount of plant pigments.
Multicomponent mixtures (landfill leachate and cyanoHABs biomass)
cause changes in the growth and mortality of model organisms, which
depend on the concentration of the studied substances and the trophic level
of the exposed organisms.



1. LITERATURE REVIEW
1.1. Characterization of NPs

With the rapid development of nanotechnologies, the number of
nanoparticles (NPs) widely used in various fields is increasing.
Nanotechnologies provide new opportunities for industrial, agricultural, and
medical advances that play a key role in driving global economic growth. In
addition, nanotechnologies offer prospects for the rational use of NPs and
mitigation of their harmful effects on the environment, human health, and
society (Xuan et al., 2023). However, there is already a lot of information
available about the risks that NPs pose to the environment and people
(Hardman 2006; Liu et al., 2017; Kumah et al., 2023; Xuan et al., 2023).
Modern technologies allow synthesizing numerous NPs of different
composition and functions. Nanotechnologies help produce, process, image,
measure, and apply materials down to 100 nm in size (El-Kady et al., 2023;
Kumah et al., 2023). NPs are classified based on a great number of
characteristics such as dimensions, origin, chemical composition, natural vs.
synthetic, toxicity, and etc. NPs can be broadly classified according to their
origin (natural and artificial), chemical properties (organic, inorganic, and
mixed) and homogeneity (single or hybrid composition) (El-Kady et al.,
2023). NPs are classified into four types: 1) inorganic NPs, 2) carbon-based
NPs, 3) organic/polymeric NPs, and 4) composite NPs. Inorganic
nanoparticles are composed of different metals and metal oxides. Carbon-
based nanoparticles include fullerene, graphene, multi- and single-walled
carbon nanotubes, carbon black nanoparticles, and carbon fibers (Marcano et
al., 2010; Saison et al., 2010; Kumah et al., 2023). NPs exhibit unique
physicochemical (such as optical, thermal, electrical, magnetic, and catalytic)
properties, large surface area, and high surface-to-mass ratio (EI-Kady et al.,
2023; Kumah et al., 2023). Due to their wide application, NPs have received
increasing attention in recent years (Kumah et al., 2023). They are widely used
in medicine, agriculture, food industry, biotechnology, and electronics due to
their physicochemical properties, which differ from those of the analogous
materials (El-Kady et al., 2023).

1.1.1. Metal NPs
Quantum dots (QD) represent part of NPs that are of a hybrid structure and

exhibit unique properties. They differ in size, shape, charge, composition,
structure, surface coating, etc., which affect the interaction of QDs with



biosystems (Saison et al., 2010; Oh et al., 2016; Albalawi et al., 2021;
Abdellatif et al., 2022). To make them more inert in a biological medium, QDs
are coated with PEG. In Lithuania and abroad, a lot of attention is being paid
to exploring the possibilities of QDs application in medicine (Zhou et al.,
2015). In recent decades, cobalt ferrite (CoFe;O4) NPs have been widely
studied for their applications in various fields such as biomedicine,
environment, industry, agriculture, etc. (Srinivasan et al., 2018; Abdellatif et
al., 2022). They are used in producing magneto-optical devices, contrast
material, pharmaceuticals as well as in various fields of applied physics. These
NPs are used in agriculture to accelerate the germination of plants, increase
their resistance to diseases and pests, and can be used as an effective fungicide
against the causative agents of some diseases. Due to their unique properties
(size, shape, crystallinity, surface, and hybrid derivatives), the production and
use of magnetic NPs has significantly increased recently (Srinivasan et al.,
2018), raising the possibilities of their release into the environment (Lopez-
Moreno et al., 2016). These engineered NPs enter the environment from
landfills, sewage, fuel, and municipal waste incinerators.

1.1.2. Carbon NPs

Carbon nanotubes, graphene, and fullerene are the main members of
carbon nanomaterials (CNMs) composed of carbon elements with at least one
of their dimensions on a nanometer scale. Due to their specific properties such
as light weight, great strength, and high conductivity, etc., they have a wide
range of applications in industry, biomedicine and agriculture (Mukherjee et
al., 2016; He et al., 2018; Power et al., 2018; Pandey et al., 2019; Serrano-
Lujan et al., 2019; Vochita et al., 2019; Maiti et al., 2019; Peng et al., 2020).
The global market for CNMs and graphene-based nanomaterials (GNMS) is
growing at a rapid rate due to the large expansion of their production and
application in various industries. Graphene and its derivatives (graphene oxide
and reduced graphene oxide) are a class of CNMs in the form of hybridized
sheets (Serrano-Lujan et al., 2019). They are one atom thick and display
outstanding properties such as increased surface area, excellent thermal and
electrical conductivity, and great mechanical strength (Guo and Mei, 2014).
Due to its unique structure and outstanding properties, graphene oxide (GO)
is increasingly used in various industrial fields, and, therefore, inevitably
enters the environment, where it interacts with various pollutants. Once in the
aquatic environment, GO can interact and coexist with various toxic
substances (Ni and Li, 2018). However, the knowledge of the GO potential to
affect toxicity of pollutants is still limited.



1.2. Entry of NPs into the environment

Due to the evergrowing amount of waste and wastewater generated by
activities of municipal, industrial, and agricultural enterprises in the world,
water bodies are being increasingly polluted not only with traditional, but also
with new generation pollutants. In the context of climate change in particular,
the entry of NPs into the environment is turning into an acute problem,
because little is known about their behavior and fate in aquatic ecosystems,
mechanisms of their interaction with ecosystem components, and their effects
on aquatic organisms (Mattsson et al., 2011; Xuan et al., 2023). NPs can enter
the environment during the transportation, production and disposal of
products at the end of their use. Likewise, sewage sludge, waste incineration
residues, and landfill leachate may also contain NPs (Kumah et al., 2023).

The overall estimation of NP emissions shows that their largest amounts
are released into landfills (about 63-91 %) and soil (about 8-28 %), followed
by the aquatic environment and air (7 and 1.5%, respectively) (Keller et al.,
2013). Besides emissions of engineered NPs, there are emissions of
anthropogenic solid nanoparticles, etc. In the European Union in 2014, there
was some information on NP emissions into the environment detected (e.g.,
the average concentrations of TiO, NPs found in surface water were
approximately 2.2 pug/L (Q 0.15 0.19 ug/L to Q 0.85 4.4 ug/L) and those of
Ag NPs - 1.5 ng/L (Q 0.15 0.4 ug/L to Q 0.85 2.8 ng/L). However, the
quantification of NP emissions into the aquatic environment is still impeded
by the lack of proper analytical methods (Bundschuh et al., 2018). So far, the
detection and characterization of NPs is still challenging due to their
extremely small size and absence of suitable sensitive and selective methods
for accurate measuring of the size and surface area of NPs as well as for
calculating their number (Kumah et al., 2023). The currently available data
are not yet sufficient to clearly predict the extent of health risks posed by NPs,
their toxicokinetic in humans and in the environment, differences in their
distribution in various air, terrestrial and aquatic environments, as well as
effective mechanisms of their degradation (Xuan et al., 2023).

Once the ecotoxicity of NPs and the risks involved in nanotechnology
applications had been identified, it became obvious that to make development
of nanotechnologies safe it is imperative to fulfill a number of indispensable
prerequisites, which include an urgent development and implement
appropriate of risk assessment methodologies, effective preventive and
regulatory measures against potential NP hazards, measures designed to
mitigate the social risks posed by nanotechnologies, and to enhance their
sustainable development (Xuan et al., 2023). In recent years, scientists and



environmentalists have been focusing on performing adequate assessment of
health risks posed by NP application in various fields (e.g., a working
environment and commaodity consumption, etc.) as well as on establishing
rules for their safe use (El-Kady et al., 2023). Other issues of concern for
scientists include the environmental pollution and the fate of NPs in the natural
environment, especially in the aquatic one. Description of NPs as risk factors
and prediction of their fate in the environment require the understanding of
various forms of NPs and mechanisms underlying their potential action (El-
Kady et al., 2023). Therefore, investigations of the toxicological potential of
nano- and micro- size materials of natural (natural) and artificial origin and
their multicomponent mixtures using batteries of bioassay tests on organisms
of different trophic levels and development, are becoming more and more
relevant (Persoone et al., 2003). For example, when released into the
environment, the engineered NPs of CoFe.04 are distributed across its various
components, settling in sediments or soil (Bundschuh et al., 2016; Luo et al.,
2018). Of particular concern is the fact that agricultural land may be one of
the main destinations of these NPs (Chen 2018). The presence of GNMs in the
environment and their effects on organisms should be linked to their
widespread use. Thus, the main factors determining the potential
environmental impacts of GNMs are their stability and susceptibility to
environmental conditions.

1.3. NPs toxicity assays

In order to assess the effects of NPs on organisms living in terrestrial and
aquatic environments, the toxic effects of such substances must be considered.
NP elements and their physical and chemical properties act as factors
inhibiting development of organisms, disturbing their normal physiological
functions, causing malformations, affecting some physiological processes,
and causing plant deformations, resulting in their reduced productivity (EI-
Kady et al., 2023). In addition, NPs can enter plants and reach humans and
animals through food chains and food webs, causing dangerous diseases in the
future. Plants can adsorb NPs from water, soil, and the atmosphere (El-Kady
et al., 2023).

NP toxicity is predetermined by their physical and chemical properties,
including size, shape, surface charge, chemical composition of the core and
shell, and stability. The nanotoxicity of NPs is closely related to the properties
of their surface (including shell, ligand, and surface modifications), diameter,
type of the toxicity assay employed, and exposure duration. In order to modify
the optical, magnetic, and electrical properties of NPs, it is necessary to apply



a coating on the surface of NPs, which improves the biocompatibility and
solubility of NPs in water and in biological fluids, reduces their accumulation
capacity, increases stability, etc. (Hardman, 2006; Oh et al., 2016; Sukhanova
et al., 2018). The size and surface area of NPs play an important role, mainly
in determining the unique mechanism underlying NP interaction with living
systems. NPs are characterized by a very large specific surface area, which
determines their high reaction capacity and catalytic activity. The toxicity of
NPs is highly dependent on their form. Typical shapes of NDs are spheres,
ellipses, cylinders, sheets, cubes, and rods. Also, NP toxicity is highly
dependent on its chemical composition and structure of crystals (Hoshino et
al., 2004; Hardman, 2006; Oh et al., 2016; Sukhanova et al., 2018). In
Lithuania, fundamental studies of QD toxicity and accumulation in fish in
early ontogenesis have been carried out for several years already, the pathways
of QDs entry into the fish embryo and the mechanisms underlying their
penetration through biological barriers have been elucidated (Cibulskaité et
al., 2015, 2016, 2017; Jurgeléné et al., 2018, 2022 ; Rotomsikis et al., 2018).
The uptake of QDs by mammalian and plant cells, their entry into plant cells,
and QDs effects on various organisms have been proved in numerous studies
(Elzorkany et al., 2019; Oh et al., 2016; Zhu et al., 2019; Ren et al., 2019).
2021). However, there are few studies on the entry of QDs into algal cells and
their toxicity (Elzorkany et al., 2019; Xiao et al., 2016; Jackson et al., 2012).
Some algae are stated to be the first target for QDs in the aquatic environment.
Algal cells can accumulate various pollutants (e.g., heavy metals) and are
often used as model organisms in studies of the toxic effects of substances on
ecosystems and global environmental processes. As primary producers, algae
are known to play a key role in the aquatic food chain; therefore, changes in
the species composition and structure of algal communities can affect energy
flow, metabolism, and information transfer in aquatic ecosystems (Grigoriev
et al., 2021). Desmodesmus communis is one of the green freshwater
microalgae species most often used in toxicity studies. However, there is very
little information on the toxic effects of magnetic NPs on organisms
(especially on edible plants), although their health and potential biological
effects must be determined based on their environmental risk assessment
(Ahmad et al., 2015; Libralato et al., 2015; Oprica et al., 2015; Lopez-Moreno
2016; Lopez-Luna 2018). Previous studies have shown that the effect of
CoFe,O4 NPs varies depending on their properties (size, shape) and species of
the exposed organisms. Nanoparticles with a diameter of about 50 nm enter
cells faster; the entry of NPs into cells slows down as the length-to-diameter
ratio increases, while nanoparticles enter cells more rapidly when this ratio is
low. CoFe;Os NPs are known to cause acute toxicity, developmental and



behavioral effects on zebrafish Danio rerio embryos and larvae (Ahmad et al.,
2015). A strong antimicrobial activity of these NPs against Saccharomyces
cerevisiae, several Candida species, and numerous drug-resistant bacteria
(Escherichia coli and Staphylococcus aureus) was demonstrated in studies by
Zalnéravi¢ius et al., (2016, 2018). Meanwhile, studies on the phytotoxicity of
CoFe;04 NPs yielded contradictory results (Lopez-Mor et al., 2016; Lopez-
Luna et al., 2018). Therefore, Lepidium sativum L., both as a plant used
worldwide for its nutritional and pharmacological (e.g., anti-anemic and
antioxidant) properties (Algahtani et al., 2018) and a vegetable plant species
used to assess the toxicity of different pollutants (Montvydiené¢ and
Marcéiulioniené, 2004; Asztemborska et al., 2015; Lekamge et al., 2018; Szara
et al., 2020), was chosen for the evaluation of the toxicity of CoFe>O4 NPs.
According to Bundschuh et al., (2016) and Ou et al., (2016), the main
properties of graphene that may determine the effects of GNMs and affect the
behavior of organisms are concentration, surface structure, functional groups,
and purity. According to Wang et al. (2019), GNM investigations are mainly
focused on their effects on humans, small mammals and vertebrates, but their
effects on plants have received insufficient scientific attention so far. On the
one hand, the effect of GNM on organisms can be positive, i.e. they can act as
antioxidants (Markovi'c et al., 2019) and fertilizers (Kabiri et al., 2017), or act
synergistically with pesticides (Wang et al., 2019). On the other hand, they
can act as toxic substances and activate the defense mechanisms of organisms
(Qu et al., 2016; Gao et al., 2019; Zhang and Tremblay, 2020). As a member
of the family of GNMs, GO is characterized by strong antibacterial activity
(Efremova et al., 2015; Olborska et al., 2020), acute toxicity to fish (Yang et
al., 2019), crustaceans (Cavion et al., 2020), insects (Dziewiecka et al., 2020),
and by cytotoxicity to human skin cells (Peng et al., 2020).

1.4. Interaction between NPs and other pollutants

Once in the agquatic environment, GO can interact and coexist with various
toxic substances (Ni and Li, 2018). ). However, the information available on
the ability of GO to affect toxicity of pollutants is still limited. Studies of the
sorption of radionuclides and metals to the synthesized GO nanocomposites
are conducted in Lithuania. It has been established that the synthesized GO is
capable of sorbing metals (Co?*, Cu?*, Pb%*, Ni%*) from liquid media (Semchuk
2018). There are studies on the ability of GO to adsorb SMs from aqueous
solutions (Ahmad et al., 2020; Elgengehi et al., 2020; Jurgeléné et al., 2022).
Only a few studies have been conducted on the effects of exposure to GO to a
mixture of metals and those of co-exposure to GO and a metal mixture on



crustaceans and fish at early stages of development (embryos and larvae)
(Jurgeléné et al., 2022). However, some studies report contradictory data on
the phytotoxicity of GO, effects of co-exposure to GO and metals, and their
interaction (Hu et al., 2014; Yin et al., 2018). The importance of plants in the
food chain lies not only in the fact that they, as primary producers, are a source
of food for organisms of higher trophic levels, but also in the fact that they are
the main bioaccumulators of various substances. So far, there have been only
a few studies conducted on the effects of GO on edible plants (He et al., 2018;
Chen et al., 2018; Park et al., 2020). As GO can affect human health through
the food chain (Wang et al., 2019), the assessment of its toxicity to edible
plants gains particular importance. Specific physical properties of GO may be
responsible for the phytotoxic effects such as the shading effect, mechanical
injury, and physical blocking (Wang et al., 2019). Data on GO accumulation
in plant roots and its translocation to the above-ground parts are also
contradictory (Chen et al., 2018; Zhao et al., 2015). Chen et al. (2017) noted
that plant roots take up GO, although their further translocation may be
restricted. It is known that from soil and water heavy metals can enter plants
(including vegetables) through the food chain, posing serious risks to human
health (Rai et al., 2019, Angulo-Bejarano et al., 2021). Cr(111), Cu(ll), Ni(ll),
and Zn(I1) are the most common metals in aquatic and terrestrial ecosystems,
and their removal from soil, wastewater, and surface water is of particular
ecological importance. Due to its easy dispersion in water, hydrophilicity, fast
Kinetics, high surface area, and different oxygen-containing functional groups
that can act as metal binding sites, metal removal employing GO represents
one of the most environmentally friendly and the most relatively efficient
methods (Peng et al., 2017; Elgengehi et al., 2017, 2020; Kong et al., 2021).
According to Wang et al. (2019), the interaction between the NPs of the
graphene family and metals is additive or antagonistic in most cases. Hu et al.
(2014) showed that GO increases the phytotoxicity of As (111 and V) to wheat,
but Yin et al. (2018) revealed that GO suppresses Cd (l1) toxicity to rice. The
inhibitory effect of GO was observed on the bacteria co-exposed to GO and
Cd (), Co (1) and Zn (1) (Gao et al.,, 2019). With the tightening of
environmental protection requirements, a rapid improvement of wastewater
treatment technologies and waste management is underway. The possibility
of using carbon NPs, which are characterized by exceptional sorption
properties, in wastewater treatment processes has been intensively studied
recently (Semchuk, 2018).



1.5. Mechanism of NPs action

Studies have shown that under the impact of NPs, the activity of enzymatic
and non-enzymatic antioxidants in organisms decreases, the amount of
proteins, reactive oxygen species (ROS), lipid peroxidation products
increases, mitochondrial activity decreases, the normal cell morphology is
lost, and the cell cycle is arrested (El-Kady et al., 2023). The mechanism of
NP toxicity to plants is thought to involve various processes related to the
generation of reactive oxygen species (ROS) and oxidative stress. Chloroplast
as the main producer of ROS in plants ensures the control and elimination of
ROS wunder stress (Heath et al., 1968; Wellburn, 1994; Das and
Roychoudhury, 2014). Therefore, changes in the amount of photosynthetic
pigments are considered to be indicators of the NP-induced stress on plants
(Wei et al., 2010; Barreto and Lombardi, 2016; Zheng et al., 2019; Wang et
al., 2019). Wang et al. (2023) point out that in agriculture it is very important
to pay attention to the adsorption, migration, and transformation of NPs in
crops, as well as NP interactions with higher plants, and plant toxicity. Studies
show that NPs can be adsorbed by plants and affect plant physiological
activities, but the mechanism of NP adsorption and transport is still unclear
(Wang et al., 2023). In their paper, the authors present a summarized
description of the study on the NP adsorption and transport process in plants,
paying attention to the influence of size, surface charge and chemical
composition of NPs on this process in leaves and roots, and survey the effect
of NPs on the physiological activity of plants (Wang et al., 2023). Results of
the study by Navarro et al. (2008) revealed the existence of a strong
relationship between the phytotoxicity of CoFe,O. NPs and their physical and
chemical properties. Thus, our aim was to compare the phytotoxic effects of
the carbon-based NPs and those based on the metals under study on plants and
to elucidate the potential mechanism behind them (Buchman et al., 2019). The
study performed will provide new knowledge about NPs toxicity to test
organisms during exposure and will deepen the understanding of the
mechanisms underlying NPs nanotoxicity. The effect of QDs on algae is also
associated with the generation of oxidative stress (ROS), which can affect
gene expression, metabolism, photosynthesis, nitrogen fixation, and algal cell
growth (Chen et al., 2019; Chakraborty et al., 2021). Since changes in the state
of QDs on exposure to various environmental factors (solvent, light, biological
substances) are sensitively reflected in fluorescence (FL) intensity changes
and the spectral shift of the FL band, the examination of microalgal
autofluorescence (AF) revealed the ability of the main QDs to retard the
photoadaptation of wild microalgae under conditions of naturally changing



lighting (Chen et al., 2002; Walker et al., 2003; Mandal and Tamai, 2008;
Kalnaityté et al., 2018; Kalnaityté and Bagdonas, 2019). In addition, it was
found that differences in the composition of algal growth media may affect
both algal cells and QDs, which in turn, can affect the supply of the cells with
nutrients. Also, the greater ionic strength in the algal growth medium than in
distilled water can promote the aggregation of QDs, which not only does not
inhibit their contact with algal cells, but also leads to unpredictable
interactions that have not been investigated hitherto (Lin et al., 2009; Zhang
et al., 2012; Morelli et al., 2013; Chen et al., 2019; Liu and Wang, 2020; Liu
et al., 2022). Ferrites are considered to be chemically and thermally stable in
aqueous systems (Casbeer et al., 2012; Jagminas et al., 2013; 2014), but under
certain conditions, their degradation may induce the release of metal ions into
the environment. As a result of the degradation of CoFe,O4 NPs, Co?* and Fe®*
ions, which are known to cause oxidative stress and toxicity to cells or
organisms (Ponti et al., 2009; Lange et al., 2017; Nikolic and Pavlovic, 2018),
can be released into the environment (Zhong et al., 2009; Algahtani et al.,
2018). It is known that GO can affect the germination, growth of roots and the
above-ground parts of plants, as well as photosynthesis (Wang et al., 2019).
In addition, GO can cause various metabolic disorders related to the increased
generation of ROS, inhibition of antioxidant enzyme activity, leading to
oxidative stress (Chen et al., 2017; Hsieh et al., 2019; Xu et al., 2020; Wang
et al., 2019; Xiao et al., 2022). However, some studies report contradictory
data on GO phytotoxicity, effects of co-exposure to GO and metals, and their
interactions (Hu et al., 2014; Yin et al., 2018).

1.6. Environmental risks posed by NPs and natural micro size materials

Novel nanoparticles (NPs) for a multitude of products are being engineered
continuously. Scientific knowledge about their potential harmful effects is
broadening at a slower pace than technological advancement. The ever-
increasing use of NPs heightens the risk of their release into the environment.
Upon entry into the environment, NPs may be subjected to such processes as
agglomeration, sedimentation, solubility and various chemical changes. NPs
can accumulate in the food chain, posing threat to the health of animals, plants,
and humans (Quigg et al., 2013; Gupta and Xie, 2018; Xuan et al., 2023; El-
Kady et al., 2023). Scientific studies have revealed that engineered NPs can
cause unpredicted toxicity to living organisms and harmful effects on human
health. However, the properties of NPs, such as reactivity, the melting point,
mechanical strength, fluorescence, and electrical conductivity, complicate the
assessment of NP interaction with living organisms and the environment (El-



Kady et al., 2023). Engineered NPs can pose environmental hazards, which will
undoubtedly arouse severe anxiety of the public. In addition, it is already evident
that some risk assessment methods no longer reflect the risks of NPs adequately
for the following reasons (Schwirn et al., 2020). First of all, the description of
properties of the relevant substances, whose fate and exposure assessments are
to be conducted, is incomplete; there is a lack of the respective data on NPs
exposure impacts; the information about the species that are most susceptible to
NP exposure is lacking (e.g., the main test organisms currently used for
assessing NPs- and NPs-entailed environmental risks are aquatic organisms,
whereas it is terrestrial organisms that are most likely to experience the effects
of NPs exposure), and so is the information about how to incorporate this into
the risk assessment (e.g., currently there is no possibility for taking into
consideration the parameters relevant to NPs) (European Chemicals Bureau,
2003; Lei et al., 2010; Predicted No Effect Concentration, 2015; Scott-
Fordsmand et al., 2017; Schwirn et al., 2020). However, studies have shown
that NPs like naturally occurring fine organic and inorganic materials (HAB and
clay), and microplastics exert similar effects on organisms at the early stages of
their development (Jurgeléné 2018).

Landfill leachate (LL) and cyanoHAB biomass are multicomponent
mixtures that have become matters of global concern due to increasing amounts
of municipal waste, recurring accidental sewage spills, and increasing frequency
and severity of cyanoHAB events caused by eutrophication and climate change
(Huisman et al., 2018). Landfill leachate and the harmful cyanobacterial
biomass (cyanoHAB) are considered to be important environmental pollutants
producing serious harmful effects on the food web structure, its dynamics and
the ecological state of the ecosystem. The major impacts of numerous
anthropogenic factors on aquatic ecosystems include biodiversity losses,
decreased resilience, and environmental friendliness of water bodies, as well as
their decreased capacity to provide ecosystem functioning services (Brookes
and Carey 2011; Grizzetti et al., 2017; Oliver et al., 2015; Poikane et al., 2017).
Studies of the ecotoxicological effects of LL on different aquatic organisms
conducted for the purpose of assessing environmental risks are relatively rare,
and, therefore, are little known and understood. Assessments of the risks posed
by cyanoHAB biomass are generally based on the analysis of the phytoplankton
community composition, measurements of chlorophyll a concentration, and
cyanotoxin analysis. Studies using purified cyanotoxins have shown high levels
of toxicity to various aquatic organisms (Ferrdo-Filho and Kozlowsky-Suzuki
2011; Freitas et al., 2015). However, such analyses are performed using only a
limited number of the known cyanobacterial toxins. It was revealed that the
presence of cyanotoxins does not always reflect the toxicity of the cyanoHAB
biomass (Sulgius et al., 2017). Both LL and cyanoHAB biomass can be



characterized as mixtures of anthropogenic and natural materials, including high
concentrations of organic matter and essential nutrients (e.g., carbon and
nitrogen) (Bolyard and Reinhart 2017; Stuart et al., 2016). Both mixtures can
cause severe toxicity to organisms due to toxic and teratogenic and/or mutagenic
compounds (Anderson et al., 2012; Kal¢ikova et al., 2012; Raihana et al., 2014;
Backer and Miller 2016; Qiu et al., 2016). However, unlike cyanoHAB biomass,
where organic matter is readily accessible to bacteria (Bittar et al., 2015;
Tessarolli et al., 2018), the organic matter-rich landfill decomposes slowly. Both
LL and cyanoHAB biomass are well known for their acute and chronic toxicity
to plants, animals, and even humans (Backer and Miller, 2016; Qiu et al., 2016).
Although their composition differs considerably, LL generally contains a
variety of compounds (organic and inorganic) that are highly harmful and can
persist in the environment for long periods of time (Derco et al., 2010;
Mukherjee et al., 2014; Qiu et al., 2016). The environmental assessment of LL
usually involves the analysis of its regular physicochemical parameters (Renou
et al., 2008), including measurements of nutrient and metal (ion and anion)
concentrations and quantitative assessments of various organic components.
According to Cetkauskaité et al. (2016), the elaborated water toxicity scoring
systems are important when assessing toxicity of the wastewater (including SF)
discharged into the aquatic environment. For a long time, toxicity assessment
systems have been based on LC50/EC50 values, although recently, new toxicity
assessment criteria have been quested for (Altenburger et al., 2018). Death of
an organism as a toxicity endpoint is still a valuable tool used in assessing the
toxicological potential of chemicals or their mixtures, and it also allows
comparing the data obtained from different studies (Sobrino-Figueroa 2018).
The analysis of the literature data suggests that the fate, impact peculiarities,
and modes of NP action differ from those of conventional chemicals essentially
but are causally related to aquatic and terrestrial organisms and human health.

2. MATERIALS AND METHODS

The current thesis research was conducted in the Laboratory of
Ecotoxicology, Algology and Microbial Ecology and in that of
Geoenvironment Research of the Nature Research Centre, at the Centre for
Physical Sciences and Technology (FTMC), and in the Biophotonics Group
of the Vilnius University Laser Research Centre (VULRC).

Detailed information on the research material and the methods employed
is presented in Publications I-V1.



2.1. Thesis research design

A simplified scheme of the experimental research design and the main
methods employed are presented in Fig. 1.

2.2. Materials

The materials used in the current research, their synthesis methods and
concentrations are given in Table 1.

2.3. Model organisms

Bioassays were carried out on the following model organisms of different
trophic levels: green algae Desmodesmus quadricauda (syn. Scenedesmus
quadricauda (Turpin) Brébisson); crustacean: Daphnia magna; cress
Lepidium sativum, (I-VI publications) (Table 2). The isolate of green algae
(Chlorophyceae) Desmodesmus communis (Syn. Scenedesmus quadricauda
(Turpin) Bréb. isolate 2012/KM/G2) was obtained from the collection of pure
cultures of algae and cyanobacteria of the Nature Research Centre (Koreiviené
et al., 2016). The methods used in the research and the biological indicators
studied are presented in Table 2, and the methodology is described in detail in
Publications I-V1.

2.4. Bioassay

Model organisms were cultivated in the media and conditions suitable for
them: Lepidium sativum was cultivated in the water of Lake Balsys,
Desmodesmus communis - in the modified Wilkins-Chalgren (MWC) algae
growth medium, in the water of Lake Balsys (Balsys) and in deep well water
(DWW)). The medium, to which no test substance was added, was considered
as control. The detailed information on the physicochemical composition of
water from DWW and that of water from lake Balsys is given in Publications
I-111. Description of the MWC medium is available in open sources (Guillard
and Lorenzen, 1972). Analytical or superior grade reagents (Sigma Aldrich
(Germany) and Carl Roth (Germany)) were used for media preparation. The
analysis of the physico-chemical composition of landfill leachate (LL) and
that of the biomass composition of the ,,blooming" cyanobacteria, which were
collected from the surface water of the Curonian Lagoon, are described in
detail in Publication V. All assays were performed in five replicates.



2.5. Studies of metal accumulation

To determine the accumulation of the metals Fe and Co (Publication Il and
V) Cu, Ni, Cr and Zn (Publication IlI) in Lepidium sativum, samples of the
roots and the above-ground parts of the plant were mineralized, and the
content of metals therein was measured with an atomic adsorption
spectrophotometer (Shimadzu TOC-L CSH /TMN-L (Japan)).

The ability of GO to sorb metals (Cr (111), Cu (1), Ni (11), and Zn (I1)) from
their mixture was evaluated using periodic sorption assay methods, which are
described in detail in Publication I1I.

The statistical methods employed in the current research are described in
detail in each publication (Publications I-V1).



3. RESULTS AND DISCUSION

The research results are presented in detail in each publication
(Publications I-VI, Abstracts of reports 9 and 10).

3.1. Effect of QDs on green algae Desmodesmus communis
(Publication I)

The colloidal stability of the hydrophilic QDs (CdSe/ZnS-COOH) based
on the negatively charged Cd is known to be determined by environmental
factors. Therefore, the aim of our study was to investigate the effect of
CdSe/zZnS-COOH QDs at the concentration of 4 nM on the growth and
population structure of green algae Desmodesmus communis in different
media (water of Lake Balsys (Balsys), deep well water (DWW) and the
artificial algae growth medium (MWC)).

The results obtained showed that the growth of Desmodesmus communis
and change in its population structure were significantly dependent on the type
of the algal culture medium (DWW, MWC and Balsys). It was found that the
type of the culture medium had a greater effect on the autofluorescence (AF)
properties of Desmodesmus communis than the presence of QDs in it. It can
be presumed that the composition of the algal culture medium can cause
differences in the development of photosystems (PSI and PSII) and change
their contribution to the photosynthesis process (Fig. 5, Publication I).

The results obtained showed that the growth of algae in the water of Lake
Balsys and in DWW did not differ from their growth in the media Balsys +
QDs and DWW + QDs, but the growth of algae in the MWC medium was
statistically significantly (p < 0.05) higher than in that of MWC + QDs (Fig.
7, Publication 1).

In addition, it was established that the structure of Desmodesmus communis
colonies in the culture media without QDs differed from that in the media
containing QDs. In the MWC and MWC + QDs media, the predominance of
single-celled cenobia was already observed after 48 h and this trend remained
until the end of the experiment (96 h), but in the media of lake Balsys and
DWW, QDs were found to promote the formation of four-celled colonies in
the Desmodesmus communis population, which became evident after 96 h.
According to Cornwallis et al. (2023), new levels of morphological
complexity began developing when algae began forming multicellular
colonies, however, their ecological advantages or benefits remain unclear.



One of the potential advantages of such colony formation is the adaptation of
unicellular algae to protect themselves from various environmental stressors
such as predators and toxins (Kapsetaki et al., 2019; Cornwallis et al., 2023).
Therefore, the QDs-induced four-cell colony formation in a population of
Desmodesmus communis in natural media may be linked to the need of algae
for protection against toxins.

Our studies showed that not only does the algal culture medium affect the
growth pattern, physiological processes and photoadaptation properties of
Desmodesmus communis differently, but it also modifies their response to
CdSe/ZnS-COOH QDs. In our opinion, the predominance of single cells in
the MWC and MWC + QDs media, as well as the failure of the population in
the MWC + QDs medium to restore its pre-exposure population diversity
within 96 h demonstrated that in artificial culture media Desmodesmus
communis cannot respond to stress factors properly. Therefore, conclusions
and predictions made based on the data obtained from the studies conducted
on algal culture in artificial media cannot be widely extrapolated to natural
aquatic environments.

3.2. Toxicological effects of different-size CoFe204 NPs on Lepidium
sativum (Publications Il and V)

Among the main factors determining nanophytotoxicity is the size of NPs
and their concentration in the environment. Therefore, the effect of CoFe,04
NPs on the biological (morphological, physiological and biochemical)
parameters of Lepidium sativum was evaluated taking into consideration the
size and concentrations of NPs.

The conducted studies revealed significant differences in the germination
of Lepidium sativum seeds of the control and the CoFe,O4 NP-treated groups.
It was found that all the tested concentrations of CoFe.O. NPs (except for 200
mg/l concentration of 1.65 nm-size NPs) did not affect the growth of Lepidium
sativum roots significantly (p < 0.05), but 1.65 nm-size NPs at 50 and 100 mg
/L concentrations significantly increased the biomass of the roots, and 10, 25,
50 and 100 mg/L concentrations - the biomass of the above-ground parts of
these plants. The study revealed that in some cases the tested CoFe,Os NPs
affected the content of chlorophyll b (Chl b), chlorophyll (Chl a+b) and
carotenoids in Lepidium sativum pigments (Fig. 2, Publication I1).

Chl a was found to be more resistant to the impact of CoFe,O. NPs than
Chl b. The increase in Chl b and Chl a+b contents reflect the increased
hydrocarbon production in Lepidium sativum. At the concentrations of 10, 50,
and 200 mg/L of 5 nm-size CoFe.O4 NPs and the concentration of 1 mg/L of



1.65nm- and 15 nm-size CoFe;Os NPs, the amount of carotenoids in the
exposed plants significantly increased compared to the control ones. In all
cases, exposure to CoFe;O. NPs was found to cause an increase in
malondialdehyde (MDA) content in the roots and the above-ground parts of
the plant (Fig. 4, Publication II).

To evaluate the accumulation of CoFe;O4 NPs in Lepidium sativum, we
measured the amounts of Co and Fe in the roots and the above-ground parts
of the plant and found them to be significantly higher than in the control plants.
It was established that Co and Fe are translocated from the roots to the above-
ground parts of the plant (Fig. 5, Publication II). In summary, the effect of
CoFe;O4 NPs on Lepidium sativum depends on the size and concentration of
NPs. This inference supports the conclusion drawn by Navarro et al. (2008)
that there exists a strong relationship between the phytotoxicity of CoFe;04
NPs and their physical and chemical properties. We believe that the results
obtained in this study will be significant when assessing the environmental
impacts of magnetic NPs, as the fate, impact profiles and mechanisms of these
NPs fundamentally differ from traditional chemicals and are causally related
to human health due to their potential translocation from water to terrestrial
ecosystems and to edible plants in particular Bundschuh et al. (2016)
(Publications Il and V).

3.3. Effect of GO on the uptake, translocation and toxicity of the metal
mixture to Lepidium sativum: mitigation of metal phytotoxicity due to
nanosorption (Publication I1)

GO is an extremely interesting material having properties that make it
valuable in various industrial applications. As for its interactions with the
environment, GO can enter the environment via various industrial processes.
Also, it can interact with other substances such as toxic metals. Therefore, it
is highly important to carefully monitor the use of GO and its effects on the
environment and human health.

However, some studies report contradictory data on the phytotoxicity of
GO, effects of its co-exposure with metals, and its interactions with them (Hu
etal., 2014; Yin et al., 2018). GO has a large surface area and, therefore, can
adsorb other substances onto its surface. This can lead to a shading effect
where GO adsorb light and reduces the photosynthetic capacity of plants,
potentially affecting plant growth and development. Also, due to the
mechanical properties of GO, such as strength, it can cause mechanical injury
to organisms (Wang et al., 2019). Numerous studies have shown that the
accumulation of various chemicals such as heavy metals in plants causes



changes in physiological and biochemical processes, adversely affecting plant
growth and development (Khan et al., 2019; Usman et al., 2019; Angu lo-
Bejarano et al., 2021). On the other hand, there are works that report the ability
of GO to adsorb heavy metals from water (Kuzenkova et al., 2020; Ahmad et
al., 2020; Elgengehi et al., 2020; Jurgeléné et al., 2022).

Thus, the aim of this study was to investigate exposure effects of different
concentrations of GO, the mixture of metals (Cr (I11), Cu (1I), Ni (1) and Zn
(1)) as well as the co-exposure effect of GO and the metal mixture on the
morphophysiological and biochemical indicators of model organisms and to
evaluate the ability of GO to modify the effects of metals on organisms. A
statistically significant correlation was found to exist between the exposure
effect and the mixture concentration, root growth and the biomass of the
exposed plants (Fig. 5, Publication Il1).

A significant inhibition of root growth compared to that of control group
plants was recorded only for the plants exposed to the 20-fold increased
concentrations of the metal mixture components. At the lowest and highest
concentrations of the metal mixture (MIX), the root biomass of the exposed
plants remained significantly lower than that of control plants. Exposure to all
the tested concentrations of GO was found to cause a significant decrease in
the root biomass (p < 0.05) of the exposed plants compared to that of the
control group plants. Furthermore, our results clearly showed that exposure to
the lowest and highest concentrations of MIX + GO significantly reduced the
effects of metals on the root biomass. At higher concentrations of metals in
MIX, the biomass of the above-ground part of the exposed seedlings
fluctuated around 10% and these changes were significant. Exposure of the
plants to GO at the concentrations of 1, 20 and 40 mg/L caused a significant
decrease in the biomass of the above-ground parts of the exposed plants. The
above-ground biomass of the plants exposed to GO and MIX + GO was also
found to increase. However, Begum et al. (2011) noticed that with increasing
graphene concentrations (up to 2000 mg/L), the biomass of the exposed
seedlings as well as the growth of their roots and shoots gradually decreased.
Therefore, based on our findings and those reported by Lee et al. (2021) it can
be concluded that exposure to relatively high concentrations of GO may
negatively affect the early growth of a specific plant species.

Our study showed that in some cases the tested concentrations of MIX, GO
and MIX + GO affected the production of Lepidium sativum pigments
chlorophylls a (Chl a) and b (Chl b) and carotenoids, but no clear trend in
pigment content variation was revealed (Fig. 6 Publication Il1).

Chl a content was found to be higher (p < 0.001) in Lepidium sativum
exposed to the MIX where the concentration of metals was increased 40-fold,



and in the plants exposed to MIX+ GO with the concentrations of metals
increased 20- and 40-fold compared to the control. Meanwhile, in Lepidium
sativum exposed to GO at the concentrations of 1, 20 and 40 mg/L, the content
of Chl a slightly decreased compared to the control. It was found that at the
highest concentration of GO (80 mg/L), the amount of Chl a was significantly
lower than in the control.

According to our results, in most cases Chl b content showed no significant
changes, except for a significant increase of this parameter in Lepidium
sativum on exposure to the highest concentration of MIX and to GO at the
concentrations of 1 and 80 mg/L, and also on co-exposure to MIX + GO, with
metal concentrations in the mixture increased 20- and 40-fold, respectively.
On exposure to the highest concentrations of M1X and GO, the content of Chl
b showed a significant decrease compared to the control. Meanwhile, exposure
to MIX + GO was found to cause a slight decrease in the content of Chl b.
This fact indicates that GO reduces the negative effects of metals on Lepidium
sativum photosynthesis. Metals are known to inhibit chlorophyll and
carotenoid production in plants, and chlorophyll production is more sensitive
to metal effects than that of carotenoids (Baek et al., 2012). It is also known
that the effect of GO on these pigments is controversial (Siddiqui et al., 2019;
Zhao et al., 2022a). Chl a is important in the processes of oxygen production
in plants, while the main role of Chl b is the adsorption of blue light energy.
As non-enzymatic antioxidants, carotenoids play an important role in
protecting chlorophyll pigments in stress conditions and in regulating plant-
environment interactions (Xie et al., 2019; Yang et al., 2020).

Exposure to the lowest and highest MIX concentrations was not observed
to cause any significant changes in the MDA content in the above-ground parts
of the MIX-exposed Lepidium sativum. On the contrary, exposure to MIX at
all the tested concentrations significantly increased the content of MDA in
Lepidium sativum roots compared to the control. The content of MDA
significantly (p < 0.05) increased in the above-ground parts of the plant
(except on exposure to MIX at the concentration of 20 mg/L). The content of
MDA in the roots decreased only on exposure to the highest concentration of
GO (Fig. 7, Publication I11).

Thus, exposure to GO reduced the MDA content in tobacco roots (Jiao et
al., 2016) and soybean plants (Zhao et al., 2022b) compared to the control. On
the other hand, Ren et al. (2020) found that exposure to GO at the
concentration of 1000 mg/L inhibited the growth of wheat seedlings,
promoted the increase of antioxidant enzymes and the MDA content in roots
or leaves. Furthermore, they revealed that exposure to GO induced a
significant concentration-dependent membrane depolarization in roots. The



content of MDA in the above-ground parts and roots of control Lepidium
sativum did not differ significantly on exposure to the lowest concentration of
MIX + GO. However, the value of this parameter was significantly lower than
that recorded on exposure of Lepidium sativum to MIX + GO, when the
concentration was increased 20-fold, 40-fold and 80-fold compared to the
control. In all the exposed above-ground parts, H-O, had a significant effect
on plants treated with GO compared to the control. In most cases, the content
of H,O; in the roots of the exposed plants was statistically higher than in those
of control plants (except for the plants exposed to MIX + GO at the
concentrations of 40 and 80 mg/L). The data presented by other authors (Zhao
etal., 2015; Wang et al., 2019; Gao et al., 2019; Kim et al., 2020) showed that
the amount of H,O, in GO-affected plants was quite variable and was plant
species-dependent.

In conclusion, it can be stated that due to its ability to sorb heavy metals,
GO can help plants to save energy and reduce the impact of toxic substances
on the environment. This property of GO is highly promising in pursuit of
environmental protection and sustainability. Our study results provide a new
perspective on the biological effects of GO and form theoretical and practical
bases for the application of GO in agriculture. The widespread application of
GO has raised concern about its potentially adverse effects on ecosystems.
Although much has been done to reduce its toxicity, the current use of GO is
still associated with high risks (Ahmed et al., 2021). Our results have revealed
that the use of GO is effective in reducing the accumulation of metals in plants
and metal toxicity, and this could have positive implications for the
environment and human health.

3.4. Assessment of GO and metal mixture toxicity to microalgae
Desmodesmus communis and crustaceans Daphnia magna (Reports
abstracts 9 and 10)

Our data show that the tested concentrations of GO, MIX and MIX + GO
mostly affect the amount of algal cells and their population structure. The data
obtained indicate that on 96 h-exposure to all the tested concentrations of GO
and MIX, the culture of Desmodesmus communis was found to be dominated
by a unicellular population. Meanwhile, after 96 hour-exposure to the
concentrations of MIX20 - M1X80 + GO20 - GO80, a multicellular population
was observed to have increased in the algal culture. Exposure to GO, MIX and
MIX + GO at all the tested concentrations for 96 h was found to reduce the
amount of chlorophyll a, the main photosynthetic pigment of Desmodesmus
communis.



Studies on Daphnia magna juveniles yielded different results. It was found
that 24 h- and 48 h-exposure of Daphnia magna juveniles to all the
concentrations of GO did not cause significant mortality. However, mortality
of the Daphnia magna juveniles exposed to all the tested concentrations of
MIX was significant, while mortality of the juveniles exposed to MIX + GO
was significantly lower. The obtained results showed that exposure to GO
caused no changes in the heart rate of Daphnia magna juveniles, either with
the increasing concentration or with the increasing duration of exposure.
However, 24 h- and 48h-exposure to the maximally acceptable concentration
of MIX induced bradycardia in Daphnia magna juveniles, with a 1.2- and 1.4-
fold decrease in the heart rate, respectively. Meanwhile, after 24h-exposure to
the lowest concentration of MIX + GO, the heart rate of Daphnia magna
juveniles was not found to be significantly different from the control.

In summary, it can be stated that GO cannot be used as a metal sorbent in
environments containing green algae because GO NPs exert light-shading
effects, suppress chlorophyll a production, and cause mechanical damage to
cells. Meanwhile, the effect of MIX + GO on the heart rate of Daphnia magna
juveniles showed that GO can reduce the toxic effect of metals on crustaceans.
Thus, low concentrations of GO may be useful as a water disinfectant (Report
abstracts 9 and 10, unpublished data).

3.5. Risk assessment of nano- and micro- size materials to terrestrial and
aquatic ecosystems (Publications IV and V1)

Landfill leachate (LL) and cyanobacterial bloom biomass (cyanoHAB) are
considered to be important environmental pollutants adversely affecting the
food chain and its dynamics, as well as the ecological state of the ecosystem.
The severest impacts of numerous anthropogenic factors on aquatic
ecosystems include the loss of biodiversity, reduction of resilience and
ecological functioning of water bodies, etc. (Brookes and Carey, 2011,
Grizzetti et al., 2017; Oliver et al., 2015; Poikane et al., 2017). LL and
cyanoHAB biomass are the multicomponent mixtures arousing concern due
to the ever-increasing amounts of municipal waste and accidental waste spills,
as well as due to the increasing frequency and severity of cyanoHAB events
caused by eutrophication and climate change (Huisman et al., 2018). Both SF
and cyanoHABs are well known for their acute and chronic toxicity to plants,
animals, and even humans (Thomas et al., 2009; Toufexi et al., 2013; Hilborn
and Beasley, 2015; Backer and Miller, 2016; Qiu et al., 2016).

Both LL and cyanoHAB can be characterized as mixtures of materials of
anthropogenic and natural origin containing high concentrations of organic



matter and nutrients (e.g. carbon and nitrogen) (Stuart et al., 2016; Bolyard
and Reinhart, 2017). Both mixtures can cause severe toxicity to organisms due
to the presence of toxic and teratogenic and/or mutagenic compounds in their
composition (Anderson et al., 2012; Connon et al., 2012; Kal¢ikova et al.,
2012; Stomczynska and Stomczynski, 2004; Backer and Miller, 2016; Qiu et
al., 2016). However, unlike cyanoHAB biomass, where organic matter is
readily accessible for bacteria, the organic matter present in the leachate of a
mature landfill decomposes slowly (Bittar et al., 2015; Tessarolli et al., 2018).
Furthermore, toxicity of cyanoHABs is the outcome of the amount of
bioactive compounds released from cyanobacterial cells, while LL toxicity is
due to the high concentration of metals therein (Osada et al., 2011). Therefore,
it is very likely that the effects of SF and cyanoHAB on the same organisms
are different and depend on the ability of organisms to tolerate increased
concentrations of either bioactive organic compounds or metals.

The investigation of the effects that LL and cyanoHAB biomass exert on
different trophic levels and developmental stages of organisms showed that
the impact of LL and that of cyanoHAB depends on the exposed organism‘s
species and the concentration of toxic substances (bioactive organic
compounds or metals).

The effect of CyanoHAB biomass was found to vary with different test
organisms (Table 4, Publication V). Desmodesmus communis (EC = 4.47
mg/L), whose response differed from that of Lemna minor, was shown to be
the most susceptible organism to the effect of cyanoHAB biomass. Also,
Daphnia magna was found to be less susceptible to cyanoHAB biomass
(EC50 = 114 %) (Table 4, Publication 1V) than Lemna minor. Furthermore,
the effect of CyanoHAB biomass on Danio rerio larvae (LC50 - 72.8 mg/L)
was shown to be significantly stronger than on Oncorhynchus mykiss fry
(LC50 - 115 mg/L (Table 4, Publication 1V). EC50 values for Aliivibrio
fischeri and LC50 values for Oncorhynchus mykiss embryos and larvae were
not calculated because the highest concentrations of cyanoHAB biomass did
not inhibit bacterial bioluminescence or cause 50 % mortality of fish.

The EC50 values of LL effect on Desmodesmus communis, Lemna minor,
Daphnia magna and Aliivibrio fischeri and the LC50 values of LL effect on
Danio rerio and Oncorhynchus mykiss are presented in Table 3, Publication
IV. Oncorhynchus mykiss and Danio rerio larvae were found to be the most
sensitive to the impact of LL (LC50 = 2.82 % and LC50 = 2.35 %,
respectively). Desmodesmus communis (EC50 = 16.7 %) (Table 3, Publication
IV) was shown to be significantly more sensitive to LL than Lemna minor
(EC50 = 42.8%). Furthermore, the effect of LL on Daphnia magna differed
from that on Desmodesmus communis. Aliivibrio fischeri bacteria were found



to be the least sensitive to the impact of LL (EC50 = 65.3 %) (Table 3,
Publication 1V), and its EC50 value was statistically different from those for
and Daphnia magna. Sensitivity to LL was not established for different
developmental stages of Oncorhynchus mykiss, except for the embryo stage,
during which significantly higher LC50 values for Oncorhynchus mykiss,
were recorded (Fig. 1, Publication IV).

As our study results indicate, the EC50 value of the cyanoHAB biomass
impact on Desmodesmus communis and Lemna minor was lower than that on
Daphnia magna. By toxicity units, the effect of exposure to CyanoHAB can
be assessed as “highly toxic” to Desmodesmus communis, “toxic” to Lemna
minor, and “slightly toxic” to Daphnia magna. Based on its toxicity to the
model organisms, cyanoHAB was assigned to the ecotoxicity classes ranging
from class Il for Daphnia magna to class IV for Desmodesmus communis. The
comparison of the obtained data showed that the sensitivity of the studied
organisms to the effects of LL and cyanoHAB also varied according to the
values of toxicity units (TU): LL (Lemna minor < Daphnia magna
Desmodesmus communis) and cyanoHAB biomass (Daphnia magna < Lemna
minor < Desmodesmus communis (Publication V). The results also showed
that the tested mixtures caused different effects on the model organisms,
which agrees with the findings of other authors (Toufexi et al., 2013; Ghosh
etal., 2017).

Summarizing the obtained results, it can be stated that LL and cyanoHAB
can affect different trophic levels of the food web of aquatic ecosystems, and
the overall impact of LL on these webs is likely be greater than that of
cyanoHAB, because LL inhibits not only the development of organisms
belonging to the lower trophic level, but also causes great mortality of high
trophic level organisms (Publication 1V). Therefore, acute toxicity testing
methods and the toxicity assessment systems based on them can be used for
assessing toxicity not only of wastewater but also of cyanoHABs or other
mixtures occurring in nature (Brack et al., 2019). However, to clarify
differences in the ecotoxicity of multicomponent mixtures, organisms of
different trophic levels and ontogenesis should be used, because their
responses to the impact is important in assessing the ecological state of
ecosystems (Ostaszewska et al., 2016; Cetkauskaité et al., 2016; Schuijt et al.,
2021). Studies where responses of the exposed organisms to the effects of
mixtures are compared with the ordinary physical and chemical description of
these mixtures allow evaluating their synergistic, antagonistic, or additive
effects (Cetkauskaité et al., 2016). Our study has proved that multi-organism
studies, as opposed to the single-species ones, provide a more accurate
assessment of the potential toxicity of multicomponent mixtures (Toufexi et



al,. 2013; Ghosh et al., 2017). The comparison of the effects that different
mixtures exert on several different organisms allows choosing a more
effective strategy for risk assessment in the water bodies under various
anthropogenic impacts (Schuijt et al., 2021).

Acrticle VI summarizes the findings of our studies on acute exposure to NPs
(QDs, GO, CoFe204 NPs) and micro-size materials (cyanoHABS, LLs) using
test organisms of different trophic levels and ontogenesis, with their effects
assessed using toxicity units (TUs) based on LC (EC)50 values. The study
revealed that GO is toxic to Desmodesmus communis, CoFe>O4 NPs are non-
toxic to Lepidium sativum and Daphnia magna regardless of their size, but the
acute toxicity of GO to Lepidium sativum, Desmodesmus communis, or
Daphnia magna was not determined because LC/EC50 values were not
reached (Publication VI).

Thus, toxicity assessment of nano- and micro- size materials and prediction
of their risk to aquatic ecosystems are quite complicated due to the uniqueness
of physicochemical properties of these materials and different sensitivity of
the tested organism species. It was established that in most cases
environmentally significant concentrations of NPs do not cause mortality of
test organisms, but they can affect metabolic processes and cause oxidative
stress. In summary, it can be stated that NPs entering the environment with
wastewater cause negative effects on organisms thereby heightening the risks
to aquatic and terrestrial ecosystems.

3.6. Mechanism of NPs phytotoxicity (empirical model)

Based on the obtained results, an empirical model of phytotoxicity was
developed, which explains the mechanism of phytotoxicity (Publications I-111
and V). Studies have revealed how NPs and environmental conditions can
negatively affect plant growth and development. In summary, the results
obtained show that, depending on the environmental factors and media, even
a relatively short exposure (up to 4 days or 96 h) of aquatic and terrestrial
plants to different types, -concentrations, -stability and -sizes of NPs causes
morphophysiological (growth, biomass, structure) and biochemical
(pigments, carotenoids, MDA, H»O, amounts) changes in plants clearly
indicating NPs phytotoxicity (Fig. 2.). This allows for the development of
more precise preventive and management strategies to protect the
environment from the effects of phytotoxic substances.



CONCLUSIONS

The growth of algae Desmodesmus communis in natural media (without
QDs) was found to be lower than in the artificial one, however changes
in the population structure were observed. In natural media, exposure
to QDs was not shown to affect algal growth, but their population
structure was affected. Meanwhile, in artificial media, QDs caused both
growth inhibition and changes in the population structure. In addition,
the current research revealed that the autofluorescence properties of the
exposed Desmodesmus communis were more affected by the type of
culture medium (natural DWW vs. artificial MWC) than by the 96-h
exposure to QDs.

On exposure of Lepidium sativum to different sizes and concentrations
of CoFe;O4 NPs, Co and Fe were shown to mainly accumulate in the
roots, part of them being translocated to the above-ground part of the
plant. CoFe;Os NPs were found to cause significant changes in
chlorophyll b, carotenoids, and MDA levels.

On exposure of Lepidium sativum to GO, MIX and MIX + GO (Cr <
Cu < Ni < Zn), the intensity of Cr translocation from the roots to the
above-ground part of the plant was proved to be the lowest and that of
Zn the highest. The comparison of the effects produced by exposure to
MIX and MIX + GO on Lepidium sativum showed that in most cases
GO reduces the phytotoxicity of the metal mixture in the growth
medium of the plant.

The increasing concentrations of GO, MIX and MIX + GO and the
increasing exposure duration negatively affect the growth of
Desmodesmus communis and change the structure of cenobia. The GO-
and MIX-exposed Desmodesmus communis were found to be
dominated by single-celled cenobia, while exposure to MIX + GO was
noted to increase the abundance of multicellular cenobia. In addition,
exposure to GO, MIX, MIX + GO was shown to reduce the amount of
chlorophyll a.

Multicomponent mixtures (landfill leachate and cyanoHABSs biomass)
cause various growth and mortality changes in the model organisms
(primary producers, secondary consumers, and decomposers), which
depend on the concentration of the mixture and the trophic level of the
test organism. According to their ecotoxicological potential, the tested
mixtures were assigned to different ecotoxicity classes (ranging from
low to high toxicity), which allowed assessing the risk of these mixtures
to the aquatic and terrestrial environment. Traditional ecotoxicity



assessment methods were found to be not suitable for assessing NPs
toxicity, because environmentally significant concentrations of NPs do
not cause death of model organisms but affect metabolic processes and
cause oxidative damage.
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Tyrimy sritis — taikant standartizuotus toksikologinius metodus kompleksiskai
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poveikj skirtingo trofinio lygio organizmams: dumbliams Desmodesmus
communis, véziagyviams Daphnia. magna ir augalams Lepidium sativum;
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2022). (S-MIP-20-22).

Tarptautinis projektas: SMART-WaterDomain (2020-2023) SMART water
management for sustainable society, framework for organisational decision-
making process in water reuse for smart cities (2020-2023).



PUBLIKACIIU KOPIJOS

COPIES OF PUBLICATIONS

|
The effects of CdSe/ZnS quantum dots on autofluorescence properties
and growth of algae Desmodesmus communis: dependence on cultivation
medium
Kalnaityté A., Montvydien¢ D., Januskaité E., Jurgeléné Z., Kazlauskas
M., Kazlauskiené N., Bagdonas S. (2024)
Environmental Science: Nano. 11, 17011712



I
Toxicological effects of differentsized CoFe (CoFe;04)
nanoparticles on Lepidium sativum L. towards better understanding
of nanophytotoxicity
Montvydien¢, D., Jagminas, A., Jurgelén¢, Z., Kazlauskas, M.,
Butrimiené, R., Zukauskaité, Z., Kazlauskiené, N. (2021)
Ecotoxicology. 30(2), 277291.



i
Effect of graphene oxide on the uptake, translocation and toxicity of
metal mixture to Lepidium sativum L. plants: mitigation of metal
phytotoxicity due to nanosorption
Kazlauskas, M., Jurgeléné, Z., Seméuk, S., Joksas, K.,
Kazlauskiené, N., Montvydiené, D. (2023)
Chemosphere, 312, 137221.



v
Contrasting Ecotoxic Effects of Landfill Leachate and Cyanobacterial
Biomass on Aquatic Organisms
Montvydien¢, D., Sulius, S., Jurgelén¢, Z., Makaras., T, Kalciené, V.,
TaraSkevicius, R., Kazlauskas, M., Kazlauskiené, N. (2020)
Journal of Water, Air, & Soil Pollution 231, 323.



\Y
Toxicity assessment of different size cobalt ferrite nanoparticles on
Lepidium sativum L.
Kazlauskas, M., Montvydiené, D., Jurgeléné, Z., Kazlauskiené, N.
(2020)
Proceedings of conference Protection and Restoration of the Environment
XV, Kalamata, Greece, July 7 to 10



\Y
Risk assessment of nano- and micro-sized materials for terrestrial and
aquatic ecosystems
Kazlauskas, M., Jurgeléné, Z., Butrimiené, R., Kazlauskiené, N.,
Montvydien¢, D. (2022)
Proceedings of conference Ninth International Conference on Environmental
Management, Engineering, Planning and Economics (CEMEPE 2022) and
SECOTOX, Mykonos Island, Greece, June 3to 9



9
Toxicity study of graphene oxide and metal mixtures for microalgae
(Scenedesmus quadricauda) and crustaceans (Daphnia magna).
Kazlauskas, M., Montvydiené, D., Jurgeléné, Z., Seméuk, S., Kazlauskiene,
N. (2023)
International conference The COINS 2023, Vilniaus, April 2427



10
Effect of graphene oxide and metal mixture on test organisms of different
trophic levels: toxicity and bioaccumulation of metals
Kazlauskas, M., Montvydiené, D., Jurgeléné, Z., Seméuk, S., Lenkauskaite,
D., Sluckaité, G., Kazlauskiené, N. (2023)
Tenth International Conference on Environmental Management,
Engineering, Planning & Economics, Skiathos Island, Greece, June 5-9,
ISBN: 978618-5710255, P. 397



UZRASAMS



UZRASAMS



Vilniaus universiteto leidykla
Saulétekio al. 9, III rimai, 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/
http://bookshop.vu.lt/
http://journals.vu.lt/

